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Abstract

Several SeaWiFS products have been compared with shipboard data to assess the possibility of using remote sensing
to estimate particulate organic carbon (POC) concentration in surface waters. Transmissometer data were collected
during six South Atlantic Ventilation Experiment (SAVE) hydrographic expeditions conducted between November
1987 and March 1989 from R/V Knorr, and Melville. A total of 361 beam attenuation profiles were made with a
SeaTech transmissometer interfaced with a CTD/rosette. In order to calculate the POC concentration from
transmissometer profiles, a regression between beam attenuation and POC for open Atlantic Ocean waters derived from
our research in the North Atlantic (North Atlantic Bloom Experiment, NABE) and enhanced by data from the
Bermuda Atlantic Time Series Station (BATS) was applied. The profiles were processed and examined as vertical
sections of the surface 250 m. The data were collected in two successive years, during the same season, which allowed us
to compile a combined data set over the austral summer for examination. Beam attenuation/POC concentrations were
integrated down to one attenuation depth with the intent of making comparisons with satellite optical data. No satellite
optical data were available for 1987-1989, so the only option was to compare our integrated data with SeaWiFS-
derived variables from later years averaged over the same season as SAVE data. Analysis of four SeaWiFS products
acquired from 1997 to 2002 demonstrated very low variations from year to year for seasonally averaged data,
suggesting that making comparisons of the beam attenuation/POC fields with averaged satellite optical products from
later years is a valid (though not optimal) approach for this area. The highest correlation between beam attenuation/
POC concentration and remotely derived products was found with normalized water-leaving radiance at 555 nm. Other
SeaWiFS-derived variables—chlorophyll concentration, diffuse attenuation coefficient at 490nm and integral
chlorophyll (integrated over one attenuation depth)—were also compared but showed a slightly less satisfactory
correlation.
© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

Data on particulate organic carbon (POC)
concentrations over ocean-basin and global scales
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are sought to construct more complete carbon
mass balances in the ocean and for validation of
biological and biogeochemical models of carbon
production and recycling. Some promising at-
tempts at extracting POC concentration from
SeaWiFS-derived reflectance at 555 nm were made
recently in the Southern Ocean (Stramski et al.,
1999). While this study was important as an
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indication of a new approach, their results are
based on limited data with small temporal and
geographical range.

While POC determination from discrete bottle
samples on a dense spatial grid would be a very
labor and time demanding procedure, good
estimates of POC distribution are possible when
using in situ optical instruments (e.g., transmiss-
ometers) interfaced with a CTD. Data on the
inherent optical property of beam attenuation can
be related to the simultaneously obtained discrete
samples of POC concentration at multiple depths
and correlations derived. We have done this
during all four of the JGOFS Process Studies
(Gardner et al., 1993, 1995, 1999, 2000, 2003a, b,
Chung et al., 1996, 1998; Gundersen et al., 1998;
Morrison et al., 2001), and others have obtained
similar results using bottle samples (Claustre et al.,
1999). Similar work using large-volume in situ
pumps to obtain POC values has been done by
others (e.g., Bishop et al., 1999; Bishop, 1999).
Correlations from pump samples, while showing a
linear relation between beam attenuation and POC
concentrations, can significantly underestimate the
POC concentration in surface waters because the
pump method does not retain all the POC (Dunne
et al., 1997; Gardner et al., 2003a). Therefore, we
use POC concentration obtained from bottle
samples.

In order to expand our coverage to a global
scale, we worked with many scientists to interface
our transmissometers with the CTD on WOCE
cruises during the last 15 years and archived the
raw data. We also collected data during the South
Atlantic Ventilation Experiment (SAVE) (Ber-
glund, 1989; Gardner et al., 1990; SAVE, SIO
Report, 1992; Wood, 1993) and other projects. We
have been reducing and synthesizing the data
during the last two years as part of the NSF-
funded Synthesis and Modeling Project (SMP).

The purpose of this paper is to evaluate one
application of our data from the SAVE program,
namely to compare estimates of POC concentra-
tions with satellite optical products. An advantage
of the SAVE data is the coverage of the entire
South Atlantic, which provides a wide dynamic
range of oceanic conditions and POC concentra-
tions. An important disadvantage, however, is that

no ocean color satellites were operational during
the SAVE study. Therefore, we first faced the
question: is the interannual variability of satellite
data small enough to allow us to reasonably
compare ocean color products from an average of
several years with POC concentration. To answer
this question we compared SeaWiFS products
(data reprocessing Version 4) for five consecutive
years (1997-2002) to estimate the interannual
spatial variability of four standard products. If
averaged over the same season when SAVE data
were collected (austral summer: December—April),
the coherence from year to year is very good. It
suggests that a comparison of our SAVE field data
with satellite data collected a decade later, while
not ideal, is still a reasonable approach for
examining the data and attempting to produce a
first-order algorithm from SeaWiFS data. Thus we
can demonstrate the importance of this approach
for future work when and where synchronous data
can be obtained. Four SeaWiFS products were
further examined to determine which one was best
correlated with in situ derived POC data.

2. Methods

Transmissometer data were collected during six
SAVE hydrographic expeditions conducted from
the end of November 1987—April 1989 from R/V
Knorr and Melville along lines shown in Fig. 1. A
total of 361 beam attenuation profiles were made
with a SeaTech transmissometer interfaced with a
CTD/rosette. Data were initially reduced and
partly reported by Berglund (1989), Wood (1993)
and Gardner et al. (1990). An overview of the data
processing is given below.

