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Abstract. Antarctic marine coastal near-surface winds play
a key role in Southern Ocean circulation. Using the ERAS
reanalysis dataset, this paper develops directional wind con-
stancy as a tool for identifying key features in these winds
and their relationship with the mid-latitude westerly jet. In
particular, the Antarctic coastal wind boundary (ACWB), de-
fined as the minimum offshore directional constancy bound-
ary, is shown to be a useful way to define the marine near-
coastal region where the Antarctic topography plays an im-
portant role in influencing the wind direction. We show that,
while the ACWB is linked to large-scale modes of atmo-
spheric circulation through its close association with vari-
ability in the mid-latitude westerly jet, it also highlights
key regions where topographically-influenced, meridional
flows are dominant. These meridional flows are not identi-
fied in current regional climate indices. Future changes in
the ACWB are examined using CMIP6 projections for a high
emissions scenario. This indicates that by the end of this
century the ACWB is projected to shift poleward by about
60 km, less than the 130 km shift in the mid-latitude westerly
jet, indicating a reduction in the extent of the circumpolar
trough.

1 Introduction

Near-surface winds over marine regions close to the Antarc-
tic coast have far-reaching impacts on the global climate.
These winds help explain the structure and variability of the
Antarctic Slope Current, which is a key control on the trans-
port of relatively warm circumpolar deep water towards ice
shelves, driving basal melt (Thompson et al., 2018). Addi-

tionally, the volume and extent of sea ice is strongly influ-
enced by Antarctica’s coastal winds. In some regions, coastal
winds help open coastal polynyas, which are important for
the formation of Antarctic bottom water (AABW). AABW
in turn forms the lower limb of the meridional overturn-
ing circulation, which transports heat and carbon across the
globe (Schmidt et al., 2023). Finally, winds are important for
Antarctic coastal ecosystems and for polar infrastructure and
operations (Baring-Gould et al., 2005).

Near-coastal Antarctic winds are linked to the strong cir-
cumpolar westerlies at mid-latitudes: the “westerly jet”. The
region between the coastal easterlies and the westerly jet
is often referred to as the circumpolar trough and exhibits
strong wind variability due in part to cyclones spiraling pole-
ward. Poleward of the circumpolar trough the winds are on
average dominated by easterlies. However, the easterlies are
not dominant at all longitudes, with strong meridional flow at
some locations (Fig. 1). This is due to the Antarctic topogra-
phy, which plays an important role in controlling the coastal
winds. The arrows in Fig. 1 represent the time-averaged wind
fields from 1980-2023 using ERAS wind data, illustrating
their complex structure.

Highlighted in Fig. 1 are 5 key regions of extensive
meridional winds, where the Antarctic topography is a
leading driver. We refer to winds in these regions as
“topographically-influenced”, which encompasses a great
variety of drivers (Turner et al., 2017; Goyal et al., 2021a;
Orr et al., 2008; Lachlan-Cope et al., 2001). A primary ex-
ample is katabatic winds, which are driven by cold dense
air in the surface boundary layer flowing down steep slopes.
They prevail around much of the Antarctic coastline but are
particularly extensive off Adélie Land (Parish et al., 1993;
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Figure 1. Winds around Antarctica. Grey arrows show the time-
averaged winds from 1980-2023 using ERAS monthly wind data.
Highlighted regions are where extensive meridional winds prevail:
Prydz Bay (60-83°E), Adélie Land (110-163°E), the Ross Sea
(163° E-150° W), the Bellinghausen Sea (60—100° W) and the Wed-
dell Sea (10-60° W).

Davrinche et al., 2024) and Prydz Bay (Yu et al., 2024). Over
the Ross Sea, the Transantarctic Mountains acts as a barrier
to the zonal flow, creating local pressure gradients that drive
the Ross Air Stream (RAS, Parish and Bromwich, 2002;
Nigro and Cassano, 2014). Similarly, the Antarctic Penin-
sula has a strong influence on winds over the Weddell and
Bellinghausen Seas (Parish, 1983; de Brito Neto et al., 2022;
van Wessem et al., 2015).

Poleward shifting and strengthening of the westerly jet is a
robust feature of projections using medium-high 21st century
climate forcing scenarios (Goyal et al., 2021c). Although it
is broadly found that coastal easterlies weaken as westerlies
shift poleward (Bracegirdle et al., 2008; Neme et al., 2022),
to date it has been a challenge to identify a simple index to
characterise and quantify such changes. This guides the pa-
per, which is structured around two related questions:

1. How is the extent of the Antarctic marine coastal winds
projected to change in the future?

2. Can we robustly characterise the extent of these coastal
winds across the entire Antarctic region?

The answer to the first question lies in the second. In or-
der to study future projections of coastal winds and compare
them to their mid-latitude counterparts, it is necessary to de-
velop a robust way of characterising them on a circumpolar
scale. In this paper we develop an approach based on direc-
tional wind constancy: a measure of how much the direc-
tion of the winds varies over a chosen period. We focus on
the spatial pattern of monthly directional constancy, showing
how features of the large- and local-scale winds are captured
by this variable. We introduce the Antarctic coastal wind
boundary (ACWB) as an index defining the latitude bound-
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ing the marine coastal winds region. We compare future pro-
jections of the ACWB and the latitude of the westerly jet to
assess how the extent of the coastal winds region is projected
to change in relation to the poleward-shifting westerlies.

