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Snapshots of sea ice (white), ocean latent heat flux, and streamlines of winds (blue),
around Antarctica showing the onset of a Weddell Sea Polynya in a high-resolution
E3SM simulation (Caldwell et al. 2019). CREDIT: Abram & Samsel, TACC, UT Austin.

SIMULATING CIRCULATIONS IN EARTH’S
COLDEST SEAS
Climate models typically use mathematical equations that govern geophysical fluid dynamics to
describe the behaviours of the ocean, atmosphere, sea ice and land ice. Computer simulations that use
climate models are an essential tool for capturing the complex, interacting motions found throughout
Earth’s oceans and atmosphere. Using some of the most advanced simulation techniques available to
date, Dr Prajvala Kurtakoti at Los Alamos National Laboratory aims to learn more about how these
processes occur within the seas of Earth’s polar regions. Her team’s results are shedding new light on the
intricate connections between the oceans and atmosphere, and how these systems are likely to change
as the climate warms.

Simulating Change
Both on microscopic and continental
scales, the motions of water and
air throughout Earth’s oceans and
atmosphere are vital to sustaining
its ecosystems, and maintaining the
stable climate patterns that enable
life to thrive. However, as Earth’s
climate heats up, the future stability of
these patterns is looking increasingly
uncertain. To understand how these
mechanisms are changing in response
to a warming climate, it is essential
for researchers to capture them using
computer simulations, which allow
them to predict how future climate
responses will vary in different scenarios
– such as different amounts of carbon
dioxide being emitted over the next few
decades.
To achieve the levels of precision
needed to achieve accurate predictions,
these researchers must incorporate
a detailed knowledge of how these
processes occur, while also simulating
systems with high enough resolutions
to capture smaller-scale mechanisms –
which often have a strong influence over
larger-scale behaviours. Unfortunately,
however, many of these capabilities are
still lacking in current approaches.

In her research, Dr Prajvala Kurtakoti of
Los Alamos National Laboratory uses
cutting-edge simulation approaches
to improve on these capabilities. So
far, her team’s research has focused
on two particularly interesting
scenarios – including ocean circulation
in Antarctica’s Weddell Sea, and the
transfer of heat between the ocean and
atmosphere in the Arctic Ocean.
Upwelling Ocean Currents
Although they are hidden from our view,
the topographies on the seafloor are
no less dramatic than they are on land.
Featuring mountains, trenches and
vast plains, the widely varying depth
of the ocean floor is described through
its ‘bathymetry’. Just as mountains
and plains on land can have profound
influences over atmospheric circulation
and weather patterns, bathymetric
effects can heavily influence the
behaviour of ocean currents, including
systems of circulating currents, named
‘gyres’.
One region where this effect is
particularly important to consider is
the Southern Ocean, where currents
in the deep ocean can interact with
raised features such as seamounts,
forcing them up to interact with the
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surface. This effect is particularly vital
to Antarctica’s ecosystem, as it draws
up essential nutrients from the ocean
floor. Seamounts nurture and sustain
large ecosystems in regions where it
would otherwise be impossible. This
phenomenon is also observed in large
areas of open water named ‘polynyas’,
which remain surrounded by sea-ice.
Particularly striking polynyas were
once found in the Weddell Sea – the
southernmost reach of Earth’s oceans.
This sea features its own gyre, the
Weddell gyre, which transports warm,
salty water at depths ranging from
200 to 1,500 metres – supplied by an
offshoot of the ocean current that
circumnavigates the entire Antarctic
continent, the Antarctic Circumpolar
Current. At one time, this region also
supported a vast polynya, which
occurred in the depths of Antarctica’s
winter. Mysteriously, however, this
feature hasn’t been seen for decades.
A Lost Polynya
The Weddell gyre’s path is intercepted
by an underwater seamount named the
Maud Rise, which elevates the ocean
floor by over 3,000 metres. As it interacts
with this seamount, the current is driven
upwards, forcing it to mix with water

the likelihood of these anomalies
from occurring simultaneously, and
offer new insights into how the unique
characteristics of Antarctic sea-ice
can be expected to change in the near
future.
Virtual Recreations