2.1. Beam cy, vs. POC relationship

Significant data processing and quality control
were necessary to derive the finalized transmiss-
ometer data. Details of the methods in general are
similar to those used previously (Gardner et al.,
1993, 2003b, in revision; Gundersen et al., 1998)
and during other JGOFS programs and briefly
follow.
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Fig. 1. Sampling grid for SAVE cruises. SAVE-1: 24 Nov—11 Dec 1987; SAVE-2: 19 Dec 1987-21 Jan 1988; SAVE-3: 29 Jan-06 Mar
1988; SAVE-4: 09 Dec 198813 Jan 1989; SAVE-5: 01 Feb—06 Mar 1989; SAVE-6: 14 Mar—08 Apr 1989. Boxes denote cruise crossings;
gaps in the ship tracks are because no data were obtained in those locations. Gray shadow denotes the coastal areas with Case 11

waters.

The original raw light transmission data were
sampled at high frequency (30 Hz), converted to
beam attenuation (c¢), and were binned to a
standard interval. The data reduction procedure
was applied uniformly to all data and included: (a)
filtering based on pressure; (b) spike removal using
pressure-dependent filters and gradient checks; (c)
averaging at 2db intervals; and (d) examination
and correction of remaining spikes, excessive
noise, sensor trends or instrumental offsets. Air
calibrations of each instrument were obtained
before, during, and after each cruise according to
the manufacturer’s specifications (SeaTech, Inc.,
Bartz et al., 1978). Beam attenuation due to water
(cw) was subtracted from all data based on deep-
water values. Our basic assumption has been that
deep-waters are highly stable and constant in
terms of hydro-optical characteristics. We used the
minimum beam ¢ values measured in deep-water
as an absolute minimum value of every cruise. The
manufacturer (Bartz, personal communication)
has used this approach, and we (Gardner et al.,

1985) have used it in modified ways during
processing of the JGOFS transmissometer data
to obtain beam c¢,—beam attenuation due to
particles. It is applicable as long as data from
some stations in deep-water are collected (Gardner
et al., 1993, 1995; Chung et al., 1996, 1998;
Gundersen et al., 1998), as occurred during all
SAVE cruises.

Water samples during SAVE cruises were
collected and filtered to determine total particulate
matter concentration (PM), but no samples were
analyzed for POC. Because of biological varia-
bility the POC/PM ratio is not constant (Chung
et al., 1996; Gardner et al., 2001), the PM data
could not be used to derive a beam ¢,/POC
relationship. Therefore, to estimate the POC
concentration based on SAVE beam attenuation
data we used the beam ¢,/POC regression from
the North Atlantic Bloom Experiment (NABE;
165 data points) calculated by us earlier (Gardner
et al., 1993; Mishonov et al., 2000) and modified
by including additional data taken from Bermuda
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Atlantic Time Series (BATS; 606 data points)
archives (Gardner et al., 2001). Our choice to use
these data was based on two main reasons: (a) the
combined data set includes data covering a wide
range of ¢,/POC conditions from the intensive
spring bloom (in the North Atlantic) to oligo-
trophic waters of a central Atlantic Gyre (BATS),
and (b) there are no other concurrent ¢, /POC data
for the SAVE area that allow us to build a sound
regional regression. From the NABE and BATS
data we calculated a separate regression for each
data set as well as a combined regression. First, we
analyzed the BATS data by seasons and found
only moderate seasonal variability (slopes: winter
0.0023+0.0002, spring 0.0024+0.0001, summer
0.0019+0.0002, autumn 0.00154+0.0002) over a
moderate range of ¢, (0.003-0.215). Second, we
analyzed the differences between two separate
regional regressions, the averaged regression and a
regression based on the combined data set, and
have considered the differences among them to be
negligible (see Table 1). Therefore, we used the
regression based on the combined data set in our
analyses. Note that all linear regressions in this
paper are Model I1, where the errors in both X and
Y are minimized simultaneously since both vari-
ables (POC and cp) are measured quantities. We
used 771 data pairs as a basis for the calculation,
which produced the equation for ¢, (m™'):

¢y = POC3.236 x 1073 — 1.333 x 1073,
n=771, r=094

or converting the equation for POC (mgm ):

POC = ¢,309.71 +0.46, n="771, r=0.94.

Table 1

The last equation was used for the POC
calculation for all six SAVE cruises.

2.2. Comparison with satellite data

The only totally valid sea-truthing of ocean-
color data is with coincident data. Unfortunately
no ocean color satellites were operating during the
SAVE cruises (1987-1989). We postulated that the
next best approach would be to compare ship-
derived data with satellite ocean-color data ob-
tained during the same months/seasons from years
when satellite data were available. To validate this
approach we used SeaWiFS ocean-color data
products for the South Atlantic collected during
the entire period of SeaWiFS operations (1997-2002)
within the same months/seasons when SAVE data
were acquired as will be described below.

Previous studies have shown that this approach
can be used in areas where regular seasonal
features or processes occur, such as the Amazon
River outflow or quasi-stable frontal zones (Afo-
nin et al., 1999—data for 1986—-1990). In the South
Atlantic potential areas of such phenomena
include the Benguela Current off Southwest
Africa, Congo River outflow, Sub-Antarctic front,
South Equatorial Current, and Falkland Current,
(Peterson and Stramma, 1991). All of these areas
have high seasonal variability, but interannual
cycles for such regions are fairly repeatable when
averaged on seasonal/monthly time scales.

In this work we used global, equal-area grid
data with resolution of 9km (Level 3 Monthly
data) collected from 1997 to 2002. Products

Parameters of the linear regressions (Model II) between POC and ¢, for NABE and BATS data sets

Parameters of the regression

Regional regressions (Model 1I)

