
ern Ocean was much more vigorous in the
period from �1350 to 1880 A.D. than in the
recent past. Our simulations reflect primarily
late–20th century oceanographic conditions
and support the conclusion of a subordinate
role for deep convection in the Southern
Ocean during this time period (21).

Our conclusion that present-day Southern
Ocean uptake of anthropogenic carbon is
large, but Southern Ocean storage is relative-
ly small, has implications for the mechanisms
governing future changes in the ocean carbon
cycle. If most of the anthropogenic carbon
entering the Southern Ocean is being trans-
ported northward isopycnally to the Antarctic
Convergence, then a reduction in deep con-
vection would have little impact on Southern
Ocean uptake of anthropogenic carbon. Thus,
the particular scenario described in (6 ) seems
unlikely to occur. Changes in ocean circula-
tion, reduction in sea ice coverage, tempera-
ture-dependent changes in CO2 solubility,
and changes in biological activity will impact
oceanic CO2 uptake (6, 15). Nevertheless, if
global climate change reduces the density of
surface waters in the Southern Ocean (6, 15),
isopycnal surfaces that are now ventilated
would become isolated from the atmosphere;
this would tend to diminish Southern Ocean
carbon uptake.
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Nanotube Molecular Wires as
Chemical Sensors

Jing Kong,1* Nathan R. Franklin,1* Chongwu Zhou,1

Michael G. Chapline,1 Shu Peng,2 Kyeongjae Cho,2 Hongjie Dai1†

Chemical sensors based on individual single-walled carbon nanotubes (SWNTs)
are demonstrated. Upon exposure to gaseous molecules such as NO2 or NH3,
the electrical resistance of a semiconducting SWNT is found to dramatically
increase or decrease. This serves as the basis for nanotube molecular sensors.
The nanotube sensors exhibit a fast response and a substantially higher sen-
sitivity than that of existing solid-state sensors at room temperature. Sensor
reversibility is achieved by slow recovery under ambient conditions or by
heating to high temperatures. The interactions between molecular species and
SWNTs and the mechanisms of molecular sensing with nanotube molecular
wires are investigated.

Carbon nanotubes are molecular-scale wires
with high mechanical stiffness and strength.
A SWNT can be metallic, semiconducting, or
semimetallic, depending on its chirality (1).
Utilization of these properties has led to ap-
plications of individual nanotubes or ensem-
bles of nanotubes as scanning probes (2, 3),
electron field emission sources (4 ), actuators

(5), and nanoelectronic devices (6 ). Here, we
report the realization of individual semicon-
ducting-SWNT (S-SWNT)–based chemical
sensors capable of detecting small concentra-
tions of toxic gas molecules.

Sensing gas molecules is critical to envi-
ronmental monitoring, control of chemical
processes, space missions, and agricultural
and medical applications (7 ). The detection
of NO2, for instance, is important to monitor-
ing environmental pollution resulting from
combustion or automotive emissions (8). De-
tection of NH3 is needed in industrial, med-
ical, and living environments (9). Existing
electrical sensor materials include semicon-
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Fig. 3. Zonal mean anthropogenic CO2 accu-
mulation rate in the ocean (black line) and
zonal mean anthropogenic CO2 flux into the
ocean (magenta line), by latitude band (aver-
aged over land and ocean areas for 1995). The
latitude axis is scaled so that equal horizontal
distances represent equal areas on Earth’s sur-
face. On this scale, the total flux or accumula-
tion into the ocean is proportional to the area
under the appropriate curve. The Southern
Ocean is an area with the highest anthropo-
genic CO2 fluxes, but the Antarctic Conver-
gence is the area with the largest anthropogen-
ic CO2 accumulation.
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