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A B S T R A C T

As Antarctic sea ice extent continues to reach record lows, significant efforts have been directed towards un-
derstanding the underlying processes and their regional differences within the Southern Ocean. Here, we explore
the dynamics of zonal sea ice transport at the eastern gate of the Ross Sea from 1988 to 2023 using GIOMAS-
model and ERA5-reanalysis data. Our analysis reveals a modest overall increase in eastward sea ice transport
(3.721 ± 0.672 km3/month per decade), with diverging trends in the coastal and open ocean zones. Driven by
easterly winds and the Antarctic Slope Current, the predominant westward transport in the coastal region
experienced a significant rise during the early 2000s, followed by a steep decline post-2011. Conversely, driven
by the Antarctic Circumpolar Current, the strong open-ocean transport exhibited a moderate increase towards
the Amundsen Sea until the late 1990s, which was interrupted by a reversal in 2007. The variability of zonal sea
ice transport and its underlying conditions (sea ice concentration, thickness, and zonal drift) revealed consid-
erable shifts throughout the different decades and on seasonal scales. During austral winter, approximately half
of the zonal sea ice transport variability seems to be driven by large-scale teleconnections, including the Southern
Annular Mode, Southern Oscillation Index, Amundsen Sea Low and the Zonal Wave 3 with considerable impacts
on the wind stress field. Whereas during summer, the Southern Oscillation Index emerges as the dominant driver,
exhibiting a significant positive correlation (r=0.55, p<0.001) that reflects the influence of the El Niño-Southern
Oscillation, while other teleconnections play minimal roles. Our study highlights the complex nature of sea ice
transport through the eastern gate of the Ross Sea towards the Amundsen Sea, where contrasting climatic
conditions are known to occur.

1. Introduction

Antarctic sea ice is a key component of the global climate system
(IPCC SROCC, 2020), regulating heat, momentum and gas exchanges
between the atmosphere and the ocean (Wang et al., 2023). As such, it
influences marine ecosystems (Massom and Stammerjohn, 2010),
weather patterns, the global carbon cycle (Rysgaard et al., 2011), dense
water formation and thermohaline circulation, and prevents ice shelf
disintegration (Massom et al., 2018; Van Achter et al., 2022).

Since the onset of the satellite era in 1978, Antarctic sea ice has been
extensively monitored, revealing complex variability patterns
(Parkinson and Cavalieri, 2012; Nihashi and Ohshima, 2015; Fogt et al.,
2022). Satellite data show that the extent of sea ice gradually increased

from 1979, reaching a record maximum between 2012 and 2014, fol-
lowed by a sharp decline to historically low levels in 2016 (Meehl et al.,
2019; Eayrs et al., 2021; Parkinson and DiGirolamo, 2021), a trend that
has persisted to the present (Purich and Doddridge, 2023; Jena et al.,
2024). While several model-based studies suggest a slight increase in sea
ice thickness and volume, no definitive trend has been established
(Massonnet et al., 2013; Holland et al., 2014).

This change in Antarctic sea ice extent trends has been attributed to
intricate interactions between physical drivers, including atmospheric
conditions (Schlosser et al., 2018; Wang et al., 2019), ocean tempera-
tures (Stuecker et al., 2017; Eayrs et al., 2019; Purich and Doddridge,
2023; Jena et al., 2024), and large-scale teleconnections (Raphael et al.,
2016; Wang et al., 2019) such as the Southern Annular Mode (SAM), El
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Niño–Southern Oscillation (ENSO) and the Amundsen Sea Low (ASL).
However, currently no consensus exists on the primary mechanisms
driving this change (Eayrs et al., 2019), and relevant works have pointed
out that no single driver can explain the observed variability (Stroeve
et al., 2016).

Furthermore, overall sea ice extent (SIE) trends in the Southern
Ocean concealed significant regional differences (Turner et al., 2022),
indicating that it is crucial to examine the different seas within the
Antarctic region separately. The overall SIE increase observed until
2014 was mainly a result of a reduction in the Amundsen-Bellingshausen
Seas counterbalanced by a prevailing expansion in the Ross Sea (Turner
et al., 2015; Parkinson and DiGirolamo,2021; Jena et al., 2024). During
this period, the Ross Sea was considered to have one of the most stable
variability patterns around Antarctica, increasing in extent over recent
decades. Whereas after 2015, the anomalous low expansions were
especially prominent in the Ross Sea (Turner et al., 2022). This pattern
of variability continued, culminating in the Antarctic sea ice extent
reaching its observed minimum in February 2023 (Jena et al., 2024).
The anomalies leading to this minimum were linked to oceanographic
preconditioning factors (positive temperature anomalies) and, in the
Ross Sea, by the persistence of polar cyclones and the early onset of El
Niño (Jena et al., 2024).