The structure of the paper is as follows. In Sects. 2 and 3,
we outline the data and methods used in our evaluation, be-
fore presenting some key features of directional constancy
based on ERAS in Sect. 4. In Sect. 4.1 and 4.2, we con-
sider the spatial pattern of directional constancy around the
Antarctic coastline and how it relates to variability in the
mid-latitude winds, before examining the ACWB and its ap-
plications in Sect. 4.3 and 4.4. Finally, in Sect. 5, we consider
how the ACWB is projected to change by the end of the cen-
tury in relation to the mid-latitude westerly jet, using CMIP6
data.

2 Data
2.1 ERAS5S

We use wind data from the European Centre for Medium-
Range Weather Forecasts’ (ECMWF) 5th generation of re-
analysis datasets, ERAS (Hersbach et al., 2020, 2023). ERAS
is based on the ECMWF Integrated Forecasting System (IFS)
using 4D-Var data assimilation. The surface wind output is an
instantaneous value at a height of 10 m and is diagnostically
derived using boundary layer theory from winds at the low-
est model level (about 40 m height). Wind data is available
hourly on a 0.25° x 0.25° grid from 1940 to present; how-
ever, for this work, we will use monthly-averaged data from
1980 to 2023. This gives us 43 complete years of data in the
satellite era, when ERAS will be well constrained by obser-
vations. We use ERAS as the primary dataset for this analysis
as it exhibits the best performance when reproducing scat-
terometer data in the Antarctic coastal region when compared
with other reanalysis datasets (Caton Harrison et al., 2022).
A comparison with other reanalyses is given in Appendix A.

2.2 Climate models

We use a 27-member ensemble of atmosphere—ocean gen-
eral circulation models that participated in the World Cli-
mate Research Programme’s Coupled Model Intercompari-
son Project Phase 6 (CMIP6; Table S1 in the Supplement).
Models are included in the ensemble if the variables needed
for our analysis are available (scalar wind speed and wind
components at 10 m height) as well as a suitable land-sea
mask. A list of chosen models is supplied in Table S1. For
each model we analyse the high-emissions pathway SSP5-
8.5 (Eyring et al., 2016). Future changes are evaluated for
the periods 2020-2039, 2040-2059, 2060-2079 and 2080—
2099 for each chosen model. Where multiple ensemble mem-
bers are available we select only the first one. To enable
inter-model comparison, every field is interpolated onto a
common 1° x 1° latitude—longitude grid spanning 90-20° S
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and 0-360° E. Bilinear weights are computed with periodic
boundaries in longitude, and models supplied on irregular na-
tive grids are mapped to a regular grid prior to interpolation.
Land points are removed with each model’s own land-sea
mask.

3 Methods
3.1 Directional wind constancy calculation

Directional wind constancy (Singer, 1967) describes how
much the wind direction varies over a chosen time period;
here, we use monthly ERA5 wind data (Hersbach et al.,
2020). It is defined as (Kodama et al., 1989)

/42 + 2
e YUV (1)
ws

where 1 and v are monthly-mean zonal and meridional wind
components respectively, and ws is the monthly-mean wind
speed. When c is smaller than one, the wind direction varies
within the month; when ¢ = 1, the winds are constant in di-
rection. This parameter therefore uses monthly data to inform
us of the directional variability of the winds at higher fre-
quencies. Whilst the directional constancy does not provide
details of the variability, such as the temporal autocorrelation
time scales, or even the direction itself, it provides informa-
tion that can be used to distinguish prevailing wind regimes,
and even physical drivers in some cases.

3.2 Other circulation and wind indices

We describe the climate indices introduced and used in this
paper, which are summarised in Table 1.

3.2.1 Antarctic Coastal Wind Boundary

As will be discussed in Sect. 4.1, the minimum offshore di-
rectional wind constancy is an important feature of the spatial
structure. Thus, we define a new wind index — the Antarctic
coastal wind boundary — as the latitude where the offshore
directional constancy is at its lowest value in the region 60—
90° S:

ACWB(t,¢) = 0(1, )] 2 . @)
where 6, ¢, and ¢ are latitude, longitude and time respec-
tively. % = 0 indicates that we are taking the minimum value
of the directional constancy as our latitude value at each time
and longitude value. As will be discussed in Sect. 4.3, the

ACWRB provides a method for defining the boundary within
which Antarctic coastal winds reside.

3.2.2 Minimum Zonal Wind Boundary

The dominant zonal flow close to the Antarctic coastline is
easterly; however, towards the mid-latitudes, this switches to
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westerly. The minimum zonal wind boundary (MZWB) de-
notes where this switch occurs. It is defined as the latitude of
minimum over-ocean (i.e. excluding land data but including
sea-ice) magnitude of zonal wind between 60 and 90° S and
computed here using ERAS5’s 10 m wind data. In the litera-
ture, the MZWB is used to define the boundary of a study
region, within which Antarctic coastal winds reside (Neme
et al., 2022; Caton Harrison et al., 2022; Hazel and Stew-
art, 2019). Note that in the Ross and Weddell Seas, zonal
winds are weak and a coastal buffer is typically required (e.g.
1000 m isobath, grid-box buffer) when defining the Antarctic
coastal winds region using the MZWB.

3.2.3 The Southern Annular Mode index

Large-scale atmospheric circulation in the Southern Hemi-
sphere is broadly zonally symmetric, and is often charac-
terised with the Southern Annular Mode (SAM, Rogers and
van Loon, 1982). The SAM plays an important role in the
climate of the Southern Hemisphere as it provides a com-
bined measure of the strength and latitude of the large-scale
westerly jet in the mid-latitudes. For this paper, we use the
SAM index as provided by the National Oceanic and Atmo-
spheric Administration (NOAA), which uses 500 hPa geopo-
tential height data from their Twentieth Century Reanalysis
V2c Project (Compo et al., 2011). The SAM index is defined
as the amplitude of the leading mode of variability in sea-
sonal anomalies of 500 hPa geopotential height in the South-
ern Hemisphere (Mo, 2000).

