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ABSTRACT: Surface warming in the polar regions has important consequences for the stability of the lowest layers of
the atmosphere and for atmospheric vertical movement. Here, using ERA5 reanalysis data and in situ measurements,
we quantify the evolving static stability of the lowest 1 km of the Antarctic atmosphere and show that the Brunt–Väisälä
frequency, a measure of atmospheric stability, has been steadily decreasing since the 1950s. Using satellite observations,
reanalysis, and targeted climate simulations, we find that this reduced stability has prompted a shift in prevailing flow
regimes over the Antarctic Peninsula by altering regional wind flow and enhancing the generation of orographic gravity
waves. Increased gravity wave forcing from the Antarctic Peninsula can have important implications for global-scale circu-
lation, polar vortex strength, ozone depletion, and midlatitude weather.

SIGNIFICANCE STATEMENT: We present consequences of Antarctic surface warming for the stability of the
lower atmosphere since the 1950s. We show that the surface atmosphere over the Antarctic Peninsula has become less
stable, and that this reduced stability favors the generation of atmospheric gravity waves from the Peninsula, one of the
major sources of atmospheric waves on the planet. We provide a physically based explanation (i.e., a shift in flow
regimes) for the increased gravity wave forcing that we find in an unprecedented set of reanalysis products, satellite
observations, and model simulations, and that we present here for the first time. Gravity wave forcing changes can have
profound ramifications for the global climate, from polar vortex strength to ozone depletion and midlatitude weather.
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1. Introduction

The static stability of the lower atmosphere in the polar
regions is one of the highest on Earth. The surface atmosphere
of West Antarctica and the Antarctic Peninsula has warmed
at a rate of ’0.38–0.58C decade21, equivalent to 1.58–38C
since the 1950s depending on the exact time interval consid-
ered (Gonzalez and Fortuny 2018; Jones et al. 2019; Turner
et al. 2020; Carrasco et al. 2021; Gorodetskaya et al. 2023;
Bromwich et al. 2024). The observed warming is spatially
heterogeneous, and especially pronounced in the northern

part of the Peninsula, where early station records (e.g., Faraday–
Vernadsky, Esperanza, and Rothera stations) indicate mean
annual temperature increases of approximately 28–38C between
the 1950s and late 1990s, followed by a period of cooling, or
absence of warming, between 1999 and 2016. Recently, the
warming trend has resumed, and, in February 2022, the
Antarctic Peninsula has experienced a new extreme warm
event with record-high surface temperatures (Gorodetskaya
et al. 2023).

A surface atmosphere that warms up faster than the atmo-
spheric layers above is expected to weaken atmospheric strati-
fication and thus reduce static stability. Such changes in lower
atmospheric stability can significantly influence the generation
of orographic gravity waves (OGWs), which arise from the
interaction between stably stratified flow and topography
(Nappo 2013). Because of the high stability of the atmosphere,
strong surface winds that often flow perpendicular to the ridge,
and its steep topography, the Antarctic Peninsula is one of the
most important sources of OGWs on the planet (Alexander
et al. 2009; Hoffmann et al. 2013; Hindley et al. 2020). OGWs,
also called “mountain waves,” can propagate large distances
horizontally (hundreds of kilometers away from the mountain

Denotes content that is immediately available upon publica-
tion as open access.

Supplemental information related to this paper is available
at the Journals Online website: https://doi.org/10.1175/JCLI-D-25-
0330.s1.

Corresponding author: Maria Vittoria Guarino, mariavittoria.
guarino@enea.it

DOI: 10.1175/JCLI-D-25-0330.1
Ó 2026 Author(s). This published article is licensed under the terms of a
Creative Commons Attribution 4.0 International (CC BY 4.0) License .

G UAR I NO E T AL . 74915 JANUARY 2026

Brought to you by NATURAL ENVIRONMENT RESEARCH COUNCIL | Unauthenticated | Downloaded 01/08/26 10:29 AM UTC

https://orcid.org/0000-0002-7531-4560
https://doi.org/10.1175/JCLI-D-25-0330.s1
https://doi.org/10.1175/JCLI-D-25-0330.s1
mailto:mariavittoria.guarino@enea.it
mailto:mariavittoria.guarino@enea.it
https://creativecommons.org/licenses/by/4.0/


source) and vertically (up to ;120-km altitude) before eventu-
ally breaking.