Here, we focus on the evolution in the past 36 years of these regional
dynamics and investigate the related sea ice transport in the Ross Sea. As
pointed out by Abernathey et al. (2016), from an oceanographic
perspective, sea ice transport, rather than extent, matters most.
Harboring the Ross Ice Shelf Polynya, the largest recurring polynya in
Antarctica (Kern, 2009; Nihashi and Ohshima, 2015), considerable
amounts of sea ice are produced in and advected from the Ross Sea each
season (Martin et al., 2007; Tamura et al., 2016; Nihashi et al., 2017,
2024). While the subsequent brine rejection is locally driving formation
of dense shelf waters (Williams et al., 2008), the precursor of Antarctic
Bottom Water (AABW, see Rintoul, 2007; Ohshima et al., 2013), the
advected sea ice modifies water masses reaching the northern ice edge.
In this region, the prevailing southerly winds lead to considerable
meridional sea ice transport, which influences the volume and proper-
ties of Antarctic Intermediate Water (AAIW) and Subantarctic Mode
Water (SAMW) at the northern edge where the sea ice melts (Abernathey
et al., 2016; Haumann et al., 2016). Additional studies concentrate also
on the north-south sea ice flow to explain the observed seasonal
long-term patterns in the Ross Sea-Amundsen Sea, which are linked to
the structure of the Southern Annular Mode (Schroeter et al., 2023).

Considering the significance of the aforementioned water masses,
increasing attention has been directed toward changes in meridional sea
ice export, whereas the zonal transport within the Ross Sea has been
comparatively understudied. This work aims to provide insight into this
transport, focusing on the sea ice flux through the eastern gate of the
Ross Sea, defined here as the 150◦Wmeridian. This insight is significant,
considering the dynamic interplay between the Ross and Amundsen
Seas, where contrasting climatic conditions are known to occur (Smith
et al., 2012; Coggins and McDonald, 2015; Fogt et al., 2022).

By using simulation results from the Global Ice-Ocean Modeling and
Assimilation System (GIOMAS) model (Zhang and Rothrock, 2003), we
here investigate the variability of this sea ice transport in the area of the
eastern gate, aiming to provide insight into the occurring dynamics in
the Ross Sea and its significance in a larger framework. Section 2 de-
scribes the data and the methodology used to analyze the required sea
ice properties. The variability of the properties and the relevant volume
flux are presented in Section 3 alongside a preliminary comparison with
potential drivers. Finally, the outcome and significance of these findings
are discussed in Section 4.

2. Data and methods

A set of modeled GIOMAS data was utilized to analyze sea ice dy-
namics in the Ross Sea and to calculate the corresponding sea ice flux

through the determined eastern gate. The potential influence of climatic
and local drivers was examined utilizing relevant large-scale tele-
connection indices and atmospheric data derived from the ERA5 rean-
alysis dataset.

2.1. Sea ice data from GIOMAS

In this study we used monthly sea ice motion, concentration and
thickness data with a spatial resolution of 0.8◦x0.8◦ from the GIOMAS
model by the Polar Science Center of the University of Washington
(http://psc.apl.washington.edu/zhang/Global_seaice/data.html),
covering the years 1988-2023.

GIOMAS is based on the Parallel Ocean Model (POM) coupled with a
12-category Thickness and Enthalpy Distribution (TED) sea ice model
(Zhang and Rothrock, 2003), which simulates sea ice ridging processes.
It is driven by NCEP/NCAR reanalysis data and assimilates sea ice
concentration, as detailed in Lindsay and Zhang (2006). The model’s sea
ice thickness has been shown to align well with satellite observations in
the Arctic (Shi et al., 2021). Although GIOMAS does not perfectly
reproduce absolute sea ice thickness from satellite altimeter observa-
tions on a pan-Antarctic scale, it captures the observed variability and
long-term trends in our region of interest effectively (Liao et al., 2022).

While sea ice thickness can be derived from satellite laser altimeters
(ICESat, ICESat-2) and radar altimeters (Envisat, CryoSat-2, among
others), existing products do not cover the time period relevant to our
study. Furthermore, uncertainties in these retrievals are significant and
often challenging to quantify due to limited knowledge of Antarctic
snow cover (Kern et al., 2015).

Since GIOMAS assimilates satellite data (Lindsay and Zhang, 2006),
we deliberately excluded the data from 1979 to 1987 to avoid the high
uncertainty arising from the transition between the SMMR satellite
(1978-1987) and the SSM/I satellite, as discussed by Haumann et al.
(2016). For the remainder of the period, the GIOMAS data show strong
agreement with satellite-derived sea ice concentration from the National
Snow and Ice Data Center (see Fig. S1 in the supplementary material).

2.2. Zonal sea ice transport calculation

In order to examine the flux across the eastern gate of the Ross Sea,
we calculated the sea ice transport through the longitudinal section of
150◦W between the latitudes 60◦S and 76◦S. This longitudinal section is
based on the geographical eastern border of the Ross Sea, while the
latitudinal range is based on the maximum climatological seasonal sea
ice extent (see Fig. S2).

The sea ice volume flux (Fv) across this section was calculated from
the integral of the zonal velocity component of the ice (u), sea ice
thickness (h) and the sea ice area (A), which is derived from the sea ice
concentration (c) and the area of each grid cell (a) according to the
following equation:

Fv(i)=
∑N

i=1
ui(a ci)hi

where i corresponds to the monthly time series from January 1988 to
December 2023 and N to the number of grid cells along the gate. The
flux gate along the selected 150◦W section spans a length of 1776 km.
Positive fluxes refer to the export of sea ice from the eastern gate of the
Ross Sea towards the Amundsen Sea, while negative fluxes refer to the
westward import of sea ice.