NABE BATS Averaged regression Combined data set
Slope 3296 x 1073 3.094 x 1073 3.195% 1072 3236 x 1073
Intercept —1.091 x 1072 3.063 x 1073 —3.923% 1073 —1.333% 1073
Slope SD 7.952% 1073 8.517x 1073 8.235% 107° 3.899 x 1073
Intercept SD 7.147x 1073 1.939 x 1073 4.543x 1073 1.799 x 1073
R 0.951 0.735 0.843 0.942
n 165 606 — 771
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analyzed were: (1) normalized water leaving
radiance at 555nm, Lwn(555), (2) chlorophyll
concentration, CHL, and (3) diffuse attenuation
coefficient at 490nm, Kj. Data files were
obtained from the SeaWiFS data archives (http://
daac.gsfc.nasa.gov/data/dataset/ SEAWIFS/).
Using the two last parameters we have calculated a
fourth parameter: Integral Chlorophyll, i.e. chlor-
ophyll integrated over one optical depth (ICx =
CHL/K490) as suggested by Campbell et al. (1995).
Data for the study region (20°N, 65°S; 20°E,
70°W) were extracted from the global coverage
data files. Spatial resolution was reduced from
9x9 (Ix1pixels) to 18 x 18km? (2 x 2 pixels)
using SeaDas software (Baith et al., 2001). “No-

3001

data” values were eliminated, and data for five
months (from December to April) were averaged
in order to produce five seasonal compilations for
austral summers of 1997-1998, 1998-1999, 1999—
2000, 2000-2001, 2001-2002 and one five-year
average for austral summer for each parameter.
Averaged data were interpolated to a regular 0.5°
grid, which was smoothed by averaging data
within the nearest 1.5° x 1.5° for each grid node.
The resulting maps were compiled for every year.
In this paper, due to obvious limitations, we have
included only maps averaged over five years (Figs.
2a,b and 3a,b), but yearly maps are available for
viewing/download at web-site: http://oceanogra-
phy.tamu.edu/~ pdgroup/DataDir/HTM_Files/

(b)

-20°

-40°

(d)

-20°

-40°

-60°

Fig. 2. SeaWiFS derived parameters and interannual variability: (a) Chlorophyll concentration (CHL)—five-year average.
(b) Standard deviation of the CHL as percentage of five-year mean. (c) Diffuse attenuation coefficient (Ks99)—five-year average.

(d) Standard deviation of the Kagy as percentage of five-year mean.
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ility: (a) Normalized water-leaving radiation at 555nm wavelength

Lwn(555)—five-year average. (b) Standard deviation of the Lnwsss as percentage of five-year mean. (c) Integrated Chlorophyll
concentration (ICk)—five-year average. (d) Standard deviation of the ICx as percentage of five-year mean.

Supplementl.htm. The numerical values of the
parameters were extracted from the grid along the
SAVE lines and were used for correlation analysis.

Data obtained from SAVE cruises during
austral summers from 1987 to 1989 were pooled
into a combined data set. We averaged beam
attenuation data and calculated POC concentra-
tions (using the regression shown in Fig. 4b) over
one attenuation depth (z) for each profile. For
determination of one attenuation depth we used:
z=1/Kq (see Gordon and McCluney, 1975
where they called it “penetration depth’) and
made our estimate of z based on SeaWiFS-derived
K499 averaged over 5 austral summers. The
attenuation depth would be better determined by
direct measurements, but this parameter was not

measured during SAVE cruises. The equation used
yielded very reasonable results. As can be seen in Fig.
4a, values of z varied from 35m at the center of the
South Atlantic gyre to 10 m near shore, and 2-5m in
the La Plata estuary and Congo River outflow, which
are about what one might expect (Arst et al., 2002).

SAVE data were averaged over one attenuation
depth, interpolated to a regular 0.5° grid,
smoothed by averaging data within the nearest
1.5° x 1.5° for each grid node, and values of ¢,
(Fig. 4c) and POC (Fig. 4d) were extracted from
the grid along the cruise tracks. Such an approach
allowed us to construct uniform, comparable, sea-
collected and satellite-derived data sets where all
data prepared for comparative analyses have
exactly the same spatial location. This allowed us
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Fig. 4. (a) Spatial distribution of the one attenuation depth estimated from SeaWiFS-derived Kig (see text). (b) Model II regression
between beam attenuation and POC concentration based on combined NABE and BATS data. (c) Mean beam attenuation due to
particles down to one attenuation depth in the South Atlantic based on SAVE data. (d) Mean POC concentration down to one
attenuation depth in the South Atlantic calculated from beam attenuation.

to develop a statistically sufficient data set with
more than 850 generated data pairs along the
cruise track lines during each austral summer
season (1997-2002) for comparing beam attenua-
tion, calculated POC and four SeaWiFS-derived
variables (LWN(SSS), CHL, K49(), and ICK).

3. Results and discussion

Data from different SAVE cruises were tested
for interannual/intercruise variability. For that we
overlay beam c¢ profiles obtained during different
cruises on stations that were located at crossings,
i.e. in close proximity (within 0.5° longitude—

latitude circle) to each other. A total of nine
crossings were available (see boxes (i) to (ix) in
Fig. 1).

Comparison of the deep-water part of the beam
¢ profiles (~250-~4000m) shows very good
agreement for all crossings, therefore we include
here only the upper 250m layer for illustration
(Fig. 5). For hydrographic relations the profiles of
water density are also plotted. Temperature,
salinity and beam attenuation values averaged
over one attenuation depth are shown in Table 2.
Values of SeaWiFS-derived Chl, K and
Lwn(555) averaged over austral summers from
1997-2002 for 72 x 72km? pixels spots obtained
from the crossing areas are included in the table.



