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Abstract. The Weddell Sea Polynya (WSP) is a large open-
ing within the sea ice cover of the Weddell Sea sector. It
has been a rare event in the satellite period, appearing be-
tween 1973 and 1976 and again in 2016/2017. Coupled mod-
elling studies have suggested that there may be a large-scale
atmospheric response to the WSP. Here, the direct atmo-
spheric response to the WSP is estimated from atmosphere-
only numerical experiments. Three different models, the
HadGEM3 UK Met Office model, the ECHAM5 Max Planck
Institute model, and the OpenIFS ECMWF model, each at
two different resolutions, are used to test the robustness of
our results. The use of large ensembles reduces the weather
variability and isolates the atmospheric response. Results
show a large (∼ 100–200 W m−2) turbulent air–sea flux
anomaly above the polynya. The response to the WSP is lo-
cal and of short duration (barely outlasting the WSP) with a
similar magnitude and spatial pattern of lower-tropospheric
warming and increase in precipitation in all six configura-
tions. All models show a weak decrease in surface pressure
over the WSP, but this response is small (∼ 2 hPa) in compar-
ison to internal variability. The dynamic response is incon-
sistent between models and resolutions above the boundary
layer, suggesting a weak or null response that is covered by
internal variability aloft. The higher resolution does not al-
ter the pattern of the response but increases its magnitude by

up ∼ 50 % in two of the three models. The response is influ-
enced by natural variability in the westerly jet. The models
perform well against ERA5 reanalysis data for the 1974 WSP
in spatial response and magnitude, showing a turbulent heat
flux of approximately 150 W m−2.

1 Introduction

The Weddell Sea Polynya (WSP) is a large opening within
the sea ice cover of the Weddell Sea sector, typically found
over the Maud Rise (65° S, 2.5° E) inside the Weddell Gyre,
in its largest occurrences. It has been a rare event in the
satellite period, appearing between 1973 and 1976 and again
smaller in 2016/2017 (Swart et al., 2018; Campbell et al.,
2019; Cheon and Gordon, 2019). The WSP has previously
opened on 22 November 1973 and 13 September 2017, with
the largest occurrence on 23 September 1974 (Francis et
al., 2020). In the 1970s, the WSP was present as early as
July and persisted for three winters (Gordon, 1978; Carsey,
1980). In contrast, in 2017 the WSP was at its greatest spa-
tial extent at the onset of austral spring, between September
and December. Recent analysis of sea ice thickness data has
shown “near-polynya” events in 2010, 2013, 2014, and 2018
(McHedlishvili et al., 2022). During these events, sea ice
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thickness was reduced, but the ice concentration remained
at standard levels.

Large WSP events like that of the 1970s are likely to have
been rare in the past, as suggested by ice records, perhaps
having only occurred once per century, although reconstruc-
tions are very uncertain (Goosse et al., 2021). Climate model
projections suggest that in the future, with increasing atmo-
spheric greenhouse gasses, the occurrence of the WSP will be
even less frequent due to an intensification of the haline strat-
ification within the WSP region (de Lavergne et al., 2014).
Studies suggest that the WSP may occur periodically, relat-
ing to the periodicity of long-term natural variability, such
as the SAM index (Diao et al., 2022), and deep ocean con-
vection associated with the Atlantic Meridional Overturning
Circulation (AMOC) (Martin et al., 2013; Jüling et al., 2018).

Many mechanisms have been suggested to trigger the on-
set of the WSP: deep convection of the ocean (e.g. Martinson,
1991; Martin et al., 2013) and upwelling at the Maud Rise
(e.g. Cheon and Gordon, 2019; Rheinlænder et al., 2021), in-
creased cyclone activity and wind stress (Francis et al., 2019;
Campbell et al., 2019), the influence of atmospheric rivers
(Francis et al., 2020), katabatic winds from the continent
(Smith et al., 2010), and a negative phase of the Southern
Annular Mode (SAM) (Gordon et al., 2007). Despite lim-
ited observations, current understanding suggests that both
ocean and atmospheric processes act in combination to form
the precise preconditioning to trigger the appearance of the
polynya (McHedlishvili et al., 2022; Cheon et al., 2014).

Once opened, the WSP permits an intense ocean-to-air
heat flux in the cooler months, with the potential to influ-
ence atmospheric dynamics. However, the direct response of
the atmosphere to the polynya has not been explored since
the studies of Dare and Atkinson (1999, 2000) and Timmer-
mann et al. (1999). Dare and Atkinson (1999, 2000) inves-
tigated the response of the boundary layer (BL) and lower
atmosphere to the polynya using an atmosphere-only model
with prescribed sea surface temperature (SST) and sea ice
concentration (SIC). They notably showed that the heat re-
leased into the atmosphere by the polynya could enhance the
turbulent mixing in the BL, increase the downward flux of
momentum, and hence result in stronger surface winds over
the polynya. This in turn would generate a pattern of diver-
gence and downdrafts upstream of the polynya and conver-
gence and updrafts downstream of the polynya. It is impor-
tant to note that Dare and Atkinson (1999, 2000) used a 2-
dimensional model spanning 1000 m in height and 100 km
across the polynya. Timmermann et al. (1999) hypothesised
a low-level warming in response to the polynya and inferred
the atmospheric circulation response from thermal wind bal-
ance assuming a level of non-motion at 6000 m height.

One may investigate the atmospheric response to the
polynya from coupled climate models and atmospheric re-
analysis. However, the interpretation of the results is difficult
in such datasets as the atmospheric signal is a combination
of the direct atmospheric response and potential feedbacks.

Using the NCEP-NCAR Reanalysis, Moore et al. (2002)
estimated, for the 1970s WSP, an anomalous increase of up
to 20 °C in air temperature above the WSP, approximately
20 % more cloud cover, a reduction in sea level pressure by
6–8 hPa, an increase in precipitation of about 1 mm d−1, and
an increase in sensible and latent heat fluxes into the atmo-
sphere of 150 and 50 W m−2, respectively. For the smaller
2016/2017 WSPs, Zhou et al. (2022) estimated an anomalous
ocean-to-atmosphere heat flux of approximately 40 W m−2.
As these studies are based on a limited number of polynya
events, the extracted signals could be significantly influenced
by the weather variability. In addition, the re-analysis assimi-
lates observations of the real atmosphere and hence potential
secondary feedbacks; they cannot be interpreted as the direct
response of the atmosphere to the polynya.