2.3. Wind data from ERA5

To assess local wind-driven forcing and calculate the Zonal Wave 3
teleconnection index (see 2.4), monthly atmospheric data from the
ERA5 reanalysis dataset (Hersbach et al., 2023a, 2023b) by the Euro-
pean Centre for Medium-Range Weather Forecasts were used. Covering
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the same time span of 1988–2023, the zonal (u10) and meridional (v10)
surface wind components at 10m height and the meridional wind
component (v) at 500 hPa level were selected.

2.4. Assessment of local wind-driven forcing

The surface wind components and the corresponding wind magni-
tude (U =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
u102 + v102

√
), were used to calculate the surface wind stress

(τ) and Ekman transport (ME) as follows:

τ= ρairCdU2 and ME =
τ

ρseaf

where ρair = 1.35 kg/m3 is the air density, Cd the drag coefficient
(Lüpkes and Birnbaum, 2005) accounting for sea ice cover and where
ρsea = 1027 kg/m3 is the water density and f = 2Ω sin(θ) is the Coriolis
parameter with θ = latitude andΩ = 7.27× 10-5 s-1 is the earth’s angular
velocity.

While both zonal (east-west) and meridional (north-south) compo-
nents of wind stress and Ekman transport were calculated, the corre-
sponding statistical analysis (see 2.6.) focused mainly on the zonal
components to assess the wind-driven impact on the eastward sea ice
transport.

2.5. Assessment of potential large-scale drivers

The potential influence of large-scale teleconnections on the zonal
sea ice transport was examined through correlational analysis of the
normalized time series, spatio-temporal zero-phase and best-lag corre-
lation and covariance analysis. The following monthly and seasonal
indices were used:

a) The Southern Annular Mode (SAM), the principal mode of atmo-
spheric variability in the Southern Hemisphere, which is quantified
by the zonal pressure difference between 40◦S and 65◦S (Marshall,
2003). The Marshall SAM index, reflects the north-south movement
of westerly winds around Antarctica, and is derived from
station-based measurements and provided by the British Antarctic
Survey (BAS; http://www.nerc-bas.ac.uk/icd/gjma/sam.html).

b) The Southern Oscillation Index (SOI), which measures large-scale
pressure patterns in the tropical Pacific, encapsulating El Niño and La
Niña phenomena. After confirming the consistency with the Niño 3.4
index (available at https://psl.noaa.gov/data/timeseries/month
/Nino34), here we used the standardized SOI index, based on the
observed sea level pressure (SLP) differences between Tahiti and
Darwin, is available from the National Center for Atmospheric
Research (NCAR; https://climatedata guide.ucar.edu/climate-dat
a/southern-oscillation -indices-signal-noise-and-tahitidarwin-slp-soi
).

c) The Amundsen Sea Low (ASL), which characterizes the low-
pressure system near the Amundsen and Bellingshausen Seas and
its impact on local climate and sea ice conditions (Raphael et al.,
2016). A deeper or more intense ASL is often associated with warmer
air and sea temperatures in theWest Antarctic region and can disrupt
typical sea ice formation and dynamics (Hosking et al., 2013; Cog-
gins and McDonald, 2015; Guo et al., 2020). Here we utilized the
regional pressure anomaly provided by BAS (https://scotthosking.
com/aslindex), which is calculated by subtracting the ASL actual
central pressure from the area-averaged pressure over the ASL
domain (170◦-298◦ E, 80◦-60◦ S).

d) The Zonal Wave 3 Pattern (ZW3), which characterizes a prominent
atmospheric wave pattern in the Southern Hemisphere mid-
latitudes, featuring three alternating high and low-pressure systems
encircling the continent (Raphael, 2004; Goyal et al., 2021). Ac-
cording to the latter, ZW3 influences regional climate and sea ice
conditions by modulating atmospheric circulation, affecting wind

patterns and temperature distributions over the Southern Ocean.
Here, we utilized the ZW3 index derived from Empirical Orthogonal
Functions (EOF, see 2.6) of the 500 hPa meridional wind anomalies,
calculated between 40◦S and 70◦S, following the methodology of
Goyal et al. (2022). Derived from ERA5 (Hersbach et al., 2023a), the
first two principal components from the EOF analysis were employed
to compute the ZW3 magnitude and phase.

2.6. Statistical analysis

The spatio-temporal variability of the mentioned data was studied by
analyzing the monthly and interannual geographical and climatological
distributions of averages, anomalies and trends of the entire Southern
Ocean and across the selected eastern gate (150◦ W) of the Ross Sea. If
not indicated otherwise, all time series (monthly, seasonal, yearly) were
based on the spatial average of this area over the entire study period.

In agreement with the climatological fields of sea ice conditions (see
Fig. S4), summer and winter seasons were based on the periods
December to February and June to August, respectively. Anomalies were
calculated by subtracting the monthly climatological mean for each
month, effectively removing the seasonal cycle. Lastly, to compare the
distribution over time, 3 quasi-decades (1988-1999; 2000-2011; 2012-
2023) as displayed in Figs. 2–5 were defined. Within each 12-year in-
terval, the individual seasons were also examined.

