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Wind-driven trends in Antarctic sea-ice drift
Paul R. Holland1* and Ron Kwok2

The sea-ice cover around Antarctica has experienced a slight
expansion in area over the past decades1,2. This small overall
increase is the sum of much larger opposing trends in different
sectors that have been proposed to result from changes in
atmospheric temperature or wind stress3–5, precipitation6,7,
ocean temperature8, and atmosphere or ocean feedbacks9,10.
However, climate models have failed to reproduce the overall
increase in sea ice11. Here we present a data set of satellite-
tracked sea-ice motion for the period of 1992–2010 that reveals
large and statistically significant trends in Antarctic ice drift,
which, in most sectors, can be linked to local winds. We
quantify dynamic and thermodynamic processes in the internal
ice pack and show that wind-driven changes in ice advection
are the dominant driver of ice-concentration trends around
much of West Antarctica, whereas wind-driven thermodynamic
changes dominate elsewhere. The ice-drift trends also imply
large changes in the surface stress that drives the Antarctic
ocean gyres, and in the fluxes of heat and salt responsible for
the production of Antarctic bottom and intermediate waters.

Satellite studies of Antarctic sea-ice motion12–14 have greatly
advanced our understanding of its large-scale dynamics, but their
short length and combination of different sensors have precluded
an investigation of decadal ice-motion trends. We present a new
consistent data set for April–October 1992–2010 that is specifically
designed to address this question (see Methods). The long-term
mean of these ice-motion data is in good agreement with shorter
data sets reported previously12–14. Away from coastlines, the ice is
close to a state of free drift, moving at a small (spatially variable)
angle to the left of the geostrophic wind14, which follows contours
of atmospheric pressure (Fig. 1a). This creates a tendency for the ice
to circulate around the three climatological lows in the circumpolar
pressure trough that surrounds Antarctica, leading to maximum
ice export in the Weddell, Cooperation and Ross seas. A nearly
continuouswestward current dominates ice flownext to the coast.

The freely drifting areas have a strong correlation between ice
motion and winds14. Figure 1b shows a map of the vector corre-
lation between interannual time series of April–October mean ice
motion and 10-mwinds from the ERA-Interim atmospheric reanal-
ysis (seeMethods). The spatial mean of the correlations is r2=0.52,
but large areas in the Pacific and Atlantic sectors have r2> 0.7. This
quantifies the effect of winds on ice motion through both direct
wind stress and any portion of the ocean stress and sea-surface tilt
forcing that is correlated to local winds. The remaining ice-motion
variance can be attributed to error in the motion-tracking and
atmosphere reanalysis model, ocean forcing decorrelated from local
winds, and modification of ice motion by internal stresses. Low-
correlation areas in Fig. 1b are generally associated with convergent
icemotion or flownear coastlines, where internal stresses are large.

Our primary advance is the discovery of large and spatially
variable decadal trends in ice motion (Fig. 2a), with statistically
significant ice-speed changes (trend multiplied by period) of up to
30%occurring over 19 years. Changes in themeridional component
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of ice motion, which is largely responsible for the size and shape
of the Antarctic ice cover, are even greater. Widespread increases
of ∼2 cm s−1 in northward export in the Ross and Amundsen seas
equal the mean northward drift during this period (∼2 cm s−1),
and similar northward changes (∼2 cm s−1) occur in the Kong
Håkon VII Hav (mean ∼4 cm s−1; King Håkon Sea hereafter). In
contrast, northward ice export in the Weddell Sea decreased by
∼1 cm s−1 (mean ∼4 cm s−1), focused on a strong and significant
decrease in export from the Ronne Polynya in the southwest.
Bellingshausen Sea ice experienced a large but insignificant change
of ∼3 cm s−1 southward, implying great variability around its
mean of ∼1 cm s−1 northward. Opposing ice-drift trends in the
Ross and Bellingshausen seas have been inferred previously from
atmospheric model winds4,15, but are observed and quantified here
for the first time. Changed icemotion in the southernmost Ross and
Weddell seas has been shown to affect dense-water formation over
limited regions16,17 but our data reveal widespread and coherent
drift anomalies north of the near-shore polynyas.

The strong correlation between observed ice motion and
reanalysis winds in most of the sea-ice zone implies that ice-motion
trends are largely caused by wind trends (Fig. 2b). In fact, the
correlations in Fig. 1b specifically quantify this linkage because they
are calculated between the data sets used to calculate the trends
shown in Fig. 2 (see Methods). Modelled surface pressure trends
suggest that opposing changes in the Ross and Bellingshausen seas
are responding to a large but statistically insignificant reduction
in pressure centred on the Amundsen Sea, whereas changes in
the Weddell and King Håkon seas are caused by a smaller but
significant increase in pressure over the prime meridian. The high
correlations cross-validate the ice motion tracking and reanalysis
model in these regions. Agreement between the trends is poorer
around East Antarctica, as expected given the proximity of the ice to
the coast in this region. However, some disagreements, such as that
in the Mawson Sea, are large enough to imply that the ice-motion
data or reanalysis winds may be erroneous.