3.2.4 The Jet Latitude Index

While the MZWB defines the transition zone where the
time-mean zonal winds are weakest, the Jet Latitude Index
(JLI) indicates the latitude at which the time-mean westerly
winds are strongest. It is defined as the latitude of maximum
time-mean zonal wind component between 10 and 75°S at
850 hPa (~ 1500 m), following the definition by Bracegirdle
et al. (2018). As they do, we compute it using ERAS wind
data.

3.3 Estimating large-scale winds

To quantify how spatial patterns of directional constancy are
influenced by both local and large-scale factors, we com-
pare directional constancy as calculated in Eq. (1) with a
“large-scale directional constancy”. Large-scale near-surface
winds are derived by van den Broeke et al. (2002) and calcu-
lated from ERAS reanalysis output in Caton Harrison et al.
(2024). The large-scale term is defined as the linear extrap-
olation of the geostrophic wind profile at 300 hPa to 10 m
above the surface under an idealised “background” thermal
wind balance. This provides an estimate of the role that large-
scale pressure gradients alone play in the wind field, indepen-
dent of surface-driven effects such as katabatic acceleration.
The large-scale directional constancy is then calculated from
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Table 1. Summary of the key climate indices used in this paper, described in Sect. 3.2.

Climate index  Description

index

ACWB Latitude of minimum offshore directional constancy between 60 and 90° S.

MZWB Latitude of minimum zonal wind speed magnitude between 60 and 90° S.

SAM Amplitude of the leading mode of variability in seasonal anomalies of 500 hPa geopotential height in the Southern Hemisphere.
JLI Latitude of maximum time-mean zonal wind component between 10 and 75° S at 850 hPa.

these large-scale winds using Eq. (1). For more details, see
Appendix B.

3.4 Fractional difference definition

At several stages in this paper, we use fractional difference
to evaluate the directional constancy across climate indices
or datasets. In each case, it is defined as follows:
. 2(A-B)
frac. diff. = ———, (3
A+ B

where A and B are the two quantities (e.g. climate indices,
datasets) being compared.

4 Structure of directional constancy
4.1 Spatial pattern of directional constancy

The 1980-2023 time-averaged directional wind constancy
(Fig. 2a) shows high values along most of the Antarctic
coastline, reducing to a band of low values further equator-
ward. We can compare this pattern with the large-scale di-
rectional constancy defined in Sect. 3.3. Figure 2b shows the
spatial differences between the actual and large-scale direc-
tional constancy, both averaged over time from 2010-2020
using ERAS wind data. These patterns can tell us much about
the different drivers of Antarctic coastal winds, leading us to
establish the following broad structure:

1. Highly directionally constant winds are found over the
Antarctic landmass. Here, a large radiative deficit oc-
curs at near-surface levels, favouring high static stabil-
ity and the establishment of katabatic flow over sloping
terrain (Parish, 1988; Sanz Rodrigo et al., 2013; Bin-
tanja et al., 2014; Vignon et al., 2019). Figure 2b shows
differences between the actual and large-scale direc-
tional constancy onshore, meaning a substantial portion
of the actual directional constancy stems from the near-
surface contribution. However, directional constancy re-
mains high year-round despite weaker radiative cool-
ing in summer, suggesting that large-scale adjustment
of the flow to the topography of Antarctica still plays
a key role in its directional constancy (Parish and Cas-
sano, 2003). This finding is supported by the analysis of
Davrinche et al. (2024) who note that large-scale flow
over Adélie Land is often aligned with katabatic flow.
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2. High directional constancy also extends offshore and
over ice shelves. Particularly high values (¢ ~ 0.8) oc-
cur in just a few regions, including around the western
Ross Ice Shelf, Adélie Land and around western Prydz
Bay. These are key sites of surface water mass transfor-
mation (Schmidt et al., 2023) and host frequent coastal
polynyas during the winter months (Lin et al., 2024).
Figure 2b shows that directional constancy in many off-
shore regions is higher than it would be under large-
scale forcing alone. In the momentum budget analysis
of Caton Harrison et al. (2024), these offshore regions
of high directional constancy are where intense baro-
clinicity occurs due to diabatic cooling at low levels,
which can occur even in the absence of sloping ter-
rain (for example due to sea-ice, land-sea breezes and
barrier effects). Some studies classify strong ice shelf
winds as extensions of katabatic flow (Bromwich, 1989;
Bromwich et al., 1993; King, 1993) although the slope
of the terrain in these regions is near zero.

3. Further equatorward from the coast, directional con-
stancy declines smoothly to a band of low values
(c~0.3). As will be discussed in more detail in
Sect. 4.3, the location of the minimum directional con-
stancy in Fig. 2a often aligns with the climatolog-
ical minimum in the near-surface zonal winds: the
MZWRB as defined in Sect. 3.2.2. The exceptions corre-
spond to regions of significant meridional flow. Beyond
the MZWB, the directional constancy increases further
equatorward into the region dominated by westerly flow.

The black and grey lines in Fig. 2b show the ACWB, de-
fined in Sect. 3.2.1, computed from the actual and large-scale
directional constancy respectively. One can see that around
most of the coastline, the locations are similar, meaning the
large-scale behaviour dictates the position of this boundary.
However, in the regions highlighted in Fig. 1, the differences
become larger. Here, topographical flow extends further off-
shore and thus local influences have a strong impact on the
position of the ACWB.