A composite analysis over three polynya events from the
Community Earth System Model (CESM) demonstrates that
the WSP in this model is associated with anomalies in the
local turbulent heat flux, precipitation, and cloud formation,
which significantly impact the local radiative heat balance
of the region (Weijer et al., 2017). However, without fur-
ther information, the atmospheric signal extracted by Weijer
et al. (2017) cannot be interpreted as the direct response of
the atmosphere to the polynya but as a superimposition of
this direct response and coupled feedbacks. In fact, Diao et
al. (2022), who used the same model as Weijer et al. (2017),
argued that the polynya is the result of a large-scale coupled
ocean–atmosphere–sea-ice mechanism (see also Kaufman et
al., 2020). Coupled model studies suggest that the impact of
the WSP and regional ice loss may be seen locally within
the cyclonic region of the Weddell Sea through a moisten-
ing of the atmosphere and an enhanced low pressure (Diao
et al., 2022), as well as further afield by influencing the In-
terdecadal Pacific Oscillation (IPO) via atmospheric signals
reaching the western equatorial Pacific (Chang et al., 2020).
Such coupled models often produce polynyas much larger
than the largest observed polynya in 1974, which could re-
sult in an overestimation of their impacts on the atmosphere.
In addition, it remains unclear to which extent the local re-
sponse is influenced by ocean–ice feedbacks (such as the
wind feedback on sea ice advection explored by Timmer-
mann et al., 1999) and to which extent the remote signal is
a direct response to the polynya or is indirectly triggered by
ocean processes (e.g. SST anomalies, changes in the over-
turning circulation).

Modelling studies investigating the atmospheric response
to surface boundary perturbations or external forcing per-
turbations (e.g. CO2, volcano) may be dependent on fac-
tors such as internal variability, varying physics schemes,
and model resolution, highlighting the importance of using
multiple models and resolutions (e.g. Klaver et al., 2020).
Atmosphere-only intercomparison projects reveal large dif-
ferences between model responses to sea ice forcings,
whereby in some cases the sign of the response is not robust
(e.g. Ayres and Screen, 2019). Several reasons have been
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proposed on this, including but not limited to the position of
the eddy-driven jet (Bracegirdle et al., 2018; Holmes et al.,
2019). Additionally, biases of the background phase of the
SAM may lead to biases in the jet (e.g. Kidston and Ger-
ber, 2010; Barnes et al., 2010). However, whether resolution
makes a significant impact on a response in an atmosphere-
only model is still not well understood. Streffing et al. (2021)
demonstrate that when the same model at varying resolutions
is forced with the same sea ice boundary conditions in polar
regions, the higher resolution does not alter the results, even
with more than 100 ensemble members.

A summary is as follows:

1. Current insights into the direct atmospheric response are
limited to the local, 2 d, or geostrophic response (Dare
and Atkinson, 1999, 2000; Timmermann et al., 1999).
The global 3-dimensional response of the atmosphere to
the polynya using the full primitive equation dynamics
remains to be determined.

2. Interpreting the direct response of the WSP in cou-
pled models is made difficult by the potential impact
of ocean–atmosphere–sea-ice feedbacks. This is often
compounded by oversized modelled polynyas, which
likely overestimate the polynya’s impact and hence
feedback loops.

3. There are potentially large structural uncertainties in de-
termining the atmospheric response to the polynya asso-
ciated with model formulations (e.g. physics schemes,
resolution).

The aim of the present study is to address these issues. We
emphasise that we are not concerned here by the precondi-
tioning or the formation of the polynya. Rather, we seek to
establish robust features of the global atmospheric response
to the WSP once it is formed.

Following the approach of Dare and Atkinson (1999,
2000), we employ atmosphere-only simulations with pre-
scribed surface boundary conditions but here with atmo-
spheric general circulation models (AGCMs). By disallow-
ing the ocean and sea ice feedbacks, we can determine the
one-way impact of the polynya on the atmosphere, which
will help interpret atmospheric signals found in coupled sim-
ulations. To the best of our knowledge, this is the first study
to determine the global 3-dimensional response of the at-
mosphere to the WSP. To establish the robustness of our
results (e.g. structural uncertainties), we use three AGCMs
and two different resolutions for each model. Our experi-
ments are conducted with the UK Met Office climate model
HadGEM3, the ECHAM5 Max Planck Institute model, and
the OpenIFS ECMWF model at high and low resolutions. We
prescribe SIC and SST boundary conditions from the 1974–
1975 polynya year (July to June), i.e. a realistically sized
polynya. The atmospheric response to the polynya is eval-
uated by comparing simulations with and without the WSP.

Finally, updating on Moore et al. (2002), we compute the at-
mospheric signal associated with the 1974 WSP in the recent
ERA5 reanalysis. This analysis is used to gauge the realism
of our AGCMs’ outputs.

Section 2 describes the ERA-5 data, the three AGCMs
used here, and details of the simulations and methodology to
extract the atmospheric response. Section 3 presents an anal-
ysis of our simulations, while Sect. 4 provides a discussion
and implications for coupled studies. Conclusion are given in
Sect. 5.

2 Methods and data

2.1 Data

The ECMWF Reanalysis version 5 (ERA5) monthly reanal-
ysis (Hersbach et al., 2020) was chosen as the primary data
source for the SIC and SST boundary conditions. In ERA5,
the quality of 1974 data is slightly worse than data after 1979
as a consequence of the limited satellite observations at the
time. ERA5 is a high-quality reanalysis product with a 31 km
horizontal resolution. It has the limitations of relying on a
model rather than being observations only. However, for the
purpose of this study, ERA5 is the best option to force the
models with a realistic WSP forcing due to the lack of reli-
able satellite products before 1979. The lower resolution of
ERA5 is a limitation, where if using daily data, there would
likely be inaccuracies around the edge of the polynya. There-
fore, when choosing to use monthly or daily data, monthly
data were thought to have been of higher quality. Crucially,
for this study, the high accuracy of SIC and SST is not criti-
cal as we compare twin experiments (with/without the WSP)
and we do not expect that a change in these boundary con-
ditions in grid points bordering the WSP would significantly
affect the atmospheric response.