The generation of OGWs is influenced by the flow regime
near the surface. The type of flow regime is defined by the
nondimensional mountain height ĥ 5Nh/U (also known as the
inverse Froude number). This parameter takes into account,
for hydrostatic mountain waves, the relative contributions of
lower atmospheric stability as quantified by the Brunt–Väisälä
frequency N, wind approaching the mountain U, and mountain
height h in setting what portion of the incoming wind will flow
over the mountain’s top and what part of it will be blocked by
the ridge or diverted around the mountain flanks.

A stable but less strongly stratified surface atmosphere pro-
motes OGW generation (smaller ĥ) by allowing large-scale
winds to flow over the mountain obstacle. This, in turn, weakens
atmospheric blocking by the mountain at low levels (i.e.,
blocking drag). Generally, a flow-blocking regime refers to
blocked flow conditions upstream of the mountain and a flow-
over regime to gravity wave generation from the mountain.

Variations in upper-level OGW and low-level blocking
drag on climate time scales can have major consequences for
global climate (Sandu et al. 2016), from polar vortex strength
to surface circulation. Near the surface, the type of flow re-
gime over the Antarctic Peninsula influences the dynamics of
Foehn winds (Elvidge et al. 2016), warm downslope winds
whose frequency and intensity have been associated with
surface ice-shelf melt (Marshall et al. 2006; King et al. 2017;
Kirchgaessner et al. 2021). Flow-over regimes increase the
ability of Foehn winds to descend at low levels and across the
ice shelf (Elvidge et al. 2016). Thus, long-term changes in pre-
vailing flow regimes can significantly impact surface mass and
energy balance over the Peninsula with consequences for ice-
shelf melt and stability.

In the upper layers of the atmosphere, trends in OGW forc-
ing from Antarctica are key to predict and understand several
aspects of atmosphere dynamics. Mountain waves produce an
important drag force acting on the atmosphere and thus are
a fundamental aspect of atmospheric circulation (Teixeira
2014). Weather and climate models with poor OGW repre-
sentation suffer from significant troposphere and lower strato-
sphere biases, with incorrect representation of the Southern
Hemisphere polar night jet and stratospheric temperatures
(McLandress et al. 2012; Garcia et al. 2017). Gravity wave
(GW) drag in the stratosphere plays a role in Antarctic strato-
spheric polar vortex breakdown in austral spring (Gupta et al.
2021), which has been linked to extreme weather events, in-
cluding extreme heat and drought in Australia (Lim et al.
2019). Temperature fluctuations induced by mountain waves
have also been shown to favor the formation of polar strato-
spheric clouds, which play a key role in the destruction phases
of the ozone cycle (Dörnbrack et al. 2001; Höpfner et al.
2006; Orr et al. 2015). In the mesosphere and lower thermo-
sphere, gravity waves that propagate above 80 km shape the
chemical and dynamical structure of the upper atmosphere
through momentum deposition and vertical transport of trace
species (Eckermann et al. 2016; Guarino et al. 2024).

To date, implications of Antarctic surface warming on the
stability of the atmosphere near the ground have not been

formally investigated, and the consequences of changes in at-
mospheric stability for surface flow regimes in a warming cli-
mate are largely unknown.

Here, using a combination of latest-generation reanalysis data,
in situ Antarctic station measurements, AIRS/Aqua satellite ob-
servations, and targeted simulations using the HadGEM3 global
climate model, we investigate how Antarctic surface warming
has impacted the stability of the lower atmosphere and what the
implications are for gravity wave forcing from the Antarctic
Peninsula.