Cross-section through a polynya over Maud Rise seamount in a high-resolution E3SM
simulation (Caldwell et al. 2019). The cross-section shows winter salinity with depth. The
colour lines are surface winds streamlines and their colour indicates their age going from
yellow (1-day) to red (10-day). CREDIT: Abram & Samsel, TACC, UT Austin.
on the surface. Over three consecutive
winters from 1974 to 1976, in and
around this region, some of the earliest
satellite observations of Antarctica
revealed a vast polynya, around the size
of the UK – transferring large amounts of
heat from the ocean to the atmosphere.
Intriguingly, this Weddell Sea Polynya
has never been observed since. In
its place however, a smaller-scale
feature named the Maud Rise Polynya,
measuring roughly 200 kilometres
across, still occurs sporadically – and
was observed most recently in the
winters of 2016 and 2017. In previous
studies, researchers have used climate
simulations to conclude that the
sudden disappearance of the Weddell
Sea Polynya can be attributed to
alterations in the both the Weddell Sea
surface temperature and salinity, and its
wind patterns, ultimately brought about
by manmade climate change.
Yet with their limited resolutions, these
previous models couldn’t capture the
smaller-scale mechanisms responsible
for the Weddell Sea Polynya in sufficient
detail to explain how its emergence was
connected to the Maud Rise Polynya.
In a pair of recent studies (Kurtakoti
et al. 2018, 2021), Dr Kurtakoti and her
colleagues explored this link using an
advanced simulation tool named the
Earth System Model.

Uncovering Triggers
By accounting for the motions of
the ocean and atmosphere down to
resolutions as small as 10 kilometres,
Dr Kurtakoti’s team could reliably
recreate the ice-free conditions of the
Weddell Sea Polynya, and assess the
responsible triggering mechanisms.
From their results, they concluded that
the formation of the polynya tends
to coincide when the position of the
Southern Hemisphere westerlies, a
ring of strong winds surrounding the
entire Antarctic continent, take a more
southerly route than usual.
Although this behaviour is associated
with drier conditions at the surface
of the ocean in the Weddell Sea, Dr
Kurtakoti and colleagues showed that
the wind patterns enable a build-up
of heat in the deep ocean, which is
essential for sustaining polynyas.
Ultimately, they demonstrated that
larger Weddell Sea Polynyas can only
be triggered by particularly pronounced
Maud Rise Polynyas – which generate
high levels of salinity and temperature
at the surface through mixing, allowing
the water to remain ice-free well below
the freezing point of the surrounding
surface seawater. Afterwards, this water
is driven westwards by the Weddell
gyre – significantly expanding the area
of open water. These results highlight
how climate change has greatly reduced

W WW.SCIENTIA.GLOBAL

In many climate models, the
processes occurring in Earth’s oceans,
atmosphere, land areas, rivers, and sea
ice are only accounted for one at a time.
In reality, however, these variables are
each deeply interconnected. Through
her previous discoveries, Dr Kurtakoti
has played a key role in a recent study,
which used an advanced climate model
to produce visually striking animated
animations of polynya formation in the
seas surrounding Antarctica (Caldwell et
al. 2019).
In their study, a collaboration of
researchers including climate modellers,
computer scientists and an artist, used
a powerful simulation tool named
the Energy Exascale Earth System
Model (E3SM). This model constructs
a detailed overlay of the many
interacting variables that affect Earth’s
oceans and atmosphere. In the end,
the team’s simulation was one of the
highest-resolution climate models ever
run – resolving features as small as six
kilometres for the sea ice and oceans
in polar regions. E3SM also displayed
a remarkably high time resolution –
producing six global-scale snapshots
every hour.
With these measures in place, Dr
Kurtakoti and her colleagues observed
a Weddell Sea Polynya forming after 64
virtual years. The result provided further
key insights into the polynya’s influence
on its surrounding environment –
including the upwelling plumes of salty
water from the ocean floor beneath it,
driven by cold meltwater on the surface.
As a result, the simulation provides a
powerful tool for groups ranging from
climate experts, to members of the
public, as they aim to visualise the deep
complexity of the processes that play
out within polar sea ice.