Data from July 1974 to June 1975 are used to account for
the WSP’s formation starting in June until its dissipation in
December (Fig. 1) and then regridded via bilinear interpo-
lation to the low- and high-resolutions grids of each model
(Table 1). For comparison to a non-polynya year, the same
boundary conditions are used but masked over the region
of the polynya with non-polynya-year average (1982–2015)
SIC and SST from May to December. The response to the
WSP is defined as the difference between the two sets of sim-
ulations. The resulting SIC forcing is a 100 % loss over the
WSP in September and October and up to a 1 °C SST in-
crease (Fig. S1). The SST under the sea ice is irrelevant for
our setups due to the absence of dynamic coupling.

2.2 Models

The WSP experiments are done with three different models
– HadGEM3, ECHAM5, and OpenIFS – at their highest and
lowest global horizontal resolutions.

https://doi.org/10.5194/wcd-5-805-2024 Weather Clim. Dynam., 5, 805–820, 2024
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Figure 1. Monthly sea ice concentration from ERA5 dataset for August to November 1974. The red box in the October panel highlights the
63–68° S, 10° E–10° W region, used for the mean responses in Fig. 6 and onwards.

Table 1. Summary of model experiments. Each model was run with
polynya-year and non-polynya-year boundary conditions.

Models Resolution Members/years

HadGEM3
N96 (135 km) 100
N512 (25 km) 15

ECHAM5
T42 (300 km) 100
T255 (50 km) 30

OpenIFS
Tco95 (100 km) 100
Tco399 (25 km) 30

We use the UK Met Office HadGEM3 high-
resolution (N512) global atmosphere-only model con-
figuration, submitted as part of phase 6 of the Coupled
Model Intercomparison Project (CMIP6). HadGEM3 uses
the GA7.1 (Walters et al., 2017) global atmosphere con-
figuration, with the JULES GL7.0 land surface component
model (Walters et al., 2017). The high-resolution N512
version of the model, hereafter HadGEM3-H, has 85 vertical
levels and horizontal resolution of ∼ 25 km at mid-latitudes
and a time step of 15 min. The low-resolution N96 version
of the model, hereafter HadGEM3-L, has a horizontal
resolution of ∼ 135 km, 85 vertical layers, and a time step of
20 min.

The experiments with the ECHAM5 model (Roeckner
et al., 2003) are run using the high-resolution T255 ver-
sion (horizontal resolution of ∼ 50 km, 62 vertical lay-
ers with a 100 s time step), hereafter ECHAM5-H, and
the low-resolution T42 version (horizontal resolution of
300 km, 19 vertical layers with a 20 min time step), hereafter
ECHAM5-L. The resolution in both versions of ECHAM5

used here are comparably smaller than those used in
HadGEM3 (see Table 1).

For both HadGEM3 and ECHAM5 models, the low-
resolution models are integrated for 100 years with the repeat
boundary forcing of the SST and SIC. For high resolution,
15 and 30 years are simulated for HadGEM3 and ECHAM5,
respectively, for each boundary condition due to their high
computational costs at these resolutions. Atmospheric initial
conditions were started arbitrarily, and the number of repeat-
ing years with the identical SST and SIC forcing thus repre-
sents the number of ensembles.

The experiments with the OpenIFS are run using the high-
resolution Tco399 version of the model, hereafter OIFS-H,
with a horizontal resolution of ∼25 km, 91 vertical layers,
and 15 min time step, while the low-resolution Tco95 ver-
sion of the model, hereafter OIFS-L, is run at a horizon-
tal resolution of ∼ 100 km, 91 vertical layers, and 30 min
time step. The configurations are identical to OpenIFS-HRA
and OpenIFS-LRA in Savita et al. (2024), respectively. Both
models are run as ensemble members, as opposed to transient
runs used in HadGEM3 and ECHAM5 experiments. Each
simulation starts 1 May 1988 and ends 30 November 1988.
Each ensemble member is perturbed by 0.1 K noise in the
initial skin temperature. The ensemble spread reaches a max-
imum after ∼ 2 weeks, so the members are clearly separated
from 1 June onward. The differences in methods between the
models are not expected to impact the results in any mean-
ingful way. The atmospheric composition and solar forcing
are as they were for 1988 (CMIP6 prescribed), but ozone
and aerosol forcings are all from monthly climatology from
CAMS.

Weather Clim. Dynam., 5, 805–820, 2024 https://doi.org/10.5194/wcd-5-805-2024
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2.3 Diagnostics and statistics

The response to the WSP is analysed as the transient and
ensemble mean difference between the polynya and non-
polynya simulations, disregarding the first 2 years for the
transient experiments and the first 2 months of the ensem-
ble experiments. The ensemble average limits the influence
of short-term weather events on our results and isolates the
effect of the polynya on the atmosphere. Hereafter, the “re-
sponse” will be used to refer to the ensemble-mean difference
between simulations with and without the polynya. Student’s
t test is used to calculate the statistical significance of the
response and is reported at the 95 % confidence level. The
Benjamini–Hochberg procedure (Benjamini and Hochberg,
1995) is then applied to the t test p values to use a multiple-
hypothesis test on all spatially correlated data and remov-
ing the assumption that point-by-point the results are signif-
icantly independent. The resulting significance is displayed
as stippling.

Additional analysis is done to determine the responses’
dependence on the large-scale internal variability in the
SAM index and the mid-latitude tropospheric eddy-driven jet
strength and position, all between 30 °W and 30 °E. The jet
position and strength are calculated following the method-
ology of Ayres and Screen (2019). This method uses maxi-
mum zonal wind values between 60 and 40° S and between
30° E and 30° W, where the latitude of the maximum zonal
wind is the position of the jet and the maximum wind is the
jet strength. Values outside of 3σ standard deviation are re-
moved in calculating the correlations of the aforementioned
large-scale internal variability to the responses to remove
large outliers.

