


institutionalized once the seed money disappears
[Bacchetti and Ehrlich, 2006]. We believe that
changes prompted by the CID will stick because
these were choices made by the department itself,
rather than as a response to an external agent”
(page 165). As a dean I view this as the “if they
really want to do it, they can do it on their own
and thus they don’t need the college’s scarce re-
sources” approach.

On the other hand, there is, for example, the
approach of the NSF Division of Mathematical Sci-
ences through its workforce program. So where
does the truth lie?

Of course the truth is somewhere in between. I
agree that reform needs to be a grassroots move-
ment from faculty, staff, and students as a funda-
mental cultural shift is necessary. But oftentimes
these shifts require more than just will. So how
do you convince your administration or the NSF?
I think the answer is similar for both. Further,
most deans think alike on this point and it is no
secret—but it is amazing to me at least—how few
department chairs provide us the information we
want/need to invest scarce resources in a depart-
ment. We are looking for evidence that you have
done your homework, that you have reflected on
the issues, that you have well-thought-out plans,
and that you have ways to evaluate the success of
these plans if you are able to implement them. We
are also looking for evidence that you have done
all that you can do on your own. Everyone could
use more resources, but what have you done to
conserve the resources that you have? How high a
priority is this to your department, as evidenced
by a serious investment of your own time and
resources? These issues can require serious and
often delicate discussions, but progress is made
not just by adding on but sometimes also by cut-
ting back.

I'll step off my soapbox now and return to the
book at hand. I highly recommend it to all faculty
members interested in improving their graduate
programs. It is a relatively quick read. Indeed, por-
tions most relevant to other disciplines can often
be skipped, although the cross-cultural enlighten-
ment these sections can provide can be both amus-
ing and worthwhile. The authors and the Carnegie
Foundation for the Advancement of Teaching are
to be commended.
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About the Cover
Real analysis in polar coordinates

The cover image shows Ken Golden (author
of the article on the mathematics of sea ice
in this issue) measuring the fluid permeabil-
ity of first year Antarctic sea ice. He writes
about it:

“The fluid permeability of porous sea ice
controls brine drainage, melt pond evolution,
surface flooding, and snow-ice formation.
Melt pond evolution, for example, in turn
controls sea ice reflectance, a key parameter
in understanding the dramatic decline of the
summer Arctic ice pack. Snow-ice formation,
a dominant process in the Antarctic, may well
become more prevalent in the Arctic as the
ice pack thins. The permeability also controls
microbial colonization and nutrient fluxes,
which are important in gauging the response
of polar ecosystems to climate change. The
permeability measurements I made on this
expedition were the first such measurements
done in the Antarctic ice pack. The photo-
graph was taken by Jan Lieser.”

—Bill Casselman, Graphics Editor
(notices-covers@ams.org)
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critical temperature T, ~ —5°C for a typical bulk
sea ice salinity of 5 parts per thousand, termed
the rule of fives. When fluid flows through sea
ice, transport is facilitated by brine channels—
connected brine structures ranging in scale from
a few centimeters for horizontal slices to a meter
or more in the vertical direction, as shown in the
middle panel of Figure 8.

Ice-ocean-atmosphere interactions and global
climate

As the boundary layer between the ocean and
atmosphere in the polar regions, sea ice is a key
player in global climate and the world’s ocean sys-
tem and is a leading indicator of climate change
[23, 12, 19, 17]. The sea ice pack mediates the
exchange of heat, moisture, and momentum be-
tween the ocean and atmosphere, the two prinicpal
geophysical fluids on Earth. For example, as winds
push sea ice around on the ocean surface, mo-
mentum is transferred to the water below; the
rougher the ice, the more efficient the transfer.
This process can cause large-scale overturning in
the upper ocean, bringing warmer water to the
surface. As another example, when sea ice freezes,
it rejects cold, dense brine, forming descending
plumes in the polar oceans. In the Southern Ocean,
this process leads to the formation of Antarctic
bottom water, which then flows like a complex riv-
er through the world’s oceans. Another important
process in atmosphere-ocean interactions is the
transfer of heat between them. In winter when the
ocean is warmer, heat flows to the atmosphere
through the sea ice itself, which forms an insu-
lating blanket over the ocean, as well as through
leads or openings in the pack. The thermal con-
ductivity of sea ice is thus an important transport
coefficient helping to quantify atmosphere-ocean
interactions in coupled climate models.

Roughly speaking, most of the solar radiation
which is incident on snow-covered sea ice is re-
flected, while most of the solar radiation which is
incident on darker sea water is absorbed. Sea ice
is both ocean sunscreen and blanket, preventing
solar rays from warming the waters beneath and
thwarting ocean heat from escaping to warm the
air above. The ratio of reflected sunlight to inci-
dent sunlight is called albedo. While the albedo of
snow-covered ice is close to 1 (larger than 0.8),
the albedo of sea water is close to zero (less than
0.1). If warming temperatures melt sea ice over
time, fewer bright surfaces are available to reflect
sunlight, more heat escapes from the ocean to
warm the atmosphere, and the ice melts further.
As more ice is melted, the albedo of the polar
oceans decreases, leading to more solar absorp-
tion and warming, which in turn leads to more
melting, in a positive feedback loop. It is believed
that this so-called ice-albedo feedback has played
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Figure 3. Sea ice forming in Antarctica, with
nilas on top and grease ice on the bottom.

an important role in the marked decrease in Arc-
tic sea ice extent in summer [16]. Thus, even a
small increase in temperature can lead to greater
warming over time, making the polar regions the
most sensitive areas to climate change on Earth.
Global warming is amplified in the polar regions.
Indeed, global climate models consistently show
amplified warming in the high latitude Arctic, al-
though the magnitude varies considerably across
different models. For example, the average surface
air temperature at the North Pole by the end of the
twenty-first century is predicted to rise by a factor
of about 1.5 to 4 times the predicted increase in
global average surface air temperature.