The ice-motion trends provide new insight into the well-known
but poorly understood changes in Antarctic ice concentration.
Concentration trends are largest in autumn1,2,4,9, and geographical
trend patterns persist largely unaltered until spring18. This suggests
that most winter anomalies emanate from large changes in the
autumn ice-edge advance, possibly as a result of summertime
ice–ocean feedbacks9,19. Autumn concentration trends for 1992–
2010 (Fig. 3a) mimic those described previously for the full post-
1978 satellite record4,18, with large losses at the ice edge in the
Bellingshausen and Mawson (∼2% yr−1) and Weddell (∼1% yr−1)
seas outweighed by widespread gains in the Ross (∼1% yr−1)
and King Håkon and Cosmonaut (∼0.5% yr−1) seas. Overlaying
ice-motion trend vectors onto these changes suggests a link, with
regions of significantly increased northward ice flow exhibiting
significant increases in ice concentration and vice versa. This link
seems strongest in the Atlantic and Pacific sectors, notably failing in
the Mawson Sea. Figure 3b shows a strong and significant autumn
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Figure 1 | April–October 1992–2010 mean ice motion and its relation to
wind forcing. Wind and ice motion are strongly coupled in Pacific and
Atlantic sectors but weakly related around East Antarctica, where a coastal
current of ice dominates. a, Mean ice-motion vectors overlaid on
ERA-Interim reanalysis sea-level pressure. b, Vector correlation between
ice-motion vectors and ERA-Interim 10-m wind vectors (white contours
show r2=0.4, significant at 99%). WS, Weddell Sea; KS, King Håkon Sea;
CTS, Cosmonaut Sea; CNS, Cooperation Sea; MS, Mawson Sea;
DS, Dumont D’Urville Sea; RS, Ross Sea; AS, Amundsen Sea;
BS, Bellingshausen Sea.

deepening over the Amundsen Sea, thought to result from the
increased intensity of the SouthernAnnularMode4,5,15. Autumn ice-
motion trends are again closely related towind trends in the Atlantic
and Pacific sectors and disagree elsewhere. A significant trend
towards northerly winds occurs in the Mawson Sea, suggesting
a wind-driven decrease in ice concentration that is not reflected
in ice-motion trends.

The general link between trends in ice concentration and ice
motion or winds seems strong. However, this cannot separate
dynamic from thermodynamic causes, because more southerly
winds could increase the ice concentration through either increased
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Figure 2 | April–October 1992–2010 ice-motion trends and their relation
to wind forcing. Large and statistically significant changes in ice motion are
driven by changes in the winds. a, Ice-motion trend vectors overlaid on
19-year change in meridional ice speed (change is linear trend multiplied by
period, positive northwards; black vectors have meridional ice-motion
trends significant at>90%). b, ERA-Interim reanalysis 10-m wind trend
vectors overlaid on trend in sea-level pressure (white and grey contours
show pressure trends significant at 90% and 95%; black vectors have
meridional wind trends significant at>90%; magenta contour shows
extent of motion trends).

transport of ice from the south or through an atmospheric cooling
from increased advection of cold polar air masses3–5. Similarly,
more northerly winds would decrease ice transport and cause
atmospheric warming. Our new data present a unique opportunity
to quantify these processes by decomposing the ice-concentration
budget in the internal ice pack into dynamic and thermodynamic
contributions. The ice concentration change and its dynamic
contribution are calculated by combining concentration and
motion data, and their residual is found to represent the
thermodynamic contribution (see SupplementaryMethods).
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Figure 3 | Autumn (April–June) 1992–2010 ice motion and concentration
trends and their relation to wind forcing. Wind-driven changes in ice
motion are clearly linked to changes in ice concentration. a, Ice-motion
trend vectors overlaid on ice-concentration trends. b, ERA-Interim 10-m
wind trend vectors overlaid on trend in sea-level pressure. White, grey and
black contours show underlay field trends significant at 90%, 95% and
99% respectively; black vectors have meridional trends significant at
>90%; magenta contour in b shows extent of concentration trends.