The dominant spatio-temporal features of the zonal sea ice transport
and the 500 hPa wind anomalies were examined using Empirical
Orthogonal Function (EOF) analysis (Bjoernsson and Venegas, 1997),
based on the respective detrended dataset. This method allows for the
identification of key modes of variability by decomposing the dataset
into principal components, thus highlighting the most significant and
physically interpretable patterns that explain the majority of the vari-
ance. The first 3 EOF modes and Principal Components (PC) were
examined to interpret the bulk of the variability, facilitating the iden-
tification of coherent patterns in sea ice transport that may be linked to
potential large-scale drivers.

Trend estimation and de-trending was based on ordinary least
squares linear regression with statistical significance set at the 95%
confidence level. The corresponding uncertainties were defined by
standard errors, whereas the statistical significance of the trends was
examined through the Mann-Kendall test (Mann, 1945; Kendall, 1962).
This test serves to identify the presence of a monotonic trend within a
chronological series for a specific variable. The test’s nonparametric
nature, resistance to outliers, and focus on monotonic trends make it
suitable for datasets where the normal distribution cannot be assumed,
or where extreme values may skew the results of parametric tests.

The relationship between different variables was quantified using
the Pearson correlation coefficient (r), with statistical significance
determined by the p-value. Throughout this work, correlations with p ≤

0.05 were considered statistically significant. To further quantify the
relationship, the Root Mean Square Error (RMSE) and Mean Absolute
Error (MAE) were used to assess the magnitude of differences between
them. Further details on the statistical analysis and relevant equations
can be found in the supplementary material.

3. Results

Here we examine the intricate dynamics of sea ice transport at the
eastern gate of the Ross Sea (along the 150◦Wmeridian), differentiating
between long-term trends, decadal variations, and seasonal fluctuations.
Additionally, we distinguish between coastal and open ocean regions,
each of which is governed by distinct atmospheric and oceanic drivers.

3.1. Insight into the zonal sea ice transport through the eastern gate of the
Ross Sea

Our analysis indicates that the zonal sea ice transport through the
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eastern gate of the Ross Sea has maintained a predominantly eastward
trajectory over the past four decades. However, this transport is subject
to marked seasonal and interannual variability. The integrated sea ice
volume flux (Fig. 1) tends to be stronger during the austral winter, with
substantial fluctuations occurring throughout the time series. Specific
periods stand out with particularly strong sea ice transport. August 1997
and July–November 2015 exhibit pronounced eastward transport, with
fluxes exceeding 200 km3 month-1. Conversely, July 1995, February
2001 and November 2007 display significant westward transport, with
values reaching -150 km3 month-1.

The integrated sea ice volume flux across the entire gate, however,
concealed contrasting spatial conditions. As shown in Fig. 2a, the gen-
eral zonal sea ice transport exhibits distinct patterns between the coastal
area and the open ocean.

Near the coast, until approximately 72◦ S, a moderately westward
transport of sea ice from the Amundsen Sea towards the Ross Sea is
observed. This westward movement is likely influenced by prevailing
easterly winds and the Antarctic Slope Current.

Conversely, north of 72◦ S, away from the coastal influence, a pro-
nounced eastward transport of sea ice towards the Amundsen Sea is
evident. This pattern aligns with expected dynamics under the influence
of the Antarctic Circumpolar Current (ACC) and dominant westerly
winds, demonstrating the significant role of the general large-scale cir-
culation pattern in shaping sea ice distribution in the region.

The clear distinction between the coastal area and the open ocean
aligns well with the sea ice conditions described by Assmann et al.
(2005), who noted a transition from westward to eastward drift around
the same latitude, reaching the eastern Ross Sea (165◦W) during
1978–2001.

These contrasting dynamics result also in diverging zonal transport
trends over the past four decades. While the overall integrated sea ice
volume flux shows a modest increase in eastward transport of 3.721
(±0.672) km3 month-1 per decade (Fig. 2c), this general trend masks
opposing behaviors in the coastal and open-ocean regions.

Over the entire period from 1988 to 2023, the integrated open-ocean
and coastal sea ice flux anomalies showed trends of ~6 and ~-25 km3

month-1 per decade, respectively. However, instead of a general long-
term intensification of sea ice export in the open ocean and sea ice
import in the coastal area, we observe notable shifts (Fig. 2c-e).

In particular, the coastal import of sea ice from the Amundsen Sea to
the Ross Sea increased significantly during the early 2000s, reaching
anomalies over -160 km3/month in 2011. This was followed by a steep
decline, and by 2016, the coastal transport values were approximately
45 km3/month lower than the long-term average (see Table S1). The

weakened coastal sea ice import from the Amundsen to the Ross Sea
aligns with findings from Silvano et al. (2020), who reported a signifi-
cant decline in sea ice import between 2015 and 2018, driven by a
combination of unusual climate drivers.

