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ear charge density of the DNA-CNT hybrid
relative to that of the DNA wrap alone,
based on an image charge analysis for ad-
jacent dielectrics (20). This fundamental
difference in behavior provides ample dif-
ferentiation between the binding strengths
of metallic and semiconducting nanotubes
to the anion exchange resin. Among semi-
conducting DNA-CNTs, there are two
(nonexclusive) mechanisms that allow lin-
ear charge density to depend on tube diam-
eter. First, because the polarizability of
semiconducting nanotubes depends on di-
ameter (21), the effective linear charge den-
sity is diameter-dependent. Second, the lin-
ear charge density of the DNA can change
with tube diameter due to wrapping
geometry changes. Together, these allow
diameter-dependent separation of semicon-
ducting tubes.

In summary, we have found that the at-
tachment of ssDNA to a CNT is dependent on
the specific DNA sequence and have shown

that this can form the basis for a method for
CNT diameter and type separation.
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Oceanic Rossby Waves Acting As
a “Hay Rake” for Ecosystem

Floating By-Products
Yves Dandonneau,1* Andres Vega,2 Hubert Loisel,3

Yves du Penhoat,2 Christophe Menkes1

Recent satellite observations of Rossby waves and chlorophyll anomalies prop-
agating in subtropical gyres have suggested that wave-induced upwelling could
stimulate photosynthesis. Instead, we show that chlorophyll maxima are lo-
cated in abnormally warm water, in Rossby wave–induced convergences. This
excludes inputs of nutrients from deeper water. We argue that the sea color
anomalies are not caused by chlorophyll but by floating particles evolved from
the ecosystem and accumulated by Rossby waves, acting as “marine hay rakes,”
in convergence zones. Such processes may be determinant for the distribution
of living organisms in oligotrophic areas.

Subtropical anticyclonic gyres occur in about
40% of the world’s oceans and have very low
nutrient and chlorophyll levels as well as
permanently deep pycnoclines and nutri-
clines. In these oligotrophic areas, respiration
balances and sometimes exceeds photosyn-
thesis (1). Primary production is mostly sup-
ported by the regeneration of nutrients by the
microbial loop, whereas export production
remains low all year. Export production esti-
mates based on seasonal geochemical bud-
gets, though low, are not entirely accounted

for by the mean upwelling of nutrients to the
photic layer (2, 3). Thus, it has been suggest-
ed that eddy-induced nutrient pumping to the
photic layer (3) may account for the remain-
der of export production.

Recently, large-scale propagations of
Rossby waves (RWs) from sea level and
concurrent ocean color signals have been ob-
served in all subtropical gyres. Nutrient
pumping into the photic layer has been pro-
posed as the mechanism by which RWs could
increase chlorophyll concentration in these
oligotrophic areas (4, 5). Thus, RWs would
act like a “rototiller” by lifting nutrients con-
tinuously to the photic layer as they propa-
gate (6 ), accounting for some of the missing
production in the subtropical gyres. However,
the coupling between the dynamics and chlo-
rophyll anomalies has not been elucidated.
Using satellite data, we examine here the

relations between RWs and chlorophyll
concentration in the south Pacific subtrop-
ical gyre. We focus on the area 16°S to
22°S, 120°W to 80°W, where RWs have a
marked signature.

A typical case is shown for May 2000
(Fig. 1). Filtered fields of sea-level anomalies
(SLAs) induced by RWs (7 ) can be interpret-
ed at first order as inverse variations of ther-
mocline depth (8). Consequently, more com-
plex mechanisms such as other baroclinic
modes (9) are neglected. Then, crests and
troughs indicate anticyclonic and cyclonic
eddies (Fig. 1B). Divergence or convergence
of quasi geostrophic surface current has been
derived from SLAs (10). It corresponds to
regions of upwelling or downwelling, respec-
tively (Fig. 1A), spatially shifted from SLA
troughs and crests (Fig. 1B). As expected,
minima in sea surface temperature anomaly
(SSTA) (11) correspond to upwelling and
maxima, to downwelling (Fig. 1C). Surpris-
ingly, positive chlorophyll anomalies (ChlA)
(12) are co-located with convergence and
positive SSTA (Fig. 1D). This is unexpected,
because increased surface phytoplankton
concentration is generally related with up-
welling of cold and nutrient-rich water. Nu-
trient inputs in these convergence areas
should be less than anywhere else (13), and
thus only delayed use by phytoplankton of
horizontally advected nutrients might explain
chlorophyll maxima in these places. Howev-
er, the time for surface water to drift from
upwelling to downwelling patches (typically
one month) is longer than needed by the
phytoplankton to use such small amounts of
nutrients. Hence, lags between nutrient inputs
and their utilization cannot explain that
positive ChlAs are located in convergences.
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The relations observed in May 2000 (Fig.
1) can be extended all along RW westward
propagations in the 15°S to 22°S band (Fig.
2). RW-related anomalies are clearly ob-
served in all diagrams. Again, positive ChlA
and SSTA are located in convergence re-
gions. All of this strongly suggests that the
vertical motions induced by RWs are not the
dominant mechanisms at work to explain the
location of ocean-color signals propagating
along with RWs.

