
The ability to trap CH3 also presents
opportunities for fundamental physics.
With the molecule in its rotational ground
state, the researchers can make precise
measurements of hyperfine transitions
and parity-violating interactions. (See
the article by David DeMille, PHYSICS
TODAY, December 2015, page 34.) Ulti-
mately, however, they hope to create a
molecular gas that’s cold enough and
dense enough to form a Bose–Einstein
condensate. 

Momose thinks they should be able to
cool their gas to submillikelvin tempera-
tures via sympathetic cooling, “and then
evaporative cooling should get us much
lower, down to 1 microkelvin. Then the
only missing part would be the density.” 

A BEC requires a phase space density
of order 1, which would translate to a
volumetric density about three orders of
magnitude higher than the 5 × 107 cm−3

that Momose and company have achieved
so far. “We’d probably need to build 

another decelerator,” he muses. “So that
would mean another three years.”

Ashley G. Smart
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I
n just over a century, the atmosphere’s
carbon dioxide concentration has risen
from around 280 ppm to 400 ppm. That

increase is a consequence of the burning
of fossil fuels, conversion of forests into
farm lands, and other human activities.
Yet if all anthropogenic carbon stayed in
the atmosphere, the rate at which atmos-
pheric CO2 concentration is presently in-
creasing would be more than double its
actual value. Instead, terrestrial plants,
soils, and the ocean have taken up a sig-
nificant tranche of the anthropogenic
CO2. (See the article by Jorge Sarmiento
and Nicolas Gruber, PHYSICS TODAY, Au-
gust 2002, page 30.) Some 30–40% of all
anthropogenic CO2 emitted since the late
18th century is thought to have been ab-
sorbed by the ocean.

The net flow of CO2 across the air–sea
boundary depends on the relative con-
centrations of the greenhouse gas in the
ocean and the atmosphere. Attention has
understandably focused on rising CO2

levels in the atmosphere, but the ocean is
no passive bystander. The 1990s saw a
weakening of the ocean’s carbon sink,
which was attributed to the strengthen-
ing of westerly winds over the Southern
Ocean, the waters encircling Antarctica.1

Those winds combine with the Coriolis
force to drive the northward flow of sur-
face waters, which in turn draws carbon-
rich deep waters to the surface. Puz-
zlingly, the ocean’s carbon sink recovered
in the 2000s even though the westerly
winds remained strong.2

To tease out what other factors might
be at play, Timothy DeVries at the Uni-
versity of California, Santa Barbara, Mark
Holzer at the University of New South
Wales in Australia, and François Primeau
at the University of California, Irvine,
took a look below the ocean surface. The
researchers ran model simulations of the
global ocean overturning circulation—
the transport of surface waters down-
ward and deep waters upward—for the
1980s, 1990s, and 2000s and then fed the
results into an ocean carbon-cycle model.
Their findings identify changes in the
pace of circulation in the upper 1000 m
of the global ocean as the primary driver
of the observed trends in the ocean’s net
carbon uptake.3

The ups and downs
Global ocean overturning circulation in-
volves water at all depths—from the sur-
face down to the abyss some 4000–6000 m

below—and operates at 1000-year time
scales. (See the article by Adele Morrison,
Thomas Frölicher, and Jorge Sarmiento,
PHYSICS TODAY, January 2015, page 27.)
For decadal variability in the ocean car-
bon sink, though, DeVries and his col-
leagues focused on the upper 1000 m of
ocean, because deeper waters are unlikely
to reach the surface in those time frames.

Ocean general-circulation models typ-
ically start with an at-rest ocean with
some initial distribution of temperature
and salinity. Turning on hydrodynamic
and thermodynamic processes gets the
waters moving, and then the model is
stepped through time, often for thousands
of simulated years, until an equilibrium
circulation pattern emerges. Observa-
tional data serve mostly to set reasonable
initial conditions.

