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Abstract. The drift and variability of sea ice in the Amundsen Sea are investigated
with ice buoys deployed in March, 2000, and a coupled ice-ocean model. The BRIOS model
results are compared with in situ ocean, atmosphere and sea ice measurements, satel-

lite sea ice observations, and 8-19 months of buoy drift data. We identify a zone of coastal
westward drift and a band of faster eastward drift, separated by a broad transition re-
gion characterized by variable ice motions. The model represents drift events at scales
approaching its resolution well, but is limited at smaller scales and by deficiencies in the
NCEP forcing. Two-thirds of the modelled sea ice production in the southern Amund-
sen moves westward near the coast, its transport modulated by meridional wind strength,
damping sea ice formation in the eastern Ross Sea. One half of the ice exported from
the Ross moves eastward into the northern Amundsen Sea, a net sea ice sink that also
receives more than one third of the ice generated to its south. A low rate of exchange
occurs with the Bellingshausen Sea, which must have a more independent ice regime.
Snow ice formation resulting from high precipitation accounts for one quarter of the ice
volume in the Amundsen Sea aiding the formation of a thick ice cover in a region with
generally divergent ice drift. Freshwater extraction by sea ice formation is roughly bal-
anced by precipitation and ice shelf melting, but a positive trend in the surface flux is
consistent with an Amundsen source for a reported freshening in the Ross Sea.
Keywords:

numerical modelling, sea ice drift, Southern Ocean, interannual variability, freshwater
flux

1. Introduction

January 30, 1774. “The outer or Northern edge of this
immense ice field was composed of loose or broken ice so
closely packed together that nothing could enter it; about a
Mile in began the firm ice, in one compact solid boddy, and
seemed to increase in height as you traced it to the South; In
this field we counted Ninety Seven Ice Hills or Mountains,
many of them vastly large ..... we could not proceed one
Inch farther South .... being at that time in the Latitude of
71° 10’ South, Longitude 106° 54'W ”.

Those words recorded the southernmost position achieved
by the Resolution on James Cook’s pioneering voyages in the
Southern Ocean (Jones 1982). 65 years later the U.S. Ex-
ploring Expedition’s William Walker was dispatched to try
and better Cook’s high latitude record. His schooner, the
Flying Fish, while setting a record for its own expedition,
only reached ~ 70° 14’ S, 101° 11’ W on 22 March 1839
(Philbrick 2003). Immense ’ice islands’ were again encoun-
tered, along with ’ice stretching in all directions as far as
the eye could reach.’

Persistent summer sea ice in the Amundsen Sea has his-
torically made it one of the worst sectors to try and reach the
white continent. That ice continues to frustrate mariners to
the present day, in spite of the availability of modern ice-
breakers. But the Amundsen continental shelf has been pen-
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etrated several times since 1990, usually in heavy pack and
around numerous icebergs, revealing ocean characteristics
intermediate between the Bellingshausen and the Ross Seas.
Circumpolar Deep Water (CDW) dominates the deep circu-
lation on the eastern shelf, along with the upwelling beneath
and seaward of ice shelves and floating glaciers (Hellmer et
al. 1998). In combination with the nearly perennial ice cover
these circulations are believed to preclude most dense shelf
and bottom water production.

Renewed interest in the Amundsen Sea has followed from
observations of sea ice retreat (Jacobs and Comiso 1997)
and reports of strong melting under the Pine Island Glacier
(Jenkins et al. 1997). The ocean may play a key role in the
mass balance of the West Antarctic Ice Sheet, and an im-
proved understanding of the ice-ocean interaction and ocean
circulation is needed in this region (Jenkins et al. 1997). Re-
cent work has linked the variability of the Antarctic sea ice
extent with lower latitude phenomena (Yuan and Martin-
son 2000). Hereby, the Amundsen, and Bellingshausen Seas
were identified as those regions where the lower-latitude sig-
nal enters the Southern Ocean. It has also been postulated
that freshening in the Ross Sea over recent decades may
reflect increased melting and/or decreased sea ice produc-
tion upstream in the Amundsen and Bellingshausen sector
(Jacobs et al. 2002).

Here we use a coupled ice-ocean model, forced by NCEP
reanalysis atmosphere data, to investigate the formation and
transport of sea ice in the Amundsen Sea (100-150°W). Af-
ter a model description, we compare the NCEP forcing data
to limited atmospheric observations in the region, and use
SSM/I data, sea ice observations and ocean measurements
from the Nathaniel B. Palmer (Giulivi and Jacobs 1997) to
validate ice extent, thickness and water mass characteristics.
Following a description of the modelled mean sea ice drift,
thickness and growth, the simulated sea ice drift is compared
to the tracks of three sea ice drift buoys. The buoys were de-
ployed in the eastern Amundsen Sea in late March 2000, sup-
plied data for periods between 8 and 19 months and drifted
through the region from 105°W to 140°W (Fig. 1 and Ta-
ble 1). Drifter A-1 was set close to the position where the
Resolution reached its highest southern latitude. Finally, we
analyse the sea ice transport and freshwater budget of the
Amundsen Sea and its interannual variability.

2. Model
2.1. Model Description

The coupled ice-ocean model BRIOS2.2 (Bremerhaven
Regional Ice Ocean Simulations) employed here has been
previously applied to the Ross and Weddell Seas (Timmer-
mann et al. 2002 a, b, Assmann et al. 2003, Assmann
and Timmermann 2005). The ocean component is based on
the S-coordinate Primitive Equation Model SPEM (Haidvo-
gel et al. 1991), and the sea ice component on a dynamic-
thermodynamic sea ice model with viscous-plastic rheology
(Hibler 1979). Parkinson and Washington (1979) thermody-
namics are employed, using the Semtner (1976) zero-layer
approach for heat conduction. Inclusion of a prognostic
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snow layer (Owens and Lemke 1990) accounts for the effect
of flooding (Leppéaranta 1983; Fischer 1995). Interactions
between ice shelf base and ocean are treated the same as
between sea ice and ocean, whereby the freezing point tem-
perature is calculated as a function of pressure and salinity
for the whole model domain (Timmermann et al. 2002 a).

Ice shelf and water column thicknesses for the Ross Ice
Shelf cavity are from Greischar et al. (1992) and ice thick-
ness is set constant to 200 m for the smaller ice shelves,
Abbot (72.5° S, 95° W) and Getz (74° S, 125°W), in and
east of the Amundsen Sea. The model is run on a circum-
polar grid with zonal boundaries at 50° S and 82° S, has an
isotropic resolution of 1.5° zonally and 1.5° cos(¢) merid-
ionally for the whole domain, and 24 vertical levels with
increasing resolution near surface and sea floor. Bottom to-
pography is from Smith and Sandwell (1997) north of 70°
S, and ETOPO5 data south of 70° S. The hydrographic
data for initialization and boundary restoring are from the
WOCE Hydrographic Programme Special Analysis Centre
(Gouretski and Jancke 1998).