The main features of the spatial pattern of directional con-
stancy (Fig. 2a) are present in each season (shown in Fig. S2
in the Supplement). Additionally, seasonal, interannual and
interdecadal variability are much smaller than the month-by-
month variability seen in ERAS, indicating that the condi-
tions in a given month are most important for controlling the

https://doi.org/10.5194/wcd-7-247-2026



A. Cable et al.: A new index for AMCWs

180°

pEEEN——

0.3 0.4 0.5 0.6 0.7 0.8
directional constancy

251

(b)

180°

-0.16 -0.08 0.00 0.08 0.16
directional constancy diff.

Figure 2. (a) The time-averaged directional constancy across the Antarctic region (60-90° S) from 1980-2023 using ERAS wind data. Black
contour indicates the time-averaged ACWB. (b) Also using ERAS5 wind data, the difference between the actual and large-scale directional
constancy, time-averaged from 2010-2020 (Caton Harrison et al., 2024). Black contour shows the time-averaged ACWB; grey, dashed line

shows the ACWB for the calculated large-scale wind field.

position of the ACWB. Plots of the seasonal and interdecadal
variability in the ACWB are given in Figs. S2 and S3.

4.2 TImpacts of mid-latitude variability on the spatial
pattern of directional constancy

To investigate whether large-scale synoptic modes of vari-
ability affect the spatial pattern of directional constancy, we
perform a spectral decomposition using Empirical Orthog-
onal Functions (EOFs) on anomalies of the monthly direc-
tional constancy. We focus on the leading mode, which cap-
tures the large-scale structure of the variability in the direc-
tional constancy anomaly. Note that the leading mode only
accounts for 25 % of the variability across this large region,
demonstrating the importance of the small-scale structure of
these winds. We find that there is a high correlation of up to
0.71 between the principal component of the leading mode
and the SAM index, suggesting that the leading variabil-
ity in the directional constancy of Antarctic coastal winds
is closely related to the the mid-latitude westerly jet. Note
that this relationship is much weaker in higher-order modes;
for the second principal component, the correlation drops to
—0.22, and drops further for higher modes of variability.
Motivated by a strong correlation with the SAM, we
perform a composite analysis, focusing on East Antarctica
(0-160° E). Consider the directional constancy composites
based on the 10 % most positive and negative leading prin-
cipal component values, shown in Fig. 3. One can see that
both Fig. 3a and b share the same structure as described
above: high directional constancy over land (dark blue), re-
ducing to a band of low directional constancy (bright yel-
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low) offshore. The main difference between the figures is
the strength and position of the band of lowest directional
constancy. When the leading principal component is strongly
positive (Fig. 3a), the band is close to and continuous around
the coastline, although reducing in strength a little over Prydz
Bay (60-80°E) and close to the Ross Sea (~ 150° E). One
can see this in the wind vectors (grey arrows). The highly di-
rectionally constant winds flow northward over the ice shelf
and extend a little offshore. They begin to turn toward the
west, but quickly vanish at the low band. At lower latitudes,
they strengthen once again, now with a dominant westerly
component. In contrast, the strongly negative principal com-
ponent (Fig. 3b) shows the low band as weaker, less con-
tinuous and further offshore. While the onshore and kata-
batic winds do not change much, the south-easterly wind
vectors extend further offshore before meeting the low direc-
tional constancy band and turning into westerlies. This differ-
ence is seen quite starkly in the wind rose diagrams (Fig. 3e
and f), which show that the predominant offshore wind di-
rection switches from westerlies for high principal compo-
nent values to south-east-easterlies for low values. Thus, we
see that the leading mode of variability describes the posi-
tion and strength of the large-scale zonal flow in relation to
the Antarctic coastline.

4.3 Antarctic coastal wind boundary
The ACWB, defined in Eq. (2), is a simple index that can be
extracted from the directional constancy data and captures

many of the key features in Antarctic coastal winds. To un-
derstand the extent to which the different wind components

Weather Clim. Dynam., 7, 247-262, 2026
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Figure 3. Directional constancy averaged over dates in the top (a) and bottom (b) 10 % values in the leading principal component timeseries,
using monthly ERAS wind data in the East Antarctic region (red, boxed region on right map: 0—-160° E, 60-90° S). Grey arrows indicate
the monthly winds averaged over the same dates. Panels (c) and (d) are the wind rose plots, based on 6-hourly wind data over the ocean,

associated with panels (a) and (b) respectively.

affect the ACWB, we consider their correlation over time, as
shown in Fig. 4. Over the ocean, we see in Fig. 4a that the
anti-correlation between the zonal wind and ACWB is strong
(< —0.5) around most of the Antarctic coastline. This is par-
ticularly strong on the eastern coastline, where the zonal flow
is largely unimpeded by the topography. This tells us that,
when the westerlies are stronger, the ACWB moves pole-
wards, shrinking the region enclosed. In contrast, the corre-
lation between the ACWB and meridional component is gen-
erally low; however, there are key hotspots, as shown by the
red patches in Fig. 4b, where the correlation becomes higher
(> 0.5). This indicates that, when the meridional winds in
these regions are strong, the ACWB moves further offshore.
Note that these are the same regions where the large-scale
directional constancy has less impact (Fig. 2b).