Before examining trends, it is instructive to first decompose the
mean April–October ice-concentration budget20 (Supplementary
Fig. S1). Freezing in the inner pack is maintained by divergence,
which supports greater ocean–atmosphere heat exchange than is
otherwise possible in consolidated ice. In the main export regions,
ice is advected to the margins and then melted, because it is
thermodynamically unsustainable there even in winter; the ice
cover in these regions extends hundreds of kilometres further
equatorward than it would in the absence of northward advection.
This illustrates the Antarctic sea-ice freshwater pump, which
contributes brine to Antarctic BottomWater close to the continent
and fresh water to Antarctic Intermediate Water and mode

waters in the ice-melting zone. In areas of mean northerly winds
(Bellingshausen, Cosmonaut and Dumont D’Urville seas; Fig. 1a)
southward advection opposes thermodynamic growth of the ice
cover, and freezing extends closer to the ice edge.

The mean concentration difference over autumn is dominated
by freezing, with advection and divergence being minor contrib-
utors during this period (Supplementary Fig. S2). However, in
the Pacific sector and Weddell Sea, trends in the autumn con-
centration difference seem to be strongly influenced by dynamics
(Supplementary Fig. S3). In contrast, trends in the King Håkon
Sea are controlled by thermodynamics. Supplementary Fig. S4
shows the proportion of the autumn concentration difference
trend that is explained by trends in dynamical processes. The ratio
is noisy, but after heavy smoothing, it confirms that dynamic
trends dominate in the Pacific sector. Trends in freezing in this
sector can actually oppose the ice-concentration changes, because
dynamical processes are progressively replacing thermodynamics.
Ice-concentration losses in the Weddell Sea also seem to be caused
by decreased northward advection, but the concentration increase
in King Håkon Sea and other changes around East Antarctica
contain a strong thermodynamic component. The wind trends in
these regions suggest that changes in cold- and warm-air advection
explain the thermodynamic trends.

The ultimate cause of the wind and ice changes lies in the large-
scale climate variability of the Southern Hemisphere. Antarctic sea
ice can contain 3–5-year cyclic anomalies that might be partly
aliased into our calculations1,16,21, but our trends cover several
such cycles and are consistent with longer-term studies18. Aspects
of the wind trends (and therefore ice-motion trends) can be
attributed to large-scale modes such as the Southern Annular
Mode and El Niño/Southern Oscillation3,19,22. Modern trends in
these modes could arise through natural variability, but some
evidence suggests that they are forced by the Southern Hemisphere
ozone hole and increased greenhouse gases4,23. Our conclusions
that ice-motion trends are dominated by winds, and that winds
contribute significantly to ice concentration trends through both
dynamic and thermodynamic effects, reinforce the need for a better
understanding of both the wind changes and the anthropogenic
forcing of relevant climate modes.

Our conclusions are of fundamental importance in rectifying
the failure of present climate models to hindcast the recent
increase in Antarctic sea ice11. In particular, they suggest that
surface winds and ice dynamics and thermodynamics must be
accurately represented. Our data set provides an observational map
of changes against which models can be compared, and any faults
can be diagnosed using our decomposition of the ice-concentration
budget into dynamic and thermodynamic components. When
climate models can hindcast ice-concentration increases we will
have good reason to believe their forecasted ice loss under the
effects of climate change.

Our data offer a new view of surface change relevant to all
components of the Antarctic climate. The good fit between ice
motion and reanalysis wind trends, in an area of extremely sparse
in situ data, is testament to the power of satellite sounder data
assimilation into ERA-Interim. It also implies confidence that these
winds can be used to force models of Antarctic ice and ocean
trends over recent decades. The large and widespread changes in
ice motion imply considerable changes in sea-surface forcing, both
directly through observed changes in ice stress and indirectly by
validating trends in reanalysis wind stress. The ice-motion trends
suggest that increased cyclonic forcing has accelerated the Ross
Gyre, supporting its possible involvement in ice-sheet melting and
Ross Sea freshening24. The decrease in Weddell Sea ice cyclonicity
suggests a Weddell Gyre deceleration, implying that gyre changes
alone cannot explain the warming of Antarctic Bottom Water
exported to the abyssal Atlantic25. Changes in meridional ice
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export also affect freshwater budgets, implying greater brine release
in the southern Ross16,17 and King Håkon seas and increased
meltwater input to their north, which may have contributed to the
freshening of Antarctic Intermediate Water26. The data presented
here thus offer a new observational insight into many facets of the
Antarctic climate system.