If ChlAs are not caused by the usual
mechanisms in these RW systems, it may be
that they are not really chlorophyll anoma-
lies. Then, we have to consider a possible
artifact in the determination of chlorophyll
from ocean color in the studied region. The
ocean color algorithms (14 ) estimate chloro-
phyll concentration using the 443 (blue) to
550 nm (green) reflectances ratio (B/G)
which decreases with increasing chlorophyll
concentration. The retrieval of chlorophyll
from B/G assumes that the various absorbing
and backscattering organic constituents of
seawater are in constant proportions. This
assumption is generally reasonable, as attested
by the extensive use of ocean color data in
many studies, but may sometimes lead to bias-
es, even in the open ocean. A bias in SeaWiFS
(Sea-viewing Wide Field-of-view Sensor) esti-
mates (up to 100 % greater than chlorophyll
measured in situ) in the Mediterranean Sea has
thus been attributed to nonalgal particles in
excess, compared with standard oceanic wa-
ters with the same chlorophyll content (15).
This bias was observed in low-chlorophyll
waters such as those investigated here. In-
deed, nonalgal particles in excess tend to
decrease B/G. Likewise, B/G decreases
when blue-absorbing dissolved colored or-
ganic matter is abundant (16 ). Therefore, it
must be kept in mind that B/G, used by all
ocean color sensors, also varies with non-
chlorophyll-containing substances. The re-
ported small deviations may be nothing but
the result of biases in the retrieval of chlo-
rophyll from space. How these biases are
co-located with the convergence patterns
remains to be explained.

We assumed that low-density nonchloro-
phyllous metabolites and detritus, henceforth
mentioned as floating particulate organic car-
bon (fPOC), are generated by the ecosystem
and accumulate near the sea surface (17 ).
RW-induced transport of fPOC tends to re-
move it from divergences and accumulate it
in convergences, where it remains near the
surface while seawater subducts. These sub-
stances modify the transfer of light in the sea
(18, 19) and should be detected by SeaWiFS
as chlorophyll anomalies. To test this hypoth-
esis, we simulate the convergent vertical cir-
culation across RWs, as well as the produc-
tion and advection of fPOC (20) (Fig. 3B).
The model transfers fPOC from the up-

welling to the subduction areas where it is
trapped at the sea surface, generating a strong
horizontal gradient (Fig. 3B). Marine reflec-
tances at SeaWiFS wavelengths are then sim-
ulated using a radiative transfer model in
which only fPOC varies (21). Finally, appar-
ent chlorophyll concentration is computed
using the SeaWiFS algorithm (14 ) (Fig. 3A).
In spite of constant chlorophyll concentration

in the model, the apparent chlorophyll vari-
ability (0.04 mg m�3) caused by fPOC and
affecting SeaWiFS detection is coherent with
the observations. Model sensitivity tests indi-
cate that fPOC concentration near the surface
increases with floatability and decreases with
decay rate. fPOC production, which was set
to 1% of primary production in the model,
may be given greater values: sediment traps

Fig. 1. May 2000 maps of
monthly bandpassed satellite
observations in the South Pacific
subtropical gyre. (A) Conver-
gence (� negative divergence),
(B) SLAs, (C) SSTAs and (D)
ChlAs. Black arrows are geostro-
phic currents (10). Red, positive
convergences, SLAs, SSTAs, and
ChlAs; blue, negative convergences,
SLAs, SSTAs, and ChlAs. White con-
tours of the convergence field are
replicated on all maps.

