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Open Windows
to the Polar Oceans

Peter Lemke

reflects up to 80% of the solar radia-
tion reaching its surface back into
space and so plays a major role in climate
change by affecting Earth’s temperature. In
contrast, the open ocean only reflects 10%
of the solar energy and absorbs the rest.
Thus, an increase in
the sea ice cover
www.sciencemag.org/cgi/ cools Earth’s surface,
content/full/292/5522/1670 thereby promoting
further advances in
sea ice; retreating sea ice warms Earth’s
surface, promoting further retreats in sea
ice. This positive feedback is believed to be
the main reason for the polar amplification
of the warming observed in climate model
scenarios for the 21st century (Z, 2).

The polar sea ice is not a large, solid lid
but is broken into floes of various size and
thickness by tides, surface waves, and variable
winds. Sea ice motion due to winds and ocean
currents varies irregularly on small scales and
is organized in large-scale drift patterns like
the Arctic Transpolar Drift Stream, which car-
ries water and ice from Siberia across the pole
and down the east coast of Greenland. Large
holes in the sea ice, called polynyas, may per-
sist for years, through mechanisms that are not
well understood. On page 1697 of this issue,
Holland (3) suggests an interesting new
mechanism for the formation of the largest
polynya ever observed.

Short-term, local divergent sea ice drift
creates short-lived (hours to days) long, nar-
row channels of open water called leads,
which are about 100 m wide and up to sever-
al kilometers long. Larger, rounder features
called polynyas evolve during large, long-
term divergences. Their sizes vary from a few
hundred meters to several hundred kilome-
ters, and they may persist for weeks to years.
In wintertime, leads and polynyas amount on
average to about 5% of the ice-covered area.

There are two types of polynyas (see the
figure). Coastal polynyas are created and
maintained by divergent sea ice drift due to
steady offshore winds. Open ocean polynyas
are created and maintained by divergent sea
ice drift and the heat stored in the ocean,
which is supplied to the surface layers, thus
preventing the formation of sea ice.

The sea ice cover on the polar oceans
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In polynyas (and leads), the ocean is in di-
rect contact with the cold atmosphere.
Polynyas are therefore open windows to the
polar ocean that allow enhanced exchange of
heat, water vapor, and other gases, such as
CO,, between ocean and atmosphere. The
heat flux from the ocean to the atmosphere in
a polynya may exceed 500 W m™2, compared
with 30 W m2 over the adjacent sea ice.

In coastal polynyas, where the water is
shallow, the ocean quickly cools down to
the freezing point at all depths. The heat
supplied to the atmosphere then originates
only from the latent heat of fusion of the
continuous production of sea ice (4). Dur-
ing sea ice formation, oceanic salt is re-
leased into the water because it is not in-
corporated into the ice crystals. This salt
increases the local density of the ocean
water, which therefore sinks to deeper lay-
ers of the ocean. Coastal polynyas there-
fore represent important sources of dense
deep and bottom water, which ventilate
the abyss and drive the oceanic global
conveyor belt (5).

In open ocean polynyas, the supply of
oceanic heat is less restricted. Therefore,
large amounts of sensible heat (the amount
of energy necessary to change a liquid to a
vapor at constant temperature and pres-
sure) from deeper ocean layers are lost to
the atmosphere and little ice is created.
The substantial cooling of the ocean water
can lead to deep convection, which ho-
mogenizes the ocean waters to great
depths and produces deep water in the
open ocean. Consequently, both types of
polynyas have a large influence on global
ocean circulation and on Earth’s climate.

There are two prerequisites for open
ocean polynya formation and maintenance:
Heat stored in deeper ocean layers must
easily be transferred to the surface during
convection, and a divergent sea ice drift
must prevent the ice from entering the
polynya and melting inside. Melting sea ice
consisting mostly of fresh water would sta-
bilize the oceanic stratification and discon-
nect the surface from the deeper ocean. The
divergent sea ice drift during the initial
stages of polynya formation may originate
from divergent winds or ocean currents.

The largest polynya ever seen was the
Weddell Polynya, an open ocean polynya
the size of Great Britain that was observed
by satellite remote sensing from 1974 to
1976 during three consecutive winters (6).
Unfortunately, no in situ observations were
carried out during that time. Deep-water

Breaking the lid. Sea ice acts as an insulating lid that effectively reduces the communication be-
tween atmosphere and ocean. But sea ice cover is not continuous. Near the coast, offshore winds
may create coastal polynyas; in the open ocean, divergent sea ice drift with large upward heat
fluxes may lead to open ocean polynyas. Salt rejection from the forming ice and strong heat fluxes
in the polynyas create deep and bottom waters, which drive the global thermohaline circulation of
the ocean.
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properties in the Weddell Sea were, howev-
er, different before and after the occurrence
of the polynya (7). Explanations concerning
its formation and maintenance are mostly
based on meteorological and oceanographic
arguments and on numerical experiments
with coupled sea ice—ocean models.