3004

A.V. Mishonov et al. | Deep-Sea Research II 50 (2003) 2997-3015

Beam C, m* Beam C, m*
04 05 06 07 04 05 06 07
O 1 1 1 1 1 1 ] O 1 1 1 1 ]
26— — S — = A — 2 I N
E 1001 1001 100+
o
g | i | i | ii
o St44, St.70, ¢ St.136, ¢
St.167, ¢ St.149, ¢ St.215, ¢
200 sta4, o 200 St.70, o 200 St.136, o
St167, 0y St.149, o St.215, o ‘\
22 24 26 22 24 26 24 26
04 05 06 07 04 05 06 07 06 07
0 1 i ( 1 1 1 ] O 1 7 1 1 1 ] O \ 1 1 1 ]
!
28— — F\— U —|— — —|— — 32 —
4 * “ 4 4
J
€ 100 100+ / 1001
=
oy v i
a 1 1 Vi
St.23, ¢ St.90, ¢ St.122, ¢
St.359, ¢ St.340, ¢ St.324, ¢
200 200 200
St.23, oy St.90, oy
— —  St359,0; SL.340, o
22 24 26 22 24 26
04 05 06 07 04 05 06 07
o2k Y e LA o R s P LAY
\— B — — 4 — — — 12
B2+ — - — — /?5
E 100+ 100 100
=
2 | vii ] vii | ix
a) St237,¢ St.193, ¢ St.190, ¢
St.314, ¢ St.265, ¢ St.290, ¢
200 ‘: St.237, o 200 i St.193, o 2007 St.190, o
‘ St.314, o : S.265, o $t.290, o
22 24 26 22 24 26 22 24 26

Density ot , kg m3

Density ot , kg m2

Density ot , kg m3

Fig. 5. Beam attenuation (upper X-axis) and density (lower X-axis) profiles from the SAVE stations located at the cruise crossing
points (see Fig. 1). One attenuation depth (see Fig. 4a) denoted by dashed line. Station data shown in Table 2.

As can be seen from Fig. 5 and Table 2,
measurements show very good agreement of the
beam c¢ values from different cruises along the
profiles as well as averaged within one attenuation
depth. Interannual differences would be expected
for this dynamic portion of the upper water
column, especially in the area with high concen-
trations (e.g., Patagonian shelf—crossing ix). The
low interannual variability validated our first-

order approach of combining SAVE field data
acquired during austral summers 1987-1989 into
one data set representing this season.

We note that diurnal variations in beam ¢ occur
in some regions of the ocean but not all (Siegel
et al., 1989; Gardner et al., 1995, 1999, 2000, 2001;
Kinkade et al., 1999). Without diurnal measure-
ments at each site (which were not made) its
influence cannot be determined. However, in each
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Table 2

3005

Data from SAVE stations at the cruises crossing points (see Fig. 1) averaged over one attenuation depth layer and SeaWiFS data for
same locations averaged over austral summers from 1997 to 2002 for 72 x 72km? (8 x 8 pixels) areas

Crossing SAVE data SeaWiFS data
# St # Lon. Lat. Date Time Beam C  Temp. Salinity  Year CHL  Kyy Lwn(555)
i 44 —3.59 3.00 19-Dec-87  22:12  0.467 28.702  34.965 97-98  0.182  0.044  0.268
167 -3.92 2.50 05-Mar-88  1:05 0.457 29.179  35.293 98-99  0.127 0.038  0.247
99-00 0.146  0.040  0.268
00-01  0.171  0.044 0.288
01-02 0.136 0.040 0.286
ii 70 —0.50 —12.59  04-Jan-88 5:30 0.455 22961  36.465 97-98  0.093 0.036 0.321
149 1.00 —12.33  25-Feb-88 0:05 0.466 25.757  36.476 98-99  0.122  0.039 0.342
99-00  0.096  0.035 0.309
00-01  0.110 0.037 0.333
01-02  0.091 0.035 0.298
il 136 —5.00 —30.00 15-Feb-88 11:33  0.457 23.579  35.791 97-98  0.041 0.029 0.275
215 -3.77 —29.86  04-Jan-89 23:50  0.434 21.945  36.128 98-99  0.039 0.029 0.272
99-00 0.042 0.029 0.285
00-01  0.039 0.029 0.265
01-02  0.043  0.030 0.286
iv 23 —-25.00 —6.18 01-Dec-87 1:24 0.450 26.293  36.388 97-98  0.091 0.035 0.303
359 —-2498  —6.00 05-Apr-89  3:04 0.451 28.598  36.122 98-99  0.085 0.034  0.290
99-00 0.094 0.035 0.307
00-01  0.092 0.035 0.288
01-02  0.113  0.036 0.297
v 90 —25.00 —16.77 14-Jan-88 10:50  0.429 26.474  37.295 97-98  0.037 0.029 0.292
340 —-2496 —16.50 29-Mar-89  18:41  0.429 27.858  37.199 98-99  0.032 0.029 0.287
99-00 0.031 0.028  0.282
00-01 0.032 0.028 0.284
01-02 0.032 0.029 0.284
vi 122 —25.50 —26.16 07-Feb-88 20:35  0.4064 27.203  36.509 97-98  0.070 0.033  0.311
324 2494  —-26.00 24-Mar-89 13:56  0.427 26.023  36.650 98-99  0.044 0.030 0.272
99-00  0.055 0.031  0.305
00-01  0.054 0.031 0.299
01-02 0.044 0.030 0.277
vii 237 —25.00 —32.50 01-Feb-89 13:45  0.450 22.095  35.657 97-98  0.057 0.031 0.276
314 -24.92  -31.97 21-Mar-89  6:09 0.428 22.115  35.650 98-99  0.057 0.031  0.283
99-00  0.057 0.031 0.297
00-01  0.056 0.031 0.284
01-02  0.051 0.030 0.275
viii 193 —32.50 —46.86 22-Dec-88  9:20 0.504 6.193 33.994 97-98  0.230 0.050 0.411
265 —31.50 —46.85 12-Feb-89 0:03 0.498 8.844 34.161 99-00 0.287  0.056 0.434
00-01  0.399 0.067 0.453
01-02 0.431 0.070 0.487
ix 190 —41.26  —47.16  18-Dec-88 18:57  0.638 12.104  34.487 97-98  0.344  0.064  0.455
290 —41.55 —47.00 22-Feb-89 11:54  0.578 10.226  34.471 98-99  0.523  0.077 0.475
99-00 0.483 0.076  0.425
00-01  0.564 0.081 0.468
01-02 0.483 0.076  0.449
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region with similar satellite optical signal we have
many stations and some were taken at night and
others during the day. The processing and spatial
averaging of the ¢, sections also decreases the
variation of the in situ data. Presumably some of
the scatter in ¢, with respect to satellite products is
due to diurnal variation in beam c¢. Scatter in
¢p/POC (see Fig. 4b) also could result from
differences in particle size (Zaneveld, 1973) as the
plankton community varies seasonally and region-
ally, but we have no data to make any adjust-
ments.