2. Methods

a. ERA5 reanalysis data

We use the ECMWF ERA5 global reanalysis (Hersbach
et al. 2020; Soci et al. 2024) from 1950 to 2022. ERA5 data are
provided on a horizontal grid with 31-km resolution. Four-
dimensional data were downloaded on pressure levels and
interpolated on a geopotential height (GPH) vertical co-
ordinate with equally spaced levels (Dz 5 250 m). The high
horizontal resolution allows a portion of the gravity wave
spectrum to be explicitly resolved by ERA5, while the remain-
ing part is parameterized by the Integrated Forecasting System
(IFS) model using an OGW drag parameterization based on
the Lott and Miller scheme (Lott and Miller 1997). The IFS
model parameterizes the gravity wave and flow-blocking drag
components using an approach that is similar to the one
described below for HadGEM3 (Kanehama et al. 2022).

While satellite observations only became widely available for
data assimilation in 1979, measurements of basic atmospheric
properties over the Antarctic Peninsula actually started much
earlier, and, in appendix B, we provide supporting analysis
demonstrating the reliability of ERA5 reanalysis pre- and post-
satellite era over the Antarctic Peninsula.

b. HadGEM3 model simulations

The numerical simulations presented here were performed
using the HadGEM3-GC3.1-LL model, henceforth HadGEM3,
developed by the U.K. Met Office (Williams et al. 2018;
Kuhlbrodt et al. 2018). HadGEM3 is a fully coupled climate
model that simulates the Earth System coupling the atmo-
spheric Unified Model (UM; Walters et al. 2017), the land
surface model JULES (Walters et al. 2017), the ocean model
NEMO (Madec 2015), and the sea ice model CICE (Ridley
et al. 2018). The model has a nominal horizontal resolution
of ’135 km for the atmosphere and ’18 for the ocean.
HadGEM3 uses 85 vertical levels (terrain-following hybrid
height coordinate) from 0 to 85 km above the surface. We
use historical simulations (four ensemble members, hereinafter
referred to as “HIST”; Andrews et al. 2020) and a preindustrial
control simulation (Menary et al. 2018) (hereinafter referred
to as “PI”) that were submitted to the Coupled Model Inter-
comparison Project phase 6 (CMIP6) (Eyring et al. 2016).
The PI control simulation uses constant 1850 forcing, as pre-
scribed by CMIP6 protocol, and was run for 500 years after
spinup. The PI simulation provides the initial conditions for
the historical simulations that simulate the global climate
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from January 1850 until December 2014 using time varying
(and occasionally spatially varying) forcings. All simulations
use prescribed ozone concentrations. We analyze here the pe-
riod from January 1950 to December 2014. For full details on
model grid, settings, and on the analysis of the PI control and
HIST simulations, please see Menary et al. (2018) and Andrews
et al. (2020).

Two sensitivity experiments were performed to simulate
flow-blocking (F_BLOCK) and flow-over (F_OVER) regimes.
These simulations use the same historical forcings as HIST and
were run from 1950 onward. At each time step, and within
each grid cell, the model computes the Froude numberU/(Nhsso),
where N is the Brunt–Väisälä frequency, U is the wind speed
resolved in the direction of the low-level flow within a model-
defined surface layer, and hsso is the elevation of the model
subgrid-scale orography (Walters et al. 2017). Different flow
regimes were simulated by artificially increasing (decreasing)
the hsso for F_BLOCK (F_OVER). In the Unified Model
orographic gravity wave drag parameterization, hsso is propor-
tional to the standard deviation of the mean orography within
each grid box, s, by a constant of proportionality called ns,
so that hsso 5 nss. The default value for ns in the UM model
is 2.5. We changed ns to be 5 in the F_BLOCK simulation and
1.5 in the F_OVER simulation, with the modification applied
only over Antarctica. Note that these changes to the mountain
wave drag represent a significant doubling (for F_BLOCK) and
almost halving (for F_OVER) of the subgrid mountain height,
which was necessary to force flow regime transitions in the simu-
lated Antarctic climate regardless of changes in wind or stability
on seasonal and/or climate time scales.

