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Estimation of Particulate
Organic Carbon in the Ocean
from Satellite Remote Sensing

Dariusz Stramski,’* Rick A. Reynolds,’ Mati Kahru,?
B. Greg Mitchell?

Measurements from the Southern Ocean show that particulate organic carbon
(POC) concentration is well correlated with the optical backscattering by par-
ticles suspended in seawater. This relation, in conjunction with retrieval of the
backscattering coefficient from remote-sensing reflectance, provides an algo-
rithm for estimating surface POC from satellite data of ocean color. Satellite
imagery from SeaWiFS reveals the seasonal progression of POC, with a zonal
band of elevated POC concentrations in December coinciding with the Antarctic
Polar Front Zone. At that time, the POC pool within the top 100 meters of the
entire Southern Ocean south of 40°S exceeded 0.8 gigatons.

The phenomenon of POC sinking from the
surface ocean is part of the biological pump,
which provides a mechanism for sequestration
of carbon in the deep ocean (1), but it has been
difficult to estimate the amount and distribution
of POC at basin and global scales from ship-
based surveys. Here, we show that POC can be
estimated from satellites and use this approach
to analyze POC dynamics in the Southern
Ocean. Our approach is based on two relations:
first, the dependence of the backscattering co-
efficient by particles suspended in seawater,
bbp()\), on the POC concentration, and second,
the dependence of the spectral remote-sensing
reflectance, R _(N), on the total backscattering
coefficient of seawater, b, (N\) (2). Note that
b,(N) = b, (N) + b (N), where b, () is a
constant representing the backscattering coeffi-
cient of pure seawater and \ is light wavelength
(expressed in nanometers).

To derive an algorithm, we collected data
during two cruises of the U.S. Joint Global
Ocean Flux Study (JGOFS) within the Ant-

'Marine Physical Laboratory and 2Marine Research
Division, Scripps Institution of Oceanography, Univer-
sity of California—San Diego, La Jolla, CA 92093-
0238, USA.

*To whom correspondence should be addressed. E-
mail: stramski@mpl.ucsd.edu

arctic Polar Front Zone (APFZ) along 170°W
(between 50°S and 72°S) from January
through March 1998, and one cruise within
the Ross Sea in November and December
1997 along 76°30'S (169°E—178°W). The re-
flectance R (M), defined as the ratio of up-
welling radiance to downwelling irradiance
just above the sea surface (3), was calculated
from the underwater vertical profiles of
downwelling irradiance and upwelling radi-
ance measured with a MER-2040 spectrora-
diometer (4) (Biospherical Instruments, San
Diego, California). The backscattering coef-
ficient b (N) was obtained from measure-
ments with a Hydroscat-6 sensor (5) (HOBI
Labs, Watsonville, California), and the POC
concentration was determined from the stan-
dard dry combustion analysis of samples that
were taken with the ship’s CTD (conductiv-
ity/temperature/depth)-rosette shortly before
or after the optical casts. For the development
of the satellite algorithm, only POC and b, (\)
measured within the top 15 m were used
(typically from a depth of ~5 m).

POC and b, (510) are highly correlated in
both the APFZ and the Ross Sea, but the
relation differs between the two regions (Fig.
1). The high correlation is caused by the
dominance of the organic particle concentra-
tion in controlling changes in both POC and
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by, (6). Because the composition of particu-
late matter in a water body varies with time
and from one location to another, some vari-
ability can be expected in the relation of POC
versus by (7). Our data show that particulate
assemblages in the Ross Sea tend to backscat-
ter less light than in the APFZ, especially at
moderate to high POC concentrations. This
difference may indicate that phytoplankton
cells, whose contribution to b, is generally
small (8), have a comparatively higher con-
tribution to POC concentration in the Ross
Sea. Part of the Ross Sea data was acquired

T
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0.001 0.01

Byp(510) (M=)