2.2. Model Forcing

For atmospheric forcing, daily NCEP Reanalyses for the
10—m wind velocities, 2-m air temperature, specific humid-
ity, cloudiness, and precipitation (P-E) were used from 1958-
1977 to spin-up the model and from 1978-2001 for analysis.
Prior to 1978, the NCEP Reanalyses do not include satellite
data and are believed to be of lesser quality (Tennant 2004).

During February and March 2000 NCEP winds were com-
pared to daily mean shipboard measurements from N.B.
Palmer cruise NBP00-01 in the study area (Fig. 2). Av-
erage wind speed and direction at the ship’s mean position
each day yielded values for 27 days between 20 Feb 2000 and
23 Mar 2000. These were compared to the NCEP wind data
at the closest model grid point. Wind directions were more
often southwest and southeast (Fig. 2) in an area commonly
assumed to be dominated by easterlies. While the correla-
tion between NCEP and shipboard wind time series is weak
(r=0.33 for magnitude and r=0.37 for direction), the gen-
eral agreement between shipboard and NCEP directions and
speed maxima show that the NCEP fields are tracking at-
mospheric lows within a day or two. Lower NCEP wind
speeds for the first half of the record may indicate an un-
derestimation of strong synoptic systems or katabatic winds
near the coastline where the ship frequently worked. While
our comparison only covers a short period, high winds are
known to be underestimated by the NCEP Reanalyses (Cul-
lather et al. (1997), Smith et al. (2001), and Yuan 2004).
Daily NCEP wind speeds averaging 1.4 m s~" less than the
observations may be a source of model error, although a
standard deviation of 3.95 m s~ on their mean difference is
not indicative of a systematic offset.

Air temperature records obtained from the sea ice drift
buoys were used to evaluate the quality of the NCEP air
temperatures in the Amundsen Sea. The comparison of ob-
served and NCEP air temperatures along the track of buoy
A-3, which covers more than a full seasonal cycle from March
2000 to October 2001 (Fig. 1 and Table 1), indicates that
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NCEP temperatures are higher with an average of 3°C from
mid-October to February (Fig.3). This induces an early on-
set of the melting period and a late start of sea ice growth
in the model. By contrast, NCEP winter air temperatures
are on average 5-6°C colder than those observed, likely due
to a stronger continental influence resulting from the 210
km meridional resolution as suggested from a comparison
of the NCEP and real coastlines. Both time series show
a large range and high-frequency variability reflecting the
passage of low-pressure systems. Since air temperatures are
well below the ocean surface freezing point throughout win-
ter, when the sea surface is insulated from the atmosphere
by a nearly closed ice cover, these have a minor effect on
sea ice production or decay. Assmann and Timmermann
(2005) investigated sea ice formation in the Ross Sea and
found sea ice growth to be independent of air temperatures
during winter. The comparison of observed and NCEP air
temperatures along the tracks of the other two buoys, both
of which yielded data from March to November 2000 show
the same pattern of temperature differences before and af-
ter mid-October. To evaluate the model sensitivity to the
summer overestimation of NCEP air temperatures a sensi-
tivity experiment was performed in which an upper limit of
-1.9°C was imposed on air temperatures in sea ice covered
grid boxes (in the following referred to as T_FREEZE).

2.3. Evaluation of model performance

2.3.1. Sea Ice Concentration and Extent.

We compared modelled sea ice extent and concentration
with satellite SMMR and SSM/I data, using the bootstrap
algorithm (Comiso 1999). In the reference simulation, Au-
gust to December ice extents are nearly identical with the
satellite data, but the January to July extents are substan-
tially lower, with February ice extent underestimated by
60 % (Fig. 4 a). Restricting air temperatures in ice-covered
grid boxes to below the freezing point reduces the underesti-
mate to 35 %. High summer air temperatures in the NCEP
Reanalyses thus negatively bias the model summer sea ice
cover. An additional reason for this may lie in the absence of
small scale events of high winds in the NCEP forcing which
may reduce a dynamic increase of the ice thickness.

The ocean model may also lower the simulated summer
sea ice extent. A model resolution too coarse to represent the
continental shelf bathymetry in detail allows 'warm’ circum-
polar water masses to protrude further south than in reality
enhancing sea ice melting. This process could be abetted
or damped if the fresh water input from precipitation or ice
shelf basal melting was too low or too high (Hellmer 2004).

Comparison of monthly and mean annual anomalies, i.e.,
monthly mean values with the mean seasonal cycle removed,
shows that the model is able to reproduce the interannual
variability of the sea ice extent (Fig. 4 b). The modelled
variability is slightly larger than observed, but peak loca-
tions tend to correspond with those in the satellite data.

2.3.2. Sea Ice Thickness Distribution.

Observations of summer ice thicknesses were made along
135°W and 150°W in January 1999 (p.c., T. Tin and M. Jef-
fries, 2002) and compared with the modelled January mean
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for 1999 and a 24-year January mean from 1978-2001 along
the same longitudes (Fig. 5). As might be expected, the
spatial variability in the observations is higher than that
of the model results, even after smoothing due to different
footprints.

The 1999 observations show greater sea ice thickness, on
average 0.24 m (0.25 £+ 0.55 m for 135°W, 0.22 + 0.23 m
for 150°W) above the modelled values for the reference ex-
periment. This corresponds to an underestimation of 25%
for 135°W (mean observed sea ice thickness 1.02 £ 0.94 m)
and of 33 % for 150°W (0.60 £ 0.42 m). Limiting air tem-
peratures to values below the sea surface freezing point over
ice covered grid boxes overestimates sea ice thicknesses by
0.32 m for 135°W and 0.20 m for 150°W indicating that the
chosen remedy overcompensates for the deficiencies of the
NCEP forcing data. Also notable is a smooth northward
decrease of sea ice thickness in the model results, whereas
the observations in both sections show a distinct boundary
at 72°S with a thicker ice cover (> 1 m) and large thickness
variations south and a smoother ice pack with thicknesses
< 1 m north of this latitude (Fig. 5). The finite difference
discretization scheme and the viscous-plastic rheology of the
sea ice model treat the ice pack as a viscous fluid and thus
induce some degree of smoothing.

Winter ice thicknesses were compared with data from a
September-October 1994 cruise in the Amundsen and east-
ern Ross Seas between 110°W and 170°W, and 66-71°S (Jef-
fries et al. 1998). With a mean observed ice thickness of 0.84
£ 0.46 m and mean modelled values of 0.97 + 0.37m (ref-
erence) and 0.99 £ 0.34 m (T_FREEZE), thicknesses agree
within the uncertainties. The 24-year winter mean of 1.00 +
0.32 m for both model experiments indicates that the limi-
tation of air temperatures to below the sea surface freezing
point only affects summer sea ice thicknesses. We conclude
from these comparisons that the two simulations can be used
as bounding values on sea ice transport.

2.3.3. Ocean Properties.

Observed water mass characteristics in the Amundsen Sea
can be used to evaluate the ocean component of the model.
Some of the end-of-summer (March) observations show sur-
face waters (AASW) cooling toward the sea surface freezing
point (Fig. 6a) above denser Winter Water (WW), the rem-
nant of prior winter convection . Others indicate warmer
waters, mostly from surface heating during the waning sum-
mer. Relatively warm (> 1.5°C) and salty (~ 34.7) CDW
underlies the surface waters and locally upwells near the
coastline after substantial melting of ice shelf bases (Hellmer
et al. 1998).