We only altered the parameterized GW drag (and not the
resolved component) because, in HadGEM3, GW drag from
the Peninsula is mostly parameterized and the tip of the
Peninsula, the largest contributor to mountain wave generation,
is fully parameterized (see Fig. S1 in the online supplemental
material).

c. AIRS satellite gravity wave observations

We use satellite observations of GW momentum fluxes
(GWMF) from a climatology of AIRS/Aqua temperature
measurements (Hoffmann and Alexander 2009; Hindley et al.
2020) covering the period from 2002 to 2024. AIRS is a hyper-
spectral near-infrared imager on board the Aqua satellite in a
sun-synchronous orbit that provides measurements in a con-
tinuous 1780-km swath over the same location twice each day
(Aumann et al. 2003). A specialized 3D temperature retrieval
(Hoffmann and Alexander 2009) was developed for AIRS in
which gravity wave perturbations can be measured through-
out the stratosphere. These perturbations were then analyzed
using 3D localized spectral analysis (Hindley et al. 2019) to
develop the global climatology of zonal and meridional GWMF
(Hindley et al. 2020) that we use here. The climatology was
extended to 2024 for this study.

d. Data analysis

Spatial means are performed from [608, 758S] to [408, 908W]
for the Antarctic Peninsula, unless otherwise specified. We

look also at trends and time series for the wider West Antarctic
region [608, 908S], [408, 1608W]. The same geographical domains
are used for HadGEM3 and ERA5. For HadGEM3, unless
otherwise specified (e.g., for ensemble means) cross sections
and maps for the historical simulations are always from
ensemble member 1.

Trends in time series were tested for statistical significance
using a modified Mann–Kendall trend test (Hamed and Rao
1998; Hussain and Mahmud 2019), suitable for climate data
that often exhibit some degree of autocorrelation. To estimate
trends, we used the Theil–Sen’s slope estimator method that
is robust against outliers in time series (Theil 1950; Sen 1968).
Anomaly fields were tested for statistical significance using
a two-sided Welch’s t test. For scatterplots, we used linear re-
gression analysis to estimate slope and statistical significance
(Virtanen et al. 2020).

1) STATIC STABILITY AND NH/U

To compute the Brunt–Väisälä frequency N, we used the
following gradient formula for N2:

N2 5
g
u

­u

­z
, (1)

where g is the acceleration due to gravity, u is the potential
temperature, and z is the vertical coordinate. For ERA5, z is
a geopotential height vertical coordinate; for HadGEM3, we
use height-above-the-surface vertical levels. We used monthly
means for u and central finite differences to compute (1). We
averaged the resulting N over land points only (see below).

To assess flow regime changes, we complement our analysis
with nondimensional mountain height ĥ 5Nh/U estimates.
Studies based on linear gravity wave theory and idealized model
simulations have shown that typically, for 3D mountains,
ĥ values between 1.5 and 2 mark a transition point across
two flow regimes (Smith 1980, 1989; Miranda and James 1992),
with the amplitude of the excited waves expected to be largest
for ĥ ’ 1. Using this simple nondimensional parameter in
real-world applications poses some challenges (Reinecke and
Durran 2008); ĥ is a predictor of flow-blocking/flow-over con-
ditions based on the linear theory of frictionless airflow over a
single isolated mountain embedded in a background flow in
which both wind speed and static stability are constant upstream
and on top of the mountain. The value of ĥ should be calculated
using the speed of the wind approaching the top of the mountain
(cross-barrier wind) and the static stability near the top of the
mountain for each mountain peak. However, the presence of a
boundary layer, and variations in wind and static stability with
height upstream and/or above the mountain, can change the
flow behavior in terms of surface blocking and gravity wave am-
plitude with respect to linear theory predictions.

For the purposes of this study, we are interested in the
mean-flow behavior over a large area (i.e., the Antarctic
Peninsula) with prominent orographic features that span across
several degrees in latitudes and longitudes. For example, the
most northern part of the Peninsula (north of 688S) extends
from 668 to 588W meaning that the definitions of “upstream”

or “cross barrier” are not universal. Here, ĥ calculations are
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carried out at each grid point using monthly means of the wind
speed U at 10 m and monthly means of N averaged over the
lowest 1 km of the atmosphere above the orography. We use
the lowest 1 km of the atmosphere because this height range in-
cludes the full depth of the polar shallow boundary layer, which
can vary from a few tens to a few hundreds of meters, and this
is where we find the strongest N trends (see section 3a). This
approach of computing ĥ is analog to the IFS and UM model
parameterizations in which Froude number computations are
carried out separately for each grid cell (see section 2b). The
ĥ calculations are carried out only for surface elevations
greater than 100 m (h $ 100 m). To obtain time series of ĥ
over the Peninsula, we first compute 2D maps and then spa-
tially average them using the geographical boundaries speci-
fied above.