Weather Clim. Dynam., 7, 247-262, 2026

We can understand how the ACWB is related to the zonal
wind component by comparing it with the MZWB, which de-
fines the boundary between zonal easterlies and westerlies, as
in Fig. 5. One can see by comparing the black and red lines in
Fig. 5a that the two boundaries coincide around much of the
Antarctic region. This is made clearer in Fig. 5b, where the
fractional difference, defined in Eq. (3), between the bound-
aries (red, upper line) is close to 0 at most longitudes. How-
ever, there are certain regions where the ACWB sits equa-
torwards of the MZWB; namely over the Weddell Sea, Ross
Sea and small features offshore from Adélie Land and Prydz
Bay. These are the same regions where the ACWB’s correla-
tion with the meridional component peaks (Fig. 4b) which
is not captured by the MZWB, and the large-scale direc-
tional constancy has a lower impact (Fig. 2b) due to local

https://doi.org/10.5194/wcd-7-247-2026
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Figure 4. The correlation over time between the ACWB and the (a) zonal and (b) meridional component of 10 m ERAS wind data from
1980-2023. Black dashed line indicates the time-averaged ACWB, again from 1980-2023. Jagged pattern occurs due to correlation between

the ACWB and winds at a given longitude slice.

topographic effects that extend off the coast. Here, the time-
averaged zonal winds tend to be weak and thus the MZWB is
less spatial coherent than the ACWB. Therefore, the ACWB
provides a more comprehensive definition for the Antarctic
coastal wind region than the MZWB, which is commonly
used in the literature, as it not only describes the location
where the zonal flow moves from easterly close to the coast
to westerly towards the mid-latitudes, but also highlights key
locations where meridional, topographically-influenced flow
off the slopes becomes significant. This avoids the problem
of having to define a buffer in these regions, unlike the study
region defined by the MZWB.

We also compare the ACWB and the JLI and find that the
fractional difference (lower blue line in Fig. 5b) fluctuates
with longitude. Additionally, the correlation over longitude
between the ACWB and the JLI is 0.51: a non-negligible
value. This highlights the relationship between the position
of the mid-latitude westerly jet and the extent of Antarctic
coastal winds. Note that the correlation between the MZWB
and the JLI is slightly higher at 0.60, which is unsurprising
as they are both defined through zonal winds.

Finally, we will briefly mention the temporal correlation
between the ACWB, SAM and JLI, using monthly wind data.
All correlations mentioned below have p values considered
statistically significant with a 99 % confidence level. Note
that we have also compared the ACWB with other Scientific
Committee on Antarctic Research (SCAR, 2025) Antarctic
climate indicators, namely the Jet Speed Index (Bracegirdle
et al., 2018) and the Zonal Wave Number 3 (Raphael, 2004;
Goyal et al., 2021b, 2022), but we find there to be very little
correlation with the ACWB. However, the SAM and JLI in-
dices have a reasonable degree of correlation with the ACWB
— both 0.65 — which is similar to the correlation between the
JLI and SAM (0.64). This again demonstrates the influence
of the mid-latitude westerlies on the ACWB. We also con-
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sider the ACWB in two sectors: one covering the east (0—
160° E), the other the west (160° E-0) Antarctic region. This
definition includes the entire Ross Sea region in the western
side. We have seen already that the east coast is very closely
related to the MZWB, whereas the west coast contains more
topographical features, and a similar pattern manifests itself
here. The correlation between the SAM and JLI indices and
the eastern ACWB is higher — 0.69 and 0.67 respectively —
but drops (0.51 and 0.55 respectively) when only the west-
ern coast is considered. This is because the western slopes
contain two major geographic features — the Transantarctic
Mountains and the Antarctic Peninsula — that interfere with
the zonal flow. This again demonstrates that, while the mid-
latitude winds have an impact on their coastal counterparts,
topographical influences cannot be neglected.

A seasonal breakdown of Fig. 5b is included in Fig. S4.
One can see that there is very little seasonality in the frac-
tional difference between the climate indices. However, the
relationship between the ACWB and large-scale climate in-
dices is stronger in austral summer than in winter. A robust
assessment of seasonal climate drivers is beyond the scope
of this paper, but this seasonality likely reflects the stronger
topographic control of winds in winter.

4.4 Example: The Ross Sea

We have shown that the large-scale structure of the ACWB is
closely related to the zonal flow around the continent except
in some key regions. One such region is the Ross Sea, where
the offshore winds are strongly influenced by local topog-
raphy. The Transantarctic Mountains on the west provide a
barrier to the easterly flow, and so winds flowing off the Ross
Ice Shelf persist further offshore on the western side of the
Ross Sea, creating the Ross Ice Shelf air stream (RAS, Parish
and Bromwich, 2002), before turning into westerlies around
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Figure 5. (a) A contour map of Antarctica with the time-averaged ACWB (red), MZWB (black) and JLI (blue) from ERAS 10 m wind data
and (b) the fractional difference (Eq. 3) between the MZWB and ACWB (black) and between the JLI and ACWB (blue), smoothed by 2°

over longitude. Grey dashed line in (b) is zero fractional difference.

the ACWB. On the eastern coast exists a semi-permanent cy-
clone to the north west of Marie Byrd Land (north-eastern
slopes), around 150-160° W. This Ross Cyclone is an impor-
tant factor in driving the RAS (Parish et al., 2006).