Fig. 1. Relationship between POC concentration
and the particulate backscattering coefficient b,
at 510 nm obtained from near-surface measure-
ments in the APFZ and the Ross Sea. The fitted
equation (solid line) for the APFZ is POC =
17069.0(=1.3) - [b, (510)08%9(x0040) (2 —
0.918, n = 33)], while the corresponding equation
(dashed line) for the Ross Sea is POC =
476935.8(*1.5) - [b, (510)1277(x0061) (r2 =
0.953, n = 24)]. The sfandard errors of the esti-
mates of the regression coefficients are given in
parentheses, r 2 is the squared correlation coeffi-
cient (in this particular case, for the log-trans-
formed variables), and n is the number of obser-
vations. The difference between the two relations
indicates that site-specific algorithms may be
necessary to ensure best possible estimates of
POC from b, at regional scales.
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Fig. 2. Relationship between the total backscat-
tering coefficient b, at 510 nm and remote-
sensing reflectance R _ at 555 nm. Data from the
APFZ are described by the fitted equation (solid
line): b (510) = 1.756(+0.085) - R_(555) —
4.772 - 1074 (£3.106 - 1074) (r? = 0972, n =
14). Data from the Ross Sea are consistent with
the APFZ relation, with the exception of four
measurements made within a bloom of Phae-
ocystis antarctica. These measurements were
made at very high concentration of POC (566 to
822 mg m3), whereas all other measurements in
both regions occurred at POC < 400 mg m=.
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during an intense bloom of the Prymnesio-
phyte Phaeocystis antarctica (surface chloro-
phyll @ as high as 14 mg m™?), which sup-
ports this hypothesis. Regardless of variabil-
ity, the data in Fig. 1 demonstrate the feasi-
bility of establishing regional relations for
estimating POC from b, , with accuracy com-
parable to or better than the estimation of
chlorophyll @ from bio-optical models (9).
The remote-sensing reflectance R _(N) is
dominated by the ratio of backscattering
b,(\) to absorption a(\) coefficients of sea-
water (2). Models are available for retrieving
a(\) and b, (N) from R_(N) (10, 11). Howev-
er, no backscattering measurements were
used in the development of these models, and

October 1997

no rigorous validation of backscattering re-
trieval has been done. We applied a simple
empirical approach to estimate b, from R
based on our data, which show very high
correlation between simultaneously measured
b,(510) and R_(555) (Fig. 2). We used R at
555 nm because it is a SeaWiFS [Sea-view-
ing Wide Field-of-view Sensor (/2)] band
and, in most oceanic waters, variations in
absorption by particles and dissolved sub-
stances at 555 nm have comparatively small
effect on R . Furthermore, this SeaWiFS
band consistently shows good agreement be-
tween satellite-derived and in situ—measured
values of R .. Our Hydroscat-6 instrument did
not include the 555-nm band, so we used

November 1997

(mg m~®)

__ 400

300

B 200

100

0

Fig. 3. The seasonal progression of POC concentration in the near-surface Southern Ocean all
around Antarctica as determined from ocean color data collected by SeaWiFS. Monthly maps of
POC from October 1997 through March 1998 were obtained by applying our algorithm to SeaWiFS
monthly images of R_(555) provided by NASA. Areas in black coincide with sea ice cover, cloudy
skies, or both. The continental masses are also in black. Because our algorithm was developed using
the APFZ data, the estimates of POC in coastal waters, polynyas, and marginal ice zones may be
subject to larger uncertainties than in open ocean, as suggested by our results from the Ross Sea

(see Fig. 1 and Phaeocystis bloom data in Fig. 2).
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b,(510), which showed high correlation with
both R(555) and POC, and thus proved to be
adequate for our purposes. In contrast to POC
versus b,,,(510), the relation of b,(510) ver-
sus R, (555) shows no significant difference
between the two investigated regions, if four
outlying data points collected in the Ross Sea
during a bloom of Phaeocystis are excluded.
This observation suggests that the backscat-
tering and absorption coefficients in the 510-
to 555-nm spectral region were well correlat-
ed over a wide range of particle concentra-
tions and compositions.

By combining the relations of POC versus
byy(510) and b,(510) versus R, (555) for the
APFZ, we obtained the final algorithm for es-
timating POC (in milligrams per cubic meter)
from R (555) (per steradian): POC =
17069[1.756 « R (555) — 1.777 - 1073]°8°
(13). In this derivation, a value of 0.0013 m™!
was taken for backscattering by pure seawater,
b, (510) (3). We assume that the parameteriza-
tion of our algorithm is valid for the Southern
Ocean between 40°S and the marginal ice zone
that the JGOFS study in the APFZ was intended
to characterize. Strong mesoscale variability of
the upper ocean properties and persistent cloud
cover during our cruises prevented us from
obtaining a large number of coincident in situ
and satellite observations for validation purpos-
es. Two measurements of surface POC were
obtained under clear skies and ice-free water
close in time to a SeaWiFS overpass. For these
measurements, in situ values agreed to —8%
and +2% with the satellite-derived values of
POC for the pixels where the ship was located
(14).