2.4 Model result validation using ERA5

We assess our results against the observation-based ERA5
reanalysis. To do this, we compute the difference between
the 1974 (polynya-year) data and the mean 1980–2015 (non-
polynya-year) data. This is of course a very limited sample
with just one polynya year and is subject to high variability,
and thus, we utilise the full 10 ensemble members of ERA5.
ERA5 assimilates observations which could include ocean–
atmosphere–sea-ice feedback processes, if they exist. One
should be careful with comparing with our AGCM results
which isolate the WSP impact on the atmosphere. Nonethe-
less, the ERA5 anomalies allow us to test some aspects of the
modelled responses and establish whether they sit in a real-
istic dynamical regime. A normal distribution was calculated
on the non-polynya years and compared to the polynya year
to determine the probability of the results occurring without
the presence of the WSP.

3 Results

We start by analysing the low-resolution results and then ex-
plore and compare the high-resolution results, highlighting
interesting similarities and differences. We then explore how
these results correlate with the internal variability in the west-
erly jet and compare the results to ERA5 reanalysis for the
same years used in the models.

3.1 Spatial component of the response

The HadGEM3-L low-resolution spatial patterns of turbulent
(sensible plus latent) heat flux response to the WSP (Fig. 2a–
d) mimic that of SST and sea ice loss directly over the WSP,
with an increase (upward flux) of up to 147 W m−2 in Au-
gust, followed by similar values in September. Despite the
WSP not being yet at full spatial maximum (Fig. 1), the
air–sea temperature gradient (not shown) is greatest during
austral winter, hence the gradual decrease in turbulent heat
flux from August to November. All responses are confined
within the Weddell Sea region and often to the WSP it-
self. In comparison with HadGEM3-L, the lower-resolution
ECHAM5-L turbulent heat flux response (Fig. 2e–h) shows
a similar spatial pattern, peaking in September but at a lower
maximum flux of 102 W m−2. The OIFS-L turbulent heat
flux response to the WSP (Fig. 2i–l) is again a comparable
magnitude and spatial shape to HadGEM3-L with a maxi-
mum of 131 W m−2 but peaking in September, analogous to
ECHAM5-L.

The WSP turbulent heat flux response is highest between
September and October; therefore, in the remainder of this
study, we focus on the September–October mean response
to the WSP for the sake of brevity. Monthly mean responses
are noisier while not revealing more interesting features than
the 2-month averages. For all three models, the extent of
near-surface air temperature (TAS) response (Fig. 3a–c) to
the WSP is akin to that of turbulent heat flux response, with
warming directly over the WSP region. There is in addition
some warming over the surrounding Weddell Sea, notably to
the north and east, which is most likely due to advection.
For HadGEM3-L (Fig. 3a) the maximum temperature re-
sponse reaches 7 K. The temperature response in ECHAM5-
L (Fig. 3b), like heat flux, peaks at a smaller value of 4.5 K.
ECHAM5-L also has the smallest spatial reach of the three.
The near-surface temperature is largest in OIFS-L (Fig. 3c),
with a maximum of 7.5 K. In all three models, the tempera-
ture increase surrounding the WSP is limited to 2 K.

The mean sea level pressure (MSLP) response to the
WSP in HadGEM3-L (Fig. 3d) shows a non-significant de-
crease directly over the WSP, with a maximum of approx-
imately −1.8 hPa, related directly to the surface warming.
Away from the WSP, there is a smaller reduction in MSLP.
The MSLP response in ECHAM5-L (Fig. 3e) is like that in
HadGEM3-L over the WSP region but with a smaller mag-
nitude of −1.4 hPa. In OIFS-L (Fig. 3f), there is a decrease

https://doi.org/10.5194/wcd-5-805-2024 Weather Clim. Dynam., 5, 805–820, 2024
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Figure 2. (a–d) The low-resolution turbulent heat flux (positive into the atmosphere) response to the WSP (polynya simulation minus non-
polynya simulation) for HadGEM3-L from August (a) to November (d). (e–h) As (a–d) but for ECHAM5-L. (i–l) As (a–d) but for OIFS-L.
Turbulent heat flux is calculated as the combined sensible and latent heat flux. Stippling indicates the 95 % significance level by the t test
and the Benjamini–Hochberg procedure.

of ∼ 0.7 hPa directly over the WSP, smaller than the other
two models, amongst a larger-scale positive anomaly in the
region. We speculate, in part based on the lack of statistical
significance, that the large-scale positive anomaly is due to
internal variability and partially cancels the localised MSLP
directly over the WSP. An analogous (but opposite) effect
occurs in ECHAM5, overestimating slightly its peak MSLP
response over the WSP.

Maximum precipitation significantly increases by up to
0.7 mm d−1 over the WSP region for HadGEM3-L (Fig. 3g).
The September–October average total sum of precipitation
directly above the WSP is ∼ 3.7 mm d−1. This response
could be explained by the increased surface latent heat flux,
as the evaporated water content corresponds to ∼ 4 mm d−1

if precipitated back over the WSP. The ECHAM5-L pre-
cipitation response (Fig. 3h) is weaker at a maximum of
0.5 mm d−1 and a total of ∼ 2 mm d−1 directly above the
WSP. The spatial extent of the significant response is also
more localised directly above the WSP. The OIFS-L pre-
cipitation response (Fig. 3i) is of a higher magnitude up to
0.9 mm d−1 and totals ∼ 20 mm d−1 directly above the WSP,

which is significantly more than the other models due to a
consistently higher value over the whole of the WSP. Savita
et al. (2024) show that precipitation is overestimated in the
OIFS models, which may explain the larger response. There
is a small significant reduction of 0.1 mm d−1 in precipitation
in the area north of the WSP.