We can identify these features in the directional constancy.
Figure 6a and b show directional constancy heatmaps, com-
posited by the area enclosed by the ACWB in the Ross Sea
in the 90th (largest area) and 10th (smallest area) percentile
respectively. The main feature is the band of high directional
constancy (shown in blue) near the western slopes, which be-
gins over the Ross Ice Shelf and extends out over the Ross
Sea, indicating the persistent southerly winds of the RAS.
This is strengthened by winds flowing off the west slopes
from the Transantarctic Mountains. One can see in Fig. 6a
that, when the RAS is strongest it extends further into the
Ross Sea and offshore. The meridional flow is maintained un-
til it turns to the east at the ACWB, breaking through the low
directional constancy contour. Conversely, when the RAS is
weakest (Fig. 6b), the blue band is confined to the western
slopes and the wind speed drops to near-zero before turning
to westerlies. This results in a band of low directional con-
stancy, which is intersected by the ACWB. To the east of the
RAS, the low and variable winds at the centre of the Ross Cy-
clone appear as an area of low directional constancy. When
the meridional winds are strongest across the region, this lo-
cation tends to be further offshore and more distinct (Fig. 6a),
compared to when the meridional winds are weakest, where
it hugs the coastline (Fig. 6b).

Note also that there is an area of low directional constancy
close to the coast in Terra Nova Bay (165°E, 77°S). This
region is prone to intense katabatic wind events, rather than
consistent flow, meaning the winds there are highly variable
(Guest, 2021). This results in a spike of a higher latitude
value in the ACWB. ERAS picks this feature up particularly
clearly due to its high resolution; other atmospheric reanaly-
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sis products do not to the same degree (see Appendix A for a
comparison).

Consider now the ACWB and MZWB, which are plot-
ted in Fig. 6 as the red and black, dashed lines respectively.
In this region, they are quite different: the ACWB is much
smoother and sits around the position where the dominant di-
rection changes from southerly to westerly. Conversely, the
MZWRB is noisy and cuts across the RAS (Fig. 6a). It is clear
that the weak zonal component of the near-coastal winds is
sensitive to noise in this region, especially when the RAS
is strong, whereas the meridional contribution to the ACWB
means it retains continuity. Additionally, the MZWB does
not capture important aspects of the regional wind structure,
again particularly when the RAS is strong, such as the flow
turning west around 67°S, whereas the ACWB does. This
example highlights how the ACWB is an improved param-
eter for identifying the northern extent of Antarctic coastal
winds.

5 Future projections

We will finally consider how the ACWB and JLI are pro-
jected to change in the future, using CMIP6 models un-
der a high emissions (SSP5-8.5) scenario. We have found
that, although there are some differences in the ACWB be-
tween ERAS and CMIP6, the spatial pattern is very similar
(Fig. Cla). We compare this in more detail in Appendix C.
We consider the highest emission scenario to highlight the
projected behaviour of the boundaries. The same behaviour
is prevalent in lower emission scenarios but to a lesser de-
gree. This can be seen in Fig. S5.

We will compare 3 20-year future time periods — 2040—
2059, 2060-2079 and 2080-2099 — with a baseline, near-
term period of 2020-2039. Figure 7a shows the ACWB
(solid) and JLI (dashed) for the near-term, 2020-2039 pe-
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Figure 7. (a) The time-averaged JLI (dashed) and ACWB (solid) for the multi-model means of CMIP6, 2020-2039 (blue) and CMIP6,
2080-2099 (red). The shaded regions are the £1 standard deviation of the CMIP6 models. (b) The difference between the 2020-2039 and
2080-2099 (red, upper), 2060-2079 (orange, middle), 2040-2059 (blue, lower) models for the JLI (bottom plot) and ACWB (top plot). The
dashed, coloured lines are the mean difference over latitude, while the grey dashed line is zero.

riod (blue) and the farthest-future, 2080-2099 period (red).
In both cases, the boundaries are projected to shift poleward
under climate change. However, it is apparent that the JLI is
expected to shift further than the ACWB, which is seen more
clearly when we consider the difference between the near-
term and far-future boundaries in Fig. 7b. Here, we show
all three far-future periods: 2040-2059 (blue, lower), 2060—
2079 (orange, middle) and 2080-2099 (red, upper). We see
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that in both the ACWB (top) and JLI (bottom), there is a pro-
gressive reduction in the area bounded as we move forward
in time, suggesting a forced response rather than inter-annual
or inter-decadal variability. However, the ACWB shrinks far
less — on average by 0.5° (60 km) by the end of this century —
than the JLI, which on average shrinks by 1.1° (130 km). This
shows that the region of Antarctic marine coastal winds is not
projected to move poleward to the same degree as the mid-
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latitude westerly belt. Rather, a reduction is seen in the ex-
tent of the highly-variable winds of the circumpolar trough.
Such a reduction could have implications for carbon and heat
uptake (Russell et al., 2018) and atmospheric blocking (Pat-
terson et al., 2019).

Note that there is a distinction in the changes between the
eastern (0—160° E) and western (160° E-0) areas. The eastern
portion is projected to shrink less in both cases: 0.4° (40 km)
and 0.8° (90 km) on the east compared to 0.6° (70 km) and
1.4° (160km) on the west, for the ACWB and JLI respec-
tively. It is notable that, in the western region where the
Antarctic and mid-latitude winds are found to be less re-
lated, the JLI is due to shrink by almost 90 km more than
the ACWB, compared to only 50 km more on the east.

6 Conclusions

This paper assesses how characteristics of the Antarctic
coastal wind region may change in the future and develops
a new index to quantify this. It is based on directional wind
constancy: a parameter that describes the directional vari-
ability of winds over a chosen time period. By combining
zonal and meridional wind components, it helps to distin-
guish between two regions of broadly directionally constant
flow: the mid-latitude westerly jet and the topographically-
influenced Antarctic coastal winds. The latter have a strong
easterly component driven by large-scale pressure gradients,
but are also strongly influenced by Antarctic topography. We
have shown that directional constancy is sensitive to both
these drivers. The large-scale pattern is that of high direc-
tional constancy near the shore and low directional constancy
further offshore, highlighting the location where the average
zonal wind direction switches from easterly in the Antarctic
region to westerly in the mid-latitudes. Highly directionally-
constant winds in certain marine regions — namely the Wed-
dell and Bellinghausen Seas, the Ross Sea, Adélie Land
and Prydz Bay — disrupt the coastal easterlies and are a re-
sult of the influence of topography on both large-scale and
mesoscale pressure patterns.