The water mass characteristics observed in the Amundsen
Sea are generally reproduced by the model (Fig. 6b). Tem-
peratures below the surface freezing point are found close
to the modelled Abbot and Getz ice shelves, a region not
covered by the observations. Its warmer CDW components
(Fig. 6b) result from southward transport within the east-
ern branch of the Ross Gyre which occurs to the west of the
cruise track which provided the data for Figure 6a.

On average, the modelled surface water (AASW) appears
slightly warmer and fresher than observed, possibly due to
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the overestimated sea ice melting in spring and summer. In
the T_FREEZE experiment AASW salinities increased along
with slightly colder temperatures as a result of the improved
summer sea ice extent. However, a less desirable effect of
the decreased sea ice melting is the formation of AASW and
WW more saline than observed. This increases the shal-
low pycnocline strength between AASW and WW, causing
the sea ice growth to increase by ~ 25% in T_FREEZE,
but could also allow enhanced vertical heat flux from the
CDW. While summer sea ice extent and thickness in the
T_FREEZE experiment are closer to observations, the re-
sulting changes in the surface freshwater balance lead to a
less realistic stratification.

The modelled freshwater input from the Abbot and Getz
Ice Shelves amounts to 85 Gt a~*. This number is less than
60% of an earlier estimate for the whole Amundsen Sea (Ja-
cobs et al. 1996), assuming that it occupies roughly half
the SE Pacific sector. However, our model does not include
other small ice shelves such as the rapidly melting Pine Is-
land, estimated at 28 Gt a~! by Jenkins et al. (1997), nor
does it include meltwater from icebergs that calve and drift
through the Amundsen Sea. The increase in mean net sea
ice growth rate from the reference model experiment (395
Gt a™') to T_FREEZE (497 Gt a™') is 102 Gt a~*. Con-
sidering that only part of the 85 Gt a~' modelled glacial
meltwater is advected into the Amundsen Sea, the additional
glacial meltwater input from smaller ice shelves not included
in the model would be sufficient to compensate for a large
part of the surplus brine release in the T_FREEZE model
experiment. Also, a more realistic freshwater input from ice
shelves may lead to a stable water column and consequently
to a thicker sea ice cover (Hellmer 2004).

3. Mean Modelled Sea Ice Drift Pattern

The large-scale modelled sea ice drift pattern in the
Bellingshausen (60-100°W), Amundsen (100-150°W) and
Ross Seas (150°W-160°E) is illustrated as a winter mean
(May-October) in Figure 7. The most prominent features
are a 5 cm s™! westward drift within 100-300 km (3-7 grid
cells) of the coastline and a larger zone of strong (up to 15
cm s7') eastward drift extending northward to the sea ice
margin. These regimes are separated by a transition zone
of low velocities (1-2 cm s™') and variable direction that
roughly follows the continental shelf break from the Antarc-
tic Peninsula to about 115°W. The continental shelf then
narrows westward to 150°W, while the transition from west-
ward to eastward drift remains near 72°S into the eastern
Ross Sea (165°W), reflecting the width of the easterly and
the extent of the southerly wind influence.

The thickest ice appears along the coastline from 115-
120°W and 135-150°W, while the thinnest occurs near the
outer ice edge. Both the thick and nearly stagnant regions
of ice tend to coincide with the more persistent areas of
summer sea ice (Gloersen et al. 1992). Most ice produced
in the Bellingshausen is exported northward into the east-
ward flowing Antarctic Circumpolar Current (ACC), after
initially moving westward like the Belgica in 1899 (Lecointe
1904). Ice generated in the southern Amundsen drifts west-
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ward into the Ross Sea, where the drift pattern agrees well
with that deduced from satellite observations (e.g., Drinkwa-
ter et al. 1999). These large scale drift characteristics are
very similar to the pattern of NCEP surface winds (Fig. 8).
Predominant areas of freezing occur all along the coast
(Fig. 8) where offshore winds generate narrow coastal leads
and polynyas, some intermittent, but most only several kilo-
metres wide and hence sub-grid scale. However, the model
produces alternating convergent and divergent ice drift, due
to the passage of low pressure systems, leading to areas of
reduced ice concentration and high growth rates. Over the
continental shelf, melting only occurs during summer (De-
cember to February), while in the eastward-drifting north-
ern pack, where sea surface temperatures exceed the freezing
point all year round, a broad band of melting is present even
in winter. Sea ice in this region is only present due to ad-
vection and not due to local thermodynamic growth.
Earlier studies with the BRIOS model showed that a
patch of net sea ice melting seaward of the Amundsen conti-
nental shelf (120-140°W) is due to upwelling of a westward
travelling positive potential temperature anomaly that was
present within the shelf break current throughout the 1980s
(Assmann and Timmermann 2005). With a mean net an-
nual growth rate of 1.50 4= 0.24 m a™*' for the area south of
70°S, the Ross Sea is the main formation site of sea ice in
the Pacific sector. The Amundsen produces 0.69 4+ 0.30 m
a~! south of the mean position of the drift transition, with
the main area of sea ice growth east of 120°W. Zonal drift
velocities of 4-5 cm s™! in the coastal band imply a time
of 13-16 months for sea ice formed in the eastern Amund-
sen Sea (110°W) to travel to the eastern Ross Sea (160°W).
Consequently, multi-year sea ice found in the eastern Ross
Sea is generally second year ice originating from the east.

4. Observed and modelled buoy drift

Three Alfred Wegener Institute (AWI) sea ice drift buoys
with ARGOS identities 9358 (A-1), 9361 (A-2), and 9364
(A-3) were deployed on sea ice floes during late March 2000
on Nathaniel B. Palmer cruise NBP00-01 in the eastern
Amundsen Sea (Fig. 1). All registered air temperature at
2-m height, air pressure at sea level, and position (GPS) for
periods between 242 and 580 days (Table 1). Gaps towards
the end of the drift of A-3 (Fig. 1, green and white broken
lines) are caused by intermittent data transfer, perhaps as
its ice floe decayed in rough seas. For analysis we will only
use the continuous drift data up to 23 Oct 01.

The sea ice buoys all moved westward and slightly south-
ward for most of their lifetimes, with short-term fluctuations
superimposed on a general drift roughly parallel to the con-
tinental shelf break. Meridional fluctuations are largest for
buoy A-1 and the first part of the drift of A-3 (A-3/1). These
two northern buoys drifted within the transition from east-
erly to westerly winds (Fig. 7). They displayed a mean
zonal drift speed of 2-3 cm s~ !, averaging 55 % of the more
southerly drift of A-2 and A-3/2 within the band of coastal
easterly winds (Table 1). In early August 2001, A-3 broke
out of the pattern of zonal drift near 145°W, tracking north-
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ward for several hundred kilometers before reversing zonal
direction in the ACC (Fig. 1, green line). Intermittent A-
3 buoy data after 23 Oct 01 indicate that meridional drift
velocities of 6-8 cm s~! were attained.