The geopotential height at 850 hPa (Z850) shows no signif-
icance and lacks consistency between models. In HadGEM3
(Fig. 3j), there is an increase of 7 m. For ECHAM5 (Fig. 3k),
the response is almost negligible, with a slight decrease over
the WSP. The OIFS-L response (Fig. 3l) shows a clearer in-
crease in geopotential height over the WSP of 8.6 m.

As expected, the zonal wind response at 850 hPa (U850)
is associated with the changes in geopotential height at the
same level through geostrophic balance. In HadGEM3-L
(Fig. 3m), there is a reduction in the westerly wind north
of the WSP of −0.8 m s−1 and an increase in the south of
0.6 m s−1, consistent with an anticyclonic response to an in-
crease in geopotential height (Fig. 3j). The response of the
ECHAM5-L zonal wind at 850 hPa (Fig. 3n) shows almost an
opposite, cyclonic response to HadGEM3-L; however, this is
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Figure 3. Near-surface temperature (TAS) September–October mean response for HadGEM3-L (a), ECHAM5-L (b), and OIFS-L (c). (d–
f) As for (a–c) but for MSLP. (g–i) As for (a–c) but for total precipitation. (j–l) As for (a–c) but for geopotential height at 850 hPa (Z850).
(m–o) As for (a–c) except for zonal wind at 850 hPa (U850). Stippling indicates the 95 % significance level by the t test and the Benjamini–
Hochberg procedure.
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small and not significant. The response in OIFS-L (Fig. 3o) is
similar to HadGEM3-L, although not significant, but is con-
sistent with the geopotential height again (Fig. 3i). While
there is a significant reduction in the westerly winds to the
north of −0.6 m s−1, there is a smaller insignificant increase
in zonal wind to the south of 0.5 m s−1. In summary, the re-
sponse of the wind and geopotential height aloft is less robust
and less significant than the direct surface processes.

To explore the vertical structure of the response in more
detail, we compute the 10° W to 10° E (directly over the
WSP) zonal-mean potential temperature (TA) response for
the September–October means for HadGEM3-L, ECHAM5-
L, and OIFS-L (Fig. 4a–c). Both HadGEM3-L and OIFS-L
exhibit a warming of up to 3 K in the lower troposphere be-
low 900 hPa, with a smaller increase (∼ 1 K) aloft (not sig-
nificant) up to 700 hPa (or ∼ 1.5 km). ECHAM5-L shows a
similar vertical structure but only reaches half of the magni-
tude of the two other models with a maximum temperature
response of 1.5 K near the surface.

The HadGEM3-L and OIFS-L responses in zonal-mean
geopotential height (ZG) over the WSP (Fig. 4d and f, re-
spectively) exhibit a similar increase of about 20 m to the
south of the WSP, significant throughout the troposphere, and
a smaller decrease to the north. ECHAM5-L (Fig. 4e), how-
ever, shows a smaller increase to the north up to 350 hPa and
a small surface increase to the south of the WSP. The zonal
mean geopotential height response shows a barotropic shift
above the WSP; however, this is small in magnitude and in-
consistent across models.

Throughout the troposphere, the zonal-mean zonal
wind (UA) again shows a consistent geostrophic response
with geopotential height (Fig. 4g–i). HadGEM3-L and
OIFS-L show a decrease in the winds north of ∼ 65° S, al-
though HadGEM3-L is more localised to the WSP, with
another sign change north of 50° S. However, ECHAM5-
L shows an increase in zonal velocity from 65 to 55° S
flanked by negative anomalies. These differences in the zonal
wind and geopotential response may be associated with the
position of the tropospheric eddy-driven jet relative to the
WSP within each model, where there is a ∼ 5° difference
in HadGEM3. Nonetheless, these results further demonstrate
the lack of robust response and limited significance to the
WSP above 500 hPa, indicating no evident atmospheric path-
way for the response away from the Weddell Sea region.

3.2 Comparison to high-resolution versions

For the high-resolution simulations, the magnitude in turbu-
lent heat flux response (Fig. 5) is notably higher in all three
models when compared to corresponding low-resolution ver-
sions. The biggest increase is found in HadGEM3-H with
a difference of 45 W m−2 (Fig. 5a–d), then ECHAM5-H
with 38 W m−2 (Fig. 5e–h), and OIFS-H with 33 W m−2

(Fig. 5i–l). Despite this increase, the high-resolution turbu-
lent heat flux maintains the same spatial and temporal pattern

as the low-resolution response, weakening into October and
November.

Figure 6 summarises the response for all six model
versions used for this study in the turbulent heat flux,
near-surface temperature, precipitation, MSLP, geopotential
height, and zonal wind at 850 hPa. The responses are av-
eraged monthly in time and spatially over the WSP region
(63–68° S, 10° E–10° W; see Fig. 1). All models agree on the
sign of the response for all (near-)surface variables but re-
veal ambiguous results aloft. For HadGEM3 and ECHAM5,
the high-resolution versions of the model are notably greater
than their low-resolution counterparts by up to 50 %, while
the OIFS-H response is larger than the OIFS-L response by
only up to 30 %.

The sign of the MSLP response is almost consistently neg-
ative (Fig. 6d), as shown by the ensemble mean; however,
the signal-to-noise ratio is low. Geopotential height and zonal
wind at 850 hPa are further exacerbated, as the response time
series fall on both sides of zero. There is no longer a major-
ity agreement on the sign, with the ensemble mean fluctu-
ating above and below zero, confirming the lack of a robust
response to the polynya in the free troposphere.

3.3 Jet and correlations

As discussed in the Introduction, we expect that the system-
atic biases as well as the natural variability in the models may
influence the response to the polynya. Specifically, a stronger
or more poleward jet (or a more positive SAM index) would
increase the latent heat flux response directly above the WSP
and thus the magnitude of the overall atmospheric response.

The mean state of the jets differs significantly across the
models. Of the low-resolution models, HadGEM3-L has the
most southward jet averaging at 51.3° S, and the most north-
ward jet is found in ECHAM5-L averaging at 46.3° S. OIFS-
L has the fastest jet of 14.5 m s−1 (Fig. S2a and b). The
averaged SAM indices are the most positive in the high-
resolution models, with averages ranging between 0.2 for
ECHAM5-H and 0.4 for HadGEM3-H, compared to con-
sistent averages of 0.1 across the low-resolution models
(Fig. S2c).