The location of the Weddell Polynya in
the mid-1970s and areas of low ice con-
centrations in later years suggest a strong
influence of Maud Rise, a topographical
feature on the sea floor (seamount) that
modifies ocean currents and tides. In Hol-
land’s model (3), the seamount sheds cy-
clonic eddies when the ocean current from
the northwest interacts with the seamount.
Cyclonic eddies at the northeast flank of
Maud Rise then apply a divergent stress to
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the sea ice, increasing the amount of open
water within the pack ice despite a deeper
thermocline (8). In contrast, convergent
motion in an anticyclonic eddy southwest
of Maud Rise provides a closed ice cover
despite the shallow thermocline.

Modeling studies have also shown that
tidal motion modified by bottom topography
may reduce sea ice concentration substan-
tially (9). These high-resolution ocean mod-
els can identify structures in the coupled ice-
ocean fields that are difficult to observe di-
rectly. They thereby help to advance our un-
derstanding of polynya-forming processes.
But despite this new information, it remains
a mystery why the large Weddell Polynya ap-
peared during three consecutive winters in
the 1970s but has never appeared since.
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Single-Molecule Spectroscopy
Comes of Age

Anne Myers Kelley, Xavier Michalet, Shimon Weiss

working in the field of single-molecule

biophysics gathered for a 1-week work-
shop in the French town of Tours (/). Sens-
ing the birth of a new discipline, the partic-
ipants termed the workshop “the Wood-
stock of single molecules,” but their enthu-
siasm was mainly about future promise: It
was clear that a considerable amount of
work would be required to extend and vali-
date methodologies originally developed
for solids at cryogenic temperatures (2) to
materials and biological systems (3).

In April of this year, a symposium at
the American Chemical Society Meeting
in San Diego (4) demonstrated that single-
molecule spectroscopy is beginning to de-
liver on its promise. Chemists, physicists,
and biologists gathered for nearly 60 talks
on topics as diverse as low-temperature
dynamics of single-dye molecules embed-
ded in crystals (M. Orrit, Bordeaux I Uni-
versity), optical tracking of the entry of
individual viruses into live cells (C.
Brauchle, Ludwig-Maximilian-University,
Munich), single-photon light sources from
single molecules (W. E. Moerner, Stanford
University) (5), polymer conformations
and dynamics (P. Barbara, University of
Texas, Austin; R. Dickson, Georgia Tech)
(6-8) and the mechanisms of single enzy-
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matic motors (K. Thorn, University of
California, San Francisco; K. Kinosita Jr.,
Keio University; T. Yanagida, Osaka Uni-
versity) (9, 10). The broad range of topics
illustrates the power of optical approaches
for studying single molecules or molecu-
lar assemblies. Very few talks emphasized
methodologies but rather concentrated on
the new scientific knowledge being
gained, demonstrating that single-
molecule spectroscopy is reaching maturi-
ty (11).

One reason for the burgeoning interest
in single-molecule optical techniques is that
photons may be the least perturbing probe
of the state of a molecule (although in dif-

Single-molecule dynamics in polymers. Orientational tra-
jectories of three dye molecules embedded in poly(methyl
methacrylate) are probed with wide-field single-molecule
optical microscopy (6). The different orientational dynamics
of the different molecules illustrate the heterogeneity ob-
served within polymer hosts even 80°C below the glass
transition temperature. The cartoon shows how differences
in local free volume might give rise to these differences in

rotational mobility.

ferent power regimes, lasers can be used
to exert a substantial force on atoms,
molecules, and beads). Different spectro-
scopic signatures can be used, of which flu-
orescence is the most popular because of its
inherent sensitivity. Fluorescence studies
can be performed on biomolecules that
have intrinsic fluorophores, such as photo-
synthetic light-harvesting complexes (J.
Schmidt, Leiden University) or enzymes
containing flavin cofactors (S. Xie, Harvard
University). More often, however, a fluores-
cent moiety is attached to the species under
study by genetic engineering such as tag-
ging with green fluorescent protein (Thorn;
T. Schmidt, Leiden University), by targeted
chemical functionalization as in site-specif-
ic protein labeling (P. Lu, Pacific Northwest
National Laboratory), or by chemical modi-
fication of DNA or RNA bases (S. Chu,
Stanford; M. Ishikawa, Joint Research Cen-
ter for Atom Technology, Tsukuba).

Another powerful spectroscopic tool at
the single-molecule level is Raman (T.
Basché, University of Mainz) or
surface-enhanced Raman scatter-
ing (M. Kill, Chalmers Universi-
ty of Technology; S. Nie, Indiana
University; L. Brus, Columbia
University). Raman spectra con-
tain more detailed information
about molecular structure than
fluorescence spectra and can, for
the most active surface-enhanced
sites, provide photon count rates
competitive with fluorescence
(K. Kneipp, Massachusetts Insti-
tute of Technology).

The most fundamental rea-
son for the excitement about
single-molecule spectroscopy is
that ensemble studies give only
an average picture of the prop-
erties exhibited by individual
molecules that are not identical.
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