Methods
We produced a data set of over 5 million individual ice-motion vectors
on a 100-km polar stereographic grid by tracking brightness-temperature
patterns in successive daily images from Special Sensing Microwave/Imager
(SSMI) instruments16,27. Specifically, we used the 85GHz vertically polarized
channels of the SSMI instruments aboard satellites F8, F11, F13 and F17 of the
Defense Meteorological Satellites Program. Supporting analyses used NASA
(National Aeronautics and Space Administration) Team SSMI-derived ice
concentrations28 (http://nsidc.org/data/nsidc-0051.html) and the ERA-Interim
atmospheric reanalysis (http://data-portal.ecmwf.int/data/d/interim_daily/) for
the same period. Differences between the ice-motion data and analyses from
higher-resolution satellite data and in situ buoys have mean 0–0.5 cm s−1 and
standard deviation 4–8 cm s−1 (refs 27,29), levels of accuracy consistent with similar
data sets13. SSMI ice-concentration data are accurate to approximately 5% for the
winter measurements presented here28.

We restrict our analyses to only the period of continuous daily sampled 85GHz
data, 1992–2010, producing a consistently sampled and high-quality record that
allows the unambiguous identification of long-term trends. The motion-tracking
procedure is less accurate when the ice is experiencing surface melt, causing more
ice-motion data to be rejected during summer months, so to ensure a consistent
coverage we use only data from April–October. Data are also often missing near
the ice edge, because fast day-to-day changes in ice features are not resolvable
by the tracking procedure. These seasonal and spatial limitations imply that our
conclusions are limited to the behaviour of only the internal ice pack, away from the
ice edge, and only in non-summer months. This is an important limitation because
recent studies suggest that the Antarctic trends are related to modulation of the
advance and retreat of the ice edge by summertime interactionwith the ocean9.

Interannual trends at each grid point are calculated from yearly averages that
are taken over either the whole observation period in each year (April–October) or
only from autumn data, defined here as April–June to maximize the use of our data.
A fraction of the annual ice advance (and its trends) occurs earlier in the year in
some regions9, for which we have insufficient data. Trends are calculated separately
for each component of a vector, and these vector trends are then plotted. The signif-
icance of a vector trend is itself a vector, which complicates its illustration in figures.
We choose to highlight the significance of trends only in the meridional direction,
because trends in northward ice export generally have themost important impacts.

The field of vector correlations presented in Fig. 1b is designed to quantify
the linkage between interannual trends in winds and ice motion, so April–October
daily vectors in each quantity are first averaged into yearly means, and then the
19-year time series of ice motion and wind vectors are correlated at each grid point.
The relationship between time series of wind and ice-drift vectors is examined
using a vector correlation measure that can be viewed as a generalization of the
simple correlation coefficient between two scalar time series30. According to the
method, the two vector time series at each grid point would be perfectly correlated
if the magnitude of the vectors were related by a constant factor and their direction
subject to a constant offset. The resulting r2 is scaled to lie between 0 and 1 here
for ease of comparison with scalar correlation values. If the two vector series are
independent, nr2 is asymptotically distributed as χ 2 with four degrees of freedom,
but for smaller samples (n� 64) its distribution can be calculated empirically30.
This can be used to assess the significance of correlations; for n= 19 and using r2
scaled to lie between 0 and 1 we estimate that a correlation of r2 = 0.4 provides a
significance level of 99% (ref. 30).
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Supplementary Information to “Wind-driven trends in Antarctic sea-ice motion” by 

Paul R. Holland and Ron Kwok 

Supplementary Methods 

Combining ice motion and concentration data allows us to quantify the different processes 

contributing to the ice concentration budget.  The evolution of ice concentration, A, is 

governed by 

where u is ice motion, f is the ice concentration change from freezing or melting, and r is the 

concentration change from mass-conserving mechanical ice redistribution processes, such as 

ridging, that convert ice area to ice thickness.  The results show that redistribution is 

generally small compared to freezing and melting (see below) so it is neglected here.

Rearranging and integrating over a particular time period, we obtain 

so the ice concentration difference between the end and start of any period is caused by the 

integrated contributions of freezing, advection, and divergence over that period.  In this study 

the difference term on the left-hand side is calculated between 14-day means of ice 

concentration data centred upon the end and start of each period.  Next, advection and 

divergence terms are calculated by integrating the relevant daily ice concentration and motion 

data over the period.  Finally, the integrated freezing is determined from the residual of these 

other terms.  We can only calculate these terms for the internal ice pack because the tracking 

procedure typically fails to capture motion near the ice edge. The formal error in these terms 

propagates from the quantified error in ice concentration and motion, and  in theory is 
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possible to calculate explicitly, but the assumptions required to calculate these errors 

(specifically the neglect of covariance) are so restrictive as to nullify the utility of the results.  