Observed and modelled sea ice drift velocities were com-
pared along the three buoy tracks. Figures 9 and 10 show
the time series for both velocity components of buoy A-3,
since it has the longest record, covering a full seasonal cycle
and all of the drift regimes described above. All observed
mean drift speeds fall in a fairly narrow range (10.0 - 14.5 cm
s™1) (Table 2), notable versus the mean u and v-components
which vary strongly in magnitude, but in agreement with the
mean NCEP wind speeds along the buoy tracks which lie be-
tween 453 and 510 cm s™'. The model speeds display even
narrower ranges of 8.8 - 9.5cm s~ for the reference and 10.2 -
11.7cm s~ ! for the T_.FREEZE experiment. Drift speeds for
the reference simulation average 20% lower than observed,
likely due to the misrepresentation of strong synoptic sys-
tems in the NCEP data, and the resulting underestimation
of wind speeds during high wind events (Fig.2, Yuan 2004).
In the T_FREEZE experiment, which uses the same winds,
speeds improve to a value of 5% below observations. Mo-
mentum transfer over large distances during the passage of
strong synoptic systems and high winds will be enhanced by
the more closed, thicker and rigid ice pack leading to faster
drift.

A similar picture emerges when considering the root-
mean-squares (rms) velocities of the u- and v-components
(Table 3). For the u-component, rms velocities for the
reference experiment are on average 85 % of the observa-
tions with a range from 72 % to 105%. The mean rms u-
component for the T_FREEZE experiment is 101 % (78 %
to 129 %) of the observed one. Modelled rms v-components
only reach 71 % (66 % to 80 %) of the observed values for
the reference and 84 % (79 % to 94%) for the T_FREEZE
model experiment. The NCEP reanalyses are available on a
1.9°-grid in both latitude and longitude. This corresponds
to a zonal resolution of ~ 50 km at 75°S, but a meridional
resolution of 210 km, an imbalance that can help to account
for the larger v-component discrepancies.

For free ice drift, speeds are expected to be ~ 2.5% to
3% of the 10-m wind speed (Martinson and Wamser 1990,
Fischer 1995). Along the buoy tracks values for the observa-
tions lie between 2.1 and 3.0%, for the reference simulation
between 1.7 and 2.1% and for T_.FREEZE between 2.1 and
2.4%. NCEP winds appear to be weaker than those ob-
served and experienced by the buoys, and consequently the
ratio of observed drift speeds to NCEP winds is likely to
be slightly overestimated. Nonetheless, the modelled values
suggest that the free drift assumption is largely applicable
in the Amundsen Sea in winter, despite the large sea ice
thicknesses and highly compact ice cover.

The model reproduces the general drift direction of 9 of
the 12 drift components of the reference and of 10 out of
12 drift components of the T_FREEZE experiment (Table
2). Notable exceptions are the meridional drift of buoy A-3
and the zonal drift of buoy A-1 within the transition region
between eastward to westward motion. This transition oc-
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curs within a latitudinal band of 100-150 km, thus below
the 210 km meridional resolution of the NCEP data. The
eastward net zonal velocity of the simulated A-1, the low
westward velocity for A-3/1, and the overestimated north-
ward velocity of A-3/3 (Table 2) all suggest that the NCEP
easterly-westerly transition is too far south leading to west-
erlies closer to the coast. The NCEP net zonal wind velocity
for the buoy tracks within the transition region is westward,
but small (Table 2). Nevertheless, the mean modelled win-
ter position of the transition (Fig. 7) and the latitude band
in which A-1 and A-3/1 drifted (Fig. 1) display good agree-
ment. The model represents westward drift closer to the
coast more accurately than near the drift transition, with
zonal velocities between -3.7 (reference) and -4.7 cm s+
(T_FREEZE). It should thus be feasible to obtain a realistic
estimate of zonal sea ice transport from the Amundsen to
the eastern Ross Sea.

The correlation coefficient between the observed and
modelled time series average r=0.72 for the u-component
and r=0.64 for the v-component for both model experi-
ments, again with better agreement between the zonal ve-
locities (Table 3). Smoothing the time series with a 5-day
running mean to suppress variability at shorter time scales
increases correlations between observed and modelled veloc-
ities to r=0.84 for the u-component and to r=0.75 for the v-
component, corresponding to an average increase in variance
explained of 19% (18% for T_FREEZE) for the u-component
and of 15% (16% for T_FREEZE) for the v-component. Vi-
sual inspection of Figures 9 and 10 also shows that events at
timescales longer than 5 days are generally well reproduced
by the model. At drift speeds between 10-15 cm s~! the
buoys cover a distance of ~ 50 km, which corresponds to
the model resolution in this area, within 5 days. Drift vari-
ability on shorter time scales thus takes place at the model’s
sub-grid scale making its representation difficult. In addi-
tion, any atmospheric variability on temporal and spatial
scales below those of synoptic features is below the resolu-
tion of the NCEP forcing data. Their large-scale smoothed
structure reduces the model’s ability to reproduce extreme
peak drift velocities (e.g. Fig. 9 at day 165 and 220).

Displayed as time series, velocity differences between
model and observation are similar to the actual drift veloc-
ities, i.e., larger than a visual comparison of the timeseries,
which shows reasonably well-matched peaks, might suggest
(Fig. 9 and 10). This may be due to offsets of the order of
one day in the passage of cyclones in the NCEP data, con-
sistent with the earlier comparison between ship and NCEP
wind directions. Differences between model and observation
are largest for A-1 and A-3/1, within the transition zone
where velocities are large and variable.

The relative influence of wind and ocean currents on sea
ice drift was evaluated by a sensitivity study in which the sea
ice was only driven by the wind (NO_OCEAN).Differences
in drift velocity to the reference experiment are consider-
ably smaller than those from comparisons with observations
and with the T_FREEZE experiment, i.e., less than the dif-
ferences caused by thermodynamic changes of the ice pack
(Fig. 9 and 10). Changes in the net zonal and meridional



ASSMANN ET AL.: AMUNDSEN SEA ICE

drift velocities are negligible (~ 0.1 cm s™') for A-2 and
A-3/2 within the westward coastal drift, where modelled
ocean surface currents are weak (~ 1.0 cm s™1). An inten-
sified coastal current only appears intermittently near the
coastline in the southeast Amundsen Sea (Fig. 11). Contin-
uous westward oceanic transport occurs only below 300 m
depth in the form of a bottom-intensified shelf break current
(Assmann & Timmermann 2005).

The lack of ocean influence does significantly influence
net drift velocities for the A-1 and A-3/1 buoy tracks within
the transition region between easterly and westerly winds.
The modelled eastward ocean surface currents are consistent
with the eastward drift of A-1 in the reference experiment
and its small eastward translation in T_FREEZE (Fig.11).
In the NO_OCEAN experiment, the westward drifts of A-1
and A-3/1 are small, but comparable to the ocean surface
currents. The northward drift of A-3 near 145°W appears
to be wind-driven, since the modelled ocean surface currents
are directed southeastward in this region, following the east-
ern limb of the Ross Gyre (Fig.11).