Given this circumpolar band-like structure, we define the
Antarctic coastal wind boundary (ACWB) as the latitude of
minimum offshore directional constancy. In general, it de-
fines the boundary where the mid-latitude westerlies switch
to coastal easterlies, except in the identified key regions
where the meridional flow dominates. Here, it correlates
strongly with the meridional wind component. This better
identifies the northern boundary of Antarctic coastal winds,
compared to the minimum zonal wind boundary (MZWB)
typically used in the literature, because it captures the full
extent of these topographic flows. A clear example of this
is in the Ross Sea, where the ACWB contours the Ross Ice
Shelf air stream, whereas the MZWB cuts through it.

In order to evaluate the stability of the ACWB under cli-
mate change, we considered how it is related to well-known
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changes to mid-latitude climate indices, such as the Jet Lat-
itude Index (JLI) and the Southern Annular Mode (SAM).
We have seen that, while the large-scale structure of coastal
winds is strongly influenced by mid-latitude drivers, topo-
graphical drivers cannot be ignored as they give rise to im-
portant local features. In particular, the ACWB is useful as a
near-coastal climate index, which can be compared to equiv-
alent mid-latitude indices like the JLI.

We put this into practice to study how the Antarctic coastal
wind region is projected to change by the end of this century
in comparison to the poleward-shifting westerly jet. We have
computed the ACWB using CMIP6 climate models in a high
emissions scenario, and compare it with future projections of
the JLI. We find that, while the westerly jet is projected to
shift southward by 130 km on average, the Antarctic region
is more stable, only shrinking by 60 km. This suggests that,
although the westerly jet is closely connected to the northern
extent of Antarctic coastal winds, other regional factors may
limit their southward contraction under climate change. This
further suggests a reduction in the spatial extent of the highly
variable winds of the circumpolar trough region. This work
provides a platform for studying the structure and strength of
the winds within the ACWB, and how they will change in the
future.

Antarctic coastal winds are major drivers of Southern
Ocean circulation and sea-ice variability. We have described
an index that can be robustly calculated across model
datasets, including future projections. This index can be used
to relate the mid-latitude westerly jet directly to Antarctic
coastal winds. Our analysis suggests that, although the two
are closely related, they cannot be conflated. Understanding
the relationship between mid-latitude and polar winds will be
important for constraining future projections of the Antarctic
climate.

Appendix A: Comparison of reanalysis datasets

For this paper, we have used the ERA5 wind data as there is
evidence to suggest it does the best job at capturing Antarc-
tic coastal winds when compared to other reanalysis prod-
ucts (Caton Harrison et al., 2022). However, it is still worth
comparing some of our results with 3 additional reanalysis
datasets — JRA3Q (JMA, 2023), JRAS55 (JMA, 2013) and
MERRA2 (GMAO, 2015). Figure Al shows the fractional
differences between the directional constancy climatology of
the 4 reanalyses.

Over the ocean, the agreement is generally good, with
less than 0.05 absolute fractional difference in most loca-
tions, especially further offshore. However, near the coast-
line, the differences become more pronounced, particularly
on the west side. MERRA?2 predicts consistently higher di-
rectional constancy along the western coastline, particularly
over the Ronne (in the Weddell Sea) and Ross Ice Shelves.
These differences become more pronounced when compar-
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ing with the higher resolution ERAS5 data. Indeed, the higher
resolution data tends to predict a lower average directional
constancy along the western coastline, particularly around
the Antarctic Peninsula. It is likely because the higher reso-
lution and improved representation of the orography picks up
smaller-scale events that cause higher wind variability across
a localised region.
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Figure Al. The fractional difference, as defined in Eq. (3) of the mean directional constancy, calculated from monthly wind data, between

the 4 reanalysis products.
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We also compare the absolute fractional difference of the
time-averaged ACWB between the reanalyses, as in Fig. A2.
On average, the agreement tends to be quite good, with an
absolute fractional difference of up to 0.007 at most longi-
tudes. However, it is clear that MERRA?2 differs the most
from the other three reanalyses, as shown by the solid lines.
This matches the behaviour shown in Fig. Al. Again, it ap-
pears that the lower resolution data fails to pick up localised,
near-coastal events, which affects the ACWB.

In the Ross Sea, there is a sharp spike where the data dis-
agree quite strongly. In particular, ERAS5 predicts the ACWB
to be at further south than the other reanalyses at around
165°E. This is because it picks up an area of particularly
low directional constancy in Terra Nova Bay (165°E, 77°S),
as seen in Fig. 6.

Finally, the ACWB across the Antarctic Peninsula (be-
tween the Weddell and Bellinghausen Seas) differs quite a lot
across the reanalysis products. One can see from Fig. A1 that
the high resolution products predict a lower directional con-
stancy near the coastline, which is affecting the ACWB here.
For example, there is a spike of difference between ERAS
and JRASS5 on the west side of the Weddell Sea, where ERAS
predicts a region of low directional constancy at the tip of the
Peninsula, a feature that is not so prominent in JRASS.