In the summer of 2007, the extent of the sum-
mer Arctic ice pack reached a record minimum.
Ice mass balance observations show that there
was an extraordinarily large amount of melting
on the bottom of the ice in the Beaufort Sea
during that summer [16]. Calculations indicate
that solar heating of the upper ocean was the
primary source for the observed melting. An in-
crease in the open water fraction resulted in a
500% positive anomaly in solar heat input to the
upper ocean, triggering an ice-albedo feedback,
accelerating the pack ice retreat. Also of concern
is that there has apparently been a significant
reduction in the relative amount of thicker, mul-
tiyear ice in the Arctic basin. Many authors have
recently acknowledged that a relatively younger,
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Figure 4. Sea ice was observed in 1975 by Cox and
Weeks (see [5]) to be effectively impermeable to brine

drainage for ¢ below about 5% and increasingly
permeable with ¢ above 5%.

thinner ice cover is more susceptible to the ef-
fects of atmospheric and oceanic forcing [17].
In the face of predictions for continued warm-
ing, the persistence of recent atmospheric and
oceanic circulation patterns, and the amplification
of these effects through the ice-albedo feedback
mechanism, it is becoming increasingly likely that
the Arctic Ocean will eventually change from
perennially ice-covered to ice-free in the summer.

As evidenced from the previous discussion, a
key determining factor in predicting the future
trajectory of Arctic sea ice is understanding how
ice pack albedo evolves. Melt ponds which form
on the surface of the ice, as shown on the right
in Figure 6, determine its albedo. Whether or not
these ponds spread, deepen, or drain is controlled
largely by the fluid permeability of the sea ice,
which is one of the main motivations for our
studies of fluid transport in sea ice discussed
below.

Another motivation for studying fluid flow in
sea ice is the importance of sea ice production
from freezing of flooded ice surfaces, particularly
in the Antarctic, where it is ubiquitous through-
out the pack. As snow loading increases during
a storm, a pressure head develops. Sea water is
forced upward through the seaice, as constrained
by its permeability. Net flux to the surface can oc-
cur only if the temperature throughout the entire
sea ice layer has exceeded the critical temperature
T, for fluid flow. Once the surface of the ice is
flooded, the slushy mix of sea water and snow
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freezes into snow-ice, which is a dominant form of
ice production in the Antarctic. In fact, witnessing
this process during a powerful winter storm in the
Eastern Weddell Sea while on the Antarctic Zone
Flux Experiment (ANZFLUX) in 1994 and watching
sea water flood the ice surface in a rather dra-
matic fashion were what motivated the author to
begin studying fluid transport in sea ice. Recent
models have even suggested that with increased
polar precipitation accompanying global warming,
the Antarctic winter sea ice pack could thicken
and that snow-ice production could become more
important in the Arctic. Fluid flow through sea
ice also facilitates convection-enhanced thermal
transport and the input of brine and fresh water
into the upper ocean from freezing, melting, and
drainage processes [23, 19].

Sea ice ecology and fluid transport processes

The brine inclusions in sea ice host extensive algal
and bacterial communities [14, 19] that are essen-
tial for supporting life in the polar oceans, such as
krill, which themselves support fishes, penguins,
seals, and Minke whales, and on up the food chain
to top predators like killer whales, leopard seals,
and polar bears. Nutrient replenishment process-
es for sea ice microbes are facilitated by fluid
flow through the porous microstructure. For ex-
ample, an algal bloom during the Antarctic fall in
the Weddell Sea was fueled by nutrient-laden sea
water replacing cold dense brine draining from
freezing slush at the surface in a convective over-
turning process. The bloom effectively shut down,
however, once the critical isotherm—above which
the ice was impermeable and below which the ice
was permeable—passed through the algae layer
during the fall freeze-up [5].

Multiscale structure of sea ice over ten orders
of magnitude

One of the fascinating yet challenging aspects of
modeling sea ice and its role in global climate
is the sheer range of relevant length scales of
structure, over ten orders of magnitude from the
submillimeter scale to hundreds of kilometers.
In Figures 8 and 9, we show principal examples
of sea ice structure illustrating such a range of
scales. Modeling sea ice on a large scale depends
on understanding the physical properties of sea
ice at the scale of individual floes and smaller.
Today’s climate models challenge even the most
powerful supercomputers to their fullest capacity.
However, even the largest computers still limit the
horizontal resolution to tens of kilometers and
require clever approximations to model the basic
physics of sea ice. One of the central themes is
how to use information at a smaller scale to pre-
dict behavior at a larger scale, such as in classical
statistical mechanics. In the sections to follow we
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