DeVries and his colleagues opted for
a different approach that places at center
stage observational data for temperature,
salinity, naturally occurring carbon-14,
and chlorofluorocarbon distributions,
each of which helps to reveal when a par-
cel of water last contacted the ocean
surface. Chlorofluorocarbons, the ozone-
depleting gases once widely used as re-
frigerants (see the article by Anne Doug -
lass, Paul Newman, and Susan Solomon,
PHYSICS TODAY, July 2014, page 42), are a
particularly good tracer because their
history in the atmosphere is well known

The past decade's slowdown of overturning boosted 
the ocean's ability to take up carbon dioxide, but the 
enforcement may not last.
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and their distribution in the ocean has
been extensively measured. 

Rather than relying solely on simu-
lated ocean dynamics, the group itera-
tively minimized the differences between
simulated and measured tracer distribu-
tions to reach a solution that’s consistent
with observations. “Essentially, we give
the model the data,” explains DeVries,
“and ask it to find the circulation that
best matches the data.” 

“In some sense you get the best of

the underlying physical theory, and you
get the best of the observations,” says
Galen McKinley of the University of Wis-
consin–Madison. “This is definitely a
new approach, and I think it’s a really
great addition to the toolkit of being able
to understand the ocean carbon cycle,”
she adds.

DeVries and Primeau debuted their
model six years ago to determine the long-
term average ocean circulation.4 What’s
new this time around is that the re-

searchers have accounted for data from
the 1980s, 1990s, and 2000s separately 
to examine how the circulation changed
over time.

Figure 1 shows the upper-ocean over-
turning circulation for the three decades,
obtained by DeVries and his colleagues. In
the 1990s the circulation strengthened rel-
ative to the 1980s primarily in the South-
ern Hemisphere, in line with previous
analyses. In the 2000s that trend reversed;
both Northern and Southern Hemispheres
exhibited reduced overturning.

The computational cost for getting that
decade-resolved view meant foregoing a
strictly realistic continuous evolution of
the ocean circulation. The model simply
computes a mean steady-state circula-
tion for each of the three decades. 

In addition, measurements at many
locations have been infrequent, in some
cases only once every 5 or even 10 years.
The use of robotic instrumentation in re-
cent years has led to improved data cov-
erage for temperature and salinity. But
for chlorofluorocarbons, “we still have to
go out on ships and do those measure-
ments the hard way,” DeVries says. “Un-
fortunately, we can’t go back in time and
fill in the gaps we have.”

Still, DeVries is hopeful that in the fu-
ture he and his colleagues will be able to
capture circulation changes not from just
one decade to the next but from one year
to the next. They could then see how
quickly the changes took place and per-
haps figure out what physical processes
drove them. 

What’s circulation got to do with it?
Once they established the decadal circu-
lation patterns, DeVries and his colleagues
used them in an ocean carbon-cycle
model to see how changing circulation
would affect the ocean’s ability to absorb
CO2. As illustrated in figure 2, the vigor-
ous overturning in the 1990s enhanced the
transport of surface waters to the deep. If
that were the only effect, one might expect
that the ocean’s ability to uptake anthro-
pogenic CO2 would increase, as it indeed
did according to the researchers’ model.

However, the overturning also brought
carbon-rich deep waters to the surface.
Once there, the abundant carbon in the
upwelled water could escape into the
atmosphere. The overall balance tipped
toward a weakening of the ocean’s net
carbon uptake from 1.7 Pg C/year in 
the 1980s to 1.3 Pg C/year in the 1990s
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FIGURE 1. OVERTURNING IN THE UPPER 1000 m of the ocean in the 1980s (top), 
1990s (middle), and 2000s (bottom). The arrows indicate the directions and magnitudes 
of longitude-summed fluid transport rates across various latitude and depth boundaries.
They range from less than 1 sverdrup (1 sverdrup = 106 m3/s) for the thinnest arrows to
37 sverdrup for the thickest. Red arrows indicate that the magnitude of volume flow has 
increased relative to the previous decade, and blue arrows indicate a decrease. (Adapted
from ref. 3.)