Although we are focusing on the layer down to
one attenuation depth (denoted by dashed lines in
Fig. 5), in several locations the beam attenuation
maximum is located below one attenuation depth
(Fig. 5: crossing 1ii, iv, vii, viii and ix). One
important inference is that a large amount of the
optically reactive matter is not detected by remote
sensing data. Thus integrated POC standing stock
could be very different from what we are seeing
within one attenuation depth. This is the same
limitation dealt with in comparing ocean color
products with in situ chlorophyll measurements.
There is, however, very good agreement between
the mean POC concentration down to one
attenuation depth and remotely sensed data, as
will be demonstrated.

Given that the years in which the SAVE and
SeaWiFS data were collected did not overlap, it is
important to establish the magnitude of interann-
ual variability in seasonally averaged SeaWiFS
data products. To assess interannual variation we
have calculated seasonal five-year mean and
standard deviation values for every grid node for
four variables. In Figs. 2b,d and 3b.d the standard
deviations of the all four parameters are presented
as a percent of the seasonal five-year mean (Figs.
2a,c and 4a,). Clearly, the deviation of the
parameters K99 and Lwn(555) is very low
(<5%) over the large area of the South Atlantic
gyre. The maximum variation in the entire South
Atlantic was 30% (for Ky, Fig. 2d); within the
area affected by the Congo River outflow and at
the southern portion of the region along the Sub-
Antarctic front. The Lwn(555) field showed even
less interannual variation all around the region. It
was only about 10% even in near-shore areas,

exceeding 20% only in the southern margin, again,
along the Sub-Antarctic front (Fig. 3b). Calculated
values such as CHL and ICg show higher
deviations, which is quite understandable since
these variables are more closely related to primary
production than to the concentration of total
biogenic material in surface waters. Nevertheless,
their deviation is still reasonably low—most of the
region shows 0-20% variation with maxima
obviously connected to the maxima in the Ky
field (since K499 is used for calculating both of
these parameters). It is noteworthy that even
highly productive areas around the Falkland
Islands, the adjoining Patagonian shelf, Benguela
upwelling zone, and Sub-Antarctic front are
detected during all years showing low interannual
variation, indicating that the fields of these
features have almost the same order of magnitude
intensity and spatial position in that particular
season when averaged over the entire season.
Generally speaking, the CHL, Kj99, and ICg
exhibit greatest variation from year to year in
their mid- to high-values, with variations decreas-
ing at the very low end of their range (Figs. 2b,d
and 3b,d). Lwn(555) proved to have the least
variation over the entire period of time. Similar
results were reported recently by Doney et al.
(2003) for daily level SeaWiFS ocean-color data
(CHL).

There could be several reasons for differences in
the variability of the Kj9 (and derived para-
meters). The most important may be the uncer-
tainty in SeaWiFS imagery caused by errors in the
atmospheric-correction bands, which are propa-
gated and exaggerated to the visible bands and to
the chlorophyll product through the atmospheric-
correction process (Hu et al., 2001). This factor
sometimes produced negative values of the nor-
malized water leaving radiance at 412 and 443 nm,
i.e. at SeaWiFS bands 1 and 2 (McClain et al.,
2000). The geographical distribution of the nega-
tive normalized water-leaving radiance shows the
largest problems to be in the coastal margins. It is
even more interesting to find that the Congo River
outflow area is a region where the negative values
occur most of the time (Figs. 6 and 9 in McClain
et al., 2000). Taking into account that these values
have been used in the both OC2v4 (Ocean
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chlorophyll algorithm 2, ver. 4; O’Reilly et al.,
1998), and OC4 (Ocean Chlorophyll Algorithm 4),
as well as in calculation of K49y (O’Reilly et al.,
2000), it is not surprising that a great deal of
variability was detected for these three parameters
(K490, Chl, ICg) near the Congo River outflow.
This could be one reason why normalized water
leaving radiance at 555nm showed the lowest
variation over the five-year span. As a result
of this assessment, we suggest that using the
“different year—same season’ approach for data
analysis and comparison is reasonable when using
seasonally averaged Lwn(555). Use of the other
SeaWiFS products we tested may be satisfactory in
areas not affected by the above mentioned
influences.

The plan view map of the spatial distribution of
measured beam attenuation and calculated POC
integrated over one attenuation depth are shown
in Figs. 4c and d. Realizing that the years in which
the SAVE and SeaWiFS data were collected did
not overlap, and considering the large difference in
the spatial and temporal scales of coverage, it is
highly encouraging that there is such good general
agreement in the distribution and intensity of cp-
derived POC and the four SeaWiFS parameters
(see Figs. 2a,c, 3a,c and 4d).

A comparison of POC and SeaWiFS products
for each year, as well as for five-year averages
along all SAVE tracks (shown as white lines in
Figs. 2a,c and 3a,c) demonstrates that most of the
maxima in SeaWiFS products match the location
of the elevated POC values very well. High values
are observed in upwelling areas off southern
Africa, near the Congo River outflow, in the
central equatorial region, near the shelf off south-
ern South America and in the Argentine Basin
where eddy-kinetic energy is high and may be
pumping nutrients into surface waters (Richard-
son et al., 1993). However, the patterns of
normalized water-leaving radiation at 555nm
appear to be the best match. The major area of
disagreement of the other three SeaWiFS products
is along transect 2a and east of transect 2b (Fig. 1),
where they show a major maxima that is not seen
in either the ¢,/POC or in any of the years of
Lwn(555) data. The possible reasons for that will
be discussed below.