Note that the computation of ĥ is sensitive to temporal
averaging. For example, using instantaneous value of N and U
to compute monthly means of Nh/U would yield higher values
than those presented here (Simmonds and Lim 2009). However,
a comparison between ĥ time series derived from 6-hourly data
and those based on monthly means over a 20-yr period shows
that the two differ primarily in magnitude (with the 6-hourly
estimates being about 30% higher), while their variability,
trends, and overall behavior remain unchanged (not shown).
Given our focus on the relative roles of surface wind and
stability in shaping flow behavior and how this might change
over time, monthly means provide a reliable and computa-
tionally efficient basis for this analysis.

2) GRAVITY WAVE FORCING PROXIES

To quantify parameterized GW activity in HadGEM3 and
ERA5, we use variables directly available from model out-
puts. For HadGEM3 simulations, we analyze the absolute
GW saturation stress, which is a measure of wave breaking,
averaged through the lowest 10 km of the atmosphere. This
stress represents the force per unit area exerted by breaking
waves on the atmosphere. For ERA5 parameterized waves,
we use the GW dissipation term vertically integrated through-
out the entire column; this is also a measure of wave breaking.
This parameter is the amount of energy per unit area that is
converted into heat when orographic gravity waves break.

To quantify ERA5 resolved wave activity, we use the vertical
velocity temporal variance at 500 hPa Var(v) (midtroposphere,
at ’5 km above the surface), which gives us an estimate of
how many (or what amplitude) GWs are generated from the
Peninsula. To compute Var(v), we used ERA5 vertical veloc-
ity v (Pa s21) data at 6-hourly frequency. Computations
were carried out on selected pressure levels and for a narrow
region surrounding the Peninsula. The input v field was fil-
tered in Fourier space to isolate mountain waves and remove
wavenumbers outside of the expected range. See appendix A
for further details.

GW activity from observations was assessed using satellite-
derived GWMF; momentum fluxes also inform us on the
number and/or the amplitude of waves propagating in the
atmosphere. To compute the GWMF trends, we calculated
the net zonal GWMF between 30 and 42 km over the region

shown in Fig. A1 for each month so that randomly orientated
fluctuations due to instrument and/or retrieval noise cancel to
zero. This means that our trends are robust to changes in in-
strument noise over time. Trends were fitted to each month
for all years through 2002–24 (i.e., all Januarys, all Februarys,
all Marches, and so on). To obtain confidence statistics on
these trends, a bootstrapping approach was applied. For each
monthly time series, instead of applying a linear fit to all
23 years, we create a time series using data from randomly
sampled years 23 times, allowing for the same year to be
selected more than once (known as replacement). If a year is
selected multiple times, it is given a weighting greater than 1,
after which all weights are normalized so that they sum to 1.
We then perform a weighted linear fit using these weightings.
This process is repeated 500 times for each monthly time
series, producing a broad distribution of fitted trends.

3. Results

a. Atmospheric stability

ERA5 reanalysis shows that in the lowest 1 km of the atmo-
sphere over the Antarctic Peninsula, the Brunt–Väisälä fre-
quency has been steadily decreasing since 1950 (Fig. 1). This
means that the lowest atmospheric layers can more easily mix
with the layers above, and that the polar surface atmosphere
has become less strongly stratified and, thus, less stable.

The decrease in atmospheric stability is driven by surface
warming: in Figs. 2a and 2b, the pattern of surface warming is
mirrored by the stability decrease. ERA5 annual-mean sur-
face air temperature (SAT) trends are ’10.58 to 10.758C
decade21 for the Peninsula (Fig. 2a), with larger trends occur-
ring on seasonal basis. Enhanced surface heat fluxes due to
warming lead to increased atmospheric mixing, reducing
stability.