In contrast, the integrated open-ocean transport towards the
Amundsen Sea showed a moderate upward trend until the late 1990s.
The trend of positive transport values was interrupted in 2007 by a
significant negative anomaly of approximately -77 km3/month. Notably,
2007 was the only year in the entire record where sea ice was pre-
dominantly transported westward towards the Ross Sea (see)Table S1,
resulting in an average yearly flux of around -33 km3/month across the
entire eastern gate. This anomaly was driven by the sea ice flux in the
open-ocean region, which reached a peak westward transport of
-155.140 km3/month in November 2007.

3.2. Overview of prevailing sea ice dynamics in the Ross Sea

In order to gain insight into the occurring sea ice transport change
throughout the different decades, we examined prevailing sea ice con-
ditions that influence the sea ice flux across the eastern gate.

A significant decline in sea ice concentration was observed over the
entire study period, at a rate of -2.831 ± 0.135 %/decade (Fig. 3d). A
similar pattern was noted for sea ice thickness, which decreased by
-0.111± 0.005 m/decade (Fig. 4d) across the eastern gate, accompanied
by a slight increase in eastward sea ice drift velocity (+0.001 ± 0.0001
m/s/decade, Fig. 5d). However, these trends were not consistent across
the different ~ decadal intervals.

Regarding the sea ice concentration, during 1988–1999 the eastern
Ross Sea exhibited modest positive anomalies, indicating slightly
higher-than-average concentrations (Fig. 3a). Early fluctuations, such as
the decreases seen in 1991 and 1993, are offset by more substantial
increases across the eastern gate during years like 1998 (Fig. 3d),
resulting in a slight overall increase in sea ice concentration (~1 % per
decade). The second period (2000-2011) marks a notable shift towards
negative anomalies, revealing a decline of more than -6 (±1.164) % per
decade (Fig. 3d), with an extreme anomaly in 2011 driving this down-
ward trend. In the subsequent years, even higher negative anomalies
were observed in the entire area of the eastern Ross Sea (Fig. 3c), with
sea ice concentration across the eastern gate reaching its lowest recor-
ded value of 63.531% in 2017. This resulted in an overall decline at a
rate of -9.056 (±1.259) % per decade during 2012-2023.

Sea ice thickness exhibited modest positive anomalies during 1988-
1999, indicating slightly thicker-than-average sea ice in the eastern
Ross Sea (Fig. 4a). Moderate fluctuations with decreases in the early 90s

Fig. 1. Intra-annual time series of the integrated zonal sea ice volume flux across the eastern gate. Positive (red color) fluxes refer to the export of sea ice from the
eastern gate of the Ross Sea towards the Amundsen Sea, while negative (blue color) fluxes refer to the westward import of sea ice.

N. Krauzig et al. Deep-Sea Research Part II 218 (2024) 105428 

4 



and a rebound later in the decade resulted in a small overall decline of
-0.075 (±0.037) m/decade across the eastern gate (Fig. 4d). Record high
values during 2001 and 2004 led to increased positive anomalies across
the majority of the eastern Ross Sea during the second period (Fig. 4b).
The following years, however, marked a sharp decrease, leading up to
extreme negative values in 2011 which drove much of the decadal
decline (-0.247 ± 0.043 m/decade). In the most recent period
(2012–2023), negative sea ice thickness anomalies persisted across the
eastern Ross Sea, with substantial thinning (-0.20 m on average)
observed along the eastern gate (Fig. 4c). With strong negative anom-
alies every consecutive year from 2014 onwards (Fig. 4d) and a record
low sea ice thickness in 2017 (0.75 m), this period experienced the
greatest reduction in sea ice thickness with a rate of -0.248 (±0.039) m/
decade.

Regarding the zonal sea ice drift, during the first ~ decadal period
the eastern Ross Sea exhibited strong positive anomalies in the coastal
area, indicating higher-than-average eastward drift of coastal sea ice

during 1988–1999 (Fig. 5a). Early in the decade, zonal sea ice drift
velocities across the eastern gate fluctuated minimally, while a notable
high positive anomaly in 1997 contributed to an overall increase of
0.003 (±0.001) m/s per decade. The second period (2000-2011) marked
a shift towards negative anomalies, indicating a reduction in zonal sea
ice drift velocities across the eastern Ross Sea (Fig. 5b). A record-low
anomaly in 2007 (-0.013 m/s) drove much of the decline in eastward
sea ice drift across the eastern gate, resulting in a negative trend of
-0.003 (±0.001) m/s per decade. The most recent period (2012–2023)
shows a divergence in zonal drift anomalies, with negative anomalies
dominating the coastal region and positive anomalies prevailing in the
open ocean (Fig. 5c). While a strong positive anomaly in 2015 briefly
increased eastward sea ice drift, the overall trend was offset by subse-
quent negative anomalies, leading to a moderate decline in eastward
drift across the eastern gate at a rate of -0.002 (±0.001) m/s per decade.