Creating property—property diagrams and cal-
culating a correlation coefficient is a more
quantitative method of determining which Sea-
WiFS product best fits the POC data (see Fig. 6).
A log-function proved to be the best fit for the
data. We also applied a Model II linear regression,
which demonstrated a slightly lower, but still
reasonable correlation (Table 3). Analyzing Fig. 6
it is clear that for Ky and related parameters
(CHL, ICg) the general distributions of data
contain at least one sub-set of data that does not
follow the general trend. High K499 (or CHL or
ICk) values and low Lwn(555) and calculated
POC values characterize these data (diamonds in
Fig. 6). The most likely reason for this deviation is
that these data were obtained in an areas that
included either Case Il waters with terrigenous
input from river outflow or waters where colored
dissolved organic matter (CDOM) absorption
generally exceeded phytoplankton pigment ab-
sorption at 443nm. It is well known that the
SeaWiFS chlorophyll algorithms often produce
unreliable results in such situations (Burenkov
et al., 2000; Del Castillo et al., 2001; Toole and
Siegel, 2001; Murphy et al., 2001; Barlow et al.,
2001; Desa et al., 2001; Thomas et al., 2001;
Clementson et al.,, 2002). In our initial
analysis of these data sets we used Reprocessing
Version 3 of SeaWiFS data (not shown),
but we repeated all calculations and maps
using Reprocessing Version 4 data when they
became available. Comparing results from the
two reprocessing versions it is clear that Version 4
gives better results; however, in complicated
coastal environments further refinement is still
necessary.

Analysis of the spatial distribution of the data
shows that the outlying values are indeed from
areas likely to be affected by the Congo River
discharge or from stations located close to the
coast or islands (see Section 2a denoted by the
gray shadow in Fig. 1 and black diamonds data
points in Fig. 6a,b and d). It is likely that values of
K499, CHL, and ICk in these particular locations
are unreliable. In addition, it should be noted that
most of the optical signal in those areas comes
from the upper 5-10m of water (one attenuation
depth—see Fig. 4a) and maxima of the POC
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Fig. 6. Calculated POC (from beam c) vs. SeaWiFS derived products averaged over five years for austral summers (December—April)
from 1997 to 2002 along SAVE lines. (+)—Data from open ocean area. (<& )—Data from coastal area (denoted in Fig. 1 by gray
shadow). Dashed line—exponential regression based on all data. Solid line—exponential regression based on open ocean data only. (a)
CHL-Chlorophyll-a concentration, mgm™>; (b) Kio—Diffuse attenuation coefficient at 490 nm wavelength, m™'; (¢) Lwn(555)—

S

Normalized water-leaving radiance at 555nm wavelength, mWcm 2 pm™'sr™'; (d) ICk -Integrated Chlorophyll-a concentration,

mg m~2.

concentration are located below one attenuation
depth. A similar situation has been observed
recently in the vicinity of the Zambezi plume
(Siddorn et al., 2001). We removed these data from
the analysis, and, not surprisingly, correlations
between ¢, and Ky, CHL, and ICg improved
significantly, while for Lwn(555) it improved only
slightly. Data from the Congo River region did not
appear so anomalous in the Lwn(555) data, so
removal of those data did not change its correla-
tion with POC. Statistical data for the regressions
in Fig. 6 are provided in Table 4 with and without
the outlier data.

When using all data, the best correlation
between ¢,/POC and the four products investi-
gated was with Lwn(555) (Fig. 6¢). For each year
in consideration the regression was quite similar
and the correlation coefficients for different years
were between 0.79 and 0.82 (Model 11, see Table
3). A logarithmic fit of the data produced r = 0.88
when using satellite data averaged over five years
(Table 4). The relation observed between POC and
CHL concentration derived from SeaWiFS data
was considerably weaker with r varying from 0.43
to 0.83 for different years (see Table 3). A similar
situation exists with K99 having a comparable r:
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Table 3
Parameters of linear regression (Model II) between POC calculated from SAVE beam attenuation coefficient data (averaged over one
attenuation depth) and different SeaWiFS derived products (Reprocessing 4) acquired during 1997-2002, both averaged over austral

summer (December—April) for South Atlantic area

Parameters of the regression

Austral summers (December—April), Model II regression, n = 854

1997-1998 1998-1999 1999-2000 2000-2001 2001-2002
POC vs. CHL

Slope 8.394x 107° 7.754 x 1072 8.690 x 1072 7.366 x 107° 8.081 x 107*
Intercept —0.161 —0.116 —0.153 —0.102 —0.127

Slope SD 2.597x 107* 1477 x 1074 2454 %x107* 1.621 x 1074 1.889 x 1074
Intercept SD 1.502 x 1072 0.815% 1072 1.394 x 1072 0.900 x 1072 1.053x 1072
R 0.428 0.831 0.565 0.766 0.730

POC vs. K49()

Slope 6.809 x 107* 6.849 x 107* 7.019 x 107 6.478 x 107 6.94 x 107*
Intercept 1.529 x 1072 1.704 x 1072 1.650 x 1072 1.866 x 1072 1.697 x 1072
Slope SD 1.979 x 1073 1.275%x 1073 1.812x107° 1.351x 1073 1.538 x 107°
Intercept SD 1.129 x 107° 7.029 x 107* 1.018 x 1073 7.482 % 107* 8.545x 107*
R 0.528 0.839 0.656 0.793 0.762

POC vs. Lyn(555)

Slope 2.597 x 1073 2.677x 1073 2244 x 1073 2.366 x 1073 2.550 x 1072
Intercept 0.228 0.223 0.240 0.231 0.221

Slope SD 5.459 % 107° 5.206 x 107° 4.686 x 107° 4671 x107° 5178 x107°
Intercept SD 3.026 x 1072 2.875%x 1073 2.596 x 1072 2.581 x 1073 2.864 x 1073
R 0.786 0.823 0.792 0.817 0.805

POC vs. ICk

Slope 6.735 x 1072 7.032x 1072 7.009 x 1072 6.784 x 1072 7.081 x 1072
Intercept 0.677 0.622 0.661 0.749 0.609

Slope SD 1.829 x 1073 1.455 % 1073 1.761 x 1073 1.496 x 1073 1.615 % 1073
Intercept SD 0.103 0.801 0.099 0.083 0.090

R 0.609 0.796 0.677 0.764 0.745

varying from 0.53 in 1997-1998 to 0.84 in 1998—
1999. Integrated Chlorophyll (ICk) shows a
correlation close to its “‘parents” (CHL and
Ky99), with r between 0.61 and 0.80. In all cases
the logarithmic fit between POC and SeaWiFS
products produced a better statistical correlation
than a linear Model II regression (Tables 3 and 4).