Application of our algorithm to SeaWiFS-
derived R _(555) reveals the progression of sur-
face POC concentration in the Southern Ocean
during the austral spring and summer from
October 1997 through March 1998 (Fig. 3). In
October, the large extent of seasonal ice is
evident, and POC values were low throughout
the ice-free Southern Ocean. By December, sea
ice retreated and a band of elevated POC (>200
mg m ) developed nearly all around Antarc-
tica. This band corresponds to the average po-
sition of the APFZ (15). In the Pacific sector, a
well-pronounced band of high POC followed
the 60°S latitude in the southeast and extended
north of 60°S over the Pacific-Antarctic Ridge,
which coincides well with the APFZ. In the
Atlantic and Indian Ocean sectors, the band of
enhanced POC, although less pronounced, was
shifted farther north, which again is consistent
with the APFZ pattern. The high POC feature
north of the Falkland Islands also agrees with
the northward extension of the APFZ observed
in this region (/5). Starting in January, areas of
high POC became progressively smaller, and
by March, the surface POC was <150 mg m >
over most of the Southern Ocean.

Many of the POC features are similar to the
seasonal progression of phytoplankton biomass.

REPORTS

The SeaWiFS-derived images of chlorophyll a
(Chl) for the same season show generally low
pigment concentrations in the early season, a
development of blooms in December and Jan-
uary, followed by a sharp decline in Chl in
March (16). The various phytoplankton blooms
(or high Chl areas), for example within the
APFZ of the Pacific sector, over the Patagonian
Shelf, in the Scotia Sea, and near Kerguelen, are
coincident with the high POC regions and show
progression throughout the season that is simi-
lar to that of POC. However, the POC:Chl ratio
in the upper ocean varies considerably because
of varying proportions of nonliving organic par-
ticles, phytoplankton, and heterotrophic micro-
organisms. This ratio varied from 112 to 455
during our two cruises in the APFZ. This vari-
ability precludes the estimation of POC from
satellite-derived Chl with reasonable accuracy.

The surface POC concentration is correlated
with the mass of POC integrated within the
upper water column (/7). By applying such a
relation to the satellite-derived monthly maps of
surface POC, we calculated the changes in the
total mass of POC within the top 100 m in the
Southern Ocean between 40°S and 70°S over
the annual cycle from October 1997 through
December 1998. These calculations excluded
the austral winter (May through August), be-
cause extensive ice cover and lack of daylight
over large portions of the Southern Ocean pre-
cluded satellite observations of ocean color. The
total amount of water column—integrated POC
ranges from about 0.6 Pg of carbon (1 Pg =
10" g = 1 gigaton) in April 1998 and Septem-
ber 1998 to 0.8 Pg of carbon in December 1997
and December 1998. The two December esti-
mates agree to within 0.9%. If we included the
areas south of 70°S (that is, primarily polynyas
within the Antarctic sea ice zone), the December
estimates would increase to about 0.87 Pg of
carbon (note however that south of 70°S, the
number of valid satellite pixels decreases sharp-
ly due to sea ice, which may lead to less accurate
estimates). In June and July, the POC pool is
likely reduced to <0.5 Pg, which indicates that
the net seasonal change between the summer
maximum and winter minimum is >0.3 Pg of
carbon.
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A Nucleoside Transporter from
Trypanosoma brucei Involved in
Drug Resistance

Pascal Miser,'* Christine Siitterlin,2* Anastasia Kralli,?
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Drug resistance of pathogens is an increasing problem whose underlying mech-
anisms are not fully understood. Cellular uptake of the major drugs against
Trypanosoma brucei spp., the causative agents of sleeping sickness, is thought
to occur through an unusual, so far unidentified adenosine transporter. Sac-
charomyces cerevisiae was used in a functional screen to clone a gene (TbATT)
from Trypanosoma brucei brucei that encodes a nucleoside transporter. When
expressed in yeast, ThDAT1 enabled adenosine uptake and conferred suscepti-
bility to melaminophenyl arsenicals. Drug-resistant trypanosomes harbor a
defective ThATT variant. The molecular identification of the entry route of
trypanocides opens the way to approaches for diagnosis and treatment of

drug-resistant sleeping sickness.