ERA5 shows that the bottom 1 km N over the Peninsula
has undergone a clear shift: annual means of N in Fig. 1 are
consistently above the 1950–2022 mean (solid thin line) for
the period ’ 1950–90 (red shades) and begin declining after-
ward. From 1990 to 2022, annual means of N remain mostly
well below the long-term mean (gray shades). Negative trends
in N are strongest near the surface (where atmospheric warm-
ing is the largest) and weaken with the altitude (Fig. 2c). In
general, negative trends in N are observed in the lowest 1–3 km
above the ground in all seasons. A similar behavior is simu-
lated by the HadGEM3 model. During the historical period,
HadGEM3 simulates a steady decline in N in the lowest 1 km
of the atmosphere in all seasons but summer (DJF) (Fig. 3),
during which HadGEM3 SAT trends for the Peninsula and
West Antarctica are nearly zero (Figs. S6 and S7).

Both the model and reanalysis show consistent changes
regarding the thermal structure and stability of the lower at-
mosphere. Therefore, we next explore how historical trends
inN compare with those arising from natural climate variability
using the HadGEM3 PI control simulation. To this end, we
analyzed the Antarctic Peninsula and the broader West
Antarctic region separately and found similar behavior in
both. Here, we present results for the wider West Antarctic
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region (see also appendix B), while corresponding trends
for the narrower region of the Antarctic Peninsula are shown in
Fig. S8. The trends and variability of the broader West Antarctic
region provide a more robust assessment of long-term changes
by capturing the influence of large-scale circulation patterns that
extend beyond the Peninsula (such as the Amundsen Sea low
and polar jet variability), offering a more representative view of
regional climate variability.

Although the atmosphere in HadGEM3 is on average more
strongly stratified (larger N), negative N trends for West
Antarctica are of the same order of magnitude in HadGEM3
and ERA5 (Fig. 3). ERA5 trends (stars in Fig. 3) are rather
consistent throughout the seasons and are always closer to
21 3 1024 Hz decade21. HadGEM3 ensemble members

simulate N trends mostly within the 25 3 1025 to 21 3 1024

Hz decade21 interval for all seasons (orange diamonds in
Fig. 3), except DJF (see above). HadGEM3 ensemble means
have the strongest negative trends in spring (SON) and autumn
(MAM) (red hexagons in Figs. 3b,d), i.e., when the largest SAT
warming trends occur over the Peninsula (Fig. S7). Under 500
years of constant preindustrial forcing (blue circles in Fig. 3),
HadGEM3 never produces trends over a 65-yr period compara-
ble to those found in the historical simulations (apart from the
summer season and one ensemble member in JJA). PI trends
are both positive and negative and mostly spread around zero.
ERA5N trends (computed over 70 years from 1950 to 2022) are
always outside the expected range of natural climate variability
as simulated by HadGEM3.

FIG. 1. Time series of the annual Brunt–Väisälä frequency for the lowest 1 km of the atmo-
sphere over the Antarctic Peninsula (land points only) from ERA5. The solid thin line is the
long-term mean, and shaded areas represent values above (red) and below (gray) the mean. The
slope of the regression line (dotted line) is statistically significant (p, 0.01).

FIG. 2. (a) ERA5 SAT and (b) lowest 1-km N trends over land from 1950 to 2022. (c) ERA5 zonal mean N trends from 658 to 908S
through the lowest 5 km of the atmosphere over the Antarctic Peninsula ([408, 908W]), land points only, from 1950 to 2022. Data points
are masked only when all grid points in the zonal mean are masked, thus showing main orographic features. Dots indicate statistical signif-
icance at 95%.
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b. Flow regimes

In principle, the decrease in static stability discussed above
could alter the generation of mountain waves from the Antarctic
Peninsula by modifying the surface flow regime. OGW gener-
ation does not depend only on N but rather on the balance
between buoyancy forces and winds as quantified by the non-
dimensional mountain height ĥ 5Nh/U.