The observed shifts in sea ice concentration, thickness, and zonal
drift provide first insights into the underlying conditions driving the

Fig. 2. Spatial distribution of the (a) average zonal sea ice transport across the buffered (±1 deg. longitude) eastern gate with sketched arrows indicating the di-
rection and (b) its overall linear trend during 1988–2023. Positive (red color) fluxes denote export of sea ice through the eastern gate of the Ross Sea towards the
Amundsen Sea, while negative (blue color) fluxes denote import of sea ice into the Ross Sea from the Amundsen Sea. The corresponding integrated time series of the
(c) overall, (d) coastal (south of 72◦S) and (e) open-ocean (north of 72◦S) sea ice transport anomaly through the eastern gate is shown together with the linear trends
for the entire period (black) and the ~decadal periods (color).
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interannual variability and abrupt changes in zonal sea ice transport (see
Fig. 2 and Table S1). The pronounced decline in sea ice concentration
and thickness, particularly during extreme years such as 2011 and 2017,
appears to have resulted in a diminished capacity for zonal sea ice
transport, especially evident in the coastal area in 2011. Furthermore,
significant changes in sea ice drift, such as the strong eastward drift in
1997 and 2015, and the reversal to westward drift in 2007, seem to have
contributed to intensified positive and negative transport anomalies in
the open-ocean area of the eastern gate of the Ross Sea, respectively.

In order to gain further insight into the complex zonal sea ice
transport, we also assessed the potential influence of large-scale tele-
connections on seasonal scales. The necessity to examine seasonal shifts
is evident in the climatology of the latitudinal extent of sea ice con-
centration (Fig. S5) along the eastern gate. During the austral summer,
particularly in February, the sea ice edge at the Ross Sea eastern gate
shifts significantly southward, reaching as far as 76◦S in recent years.
While during the austral winter (August and September), the 80% sea ice
concentration level also moves southward, leading to a less compacted
sea ice cover up to 68◦S. A similar pattern is observed in sea ice thickness
(Fig. S6), with thinning particularly evident during July, August, and
September. Since 2014, sea ice thickness of just over 1.2 m has extended
to 75◦S, but with a notable reduction of ~25 cm at these same latitudes
during the winter months compared to previous decades. Over time,
both summer sea ice retreat and winter thinning have intensified,
reflecting the long-term decline in sea ice extent and thickness.

3.3. Assessment of persistent large-scale forcing

To assess potential drivers on seasonal scales, we examined the in-
fluence of key large-scale teleconnection indices, namely the SOI, SAM,

ASL, ZW3 and ZW3 phase, on the leading EOF mode of the zonal sea ice
transport across the eastern gate during austral winter and summer.

The first EOF of the zonal sea ice transport across the eastern gate
during winter accounts for ~49% of the total (detrended) variance
(Fig. S9), indicating that it captures nearly half of the variability. Its
temporal mode (PC 1) indicates significant interannual variability,
whereas the spatial pattern reveals a meridional gradient with the
northernmost (<65 deg. latitude) and the southern region of the eastern
gate in opposition of phase, indicating a dipole oscillation in zonal sea
ice transport during winter. This gradient manifests as a dipole oscilla-
tion, where the open-ocean (north of 65◦S latitude) and the coastal re-
gion are out of phase, indicating opposing directions of sea ice transport
between these areas during winter.

The correlational analysis indicates that zonal sea ice transport
during winter is strongly modulated by SAM, SOI, and ASL, and to a
lesser extent by ZW3 and its phase (see Fig. 6 and Table S3):

A significant negative correlation with SAM (r =-0.57, p<0.001)
suggests that negative SAM phases enhance eastward sea ice transport in
the southern region of the eastern gate. During negative SAM phases, the
circumpolar westerly winds are known to weaken and shift equator-
ward, reducing their dominance over the open ocean (Thompson et al.,
2000). This weakening allows for greater influence of the ASL, which
enhances easterly winds in the coastal region, thus further supporting
eastward transport (Hosking et al., 2013). Negative SAM phases,
therefore, are expected to create conditions conducive to eastward
transport, especially near the coast, where ASL-driven easterlies are
more prominent. Conversely, positive SAM phases are associated with
stronger westerlies that shift poleward, enhancing zonal wind stress over
the open ocean but potentially reducing eastward transport in coastal
regions due to interference with ASL-driven easterlies (Turner et al.,

Fig. 3. Spatial distribution of the de-seasoned sea ice concentration anomalies during (a) 1988–1999, (b) 2000–2011 and (c) 2012–2023. The seasonal climatological
fields of the sea ice concentration can be seen in Fig. S2a in the supplementary material; (d) Yearly values of the spatially-averaged anomalies through the selected
eastern gate with trends per individual ~ decadal period (colored dashed lines) and trend for the entire time span (black dotted line). The longitudinal section of the
eastern gate is indicated with a thick blue line in the spatial maps (a)–(c).
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Fig. 5. Spatial distribution of the de-seasoned eastward sea ice drift anomalies during (a) 1988–1999, (b) 2000–2011 and (c) 2012–2023. The overall mean and
seasonal climatological fields of the zonal sea ice drift can be seen in Fig. S2 in the supplementary material; (d) Yearly values of the spatially-averaged anomalies at
the eastern gate with trends per individual ~ decadal period (colored dashed lines) and trend for the entire time span (black dotted line). The longitudinal section of
the eastern gate is indicated with a thick blue line in the spatial maps (a)–(c).