5. Budgets & volume transports

Moving to larger temporal and spatial scales, we next
quantify sea ice transport to and from the Amundsen Sea
and consider the factors governing of its variability. Bound-
aries for the southern Amundsen Sea are set zonally at the
coastline and the winter mean position of the west to east
transition as shown in Figure 7, and meridionally at 100°W,
and 150°W (Fig. 12). The latter differs from the 130°W
used, e.g., by Gloersen et al. (1992), but encompasses the
buoy tracks (Fig. 1) and most of the Amundsen continen-
tal shelf. Relevant quantities like sea ice volume, growth
rates, and wind speed are calculated as means or sums over
this 5.72x10° km? area. North of the transition line the
mean winter sea ice edge as indicated in Fig. 7 is used as a
northern boundary, with eastern and western boundaries as
defined for the southern part (Fig. 12).

The full Amundsen Sea sector experiences a net import of
sea ice of 10.5 (11.0)x10* m® s~ (number in brackets indi-
cate transport values for the T_FREEZE experiment hence-
forth) composed of a net import of 27.5 (32.1)x10* m® s™!
in its northern and a net export of 17.0 (21.1)x10%® m* s™* in
its southern part (Fig. 12). Net import is equivalent to net
melting, and 25% of that imported to the northern Amund-
sen originates in its southern part. Net export is net produc-
tion, and roughly 40% of the sea ice formed in the southern
region moves northward, indicating a strong connection be-
tween the two areas, despite the zonality of the mean drift
pattern (Fig. 1). Standard deviations much larger than
the mean show the meridional exchange is highly variable
(Fig. 12). Most sea ice imported to the northern Amundsen
Sea (30.3 (38.1)x10% m® s™') stems from the Ross Sea, and
accounts for ~ 50% of the simulated northward sea ice ex-
port (57£15x10% m® s7!) across 70°S between 150°W and
Cape Adare (170°E). The northern Amundsen Sea is thus an
important sink for the freshwater extracted by vigorous sea
ice formation in the Ross Sea. For comparison, the BRIOS
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northward sea ice export out of the inner Weddell Sea is
474+13%10% m3 s71, close to the 50+£18%x10% m? s~! based
on analyses of Upward Looking Sonar (ULS) measurements
(Harms et al. 2001).

Model results show that sea ice exchange between the
Bellingshausen and Amundsen Seas is small compared to
that with the Ross Sea. In the model there is a net export
of 3.0(2.0)x10%® m® s™! from the Amundsen to the Belling-
shausen Sea across 100°W between the coast and the winter
sea ice edge. Sea ice imported from the Bellingshausen to
the southern Amundsen Sea represents 47 (76)% of the ex-
port across latter’s northern boundary and 25 (32) % of the
export towards the Ross Sea indicating that the Belling-
shausen Sea possesses a largely independent sea ice regime
from the rest of the Pacific sector. Apart from the import
of Bellingshausen ice, the southern Amundsen Sea exports
a total of 20.3 (27.3)x10® m® s™*, 65 (70)% of which move
westward into the eastern Ross Sea. There it contributes to
the asymmetric Ross Sea ice production, its western sector
being the main site of dense shelf water formation.

The net sea ice volume export from the southern Amund-
sen Sea of 17.0 (21.1)x10% m® s™! corresponds to a fresh-
water export of 15.5 (19.2) mSv (1 mSv = 1x10% m? s™1).
While less than half that of the Ross Sea continental shelf
(Assmann et al. 2003), it is large enough to suggest the
possibility of deep convection and shelf water formationon
the smaller Amundsen shelf. Modelled winter mixed layer
depths in this region do not exceed 200 m, however, and the
water mass characteristics of this region (cf. Section 3.3) do
not reveal the presence of dense shelf waters. The model
calculates a freshwater input of 3.0 (2.0) mSv from fringing
ice shelves (cf. Section 3.3). In addition, there is an atmo-
spheric freshwater flux of 13.4 mSv according to the NCEP
Renalyses precipitation (P-E). Of the total P-E, 1.0 (1.4)
mSv are exported from the southern Amundsen Sea as snow.
A modelled sea ice growth rate of 0.69 (0.87) m a™*, which
includes thermodynamic growth and deformation, but not
snow ice formation, corresponds to a freshwater extraction
of 11.4 (14.3) mSv. Snow ice formation is, however, included
in the model, and the difference between the growth rate and
the sea ice related freshwater flux of 15.5 (19.2) mSv indi-
cates that a further 4.1 (4.9) mSv of P-E are converted to
snow ice. This leaves 8.3 (7.1) mSv of P-E freshwater input
to reach the ocean surface directly. In the reference run, this
freshwater input together with ice shelf basal melting bal-
ances the freshwater extracted by sea ice formation almost
exactly. In T_FREEZE there is a net surface freshwater ex-
traction of 5.8 mSv leading to artificially saline shelf waters
as shown in Figure 6b. Our model indicates that 26 (25)%
of the sea ice produced in the southern Amundsen Sea orig-
inates from snow ice formation, an important factor in the
regional ice cover. North of 70°S, observations showed that
snow ice comprised 60% of the thickness of late winter ice
floes in the Amundsen sector (Jeffries et al. 1998). Nearer
the coastline in the Bellingshausen Sea, a regime probably
more like the southern Amundsen Sea, Jeffries et al. (1997)
found 16-24

Sea ice export from the southern Amundsen into the Ross
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Sea shows a bimodal cycle with one maximum in June at
22.5x10° m® s7! (32.8x10® m® s7') and a second in Septem-
ber at 19.0x10° m® s™! (32.8x10° m® s™') (Fig. 13). The
June peak follows the zonal wind maximum, once the ice
has thickened, while the September peak results from thick
late winter ice, before the zonal wind velocity decreases in
spring. For the closed ice pack between May and December
the correlation between the ice export across 150°W (see
Fig. 14 a for annual means) and the zonal wind velocity
(see Fig. 15 a for annual means) is above 0.65, i.e., the
zonal wind explains at least 45% of the transport variabil-
ity, reaching a maximum of 0.89 in August. All correlation
coefficients are significant at the 95% level unless mentioned
otherwise. During the sea ice minimum and the onset of the
growth season, from January to April, the correlation drops
to 0.38 (0.32, both not significant at the 95% level) due to
a looser ice pack moving less coherently, an effect possibly
overestimated by the model (cf. Section 2.3).

North of the transition region the ice transport from the
Ross to the Amundsen Sea (Fig. 14 b) depends equally on
the sea ice extent (r=0.77, Fig. 4 b) and the zonal wind
velocity (r=0.68, not shown). From May to August sea
ice transports north and south of the drift transition (not
shown, see Fig. 14 a & b for annual means) are anticor-
related with r<-0.55, i.e., strong westward transport south
of the transition is associated with weaker eastward trans-
port north of it and vice versa. In late winter the correlation
drops for the northern part, as zonal transport there is more
strongly controlled by the position of the sea ice edge.