Here, BJC emerged in multiple
simulations – so that any increases
in heat transfer from the atmosphere
to the ocean were balanced out by a
decrease in poleward atmospheric heat
transport. Intriguingly, these simulations
still indicted a wide range of BJC ratios
– with atmospheric and oceanic heat
transfers both perfectly compensating
each other in some cases, and heavily
over- or under-compensating in others.

Sea ice thickness (white), ocean latent heat flux (white/blue), and streamlines of winds
(yellow/red), around Antarctica during a Weddell Sea Polynya in a high-resolution
E3SM simulation (Caldwell et al. 2019). CREDIT: Abram & Samsel, TACC, UT Austin.
Bjerknes Compensation
In her latest research, Dr Kurtakoti
has begun to investigate another
important effect, which explains how
large anomalies in the heat transported
between the oceans and atmosphere
should roughly balance each other out.
The atmosphere and ocean transport
about five quadrillion watts of energy
poleward annually, at 43 degrees north
and 40 degrees south. The partitioning
of this energy into atmospheric and
oceanic heat transport is essential for
constraining the response of the climate
system. Bjerknes Compensation (BJC)
occurs when a change in ocean heat
transport is compensated for by an
opposite change in atmospheric heat
transport. This behaviour can only occur
when the flow rates of heat contained
both in the ocean, and at the top of the
atmosphere, each remain roughly equal
and opposite.
This behaviour has been shown to
hold true in earlier climate models
over decades-long timescales in the
high-latitude areas of the northern
hemisphere. So far, however, the validity
of BJC hasn’t yet been confirmed in
more complex models – or indeed in
the real world. A key factor to consider
is the ratio between the heat anomalies
transported by the atmosphere to that
by the ocean. If this value becomes

more unbalanced, it would indicate
that BJC has broken down – so that
any changes to the heat transported
by the ocean will not necessarily be
accompanied by a corresponding
change in the atmosphere. The physical
interpretation of this would be an
unstable climate in the high-latitude
areas of the northern hemisphere.
Simulating Heat Transfers
To identify whether BJC offers a
valid description of how heat is
exchanged between Earth’s oceans
and atmosphere, Dr Kurtakoti’s team
is studying the CMIP6 experiments – a
series of advanced climate simulations
carried out by the World Climate
Research Programme. This time, the
researchers are focusing on several
different regions of the Arctic, including
the Labrador Sea between Canada and
Greenland, and the Norwegian and
Barents Seas bordering Scandinavia
and Russia.
Using around 30 simulations, the team
has now assessed the degree to which
BJC held over decades-long timescales.
The simulations incorporated a variety
of carbon emissions scenarios; in some,
levels of atmospheric carbon were kept
the same as those present before the
onset of global-scale industry.

W WW.SCIENTIA.GLOBAL

In other simulations, the case in the 21st
century was presented more closely.
Here, levels of virtual atmospheric
carbon were abruptly quadrupled,
and then held constant. In this case,
Dr Kurtakoti’s team shows that BJC
is significantly reduced in the Arctic
regions they studied. This occurred
due to the fact that the ocean and the
atmosphere in the polar regions are no
longer strongly interconnected. This
effect is amplified in Earth’s coldest
regions.
Understanding Imbalanced Ratios
Having investigated these behaviours,
the next major challenge for Dr Kurtakoti
and her colleagues will be to identify the
mechanisms that determine the balance
between both types of heat transfer.
Currently, they are investigating the role
of clouds, whose bright surfaces tend to
reflect radiation from the Sun, keeping
ocean and atmospheric temperatures
cooler. In addition, they will consider
the effect of reflective sea-ice – which
also has a significant cooling effect, but
whose coverage is decreasing as the
seas of the Arctic rapidly heat up.
For now, the mechanisms that drive
the wide variations in BJC ratios remain
uncertain – but already, Dr Kurtakoti’s
team has made important strides
towards understanding their real-world
significance. In the future, their results
could allow researchers to make better
predictions of how circulations and heat
transfers in the oceans and atmosphere
– especially in polar regions, where
climate change is happening more
rapidly than anywhere else on Earth.
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