Fig. 4. Spatial distribution of the de-seasoned sea ice thickness anomalies during (a) 1988–1999, (b) 2000–2011 and (c) 2012–2023. The seasonal climatological
fields of the sea ice thickness can be seen in Fig. S2b in the supplementary material; (d) Yearly values of the spatially-averaged anomalies through the selected eastern
gate with trends per individual ~ decadal period (colored dashed lines) and trend for the entire time span (black dotted line). The longitudinal section of the eastern
gate is indicated with a thick blue line in the spatial maps (a)–(c).

N. Krauzig et al. Deep-Sea Research Part II 218 (2024) 105428 

7 



2013; Raphael et al., 2016). This interaction between the
poleward-shifted westerlies and the persistent easterly winds driven by
the ASL creates a complex balance between eastward and westward
transport across the eastern gate.

The SOI plays a similarly significant role, with a positive correlation
(r=0.53, p<0.05) indicating that La Niña conditions (positive SOI)
promote stronger westerly winds across the open ocean. These
strengthened westerlies are expected to drive enhanced eastward sea ice
transport, particularly in the open-ocean regions of the Ross Sea. La Niña
conditions tend to promote atmospheric circulation patterns that favor
eastward zonal sea ice transport (Holland and Kwok, 2012), reinforcing
the dipole pattern observed between the northern and southern parts of
the gate. This suggests that westerly winds, which are stronger during La
Niña phases, effectively push sea ice eastward in the open ocean.

The ASL also exerts a significant influence, with a negative correla-
tion (r=-0.51, p<0.05) suggesting that a deepened ASL strengthens
easterly winds over the Ross Sea. These easterlies oppose the westerly-
driven transport in the open ocean but drive westward sea ice trans-
port in coastal regions (Raphael et al., 2016). Thus, the ASL creates
opposing wind regimes, which hinder eastward transport near the coast
but have a lesser impact on the open ocean, where westerlies dominate.

In contrast, during austral summer, the first EOF of zonal sea ice
transport across the eastern gate explains approximately 62% of the
total variance (Fig. S10), indicating a strong dominance. The corre-
sponding PC1 reveals three distinct periods of variability, suggesting
quasi-decadal-scale fluctuations in sea ice transport. The spatial pattern
is characterized by a positive in-phase increase toward the southern
region of the eastern gate, indicating a more uniform response in sea ice

Fig. 6. Normalized time series of the first EOF mode zonal sea ice transport across the eastern gate during winter (red, dotted line) together with the (a) SOI pattern
(dark blue, dotted line), (b) the SAM index (light blue, dotted line), (c) the ASL index (violet, dotted line), (d) the ZW3 magnitude (pink, dotted line) and (e) the ZW3
phase (purple, dotted line), along with their corresponding 5-year running averages (solid lines).
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Fig. 7. Normalized time series of the first EOF mode zonal sea ice transport across the eastern gate during summer (red, dotted line) together with the (a) SOI pattern
(dark blue, dotted line), (b) the SAM index (light blue, dotted line), (c) the ASL index (violet, dotted line), (d) the ZW3 magnitude (pink, dotted line) and (e) the ZW3
phase (purple, dotted line), along with their corresponding 5-year running averages (solid lines).
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transport during the summer months.
The dominant large-scale driver of zonal sea ice transport variability

during summer is the SOI, with a statistically significant positive cor-
relation (r=0.55, p<0.001) reflecting the influence of ENSO on atmo-
spheric circulation patterns (Holland and Kwok, 2012). This result
suggests that during La Niña phases (positive SOI), stronger westerly
winds are generated across the open ocean, promoting enhanced east-
ward sea ice transport. These strengthened westerlies likely amplify the
zonal transport of sea ice, particularly over regions with thinner and less
concentrated sea ice, as atmospheric circulation associated with La Niña
tends to create favorable conditions for eastward advection (Holland
and Kwok, 2012).

Other teleconnections, including SAM, ASL, and ZW3, appear to play
minimal roles in influencing sea ice transport during this season (see
Fig. 7 and Table S3). This suggests that summer transport processes are
less susceptible to the complex interplay of atmospheric forcing that
characterizes winter dynamics. Thus, the positive in-phase spatial

pattern observed during summer is likely driven by more uniform pro-
cesses, such as sea ice retreat and Ekman transport, which are amplified
during La Niña events.

4. Discussion and conclusions

This exploratory study examines the complex dynamics of sea ice
transport through the eastern gate of the Ross Sea (150◦W meridian)
from 1988 to 2023, revealing substantial temporal and spatial varia-
tions. Although we observe a weak overall trend of increased eastward
sea ice transport across the gate, this general rise conceals significant
regional and temporal variations, which have important implications for
understanding sea ice dynamics in the Ross Sea.