In winter and spring, a high anticorrelation (r < -0.7 be-
tween May and December) between northward and west-
ward sea ice transport from the southern Amundsen Sea
(not shown, see Fig. 14 a & c for annual means) suggests co-
herent movement of the pack at large spatial scales. Events
of strong southerly winds deplete the amount of sea ice that
reaches the border with the Ross Sea and become a modu-
lating factor on the zonal wind strength control on sea ice
export to the Ross Sea. The drift of buoy A-3 in late 2001
was cited earlier as evidence for strong northward sea ice
transport east of 150°W. The event indeed coincides with
a maximum in the northward sea ice transport (Fig. 14
¢), southerly winds (Fig. 15 c¢), and weak westward sea ice
transport into the Ross Sea (Fig. 14 a) despite relatively
strong easterly winds (Fig. 15 a). Model results suggest
that events of strong northward sea ice transport related to
southerly winds occur on several other occasions during the
time period investigated, e.g. 1979 and 1989/90 (Fig. 14 c).

South of the drift transition, no statistically significant
correlation exists between transports across 100°W (Fig. 14
d) and 150°W (Fig. 14 a), even though various features
can be identified in both time series and transport across
100°W shows a similar dependence on the zonal winds as
that across 150°W. The interdependence between transport
south (Fig. 14 d) and north (Fig. 14 e) of the transition is
considerably stronger for 100°W than for 150°W. Spanning
only ~ 1° of latitude, the band of westward drift is much
narrower at 100°W than at 150°W (Fig. 7) and in some
years (1986, 1991, 1994 and 1999) transport on both sides

13
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of the winter mean position of the drift transition is eastward
(Fig. 14 d & e). With the high variability at 100°W, the
reverse situation also occurs, e.g. in 1998, when transports
both north and south of the transition were westward (Fig.
14d,e).

Between 1978 and 2001, a strong increase in sea ice vol-
ume south of the transition region (1.97x10'® m® a~" refer-
ence, 2.55x10'° m*® a=! T_FREEZE, Fig. 15 b) is connected
to a negative trend in NCEP meridional wind velocity (0.026
m s~ per year, Fig. 15 c). All trends are statistically sig-
nificant at the 95% level unless stated otherwise. Since the
decrease in drift velocity is compensated by an increase in
the mean sea ice thickness, no significant decrease in the
northward sea ice transport occurs(Fig. 14 c).

Beginning in 1981 the reference experiment shows an in-
crease of 0.48 mSv per year of the annual mean surface
freshwater flux with years of net freshwater addition start-
ing in the early 1990s (Fig. 16 a). The ice shelf freshwater
flux shows no significant trend (Fig. 16 b), but was higher
during the 1990s because of the positive anomaly in deep
ocean temperatures during this period (Assmann and Tim-
mermann 2005). A weak increase appears in the annual
mean P-E (0.08 mSv per year, Fig. 16 b), but is only signif-
icant from November to February (not shown, 0.10-0.27 mSv
a™'). Precipitation during these months more likely reaches
the ocean surface directly, rather than being exported as
snow or converted to snow ice, thus contributing to the in-
crease in the surface fresh water flux. The striking positive
anomaly in 1980 in the surface freshwater flux (Fig. 16 a
& c¢) corresponds to a similarly extreme maximum in the
NCEP air temperatures (Fig. 15 d) which induced weak
April sea ice growth and strong December melting. The
event corresponds to the absolute minimum in sea ice ex-
tent (Fig. 4 b) and in ice volume south of the transition
region (Fig. 15 b) during the 1978-2001 period.

The annual mean freshwater flux due to sea ice growth in
the reference experiment increases by 0.16 mSv a™* (Fig. 16
¢), not a significant trend, but significant decreases in sea
ice growth occur in some months (1.6 mSv a~!in April,
0.73 mSv a~! in June and 0.95 mSv a™' in August), with
similar trends in T_FREEZE. These signals are caused in
part by the upwelling of anomalously warm ocean deep wa-
ters (Assmann and Timmermann 2005) under a thicker sea
ice cover (Fig. 15 b), rather than simply an increase in air
temperatures (Fig. 15 d).

6. Conclusions

The drift of buoys deployed on the relatively unknown
pack ice in the Amundsen Sea and monitored for up to 580
days has helped to evaluate the performance of a circum-
polar coupled sea ice-ocean model in the southeast Pacific
sector of the Southern Ocean. Comparisons between model
results, buoy data, NCEP winds, and sea ice and ocean
observations have facilitated this study of sea ice produc-
tion, drift, and interannual variability. The simulated sea
ice extent and drift are consistent with satellite data, and
modelled winter ice thicknesses are realistic. Overly warm
NCEP summer air temperatures result in an underestimate
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of the summer ice cover, which can be remedied by restrict-
ing model air temperatures over the ice to values below the
surface freezing point. This also leads to a thicker and more
rigid ice cover, improving the modelled sea ice drift on small
spatial and temporal scales. It leads to an unrealistic forma-
tion of saline shelf waters, however, in turn suggesting that
freshwater input to the shelf region is underestimated.

A transition region characterized by highly variable drift
velocities separates a zone of slow westward drift within
~ 200km of the coast, driven mainly by easterlies, from a
broad northern band of faster eastward drift, driven by west-
erlies and the ACC. The model reproduces drift events at
scales approaching its resolution, but is unable to do so with
shorter, small-scale events due to localised high wind speeds.
Extensive comparisons in the literature and our short com-
parison indicate that NCEP wind speeds are generally too
slow and do not capture peak speeds during events of strong
winds. Also, the transition between easterly and westerly
winds is slightly displaced in the coarsely resolved NCEP
reanalyses. Consquently, representation of sea ice drift in
the transition region is less accurate than that of the west-
ward coastal drift where the simulated matches the observed
drift closely.

Model sensitivity studies confirm that wind is the dom-
inant driving force of the sea ice drift. The influence of
ocean surface currents is only detectable in the transition
region, where no definite drift direction is imposed by the
winds. Sea ice drift speeds are similar for all three buoy
tracks, i.e., in the coastal westward drift and in the transi-
tion region, despite very different velocity components. A
comparison of modelled and observed drift velocities with
the NCEP winds suggests that the free drift assumption ap-
proximately applies to the Amundsen Sea. Sea ice drift thus
does not appear to be strongly convergent, so that ice thick-
ness increases by deformation are limited. While dynamic
processes contribute to the formation of the thick ice pack,
they are probably not its main formation mechanism.

South of the drift transition, model results show that ~
65 % of the sea ice formed in the Amundsen Sea is exported
to the eastern Ross Sea, where it will reduce ice growth and
contribute to the strong east-west gradient in ice formation
and shelf water salinity. North of the transition region the
Amundsen forms a sink for half the sea ice exported from
the Ross Sea. Our results indicate that for the Amundsen
Sea a much higher degree of exchange occurs with the Ross
to the west than with the Bellingshausen Sea to the east,
which thus appears to harbor a relatively independent sea
ice regime. While the average drift is zonal, events of strong
northward transport occur regularly. In addition to that
confirmed by the drift of buoy A-3 in 2001 there are sev-
eral events of strong northward transport earlier in the time
period investigated. These coincide with strong southerlies
which can persist for several weeks or months as seen in
the comparison of ship and NCEP winds for February and
March 2000. Sea ice transport across the transition is thus
highly variable. Strong northward sea ice transport may de-
plete the sea ice available for export to the Ross Sea, thereby
representing a second control factor on the latter in addition
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to the zonal wind strength.