We now regress the atmospheric response to WSP in the
ensemble members against the mean jet strength, position,
and SAM index in the polynya experiment (Fig. 7). The tur-
bulent heat flux response shows a weak correlation (Fig. 7)
with the SAM index in ECHAM5-L (R2

= 0.11, P > 0.05)
and OIFS-L (R2

= 0.06, P ≤ 0.05), but no relationship is
found in HadGEM3-L (R2

= 0.00, P > 0.05) (Fig. 7a–c).
However, there is a weak correlation with the jet strength for
HadGEM3-L (R2

= 0.04, P > 0.05). The response in MSLP
(Fig. 7d–f), geopotential height at 850 hPa (Fig. 7g–i), and
zonal wind at 850 hPa (Fig. 7j–l) shows a higher correlation
with the SAM index (albeit not robust across models) than
the jet strength and latitude. For all variables but zonal wind,
there are no significant correlations of the atmospheric re-
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Figure 4. Zonal-mean temperature (TA) over the WSP region (10° W to 10° E) for September–October mean response for HadGEM3-L (a),
ECHAM5-L (b), and OIFS-L (c). (d–f) As for (a–c) but for geopotential height (ZG). (g–i) As for (a–c) but for zonal wind (UA). Stippling
indicates the 95 % significance level by the t test and the Benjamini–Hochberg procedure.

sponse to WSP and jet position. We note that the zonal wind
response to WSP has a significant correlation to jet position
but not jet latitude in ECHAM5-L (R2

= 0.06) and OpenIFS-
L (R2

= 0.12).
These results indicate that the variability between the res-

olutions of the same model is dictated by the SAM index
variability (Fig. S2b); however, the variability between the
different models is further dictated by a combination of the
strength and position of the jet. The high-resolution results
were not included here due to the small ensemble numbers,
leading to a limited comparison (Fig. S3).

The overall magnitude of the response shows some corre-
lation to the mean state of the SAM index and the strength
of the tropospheric eddy-driven jet and to a lesser extent the
position, although, where ECHAM5 has the most northward
jet, the overall response to the WSP was lower and there is
more dependence on the position of the jet latitude. Addi-
tionally, ECHAM5 has a near 50 % increase in magnitude in
the high-resolution version, whereby the jet latitude is on av-
erage 4.3° more southward. Jet position and jet strength are
not linearly related. ECHAM5 has an Equator-ward bias in

the position of the jet (Barnes et al., 2010; Kidston and Ger-
ber, 2010), associated with the persistence of SAM, whereas
OpenIFS and HadGEM3 have a lesser bias.

3.4 Comparison to ERA5 reanalysis

To evaluate the models’ reliability, we estimate the observed
atmospheric anomalies in 1974, the same year as that used
for the SIC and SST boundary conditions in our simulations
using the ERA5 reanalysis (see Sect. 2.4 for details). ERA5
is a reanalysis and may be subject to model biases, espe-
cially before the extensive assimilations of satellite obser-
vations from 1979 onwards. Additionally, precipitation and
heat flux are not assimilated, where outputs are highly depen-
dent on the bulk formula used. We use all 10 ERA5 ensemble
members. Nonetheless, the 1974 turbulent heat flux, surface
temperatures, and precipitation anomalies over the WSP in
ERA5 (Fig. 8a) are similar to the model responses spatially
and of a similar magnitude. Averaged over the WSP region
(red box, Fig. 1), the heat flux, surface temperature, and pre-
cipitation anomalies are about 70 W m, −3 K, and 2 mm d−1

above average. The MSLP anomaly (Fig. 8d) shows a less
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Figure 5. The high-resolution turbulent heat flux (positive in the atmosphere) response to the WSP for HadGEM3-H from August (a) to
November (d). (e–h) As (a–d) but for ECHAM5-H. (i–l) As (a–d) but for OIFS-H. Turbulent heat flux is calculated as the combined sensible
and latent heat flux. Stippling indicates the 95 % significance level by the t test and the Benjamini–Hochberg procedure.

Figure 6. (a) Monthly mean and standard error in heat flux response to the WSP averaged over 63–68° S, 10° E–10° W (red box in Fig. 1)
with HadGEM3 (blue), ECHAM5 (red), and OIFS (yellow). Low resolution and high resolution are denoted by continuous and dashed
lines, respectively. The ensemble mean of all three models and both resolutions is denoted by the solid black line. (b) As (a) but for surface
temperature. (c) As (a) but for precipitation. (d) As (a) but for MSLP. (e) As (a) but for geopotential at 850 hPa. (f) As (a) but for zonal wind
at 850 hPa.
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Figure 7. Heat flux response to the WSP (averaged over 63–68° S, 10° E–10° W; red box in Fig. 1) against jet latitude (a), jet strength (b),
and SAM index (c) for the low-resolution versions of the models. Blue is for HadGEM3-L, yellow for ECHAM5-L, and green for OIFS-L.
Each dot represents each ensemble member for September. (d–f) As (a–c) but for MSLP, (g–i) as (a–c) but for geopotential height at 850 hPa,
and (j–l) as (a–c) but for zonal wind at 850 hPa. Bold underline shows the dominant processes for each model.

obvious pattern compared to the other fields, but the imprint
of the polynya as negative anomaly (of about −3 hPa) is no-
ticeable.

To put these anomalies into context, histograms of the vari-
ables (averaged over the WSP, red box in Fig. 1) are con-
structed for the years 1980–2015 (non-polynya years), and
the 1974 states are highlighted (with the pink star; see Fig. 8,
bottom row). The 1974 heat flux state sits well outside of
the range of possible heat fluxes in non-polynya years. The
1974 surface temperature, MSLP, and precipitation states are
found at the extreme range of possible realisations in non-
polynya years. Using a Gaussian fit, we estimate that all
three 1974 variables have a less than 5 % chance of occur-
ring naturally in non-polynya years. Going further, a joint
PDF of precipitation and MSLP shows that the 1974 state
has a probability of 0.2 % of occurring outside of a polynya
year (Fig. S4). These results are consistent with the NCEP-
NCAR Reanalysis results from Moore et al. (2002).