The analysis of zonal sea ice transport trends over the past four de-
cades revealed diverging patterns between the coastal and open-ocean
regions. While there was an overall modest increase in eastward trans-
port across the entire eastern gate (~3.7 km3/month per decade),

Fig. 8. Integrated monthly anomalies of the zonal sea ice transport (a) and the main conditions (b–d), as well as the zonal Ekman transport at the eastern gate of the
Ross Sea alongside the monthly anomaly of the SOI (e). Positive (negative) SOI values are indicative of La Niña (El Niño) events.
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coastal regions experienced a significant rise in sea ice import during the
early 2000s, followed by a steep decline post-2011. Conversely, open-
ocean transport showed a moderate increase towards the Amundsen
Sea until the late 1990s, interrupted by a notable reversal in 2007. This
shift aligns with increased wind stress variability and changes in sea ice
conditions (Figs. 3–5), as corroborated by prior findings that highlight
wind-driven trends in Antarctic sea ice motion (Holland and Kwok,
2012).

Abrupt changes and record anomalies in zonal sea ice transport were
largely explained by underlying sea ice conditions, as trends in con-
centration, thickness, and zonal drift varied across the three ~decadal
periods. The early years (1988-1999) displayed relatively stable or
modest positive anomalies. However, from 2000 to 2011, there was a
marked shift towards negative sea ice concentration and thickness
anomalies, with extreme declines in 2011 and 2017. In the most recent
period (2012-2023), these negative trends intensified, while shifts in sea
ice drift contributed to intensified transport anomalies, particularly in
the open ocean. Notable examples included strong eastward drift in
1997 and 2015, and an extreme westward sea ice drift in 2007.

The influence of zonal wind stress (see Fig. S11 and S12) and Ekman
transport (Fig. 8d, S11 and S13) emerges as a significant factor in
explaining these patterns, particularly in recent years. The thinning of
sea ice in the open ocean appears to have rendered the region more
susceptible to atmospheric forcing. Relevant studies in the Arctic have
shown that thinner and less compact sea ice is more easily influenced by
wind-driven processes (Kwok, 2011; Petty et al., 2018), further
enhancing eastward advection. Thinner sea ice, especially during sum-
mer months, offers less resistance to atmospheric forcing, which allows
for stronger wind-driven transport. This is particularly evident in re-
gions where sea ice concentration and thickness have declined, ampli-
fying the role of zonal wind stress and Ekman transport (see Fig. 8 and
supplementary Figs. S11-S13). Kwok (2011) specifically noted that as
sea ice becomes thinner, its sensitivity to changes in wind and ocean
currents increases, leading to higher variability in sea ice drift and
transport patterns. These findings suggest that ongoing changes in sea
ice thickness and concentration will likely amplify the role of
wind-driven processes in shaping future sea ice dynamics in the Ross
Sea.

The complex sea ice transport dynamics were found to be influenced
by large-scale atmospheric drivers on seasonal scales. Winter transport
variability seems to be driven by teleconnections, particularly SAM, SOI,
ASL, and ZW3, with SOI dominating during summer and correlating
with enhanced eastward transport during La Niña phases. Notably, some
of the strongest El Niño events on record took place in 1997-1998, 2005
and 2014-2016 (Fig. 8f) which correlates with the zonal Ekman trans-
port across the eastern gate (Fig. 8e). The ASL, probably modulated by
SOI, reinforces this effect through stronger easterlies. Although ZW3 has
a more subtle influence, it adds complexity to the overall wind stress
patterns.

It is important to note that different teleconnections can interact
through interconnected underlying mechanisms (Fogt et al., 2011).
Future work should focus on how synchronous in-phase teleconnections
might drive sea ice dynamics and how one teleconnection, such as the
SOI, can precondition the strength of others like the SAM or the ASL.
Understanding the role of these large-scale teleconnections is essential
for predicting future changes in sea ice distribution and evaluating their
broader impacts on global climate systems and marine ecosystems.

The observed changes in sea ice dynamics are intricately linked with
regional oceanographic conditions, notably influencing the salinity
levels in the Ross Sea. Silvano et al. (2020) highlighted how decreased
sea ice import from the Amundsen Sea during 2015-2018 has contrib-
uted to increased local sea ice formation and subsequent changes in the
salinity field of the Ross Sea, affecting the characteristics of High Salinity
Shelf Water (HSSW) and, in turn, the Antarctic Bottom Water (AABW).
These changes are crucial as they impact the global thermohaline cir-
culation and the storage of heat and carbon in the abyssal ocean.

Looking forward, future research should focus on enhancing our
understanding of these dynamic processes, particularly in relation to
ocean-driven changes such as ocean heat content and variations in large-
scale circulatory systems like the Ross Gyre. Interactions between sea ice
and adjacent features, such as the Ross Ice Shelf, should also be explored
in greater detail to better understand the implications of sea ice vari-
ability for the region’s broader oceanographic and climatic conditions.

In conclusion, this work provides foundational insights into the dy-
namic nature of sea ice transport across the eastern gate of the Ross Sea,
highlighting the importance of large-scale teleconnections, zonal wind
stress, and Ekman transport in driving these processes. The observed
sensitivity of sea ice to atmospheric forcing, particularly in regions with
thinner and less compact ice, underscores the need for continued
monitoring and further research into the evolving relationship between
sea ice, wind stress, and oceanic processes. As climate change continues
to impact the Southern Ocean, understanding these complex in-
teractions will be crucial for predicting future sea ice behavior and its
broader implications for the global climate system.
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