When the coastal data were removed and
correlations were obtained for ““open ocean’ data,
the correlation coefficients were very similar for all
parameters (Table 4). For example, the correlation
coefficients for the exponential fit with POC
ranged between 0.91 and 0.93. In this paper, we
favor the use of the POC/Lwn(555) relationship
because it is more likely to yield the same results
whether or not Case II waters are encountered.

That is, as can be graphically seen in Fig. 6c, the
exponential fit for data with and without Case II
waters is virtually identical. Although the
POC/Lwn(555) relationship shown in Fig. 6¢ has
a reasonable regression coefficient, we propose it
only as a first-order algorithm because the ship-
board and satellite data were not concurrent.
Clearly, it is important to collect synchronous data
in the future in different bio-optical provinces.

A direct comparison of our algorithms with
those of Stramski et al. (1999) is desirable, but not
possible with these data because we were working
in very different areas—the South Atlantic vs. the
Ross Sea/Southern Ocean sector of the Pacific.
The slopes of the empirical regressions of Stramski
et al. (1999) for POC vs. particle backscattering
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Regressions between c;,, calculated POC (both averaged over one attenuation depth) and different SeaWiFS products (Reprocessing 4
version) averaged over 5 years (1997-2002), for austral summer (December—April)

Parameters of
the regressions

SeaWiFS (Rep.4) ocean color products, 5-years mean

CHL K90 Lwn(555) ICk

All data Open ocean All data Open ocean All data Open ocean All data Open ocean
SeaWiFS vs. cp
Model II: ¢, = Slope x SeaWiFS + Intercept
Slope 0.428 0.514 4.989 5.702 1.348 1.370 0.048 0.053
Intercept 0.044 0.041 —0.095 —0.114 —0.316 —0.325 —0.038 —0.043
Slope SD 0.010 0.009 0.113 0.093 0.026 0.027 0.001 0.001
Intercept SD 0.004 0.002 0.006 0.005 0.009 0.009 0.005 0.004
R 0.705 0.879 0.750 0.888 0.825 0.829 0.735 0.837
Exponential fit: ¢, = ePoverSaWiFS  factor
power 1.659 2.451 21.080 27.827 6.274 6.464 0.209 0.256
Factor 0.082 0.074 0.044 0.034 0.014 0.013 0.055 0.049
RMS 0.132 0.063 0.104 0.045 0.065 0.062 0.093 0.050
R 0.734 0.890 0.800 0.923 0.880 0.892 0.821 0913
SeaWiFS vs POC
Model II: POC = Slope x SeaWiFS + Intercept
Slope 131.6 158.3 1532.0 1754.5 414.9 421.7 14.8 16.301
Intercept 14.304 13.259 —28.453 —34.395 —69.369 —99.336 —10.960 —12.608
Slope SD 3.183 2.649 34.565 28.236 7.946 8.243 0.342 0.312
Intercept SD 1.096 0.766 1.807 1.382 2.770 2.895 1.496 1.277
R 0.707 0.881 0.753 0.890 0.823 0.833 0.738 0.840
Exponential Fit: POC = ePoWer*SeaWiFS o factor
Power 1.641 2.395 20.848 27.534 6.209 6.397 0.207 0.253
Factor 25918 23.410 14.017 10.867 4.586 4.237 17.414 15.475
RMS 0.129 0.061 0.640 0.043 0.062 0.060 0.091 0.049
R 0.735 0.891 0.800 0.924 0.882 0.893 0.822 0914

Regressions based on all data (n = 854) and open ocean data only (n = 783) are given.

coefficient bpp, at 510nm for the Ross Sea and
Antarctic Polar Front Zone differed by more than
a factor of 28, so clearly there is a potential for
regional differences. However, differences in their
correlation between backscatter and R, were
much smaller. They chose to use the Polar Front
algorithm for further processing. We do not yet
know the regional variability of our algorithm.
The SeaWiFS data available for comparison with
ship-board data had sun-lighting conditions with
the sun zenith angle being between 58° and 73°,
which is not optimal. Also, the ship (NB Palmer)
was located within a single small area of the visible
open water at the edge of a massive cloud field.

They used the best data available, and it will be
important to compare our two approaches when
simultanecous optical, POC and ocean-color
data are collected simultaneously in the same
region with clear skies and optimal lighting
conditions.

The in-water optical measurements made by
Stramski et al. (1999) were not made during the
SAVE program, so their technique cannot be
applied to data in the South Atlantic. However, we
have data for the area studied by Stramski et al.
(1999) with which we can make similar analyses as
done for the South Atlantic, so this will allow us to
compare methods more directly in the future. This
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also will allow us to quantify the magnitude of
regional differences in our algorithms.

The in-water optical measurements made by
Stramski et al. (1999) were not made during the
SAVE program, so their technique cannot be
applied to data in the South Atlantic. However, we
have data for the area studied by Stramski et al.
(1999) with which we can make similar analyses as
done for the South Atlantic, so this will allow us to
compare methods more directly in the future. This
also will allow us to quantify the magnitude of
regional differences in our algorithms.