Fig. 2. Longitude-time dia-
grams of satellite observa-
tions in the South Pacific
subtropical gyre at 20°S.
(A) Convergence, (B) SLAs,
(C) SSTAs, and (D) ChlAs.
Red, positive values; blue,
negative values. Black con-
tours of the convergence
field are replicated on all
panels. For sake of clarity,
only the area between
80°W and 120°W, and
from January 2000 to June
2001 is represented.
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oriented upward and downward have mea-
sured an upward flux of particles as high as
two-thirds of the downward flux (17 ). Thus,
if production exported to depth is 6% of
primary production, a typical value in tropi-
cal oligotrophic waters (22), then up to 4% of
primary production may result in fPOC, lead-
ing to an increase four times higher than in
our simulation. Presence of gas bubbles, coat-
ed with organic film or trapped in fPOC,
would also increase the light backscattering
coefficient and cause larger bias (23). This
simple model, forced by realistic values, pro-
vides a framework by which to understand
how fPOC can be seen as apparent chloro-
phyll excess at the RW convergences. How-
ever, we need field evidence of particles con-

centration at the sea surface by this process.
If our hypothesis is valid, then SeaWiFS

estimates would be higher than in situ chlo-
rophyll, especially in convergences. Field
data to demonstrate such overestimation are
scarce. However, we could test it using the
difference between SeaWiFS chlorophyll es-
timates and collocated in situ chlorophyll
data from 12 cruises from 1999 to 2002
(www.lodyc.jussieu.fr/gepco/). Each of these
cruises includes seven to nine determinations
(chlorophyll a � divinyl chlorophyll a) be-
tween 18°S and 25°S on the shipping route
from Tahiti to Auckland. Only 20 of �100
measurements were co-located with SeaW-
iFS daily level 3 data (Fig. 4). Although these
data were collected farther west than 120°W,
in an area where RW energy tends to dissi-
pate (8), they indeed show an inverse relation
(r2 � 0.21, significant at the 95% confidence
level) between local divergence and the dif-
ference SeaWiFS minus in situ chlorophyll.

An additional argument is provided by
wind data: Under strong wind conditions,
fPOC should be dispersed in the mixed layer
and not be seen from satellite, in the same
way that slicks generated by Langmuir circu-
lation cells, rich in floating material (24 ), are
dispersed when wind speed exceeds 6 m s�1

(25). Fields of convergence and ChlAs such
as those presented in Fig. 1 are positively
correlated. We computed a time series of this
correlation from October 1997 to March
2001. It was lowest, around 0.2, in 1998 and
until early 1999, during a strong La Niña
episode when average wind speed (26 ) ex-
ceeded 6 m s�1. Later, wind speed decreased
and correlation improved, around 0.35. Low
correlations are also found in austral winter
and spring, when wind speed increases. Con-
versely, high correlations characterize low-
wind periods, such as May to June 1999 and
December 1999 to January 2000. Though
direct observations of particles concentration
in convergences are still lacking, the obvious
effect of average wind speed, together with

the higher values of SeaWiFS minus in situ
chlorophyll found in convergences, support
our hypothesis.

There is little doubt that the sea surface is a
layer in which many substances tend to congre-
gate (17, 24). However, we know very little
about this process. Oceanographic cruises usual-
ly skip the upper 2 or 3 meters due to practical
sampling constraints. Therefore, it is presently
not possible to give an exact picture of fPOC. It
can consist of flocculated colloids, or detritus, in
which bacterial activity has evolved bubbles.
The neuston is adapted to stay just below the
surface and to resist downward water motion.
Some phytoplankton species adjust their float-
ability according to their nutrients content or
light requirements. This is the case for some
Rhizosolenia sp. diatoms (27) that may make
“lines in the sea” in nutrient-rich environments
(28); however, this process is not likely to occur
in the oligotrophic South Pacific subtropical
gyre. Control of floatability by gas bubbles, such
as in some picoplanktonic cyanobacteria (29),
might more likely play a role here. A two-step
mechanism may also act: after maturation time,
accumulation of organic material at the sea sur-
face favors the growth of bacteria, and hence
nutrient regeneration (19), and, in turn, phyto-
plankton growth and chlorophyll increase.

