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real birefringent crystals: the angle be-
tween E1 and E2. In the setup shown in
figure 2, the half-wave plate is positioned
with its axis at a 45° angle to E1; the IR
polarization is thus rotated by twice that
angle, or 90°, and E1 and E2 are orthogo-
nal. By reorienting the half-wave plate,
one can set the angle θ between the po-
larization vectors to any desired value.

That flexibility facilitates the lock-in
detection of chiral signals. Figure 3 illus-
trates how it works. In panel 3a, E1 and
E2 are parallel. Their sum always has the
same linear polarization but varies in in-
tensity with Δt as the components con-
structively and destructively interfere.
The transmission through a chiral target
is proportional to the incident intensity
but gives no information about the tar-
get’s chiral structure.

Panel 3b shows the case of θ = 90°.
Scanning Δt leaves the intensity of the
combined wave unchanged but modulates
its polarization. Transmission through a

chiral target also oscillates, and the mag-
nitude of the chiral effect can be inferred
from the oscillation amplitude. Panel 3c,
which shows an intermediate θ, is effec-
tively a superposition of panels 3a and
3b. Both the incident and transmitted in-
tensities oscillate with Δt, and the chiral
signal is encoded in the phase shift be-
tween them. Phases are less sensitive
than amplitudes to intensity fluctuations
in the incident wave, so they can be more
accurately measured.

Because the scheme works in the time
domain, it’s possible, at least in princi-
ple, to isolate a single circularly polar-
ized attosecond pulse, whose frequen-
cies span a broad XUV continuum. In
contrast, the previous approach using a
trefoil-evolving electric field is inher-
ently limited to a series of discrete har-
monics: Each pulse in isolation is lin-
early polarized, and only when a long
train of pulses are taken together are the
harmonics circularly polarized. Chiral ef-

fects in many materials manifest in spec-
tral features as narrow as a fraction of an
eV, so full spectral coverage is important.3

“Most experiments to date have been
looking at toy systems where the fea-
tures are extremely broad and the exact
wavelength is irrelevant,” says Allan
Johnson of the Institute of Photonic Sci-
ences. “This is probably the first time I’ve
felt that circularly polarized harmonics
could seriously make it out of attosecond
labs and be taken up as a general tool.”

Johanna Miller
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Climate models predict that the At-
lantic Ocean’s overturning circula-
tion should slow down over the next

few decades.1 If they’re right, northern
Europe could experience colder winters,
and the global cycling of nutrients that
feeds biological systems may be dis-
rupted. The regularly functioning merid-
ional overturning circulation (MOC)
moves warm surface water from the
tropical Atlantic to higher latitudes

where it loses heat to the atmosphere.
Once the cold, salty, and consequently
dense water reaches the northern At-
lantic and Arctic, it sinks, or overturns,
to a depth of 1–5 kilometers and becomes
what’s known as deep
water. It then travels
southward back to the
tropics as part of a
global ocean circula-
tion (see the article by

J. Robert Toggweiler, PHYSICS TODAY,
November 1994, page 45). 

Simulations are the only way to eval-
uate the future state of the MOC, and di-
rect measurements are needed to test

The first set of continuous observations in the subpolar North Atlantic challenges the
long-held view that the Labrador Sea dominates ocean-circulation variability.

Atlantic water carried northward sinks farther east of 
previous estimates

FIGURE 1. THE OVERTURNING IN THE SUBPOLAR NORTH 
ATLANTIC PROGRAM (OSNAP) is the first array to continuously 
measure temperature, salinity, and velocity at regular depth intervals 
in the northern Atlantic and Arctic Oceans. OSNAP West crosses the
Labrador Sea between northeastern Canada and southwestern Green-
land. OSNAP East stretches across the basins to the east of Greenland
and ends at the western coast of Scotland. The first measurement array
in the Atlantic, RAPID-MOCHA, is an international partnership between 
the UK-based Rapid Climate Change program and the US-based Merid-
ional Overturning Circulation and Heatflux Array. 
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and evaluate models. For decades, phys-
ical oceanographers who study the MOC
have hitched their wagons to hydro-
graphic research cruises to collect those
observations. Temperature, salinity, ve-

locity, and other properties of seawater
have been measured at many depths and
locations when cruises pass through the
North Atlantic. The cruises are expen-
sive, though, and usually happen a year
to a few years apart. Researchers can’t
rely on such infrequent sampling to
gauge long-term MOC trends. 

Data-gathering efforts expanded sub-
stantially in 2004 when RAPID-MOCHA,
an international partnership between the
UK-based Rapid Climate Change pro-
gram and the US-based Meridional
Overturning Circulation and Heatflux

Array, deployed the first set of ocean sen-
sors to collect continuous measurements
and at many depths in the Atlantic.
Rather than choosing the subpolar North
Atlantic for the array, researchers chose
the subtropics because it’s home to fewer,
less-complicated flows. In examining the
historical data from the hydrographic
cruises and one year of measurements
from the array, oceanographers were
stunned to learn that the month-to-
month variations of the MOC could be as
large as 10 Sv (1 sverdrup equals 1 mil-
lion cubic meters per second), or about
half of the MOC’s average annual trans-
port.2 Many researchers thought that
such large variations were only possible
on decadal to multidecadal time scales. 

To better understand the entire spec-
trum of MOC variability, Susan Lozier
of Duke University and international
colleagues have deployed the first
array of ocean sensors to continuously
collect measurements in the subpolar
North Atlantic.3 Known as the Over-
turning in the Subpolar North Atlantic
Program (OSNAP), the array collects
data across the region at multiple
depths. When the researchers analyzed
the initial 21 months of data, they found
that the eastern North Atlantic over-
turned seven times as much water as the
western region. 