To demonstrate the utility of an algorithm for
estimating POC distribution on a basin-wide scale,
it is a useful exercise to apply our regression to a
recent seasonally or monthly averaged map of the
North and South Atlantic for Lwn(555). Thus we
have constructed a map of POC distribution (Fig.
7a) based on Lwn(555) SeaWiFS data for January
2001 using the POC—LwnN(555) regression con-

structed on data averaged for five years:

POC = 4.586¢%29 LwwG3) 1 = 0.882.

From this map (Fig. 7a) it is clear that during
austral summer most of the POC spatial variability
is located in the South Atlantic with expected
maxima in (1) upwelling zones off of Namibia and
Angola (Benguela upwelling), (2) over the shelf
areas (especially the Patagonian shelf and Amazon
River outflow), and (3) in the Southern ocean
(Sub-Antarctic Front). This application demon-
strates the potential of the approach for calculat-
ing POC distributions from ocean-color products
in addition to the traditional ocean-color pigment
maps. We also note (though not illustrated here)
that Reprocessing 4 version of SeaWiFS data
yields significantly better results in near-shore
areas compared to the previous Reprocessing 3
Version.

0 30 50 100 200 400 600 1000
Calculated POC, mg m-3

0O 02 04 06 08 1 15 2 4 6 8 10
Chlorophyll as % of POC

Fig. 7. (a) POC concentration down to one attenuation depth in the Atlantic Ocean calculated from SeaWiFS-derived Lwn(555) data
for January 2001 and (b) chlorophyll as a percentage of POC (see text).
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It is well known that models of carbon fixation
rely on chlorophyll concentration data, and such
models are continually improving (Taylor et al.,
1992; Behrenfeld and Falkowski, 1997). However,
when it comes to predicting total carbon abun-
dance one needs more than just chlorophyll
abundance because the bulk carbon to chlorophyll
ratio ranges broadly (Chung et al., 1996).

To illustrate this relationship more clearly it is
more intuitive to display the inverse of the carbon
to chlorophyll ratio, because this provides chlor-
ophyll as a percentage of the carbon present.
Using our basin-wide map of POC concentration
we can roughly calculate chlorophyll as a percen-
tage of particulate carbon using the SeaWiFS
chlorophyll average for the same month for which
we mapped POC (January 2001). This map (Fig.
7b) shows that chlorophyll is only 0.2% to about
2% of the POC concentration in surface waters of
the open ocean. This makes it easier to realize that
while most POC in the open ocean is associated
with chlorophyll, there is an order of magnitude
range in the POC:Chl ratio, Therefore one should
not expect chlorophyll to be a very quantitative
proxy for carbon because it represents only a small
percentage of organic matter in the ocean.
Furthermore, that percentage changes vertically
and temporally as primary productivity varies and
organisms are consumed or decompose. The percen-
tage chlorophyll map (Fig. 7b) highlights the
oligotrophic nature of the central gyres in the central
north and south Atlantic. It also demonstrates that
in this particular season, chlorophyll is relatively
more abundant north of 30°N in the Atlantic, in the
north equatorial region, and along 40°S.

Note that the areas of greatest POC concentra-
tions in the Southern Ocean (shown as red in Fig.
7a) are not all correspondingly high in their
percentage of chlorophyll (Fig. 7b). The area of
highest percentage of chlorophyll in the South
Atlantic is along the subtropical convergence zone
at 40°S, a region of large POC gradients. The
bands of elevated POC values along 50°S and 60°S
are matched with elevated values of chlorophyll,
so no increase in % chlorophyll appears. These
differences may indicate the areas where primary
production is active vs. areas where older, low-
chlorophyll POC is accumulating.

The upwelling area off of Namibia and Angola
shows high values of POC, but no real rise in %
chlorophyll. The area of highest chlorophyll
percentages (off the Congo River) does not have
correspondingly high values of POC. As noted
earlier, the area off the Congo River has been
shown to have negative values in water-leaving
irradiance (Figs. 6 and 9 in McClain et al., 2000).
Thus, the high values of chlorophyll in this area
are questionable, perhaps caused by false color
readings because of the presence of DOM from
outflow of the Congo.

4. Conclusions

The beam attenuation coefficient data can be
used successfully and effectively for basin-wide
investigation of the spatial and temporal varia-
bility of particulate matter distribution, including
POC. The good correlation of the ship-derived
optical properties with satellite derived data
averaged over comparable seasons (even though
obtained in different years) is encouraging. This
provides confidence in the use of ‘“‘same season—
different year’” comparisons of satellite informa-
tion with historical data sets of light transmission
on ocean basin scales when coincident data are not
available, at least when averaged on seasonal time
scales. A maximum interannual variability of 20—
30% in the calculated concentration of POC is
within reasonable limits for estimates of oceano-
graphic parameters on a basin-wide scale. Varia-
bility in most of the area studied was <10%.

Our analysis indicates that, of the SeaWiFS
products we tested, Lwn(555) is the most reliable
parameter to serve as a proxy of POC assessed
over a wide range of water conditions and shows
high interannual reproducibility when seasonally
averaged. It is not affected by the anomalous
signal generated by waters from river outflow and/
or coastal waters. Furthermore, this SeaWiFS
product does not require additional data pre-
processing or data filtration in order to produce a
meaningful approximation of POC concentration.
Using this parameter it was possible to assess the
basin-wide distribution of the POC based on
satellite data with acceptable accuracy. We expect
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that when comparisons are made for seasons when
ship data and satellite data are collected synchro-
nously, the correlation will be even better.

SeaWiFS data on Lwn(555), CHL and Ky has
been greatly improved after Reprocessing 4,
especially in coastal areas but some uncertainties
still exist near the river outflow zone and close to
the coast. However, it also should be noted that in
Case 1 waters the differences between satellite
products we tested as proxies of POC might be less
noticeable. We will test this issue in our future
analysis using simultaneously collected field and
satellite data.

While the intent of this paper was to demon-
strate the ability to predict POC concentration in
surface waters, our analysis also shows that a
significant portion of the POC standing stock is
located below one attenuation depth, which is also
an issue with chlorophyll distribution. We will
quantify this issue in future work.
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