An increase in sea ice volume over the time period inves-
tigated correlates positively with a decrease of the merid-
ional wind strength. Northward sea ice transport does not
show a similar decline since the decrease in drift velocities is
compensated by an increase in ice thickness. Sea ice growth
rates show a decrease in winter due to increased heat supply
caused by the presence of a positive temperature anomaly
within the shelf break current (Assmann and Timmermann
2005) under a thicker sea ice cover. In the reference exper-
iment this trend is increased further by stronger November
melting due to warmer air temperatures.

In the southern Amundsen, the amount of freshwater
added by precipitation (P-E) is similar to that extracted
by sea ice formation, playing a more important role in the
surface freshwater balance here that on the Ross Sea con-
tinental shelf. Only a small part of that precipitation is
exported as snow, but model and observations show that
snow ice constitutes ~ 25% of the sea ice volume, increasing
the ice thickness beyond that attainable by thermodynamic
growth. In addition, precipitation that reaches the ocean
surface helps to stabilise the upper water column, thereby
damping deep convection and lengthening the life of thick
ice (Marsland and Wolff 2001). Our results thus place great
importance on the quality of precipitation data for the area.
However, while precipitation is believed to be high in the
Amundsen Sea (King and Turner 1997), more reliable and
extensive data would be desirable to more accurately assess
its role in the freshwater budget.

In our model, the freshwater flux due to ice shelf basal
melting is ~ 20% of that from precipitation. Though the
strong melting of the region’s smaller ice shelves (Jacobs et
al. 1996, Jenkins et al. 1997) is neglected due to model res-
olution, this freshwater input still makes the total surface
freshwater budget of the Amundsen Sea near-neutral. Basal
melting might therefore play an important role in the fresh-
water budget of the southern Amundsen Sea, possibly in off-
setting higher brine release as suggested by our T_FREEZE
experiment. Additional observations and modelling of the
area at higher resolution is necessary to obtain a more accu-
rate view on the ice shelves’ role in the region’s freshwater
budget.

Observations (Jacobs et al. 2002) and model results (Ass-
mann and Timmermann 2005) indicate the Amundsen Sea
as the upstream region of origin for variations in the shelf
water salinities in the Ross Sea. Both find a freshening
in the sub-surface waters entering the Ross Sea continental
shelf which are formed in the southern Amundsen Sea. Our
results of a positive trend in the surface freshwater fluxes
for the reference experiment, and, more importantly, of a
change from a net fresh water extraction to an addition in
the 1990s due to increased precipitation and decreased sea
ice formation gives support to this hypothesis. They also
illustrate the sensitivity of the surface freshwater balance of
the southern Amundsen Sea on any of its three components
- sea ice, precipitation and ice shelves.
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Figure 1. Bottom topography (ETOPO 2; available at www.ngdc.noaa.gov/mgg/global) and drift tracks

of AWI buoys A-1 (blue), A-2 (red), and A-3 (green). Stars indicate the beginning of a new month. Dates
mark the end of periods of continuous data transmission (colored solid lines).
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Figure 2. Comparison of daily mean magnitude (a) and direction (b) of NCEP 10-m winds (solid lines)
and observed winds on cruise NBP00-01 (dashed lines) mostly over the continental shelf and slope from
150°W (20 Feb 2000) to 104°W (23 Mar 2000).
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point (blue) along with their difference (lower panel) along the track of buoy A-3. The buoy temperatures
are accurate to 0.3°C (Kottmeier & Liidemann 1996). The correlation between the observed and NCEP
air temperatures is r=0.77, is significant at the 95% level based on a two-sided Student’s t-test.
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Figure 4. For the Amundsen Sea (100°W - 150°W): a. Mean annual cycle (1979-2000) of monthly
mean simulated (black) and satellite (gray) sea ice extent. b. Sea ice extent anomalies in the Amundsen
Sea as represented in the model reference simulation (blue, annual means thick line, monthly means thin
line) and in the satellite data (red). Sea ice extent is defined as the area over which sea ice concentration
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Figure 5. Sea ice thickness for January along 135°W and 150°W. The 1999 observations (crosses),
essentially snapshots over an area of approximately 1 km? (Worby & Allison 1999) every 16 km along
track, were smoothed with a three-point running mean to make the scale of variation comparable to the
50x50 km model resolution in this region. Error bars on the observations represent the combined error of
the spread of values associated with smoothing and a 15 % error inherent in the measurement technique
(Worby & Allison 1999).
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Figure 6. 0/S diagrams for the Amundsen Sea (100°W to 150°W, South of 67°S). a. Observations taken
in March 1994 during Nathaniel B. Palmer cruise NBP94-02 (Giulivi and Jacobs 1997). b. Modelled
mean for March 1994 for the reference (black) and T_.FREEZE (blue) experiments. The diagrams are
supplemented by isopycnals (0¢) and surface freezing temperature (7). ASSW: Antarctic Surface Water.
WW: Winter Water. CDW: Circumpolar Deep Water.
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Figure 7. Winter (May-October) mean (1978-2001) modelled sea ice drift velocities (vectors) and
thickness (colour-coded). Vectors are shown for every fourth model grid point, i.e., every second one
zonally and meridionally. The winter mean position of the transition from eastward to westward drift
in the Amundsen Sea is marked by the zonal part of the green line, while its meridioanl parts mark the
eastern and western boundaries of the Amundsen Sea.
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Figure 8. Modelled mean (1978-2001) net annual sea ice growth rate in the Pacific sector (colour-coded)
and winter (May-October) mean (1978-2001) NCEP 10-m wind velocities. Negative freezing rates denote
melting. Wind vectors and green lines as in Fig. 7.
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Figure 9. Top panel: Time series of observed (blue) and
simulated (green) daily average zonal sea ice drift veloc-
ity component and NCEP zonal wind velocities (magenta)
along the track of buoy A-3. Bottom panel: Difference
in zonal velocity of the reference simulation and the ob-
servations (black), the T_.FREEZE sensitivity experiment
(blue), and the NO_OCEAN sensitivity experiment (ma-
genta) (lower panel). NCEP wind velocities were divided
by 50 to make them comparable in scale to the sea ice drift
velocities.
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Figure 11. Mean (1978-2001) modelled ocean surface currents. Vectors are shown for every fourth
model grid point for better visibility.
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Figure 12. Schematic diagram of mean (1978-2001) annual
sea ice transport across the boundaries of the Amundsen Sea
for a. the reference and b. T_FREEZE model experiments.
Ice shelves as represented in the model are shaded gray. Net
transports from the southern and northern Amundsen Sea
are given in gray with net import defined as positive. Stan-
dard deviations (in square brackets) are for range of annual
mean transports. Units are in 10> m® s71.
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Figure 13. Mean annual cycle (1978-2001) of monthly mean zonal sea ice transport across 150°W south
of the winter mean position of the drift transition (solid line, right scale), zonal wind velocity (dotted
line, left scale), and sea ice volume south of the winter mean drift transition (dashed line, far right scale).
For an easier comparison with the ice volume westward transport and velocity are defined as positive in
this figure.
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Figure 14. Time series of annual mean sea ice transports for the Amundsen Sea sector for the reference
(solid) and T_FREEZE (dashed) experiments : a. across 150°W south of the transition region, b. across
150°W north of the transition region, c. across the transition region, d. across 100°W south of the
transition region, e. across 100°W north of the transition region. Eastward and northward transports
are defined as positive.
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Figure 15. For the Amundsen Sea (100°W - 150°W, south of the transition region) annual means of:
a. NCEP zonal wind velocity, b. Sea ice volume for the reference (solid) and T_FREEZE (dashed)
experiments, c. NCEP meridional wind velocity, d. NCEP air temperatures. Eastward and northward
velocities are defined as positive.
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Figure 16. For the Amundsen Sea (100°W - 150°W, south of the transition region), annual means for
the reference (solid) and T_FREEZE (dashed) experiments, all as fresh-water fluxes in mSv (1 mSv =
10% m? sfl): a. total surface fresh-water flux, fresh water fluxes due to b. NCEP precipitation P-E
(blue) and ice shelf basal melting (green), c. sea ice growth (blue), snow export (red) and snow ice
formation (dark green). Gray lines in panels a. and c. represent the trends in the time series from 1981
to 2001.
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Table 1. Drift details of AWI buoys A-1, A-2, and A-3. Date and position are provided for start and end of