Years in the making
Research since RAPID-MOCHA was
first deployed has revealed that the
MOC in the subpolar Atlantic can vary
in dependently from the subtropics. A
2010 study that combined observations
with a numerical model concluded that
overturning in the subtropics from 1950
to 2000 had slightly weakened while the
subpolar overturning had strengthened.4

Another study from 2014 that reana-
lyzed historical data from 1965 to 2000
found that variability in the storage of
heat in the subtropical Atlantic differed
from the subpolar Atlantic basin.5 Mean-
while, most simulations suggested that
overturning in the subpolar North At-
lantic should be dominated by density-
driven flows primarily in the Labrador
Sea to the west of Greenland, with some
contribution from the Nordic Seas. Even
before those studies were published, an
international team of oceanographers
began planning another array.  

“We met over the course of three days
at Duke in 2010,” says Lozier, “and the

FIGURE 2. THE MOORING SHOWN HERE
will sit on Greenland’s continental shelf 
200 m below the surface. While the yellow
portion anchors the mooring to the
seafloor, the instruments in the black box to
the left float above it and collect continuous
measurements of temperature, salinity, and
velocity at multiple depths. 
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design came together.” It took another
five years before OSNAP—a collabora-
tion between Canada, China, Germany,
the Netherlands, the UK, and the US—
deployed the trans-basin array. As
shown in figure 1, the array consists of
two sections of moorings. OSNAP West
crosses the Labrador Sea from northeast-
ern Canada to southwestern Greenland;
OSNAP East stretches across the ocean
basins east of Greenland before termi-
nating at the western coast of Scotland. 

Each mooring, one of which is shown
in figure 2, sits on the ocean floor while
the attached sensors float above it col-
lecting daily measurements. The tech-
nology is essentially the same as that
used in 2004 by RAPID-MOCHA in the
subtropical Atlantic. A part of the OSNAP
team participated in several cruises to re-
trieve the initial measurements, which
were taken from August 2014 through
April 2016. The system continues to col-
lect data. Lozier says it has been “a long
road indeed, but it can hardly be any
other way with a program of this scope
and size.” 

Overturning expectations
The discovery, shown in figure 3, that the
overturning across the OSNAP East
array is seven times as much as that of
OSNAP West, surprised researchers. It
also clashes with most climate models,
which predict substantial overturning in
the Labrador Sea. The result is even more
startling given that the Labrador Sea ex-
perienced exceptionally strong convec-
tion, a condition that usually drives more
overturning, during the winters of 2014–
15 and 2015–16. 

Because OSNAP is positioned at the
gateway through which heat enters the
Arctic, the new data will also help un-
cover how heat moves through the North
Atlantic. To that end, the researchers par-
titioned the water into a uniform-density
flow and a density-varying MOC flow.
The results revealed that 73% of the av-
erage heat transported was attributable
to the MOC. Because the Labrador Sea
experienced far less overturning than ex-
pected, the newly observed eastern path-
way for heat to the Arctic challenges pre-
vious expectations too. 

In contrast to the overturning’s strong
effect on heat transport, overturning  had
less of an effect on the transport of fresh
water that comes either from glacier melt
or excess precipitation over the ocean.

More fresh water was moved in the west,
which had a weaker MOC than the east,
from July through November of 2015.
The water crossing OSNAP West con-
sists mostly of a uniform-density flow.
However, the water in the east has flows
of uniform density that nearly match the
density-varying MOC flow. Lozier and
her colleagues hypothesize that the flow
imbalances in the west and strong salin-
ity differences across the Labrador
basin spur a stronger flux of freshwater
transport.  

A new mental model
Jochem Marotzke, an oceanographer
from the Max Planck Institute for Mete-
orology, who helped initiate the RAPID-
MOCHA program, says the first OSNAP
results “confirm what a small minority of
us have been saying based on modeling
studies: The connection between deep-
water formation and the sinking branch
of the MOC is way more complicated
than that held by prevailing beliefs.”

Many simulations predict that cli-
mate change will weaken the MOC.
OSNAP is still in its early days; confirm-
ing those predictions will require mea -
surements over a longer time. And resolv-
ing the MOC’s basin-scale dif ferences by
comparing the OSNAP results with
those from RAPID-MOCHA could bene-
fit from more measurements.  

A short record, though, can still im-
prove climate models. “We can test
whether the models show the same rela-

tionship between deepwater formation
and MOC as in the measurements,” says
Marotzke. That verification will help de-
termine the skill of models in simulating
the MOC in a future climate. The ocean
also moderates climate by acting as a car-
bon sink (see the article by Jorge L.
Sarmiento and Nicolas Gruber, PHYSICS
TODAY, August 2002, page 30). Therefore,
improved observations of the MOC will
help modelers develop more realistic
simulations of the ocean’s uptake and
storage of carbon.

Though limited, the data may also
help open researchers’ minds to new
ideas. “Even the short measurements rat-
tle beliefs long held by many,” says
Marotzke. Yet such shifts in thinking are
routine in science. “Even though the final
word cannot be said,” says Marotzke,
“the measurements prepare us for hav-
ing to revise our mental models of how
the ocean works.” 

Alex Lopatka
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FIGURE 3. SEVEN TIMES AS MUCH WATER OVERTURNED across the eastern array (blue)
compared to the western array (yellow) of the Overturning in the Subpolar North Atlantic
Program (OSNAP). (1 sverdrup, Sv, equals 1 million cubic meters per second.) The shading
denotes the uncertainty in the 30-day averaged transport. 