In ERA5, ĥ computed over the Antarctic Peninsula de-
creases with time in all seasons (Fig. 4d). To illustrate what a
regional decrease in ĥ looks like, we show maps of ĥ for two
cases: September 1952 (Fig. 4a), September 2021 (Fig. 4b),
and their difference (Fig. 4c). At the beginning of the histori-
cal period (Fig. 4a), the ridge of the whole mountain range ex-
tending from ’758S to the tip of the Peninsula near 638S
shows large ĥ values (red colors). This indicates that the flow
impinging on the mountain range is blocked upstream and
only partially able to rise over the mountains. Mean atmo-
spheric conditions for the same month but toward the end of
the historical period, in 2021, are different: estimates of ĥ
over the mountain ridge have decreased in several locations,
thus a larger portion of the flow is allowed to pass over the
mountain. The respective N and U fields used to compute the
maps shown in Figs. 4a–c are shown in Fig. S9.

The statistically significant decline in ĥ over the historical
period points to a shift in the prevailing flow regime for which
gravity wave generation is favored over time. A negative
trend in ĥ signifies a reduction of the depth of the blocked

layer (the lowermost part of the flow approaching the mountain)
and thus an increase in the effective mountain height (i.e., the
height of the mountain above the blocked layer), which deter-
mines the gravity wave amplitude and thus GW drag.

Figure 5 shows seasonal time series of ĥ and gravity wave
dissipation term. For both quantities, we show anomalies
computed against the long-term mean and normalized with
respect their absolute maximum, so that both variables take
values between 21 and 1. We can see that ĥ and the GW
dissipation term are strongly anticorrelated, clearly showing
that the generation of gravity waves in ERA5 responds to
surface flow regime changes as diagnosed by our ĥ estimates.
Particularly, lower values of ĥ (blue lines in Fig. 5) correspond
to more intense dissipation of gravity waves (yellow lines in
Fig. 5) throughout the atmospheric column, implying a larger
production at the source.

DRIVERS OF FLOW REGIME CHANGES

Since both changes in surface static stability and wind speed
can contribute to change ĥ, it is important to look at what
process might be mainly responsible for the observed trends,
although fully separating the two is not possible given the ex-
istence of complex feedbacks between wind and stability.

Similarly to a weaker static stability, a stronger wind can
favor gravity wave generation. However, unlike N trends, which
are negative and statistically significant in all seasons (Fig. 3 and
Fig. S4), for U (wind speed at 10 m), we find significant positive

FIG. 3. Lowest 1-km Brunt–Väisälä frequency trends over West Antarctica for the HadGEM3 PI control simulation
(blue circles), the four historical ensemble members (orange diamonds; the red hexagon is the ensemble mean), and
ERA5 reanalysis (star). For the PI control run, circles represent trends computed over 65 years each.
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trends for DJF and MAM only (Fig. 6). This result is in agree-
ment with previous studies (e.g., Simmonds and Li 2021). There-
fore, N trends are the most likely driver of the decrease in ĥ
detected in all seasons (Fig. 4).

The trends in U discussed above refer to the speed of the
flow over land used for ĥ calculations. However, trends over
land can be difficult to interpret because of an interdepend-
ency between wind and static stability: on the one hand, a
weaker stability can increase the wind speed over the moun-
tain’s top by allowing a larger portion of the flow to rise over
it; on the other hand, a stronger wind can decrease stability by
increasing turbulent mixing in the boundary layer. An attempt
to disentangle these processes can be made by looking at (far)
upstream conditions. We computed time series for the westerlies
(zonal wind component u . 0 only) at 10 m averaged over a
box located in the Bellingshausen Sea; we picked a region
that is well upstream of the Peninsula ([608–688S, 748–1008W],
Fig. 6f) to limit further feedbacks on the wind speed in the
proximity of the mountains that could derive from changes in
upstream blocking over time. We looked at westerlies only

because, besides being the crosswind component relative to
the Peninsula, an increase/decrease of the surface wind speed
in this region can be linked to changes in the y component as-
sociated with the variability of the Amundsen Sea low, and so
to the north–south circulation in the basin. Unlike wind speed
over land that increases in DJF and MAM, we find that up-
stream wind conditions show statistically significant trends
only for DJF and SON (Fig. 6). This confirms, for summer, an
important role of large-scale winds in setting the surface wind
(and thus the flow regime, see section 3c), and for all other
seasons, that a combination of large-scale circulation forcing
and N trends influences the surface wind field over the Penin-
sula. For MAM, in particular (Figs. 6b,f), upstream winds do
not strengthen during the historical period, but the positive
trend in U over land might be the result of the strong decrease
in N for that season (Fig. S4).