Processes that do not need the supply of
new nutrients are seldom proposed to explain
the biological variability in the oceans. We
have shown that the image of a RW-powered
“rototiller” eroding the nutrient-rich deep wa-
ters (6 ) does not apply in the South Pacific
subtropical gyre. A “hay rake” (another agri-
cultural machine) that concentrates in re-
stricted areas the organic material produced
uniformly around by the marine ecosystem,
provides a better representation of the pro-
cesses at work. This implies a decoupling of
biogenic particles from water circulation, be-
cause it is based on substances that float. The
JGOFS (Joint Global Ocean Flux Study) de-
cade has been devoted to the downward flux
of particles. Here, we show that a flux of
floating particles can lead to increased con-
centrations of material in convergence areas,
including fronts and subduction zones. This
is of interest because (i) it may modify ocean
color and be detected from satellites, (ii) it
may affect the gas exchange through the air-
sea interface, and (iii) it may be a source of
food for fish that live near the surface. Fur-
ther, because satellite-detected sea color is
often used to validate biogeochemical mod-
els, adding floating material in these models
may improve the simulations in places where
convergence and fronts occur.
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A Transient Rise in Tropical Sea
Surface Temperature During the

Paleocene-Eocene Thermal Maximum
James C. Zachos,1* Michael W. Wara,1 Steven Bohaty,1

Margaret L. Delaney,1 Maria Rose Petrizzo,2 Amanda Brill,3

Timothy J. Bralower,4 Isabella Premoli-Silva2

The Paleocene-Eocene Thermal Maximum (PETM) has been attributed to a rapid rise
in greenhouse gas levels. If so,warming should haveoccurred at all latitudes, although
amplified toward the poles. Existing records reveal an increase in high-latitude sea
surface temperatures (SSTs) (8° to 10°C) and in bottom water temperatures (4° to
5°C). To date, however, the character of the tropical SST response during this event
remains unconstrained. Here we address this deficiency by using paired oxygen
isotope and minor element (magnesium/calcium) ratios of planktonic foraminifera
from a tropical Pacific core to estimate changes in SST. Using mixed-layer forami-
nifera, we found that the combined proxies imply a 4° to 5°C rise in Pacific SST during
the PETM. These results would necessitate a rise in atmospheric pCO2 to levels three
to four times as high as those estimated for the late Paleocene.

The Paleocene-Eocene Thermal Maximum [55
million years ago (Ma)] was accompanied by a
number of environmental perturbations, includ-
ing mass extinction of benthic foraminifera (1),
widespread appearance and proliferation of ex-
otic plankton in the open and coastal oceans
(2–5), shifts in precipitation patterns and inten-
sity (6), and migration and dispersal of terres-
trial mammals (7). These perturbations are at-
tributed to a global warming of unusual mag-
nitude (8–10). That this warming was green-

house gas–induced is supported by two
independent lines of evidence: a 	2.5‰ nega-
tive carbon isotope excursion (CIE) of the
entire global exogenic carbon pool and a pro-
nounced deep-sea carbonate dissolution hori-
zon. Both are consistent with injections of a
large mass of 12C-enriched carbon into the
ocean/atmosphere (11). The primary source of
this carbon has been postulated to be the disso-
ciation of methane hydrate (12).

In theory, a substantial increase in atmo-
spheric CO2 and/or CH4 levels as posited for
the PETM should have induced warming at
all latitudes, with SST increases amplified
toward the poles. This pattern of warming is
a robust feature of greenhouse simulations
that use coupled ocean-atmosphere models
with a strong ice-albedo feedback (13). Sim-
ulations with a fixed ice-albedo feedback also
exhibit polar amplification, but to a lesser
extent (14 ). In this regard, the PETM pro-
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1www.sciencemag.org SCIENCE Erratum post date 9 JANUARY 2004

post date 9 January 2004

ERRATUM

C O R R E C T I O N S A N D C L A R I F I C A T I O N S

RREEPPOORRTTSS:: “Oceanic Rossby waves acting as a ‘hay rake’ for ecosystem

floating by-products” by Y. Dandonneau et al. (28 Nov. 2003, p.

1548). There were errors in three of the figures. The ranges indicated

in Fig. 1A and Fig. 2A should read “+2.5e-8” to “−2.5e-8,” and the

range indicated on the x axis in Fig. 4 should read “−3.00E-08” to

“3.00E-08.”
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