To obtain an overview of the processes contributing to the mean Antarctic ice concentration 

balance, each of these four terms is calculated for each year and then averaged over our 19-

year record 

,

as discussed in the main text.  Mean values of the four terms are shown for the whole year 

(April-October) in Supplementary Figure 1 and for autumn only (April-June) in 

Supplementary Figure 2.  This approach shares some features with a previous method20.

Passive microwave sea ice data have poorly-quantified seasonal biases (e.g. overestimating 

ice concentration in summer) that limit the quantitative accuracy of these results28, but their 

qualitative overview is extremely infomative. 

The ‘freezing’ term (e.g. Supplementary Figure 1d) is actually the calculation residual and 

also contains the effects of mechanical redistribution, but it is obvious from the results that it 

is dominated by thermodynamic processes.  The term is generally positive in our non-summer 

data (an ice concentration source), which clearly represents freezing because it would 

otherwise require unobserved mechanical processes that convert thick to thin ice.  Its negative 

regions (ice concentration sinks) primarily occur around the ice edge, where ice 

concentrations are low (< 0.5).  When concentrations are low, ice convergence causes 

concentration to increase, as observed here (Supplementary Figure 1c), rather than decrease 

through ridging.  Therefore we interpret the negative residual around the ice edge as melting, 

confirming that the residual is mainly thermodynamic.  Mechanical processes contribute 
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significantly to the residual only in the small ice concentration sinks in the western Weddell 

and Ross seas, where there is strong ice convergence and full ice cover. 

With our new 19-year record of ice motion, we can also use this decomposition method to 

investigate the contribution of dynamic and thermodynamic processes to the observed ice 

concentration trends.  The value of each of the four terms is calculated for each year in our 

timeseries, and we then calculate the linear trends of these annual values over the 19-year 

time period �
����
�� � � ��

�� � � ��. ��
�� � � ���. �

�� .

Trends in autumn (April-June) data are plotted in Supplementary Figure 3 and discussed in 

the main text.  We can then examine the proportional contribution of dynamic processes to 

the ice concentration trends by considering the ratio between trends in flux divergence (the 

sum of advection and divergence) and trends in ice concentration difference 

� � �� ��. ������
����
�� .�

Supplementary Figure 4 shows these two fields and their ratio for our autumn data.  Spatial 

offsets between the two fields lead to small-scale noise in their ratio.  Extensive smoothing of 

the ratio reveals the spatial distribution of the importance of dynamic trends, as discussed in 

the main text. 
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Supplementary Figures 

Supplementary Figure 1 | April-October 1992-2010 mean of each component in the ice 

concentration budget, showing divergence-maintained freezing close to Antarctica and 

advection-led melting around the ice margins.  a) mean observed April-October ice 

concentration difference, ; b) mean concentration difference from observed ice advection, 

; c) mean concentration difference from observed ice divergence, ; d) 

mean concentration difference from residual freezing, .  The ice concentration difference 

in panel a is comprised of the processes in panels b-d.  Panels b-d have been smoothed with a 

3-point mean to reduce grid-scale noise in the derivatives. 
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Supplementary Figure 2 | Autumn (April-June) 1992-2010 mean of each component in the 

ice concentration budget, showing that ice growth is dominated by thermodynamics during 

this period.  Panels calculated as described in Supplementary Figure 1. 
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Supplementary Figure 3 | Autumn (April-June) 1992-2010 trends in all components of the 

ice concentration budget, quantifying the contribution of trends in dynamic and 

thermodynamic processes to the overall ice concentration trends.  a) trend in observed April-

June ice concentration difference, ; b) trend in concentration difference from 

observed advection, ; c) trend in concentration difference from observed 

divergence, ; d) trend in concentration difference from residual freezing, 

;  The trend in ice concentration difference shown in panel a is comprised of the 

trends in the processes shown in panels b-d. Panels b-d have been smoothed with a 3-point 

mean to reduce grid-scale noise in the derivatives. 
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Supplementary Figure 4 | The relation between trends in autumn concentration difference 

from flux divergence (the sum of advection and divergence) and total trends in autumn ice 

concentration difference.  Extensive smoothing of their ratio reveals a general dominance of 

dynamic trends in the Pacific sector and Weddell Sea and thermodynamic trends elsewhere.  

a) trend in ice concentration difference,  (underlay), and trend in ice concentration 
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difference from flux divergence,  (overlay; black contour is zero trend, white 

contours are negative trends, grey contours are positive trends, contour increment 0.01/y); b) 

unsmoothed fraction of ice difference trend that is explained by the trend in ice difference 

from flux divergence; c) as panel b but smoothed with a 7-point mean filter. 
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