the drift, which defines the duration. Interrupted data transmissions reduced the actual number of days with

observations to 207 (A-1), 232 (A-2) and 568 (A-3). Distances given are cumulative travel distances from point

to point. The last three columns contain the mean speed and mean zonal and meridional velocity components

for each buoy. Analysis of the drift of A-3 was split into three parts (Fig. 1): A-3/1 encompassing the early drift
similar to A-1, A-3/2 the quasi-zonal drift thereafter, and A-3/3 the northward drift. Eastward and northward

velocities are defined as positive.

ID Date Position Duration | Distance | Speed | Umean | Ymean
[day] [km] | [cm/s] | [em/s] | [cm/s]
A-1 || 20 Mar 00 | 71.09°S; 106.89°W 252 3320 14.5 -2.0 -0.7
30 Nov 00 | 71.67°S; 119.64°W
A-2 || 22 Mar 00 | 72.13°S; 105.56°W 242 2670 12.2 -5.0 -0.9
20 Nov 00 | 73.39°S; 136.27°W
A-3 || 23 Mar 00 | 71.08°S; 103.73°W 580 5610 11.2 -2.5 -0.1
23 Oct 01 | 71.87°S; 143.50°W
A-3/1 || 23 Mar 00 | 71.08°S; 103.73°W 253 2850 13.1 -2.8 -0.3
30 Nov 00 | 71.91°S; 121.50°W
A-3/2 || 01 Dec 00 | 71.93°S; 122.11°W 243 2100 10.0 -3.7 -1.0
31 Jul 01 | 73.96°S; 145.62°W
A-3/3 || 01 Aug 01 | 73.96°S; 146.16°W 84 725 10.0 1.0 3.1

23 Oct 01

71.87°8S; 143.50°W




ASSMANN ET AL.: AMUNDSEN SEA ICE 37

Table 2. Mean NCEP wind velocity components and speeds and mean sea ice drift velocity components and
speeds for the observed buoys and the reference and T_.FREEZE model experiments along the tracks of the AWI
buoys A-1, A-2, and A-3. The drift of A-3 was split as in Table 1. Eastward and northward velocities are defined

as positive. Errors given are standard deviations of the daily mean values over the drift period.

ID ‘ H NCEP Observations | Model Ref. | T_-FREEZE
A-1 | ulem/s] || 944439 | -2.0+126 1.049.1 | 1.1+103
vicm/s] -57+330 -0.7£11.0 -0.5£7.8 -1.1 £8.6
speedcm/s] || 489+252 14.5£8.6 9.4+5.4 11.7 £6.8

A-2 ufcm/s] -259+450 -5.0£10.7 -3.7£8.9 -4.7 £10.0
vlem/s] 7310 -0.9+8.0 0.64£6.1 | -0.02+7.3
speed[cm/s] || 510+£297 12.248.2 9.1+£7.0 10.9 £7.7

A-3 | ulem/s] |[-113£450 | -2.549.9 10491 | -1.5 £10.6
vlem/s] 364298 | -0.148.7 0.346.5 0.3 £7.4
speedfcm/s] || 4714281 |  11.247.5 9.246.5 | 10.8 £7.2

A-3/1| ufem/s] || -156+447 | -2.8+11.3 0.348.9 | -0.8+10.3
v[em/s] 474316 | -0.3+10.2 20.247.0 | -0.7 £8.0
speed[cm/s] || 4914259 13.14£8.2 9.51+6.1 11.1 £6.9

A-3/2 | ufem/s] | -184+427 | -3.749.1 34486 | -4.1 £10.1
v[em/s] 574279 | -1.046.8 04461 | -0.3 465
speedcm/s] || 453+301 10.0£6.5 8.8+6.7 10.2 £7.5

A-3/3| ulem/s] | 220+402 | 1.0+85 3.449.3 | 3.9 +10.4
vlem/s] 514286 |  3.145.4 3.6:£5.4 4.9 +5.7
speed[cm/s] || 466282 10.0+6.6 9.5+7.0 11.4 £7.0

Table 3. Root-mean square (RMS) sea ice drift velocities for the observed buoys and the reference and
T_FREEZE model experiments along the tracks of the AWI buoys A-1, A-2, and A-3. The drift of A-3 was
split as in Table 1. Also shown are the correlation coefficients (r) for the observed and modelled time series of
drift velocities along the buoy tracks as shown in Figs. 9 and 10 and smoothed with a 5-day running mean. All

correlation coefficients are significant at the 95% level based on a two-sided Student’s t-test.

Observations Model Ref. H T_FREEZE
ID RMS RMS | r [r(5-day rm) [RMS | ¢ [r (5-day rm)
A1 |u 12.7 9.1 |07 0.83 9.9 |o0.70 0.82
v 11.0 7.8 |0.62 0.73 8.7 |0.62 0.73
A2 |u 11.8 9.6 |0.71 0.84 10.9 |0.73 0.88
v 8.8 6.2 |0.60 0.71 7.3 | 0.64 0.75
A3 |u 10.3 9.2 |0.71 0.82 10.5 | 0.70 0.82
v 8.7 65 |0.65 0.75 7.4 |0.65 0.77
A-3/1 |u 11.6 7.8 |0.69 0.82 10.1 | 0.69 0.81
v 10.2 6.3 |0.63 0.73 8.1 |0.65 0.77
A-3/2 |u 9.2 8.6 |0.73 0.82 10.9 | 0.72 0.82
v 6.9 55 |0.66 0.75 6.5 |0.64 0.75
A-3/3 | u 8.6 9.0 |0.74 0.89 11.1 |0.75 0.89
v 8.6 57 |0.66 0.81 7.4 |0.62 0.79