Overall, one can see that the resolution of the reanalysis
model contributes significantly to the location of the ACWB
and to the structure of directional constancy very near the
coastline. This supports conclusions drawn by Caton Har-
rison et al. (2022), who stated that ERAS5 exhibits the best
overall performance in regions where conditions favour kata-
batic forcing when compared to scatterometry data. We con-
clude that the higher resolution of ERAS, compared to the
other reanalyses, plays an important role in this improved
behaviour.

Appendix B: Large-scale winds

The large-scale directional constancy is computed following
Caton Harrison et al. (2024) and summarised here. First, the
geostrophic horizontal wind at 300 hPa height, ug and vy, is
calculated:

g ad

Ug =———,
£ fdy
where @ is geopotential height, g gravity and f the Corio-
lis parameter. Next, vertical shear between 300 hPa and the
surface pressure py is supplied by the thermal-wind relation

using the background potential-temperature field 6y:

g dd
=

(BI)

Ouyse _ &390 0vlse _ _&% (B2)

alnp  f ay’ dlnp  f ox’

where ujsc = ug and visc = vg at 300hPa, and Ry is the gas
constant. Equation (B2) is integrated to the surface and in-
terpolated to 10 m height to obtain w19 1sc and vig1sc (large-
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scale, near-surface winds). The background potential tem-
perature 6y represents a smoothed profile which is equal to
potential temperature except near the surface, where real po-
tential temperature is sharply reduced due to radiative cool-
ing (known as the temperature deficit). Background poten-
tial temperature is obtained by linearly extrapolating poten-
tial temperature from upper levels to the surface. Full details
of the temperature-deficit formulation and its evaluation are
given in Caton Harrison et al. (2024). Finally, u191sc and
v10,1sc are substituted into Eq. (1) to obtain large-scale di-
rectional constancy.

Appendix C: Comparison of ERAS reanalysis and
climate models

We also compare ERA5 with the CMIP6 historical model
from 1980-2010 (as described in Sect. 2.2), to test the per-
formance of global climate models in capturing these bound-
aries and representing Antarctic marine coastal winds. We do
this by comparing the ACWB and JLL

Figure Cla shows the two boundaries plotted around a
map of Antarctica for ERAS5 (blue) and the CMIP6 multi-
model mean (orange). Consider first the JLI (dashed lines),
which indicates the position of the strongest westerlies. The
climate models consistently predict the JLI to be at lower lat-
itudes than ERAS at all longitudes. However, the correlation
over longitude between the two is very high at 0.95. This sug-
gests that the climate models are picking up the same spatial
pattern in the westerlies as ERAS, but the whole position is
slightly shifted away from the pole.

For the ACWB (solid lines), the climate models and ERAS
agree quite well along most of the coastline, particularly on
the eastern side. Over the Amundsen and Bellinghausen Seas
to the west of the Peninsula, the climate model predicts con-
sistently lower latitudes than ERAS, with differences of order
1 standard deviation from the multi-model mean. The other
exceptions are a small area around the Weddell Sea and to
the west of the Ross Sea. It is probable that, in both cases,
the higher resolution of ERA5 (0.25° as opposed to 1° for
CMIP6) gives rise to features at the coastline that cause the
ACWRB to dip closer to the coast. Note also that we see a
slight dip in the JLI at around 170°E in CMIP6, which is
caused by the split jet at that location (Chiang et al., 2018).
Similar to the JLI, the correlation over longitude between
the ACWB in climate models and ERAS is extremely high
at 0.94. This is encouraging as it suggests that the climate
models are computing the same spatial pattern in the Antarc-
tic coastal winds — both large-scale and topographically-
influenced — as in ERAS, at least in the recreation of these
boundaries.

For the projections, we will also compare the change in
the JLI against those in the ACWB. Figure C1b shows the
difference between the JLI and ACWB for ERAS (blue) and
the historical CMIP6 multi-model mean (orange). One can
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Figure C1. (a) The time-averaged JLI (dashed) and ACWB (solid) for ERAS (blue) and CMIP6 historical multi-model mean (orange) from
1980-2010, and (b) the difference between the JLI and ACWB in both estimates. The shaded orange region is the £1 standard deviation of
the CMIP6 models. The number in the grey box is the correlation over longitude between the two lines in panel (b).

see that the latitudinal difference betwen the ACWB and JLI
is, on average, slightly larger in CMIP than ERAS. However,
importantly, the correlation between these two lines is very
high — 0.94 — and so, while ERAS5 and CMIP6 disagree on
the precise difference, they agree on the general behaviour,
which is most important for our purposes. Thus, we can be
confident that we will be capturing the correct variability in
these boundaries using CMIP6, even if the precise latitudes
are slightly different.

Data availability. ERAS was downloaded from the Cli-
mate Data Store at https://cds.climate.copernicus.eu/datasets
(last access: 15 April 2025; Hersbach et al, 2023:
https://doi.org/10.24381/cds.6860a573). MERRA-2 was
downloaded from the Goddard Earth Sciences Data and
Information  Services Center at https://disc.gsfc.nasa.gov/
datasets?project=MERRA-2 (last access: 1 October 2024;
GMAO, 2015: https://doi.org/10.5067/3Z173KIE2TPD).
JRA-55 and JRA-3Q were both downloaded from the Na-
tional Science Foundation (NSF) National Center for En-
vironmental Research (NCAR) Research Data Archive at
https://rda.ucar.edu/lookfordata/ (last access: 13 September 2024;
JMA, 2013: https://doi.org/10.5065/D6HH6H41, JMA, 2023:
https://doi.org/10.5065/AVTZ-1H78). CMIP6 model data was
accessed from the Earth Systems Grid Federation (ESGF)
website at https://esgf-node.llnl.gov/search/cmip6/ (last access:
21 November 2025).
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