Overall, the low probability of occurrence of the
1974 near-surface state in non-polynya years suggests that
it can be interpreted as primarily a response to the polynya
opening (although possibly including some ocean–sea-ice

feedbacks). This suggests that our AGCM results are within
a “realistic” threshold from the reanalysis data for the same
years.

4 Discussion

In both the low- and high-resolution simulations, the pres-
ence of the WSP generates a turbulent heat flux from
the ocean to the atmosphere between 100 and 190 W m−2,
the magnitude being model dependent. Decreasing from
September to November due to the seasonal reduction in the
ocean–atmosphere temperature gradient, the localised heat
flux leads to increased atmospheric surface temperature up
to 700 hPa and to increased precipitation. The increase in
temperature, although not extending beyond the lower tropo-
sphere, is associated with a barotropic shift in geopotential
height aloft; however, this is not outside of the bounds of in-
ternal variability. The modelled response to the WSP is sim-
ilar to and complements that found in a previous study (Wei-
jer et al., 2017), which is a study that assesses the response
to the polynya in a coupled model. The models show strong
agreement in the locality of the response, and all agree that
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Figure 8. ERA5 heat flux (a) difference between 1974 and the 1980–2015 average for September–October mean. (b) As (a) but for surface
temperature. (c) As (a) but for MSLP. (d) As (a) but for precipitation. Stippling indicates the 95 % significance level by the t test and
the Benjamini–Hochberg procedure. (e) Histogram of September–October mean heat flux over the WSP region (red box in Fig. 1) for the
years 1980 through 2015. A best fit normal distribution is shown with a solid red line, while a pink star denotes the 1974 value. (f) As (e) but
for surface temperature. (g) As (e) but for MSLP. (h) As (e) but for precipitation.

there is a reduction in surface pressure over the WSP (albeit
not significant), again agreeing with the early literature (Tim-
mermann et al., 1999). Aloft in HadGEM3 and OpenIFS, this
is reinforced by an increase in geopotential height at 850 hPa
and a geostrophic anticyclonic response in the wind around
the WSP, further agreeing with theories from the literature
that the WSP can influence local dynamics (Dare and Atkin-
son, 1999, 2000).

The high-resolution versions of the models show a similar
spatial pattern in all models, maintaining the horizontal and
vertical locality of the responses seen in the low-resolution
versions of the experiments. However, the magnitude of the
response is up to 50 % higher in the high-resolution ver-
sions of the models. OpenIFS is the least resolution-sensitive
model, with response to WSP only increasing by a maximum
of 30 % between the two resolutions. HadGEM3 shows the
greatest differences between resolutions, but HadGEM3-H
is the most subject to internal variability due to the smaller
ensemble and is therefore less robust than the other models.
ECHAM5 also shows large differences between the two res-
olutions, which may be due to the models having the biggest
differences, i.e. time step and vertical resolution.

However, the response to the WSP is not entirely robust
across the three models. In particular, the responses above the

boundary layer are weak, often not significant, and inconsis-
tent across models and resolutions. For example, ECHAM5
exhibits a nearly opposite response aloft to the two other
models at low resolution. We speculate that the responses
aloft are in fact traces of the equivalent barotropic variabil-
ity that dominates the natural monthly-to-yearly variability
in the Southern Hemisphere (Thompson and Wallace, 2000).
We expect that with an increasing number of members/re-
alisations, the “response” identified in the free troposphere
would converge to near zero across all models.

The jet is predicted to shift more poleward and increase
in strength as greenhouse gases increase (Smith et al., 2017).
Despite the prediction that future WSP events will be less
frequent and smaller (de Lavergne et al., 2014), our jet anal-
ysis suggests that with a poleward shift and strengthening of
the jet, a smaller WSP may still induce a sizable yet local
response in the lower troposphere.

The response in our models shares many similarities to the
observational reanalysis of Moore et al. (2002), who used
the NCEP-NCAR Reanalysis. While assimilated observa-
tions for 1974 have not changed much since then, the quality
of reanalysis products has significantly improved since the
NCEP-NCAR release, and we expect that our repeat analy-
sis on the recent ERA5 product provides more reliable re-
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sults than those of Moore et al. (2002). Our analysis and that
of Moore et al. (2002) agree on the sign and locality of the
atmospheric signal associated with the WSP; however, the
magnitude differs. For example, the NCEP-NCAR Reanaly-
sis has approximately twice the surface air temperature com-
pared to the ERA5 analysis (20 °C versus 10 °C). Notably,
the anomalies inferred from ERA5 reanalysis are in closer
agreement with our AGCMs results, specifically of the high-
resolution models, where ERA5 has a similar horizontal res-
olution of ∼ 30 km. However, the total turbulent heat flux
response of our AGCM study is 25 % less than the anoma-
lies seen in ERA5, where sensible and latent heat were close
to equal in our study, as seen in our precipitation response,
which is 0.5 mm d−1 larger than the observational reanalysis.

Subject to limitations and biases associated with the
NCEP-NCAR and ERA5 reanalyses, as well as the use of
only one polynya realisation in 1974 to extract the atmo-
spheric response, our AGCM responses are mostly in agree-
ment with the reanalysis although aligning more closely with
the weaker responses inferred from the recent ERA5 product.
Our results suggest that the anomalies seen in NCEP-NCAR
and ERA5 reanalyses are primarily the direct response to the
polynya, and, if any, coupled feedbacks make a small contri-
bution. This comparison to reanalysis reinforces our conclu-
sions that the direct response to the WSP is strong and sig-
nificant but highly localised to the boundary layer just above
the WSP. In addition, our results show that the response has
little memory in the atmospheric-only system (i.e. local in
time too) and vanishes rapidly with the polynya.