(1 Pg = 1015 g). The largest reduction 
occurred in the subantarctic (latitudes
55° S to 35° S), where newly risen deep
water in the Southern Ocean encounters
the atmosphere. 

When the overturning circulation
weakened in the 2000s, less anthropogenic
CO2 was sent down to the depths, but
even less deep-ocean carbon escaped
into the air. On balance, therefore, the

ocean took up more CO2 than before.
That might sound like good news; after
all, it means less CO2 accumulated in the
atmosphere. However, coral bleaching
and other consequences of ocean acidifi-
cation make increased CO2 uptake by the
ocean a mixed blessing at best.

Besides, says DeVries, “we think that
the effect is going to gradually wear off.”
The amount of deep ocean CO2 rising to
the surface will eventually plateau even
as ever more fossil-fuel CO2 makes its
way into the atmosphere. The balance
will tip in favor of reduced ocean CO2

uptake. Then the slowing ocean over-
turning circulation will seem to be bad
news all around.

Sung Chang
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FIGURE 2. CIRCULATION’S ROLE in the ocean’s carbon dioxide uptake. The overturning 
circulation in the upper 1000 m of the ocean transports absorbed atmospheric CO2

downward but simultaneously brings up natural CO2 from the deep. Combined with 
increased atmospheric CO2 concentrations, weakening overturning circulation in the 2000s
resulted in greater net uptake (brown) of CO2 in that decade. (Adapted from ref. 3.)

THE UPPER ATMOSPHERE’S 
NATURAL THERMOSTAT
Occasionally, our sun belches
massive plumes of plasma from
its corona that stream Earthward.
When a fast coronal mass ejec-
tion (CME) arrives, it compresses
Earth’s magnetosphere and can
reconfigure the planet’s mag-
netic field lines. The reconfigura-
tion enhances electric currents
and energizes charged particles.
Those currents and particles heat

the tenuous atmosphere—hundreds of kilometers in altitude—
which then expands outward. Low-orbiting satellites should thus
experience more drag. But measurements of their orbital decay
reveal that the drag from CMEs isn’t always as great as expected.
Researchers led by Delores Knipp (University of Colorado Boul-
der) now explain why. Under some circumstances, the same CME
that heats the upper atmosphere also triggers chemical reactions
that quickly cool it. Charged particles with energies greater than
about 10 keV split molecular nitrogen, and the free N atoms react
with oxygen to produce nitric oxide. The NO molecules, often 
created in a vibrationally excited state, spontaneously radiate in
the IR. The upshot is that they remove energy from the heaving
atmosphere and thereby cool and contract it.

From an archive of satellite data, the researchers analyzed the
IR flux from NO as it responded to nearly 200 isolated CMEs that
struck Earth between 2002 and 2014. They found that the fastest
CMEs—ones whose speeds exceeded 500 km/s and produced
shock waves ahead of the ejected plasma—led to early and copi-

ous NO production
and emission. The
shock-led CMEs trans-
ferred so much en-
ergy into the upper
atmosphere that they
generated more than
twice the IR flux as
non-shock-led
storms. Knipp and her
colleagues are hope-
ful their analysis will
offer new insights for
atmospheric model-
ers and satellite-drag forecasters trying to plan and track orbits
that avoid collisions with space debris. (D. J. Knipp et al., Space
Weather, doi:10.1002/2016SW001567.)  —RMW

HELIUM COMPOUND MAY FORM UNDER PRESSURE
Helium doesn’t play well with others. Beyond its noble gas desig-
nation on the periodic table, it has the lowest electron affinity—
zero—among the elements, and the highest ionization energy.
Scientists have managed to mechanically pack He atoms with
other elements, but the He has little effect on those compounds’
characteristics.

Now an international team has presented evidence for a com-
pound whose electronic structure and thus its physical properties
are influenced by its He components. Researchers led by Artem
Oganov ran a crystal structure prediction algorithm to play
matchmaker for He and found that the compound Na2He should
form at high pressures. The researchers shared their prediction

PHYSICS
UPDATE
These items, with supplementary

material, first  appeared at

www.physicstoday.org.
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