Reduced drug uptake has emerged as a com-
mon characteristic of drug-resistant trypano-
somes [(/); reviewed in (2)], rendering the
molecular identification of drug transport
systems crucial for the understanding of the
underlying resistance mechanisms. The main
clinical trypanocides are the melaminophenyl
arsenical melarsoprol and diamidines. As cel-
lular uptake of these agents has been suggest-
ed to occur through a transport system spe-
cific for adenosine and adenine [(3-5); re-
viewed in (6)], we decided to functionally
clone the trypanosomal gene or genes encod-
ing an adenosine transporter or transporters.
We took advantage of the fact that the yeast
Saccharomyces cerevisiae do not take up ex-
ogenous adenosine and cannot use it as a
purine source (Fig. 1, A and B). Yeast cells
defective in purine biogenesis (ade2) (7)
were transformed with a Trypanosoma brucei
brucei bloodstream form cDNA expression
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library (&) and selected for growth in media
containing adenosine as sole purine source.
Library plasmids conferring the ability to
proliferate were isolated (9) and found to
encode a putative transporter, designated
TbAT1. When expressed in yeast, 7hATI
enabled growth on adenosine as sole purine
source (Fig. 1A) and cellular uptake of aden-
osine (Fig. 1B). Adenosine transport was sat-
urable (Fig. 1C) and conformed to Michaelis-
Menten kinetics with an apparent Michaelis
constant (K ) of 2.2 pM (10).
Trypanosoma brucei brucei salvage
adenosine from their mammalian hosts
through two high-affinity transport activi-
ties, P1 and P2, that differ in substrate
specificity. P1 is specific for adenosine and
inosine, whereas P2 transports adenosine,
adenine, melaminophenyl arsenicals, and
diamidines (3, 4). To determine whether
ThATI encodes the P1 or P2 activity, we
assessed substrate specificity by the ability
of potential substrates to inhibit TbATI1-
mediated adenosine transport in yeast (/7).
Adenine caused a strong reduction, where-
as inosine, hypoxanthine, guanosine, gua-
nine, uridine, and uracil had no effect (Fig.
2A). Moreover, radioactively labeled ino-
sine was not taken up, and neither inosine
nor guanosine could support growth of

regular features and stability to be useful descriptors of
the medium [R. W. Preisendorfer, Union Geod. Geophys.
Inst. Monogr. 10, 11 (1961); (3)].
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ade? yeast expressing ThATI (12). Among
the trypanocides tested for inhibition of
adenosine transport, the melaminophenyl
arsenicals (melarsoprol and melarsen ox-
ide) and isometamidium (a phenanthridine
used in veterinary medicine) were most
effective (Fig. 2B), suggesting that these
drugs are TbATI1 substrates. The experi-
mental compound tubercidin (7-deazaade-
nosine) produced a smaller but substantial
reduction. The diamidines (pentamidine
and diminazene aceturate) had no substan-
tial effect. Thus, the apparent substrate
specificity of TbAT1 closely matches that
of the reported P2 transport activity (3—35),
except for the insensitivity to diamidines.
TbAT1 expressed in yeast may lack a
trypanosomal cofactor or modification re-
quired for diamidine recognition. Future
studies of TbAT1 function in genetically
engineered trypanosomes will elucidate the
role of this transporter in diamidine uptake.

As labeled melaminophenyl arsenicals are
unavailable, we could not directly measure
transport of these drugs by TbAT]1. Instead,
we determined whether TbAT1 could medi-
ate uptake of melarsen oxide into cells, mea-
sured as susceptibility to the drug (/3). Ex-
pression of ThATI in yeast rendered cell
growth sensitive to melarsen oxide (Fig. 2C),
suggesting that TbAT1 indeed transports this
drug. As expected for competing substrates,
the presence of adenosine or adenine in the
media abrogated TbAT1-mediated melarsen
toxicity (12).

Sequencing of the cDNA revealed a pro-
tein of 463 amino acids (Fig. 3A) with a
predicted structure of 10 transmembrane
a-helices, cytosolic NH;- and CO,-termini,
and a large, negatively charged cytosolic loop
between transmembrane domains 6 and 7
(Fig. 3B). Recently, two nucleoside trans-
porter genes (LdNTI.1 and LdNTI.2) have
been cloned from the protozoan parasite
Leishmania donovani (14). LdNTI.l and
LdNTI1.2 are 99.5% identical and tandemly
linked (14, 15). In contrast, ThATI appears to
be a single-copy gene, as determined by
Southern (DNA) blot analysis (/2). The
LdNT1 transporters belong to the ENT
(equilibrative nucleoside transporter) family,
feature 11 predicted transmembrane domains,
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