Our findings contradict some previous studies which sug-
gest that the response to the WSP may have a remote reach
as far as the tropics (e.g. Chang et al., 2020). By design, our
experiments isolate the direct response to the WSP eliminat-
ing any potential feedbacks due to two-way interactions with
ocean and sea ice. It is possible that further-afield impacts to
sea ice change and atmosphere may require such feedbacks
with the ocean at lower latitudes (e.g. England et al., 2020;
Ayres et al., 2022). We also show that there is no significant
impact on the westerly mid-latitude jet, which may interact
with the wider climate through teleconnections (e.g. Wang
and Cai, 2013; Fogt et al., 2011). In our experiments, there
is no clear pathway through the atmosphere alone for a re-
mote response. Our response may be limited by our use of
monthly model data, as opposed to daily, where daily SST
fluctuations can impact the atmospheric response to ocean
anomalies (Zhou et al., 2015).

Two recent studies (Kaufman et al., 2020; Diao et al.,
2022), through the analysis of coupled climate simulations,
have suggested that the WSP could be part of complex cou-
pled ocean–atmosphere–sea-ice modes of variability. In both
cases, the modelled polynyas are much larger than the largest
observed polynya found in 1974. While the atmospheric sig-
nals associated with the polynya in these coupled models are
also largely confined above the polynya, by virtue of their
sizes the modelled polynyas drive large-scale atmospheric

anomalies projecting more strongly on oceanic features. For
example, Diao et al.’s (2022) coupled mechanism relies on
a change in the wind-stress curl and precipitation patterns
on the scale of the Weddell gyre. Our results show responses
with significantly smaller spatial scales even for a 1974-sized
polynya. This suggests caution in analysing model polynya
dynamics where oversized polynyas may generate unrealis-
tic coupled feedbacks and over-estimate the role of coupled
dynamics in maintaining the polynya recurrence.

In summary, the WSP may not interact to first order
through the atmosphere with the climate on a large scale and
may be too far south and within the sea ice edge for coupled
feedbacks to have a substantial impact on results. However,
the phase of the SAM and jet may make the response bigger
or smaller. Resolution may be less important than internal
variability in modelling the atmospheric response to ice loss
events in AGCMs. The study was limited by the ensemble
size in the high-resolution model because of this. Nonethe-
less, the modelled responses to the WSP bear strong similar-
ity with anomalies seen in atmospheric reanalysis data and
previous studies.

5 Conclusions

Our study uses three AGCMs to determine the direct re-
sponse of the atmospheric circulation to the 1974 WSP, using
sea ice and SST boundary conditions from the ERA5 reanal-
ysis. For each AGCM, we employ low- and high-resolution
versions of the model to assess the dependence of the re-
sponse to the WSP to resolution (ranging from 25 to 300 km).

We show that the AGCM response to the WSP is localised
to the WSP region, is vertically restrained to the bound-
ary layer, and is only present in the late austral winter and
spring barely outlasting the WSP itself. The WSP creates
up to 150 W m−2 turbulent heat flux from the ocean to the
atmosphere, leading to a warming of the atmosphere at the
surface of up to 10 K in August and September. A warm-
ing (of less than 3 K) spreads up to 10° northeast via advec-
tion. A small amount of associated increased surface mois-
ture flux does advect away from the region; however, the ma-
jority of precipitation occurs directly over the WSP. While
not statistically significant in each model, the dynamical re-
sponse shows a robust low-level baroclinic structure with a
small (∼ 1 hPa) localised decrease in surface pressure over
the WSP and an increased geopotential height at 850 hPa as-
sociated with a geostrophic cyclonic response in the winds.
The response found in the free troposphere is relatively weak
and inconsistent across models. We suspect that these re-
sponses are strongly influenced by the natural variability in
the jet due to the small signal-to-noise ratio above the bound-
ary layer.

The patterns of the responses at low levels show many
similarities between the low- and high-resolution versions.
However, the responses in the high-resolution versions of the
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models appear to be of larger magnitude than in their low-
resolution counterparts. The sensitivity of the response to
horizontal resolution may be due, in part, to internal vari-
ability associated with the mean state of the SAM index
and the position of the westerly mid-latitude jet as the high-
resolution simulations had a low number of ensemble mem-
bers. This is especially true when considering the response
in the free troposphere where the response (if any) is much
smaller than internal variability.

Overall, the responses we obtained are consistent with pre-
vious studies (e.g. Moore et al., 2002; Weijer et al., 2017;
Thompson and Wallace, 2000; Timmermann et al., 1999;
Dare and Atkinson, 1999, 2000) and with the anomalies
found in ERA5 reanalysis for the same years used to force
our AGCM experiments. It is worth noting however that the
larger responses found in the high-resolution models are in
better agreement with the ERA5 reanalysis.

By design (use of AGCMs with prescribed SST and sea
ice boundary conditions), our study extracts the direct re-
sponse to the WSP and shows that it is highly localised to
the WSP. There is no clear atmospheric path to propagate the
response away from the WSP region in our simulations. The
direct response does not expand further north than the sea
ice edge; thus, it is unlikely that the warming would reach
the open ocean without a deep ocean pathway (e.g. Gordon,
1978; Chang et al., 2020).

Nonetheless, our modelling framework does prohibit po-
tential ocean–sea-ice coupled feedbacks which may con-
tribute to the propagation of the response further afield. It
seems unlikely however that such coupled feedbacks could
strengthen much the atmospheric response (or in an unreal-
istic manner) since the magnitude of the response in our ex-
periments is consistent with those inferred in previous stud-
ies and ERA5. We do warn however that inferences from
unrealistically large polynya occurrence in coupled models
should be taken with caution. Such polynyas would drive
too wide an atmospheric response that could in turn overes-
timate ocean and sea ice feedbacks and the coupled nature of
the polynya dynamics. For example, our results suggest that
a 1974-sized polynya (the largest observed) cannot generate
a first-order atmospheric response that would project on the
scale of the Weddell gyre.

Further investigations with coupled models where, for ex-
ample, feedbacks are turned on and off could help clarify the
role of these feedbacks.
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