Regarding the possibility that stronger winds decrease sta-
bility, from the analysis above it is clear that N trends are in-
dependent of wind trends (upstream and over land) for at
least two out of four seasons. This confirms that N trends

FIG. 4. ERA5 ĥ 5Nh/U maps for (a) September 1952, (b) September 2021, and (c) their 2021–1952 difference. (d) Time series of ĥ for
each season averaged over the Antarctic Peninsula. The solid thin line is the long-term mean, and shaded areas represent values above
(purple) and below (green) the mean. The slope of the regression line (dotted line) is statistically significant for all seasons (p, 0.01).
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must be primarily driven by surface warming, as discussed
in section 3a. Further confirmation on this comes from
HadGEM3. As mentioned above, N decreases in the model in
all seasons but summer. The summer season is, however, the
only one in which HadGEM3 10-m wind speed over the
Peninsula has a strong and statistically significant trend, while in
all other seasons, the model shows no trends (Fig. S10). We
therefore exclude a prominent role of surface winds in driving
N trends.

c. Gravity wave forcing

In response to a decreasing N, increasing GW trends are
detected in ERA5 reanalysis (Figs. 7a,b), AIRS/Aqua satellite
observations (Fig. 7c), and HadGEM3 model simulations
(circles in Fig. 8a).

When the ERA5 annual GW dissipation term and vertical
velocity variance Var(v) at 500hPa are plotted against the
lowest 1-kmN over the Peninsula (Figs. 7a,b), the two quantities
exhibit a negative correlation. Pearson correlation coefficients
are 20.5 and 20.6, respectively. A clear temporal transition is
seen for these variables: ERA5 shows a shift from a high-N/
low-GW forcing state at the beginning of the historical period
(purple colors) to a low-N/high-GW forcing state toward the
end of the historical period (green colors).

This transition in GW forcing is simulated by HadGEM3
too. In Fig. 8a, the model annual GW stress (circles) varies
with N in a similar fashion (correlation: 20.6). A shift in the
mean properties of these variables over time indicates a less
stable atmosphere over the Antarctic Peninsula and a stronger
generation of OGWs from the mountain source beneath.

Besides annual means, shown here, we also studied the flow
behavior at the seasonal level (figures shown in supplemental,
Figs. S6 and S11–S12) and found that GW forcing changes
are coherent with N changes in all seasons. In ERA5, GW

dissipation term increases in all seasons when N decreases
(Fig. S11). In HadGEM3, when N strongly decreases in the
model (in SON and MAM) (Fig. S6), trends in GW saturation
stress are positive and statistically significant (Fig. S12). The
DJF increase in GW forcing in the model is, however, driven
solely by increasing westerlies (Fig. S10) (see section 3b for
further discussion on this) since summertime N does not de-
crease in HadGEM3.

The ERA5 and HadGEM3 increase in DJF surface winds
is due to the summertime positive trend in the Southern
Annular Mode (SAM), which has been largely attributed to
stratospheric ozone depletion (Thompson and Solomon 2002;
Arblaster and Meehl 2006), and the associated poleward shift
of the westerlies (Deng et al. 2022). Because of this, stronger
winds blow over the Peninsula and favor the generation of
gravity waves. A similar result was found by Orr et al. (2008),
who studied the flow behavior over the Peninsula in response
to the westerly flow intensification in summer. Therefore, we
conclude that, for summer only, the increased GW forcing is
driven by both a decrease in static stability and an increase
in surface winds; for all other seasons, the weakening static sta-
bility has a leading-order effect in driving a flow regime shift
and increasing GW forcing from the Peninsula.

Supporting our thesis of a shift in flow regimes are satellite
observations of gravity wave momentum fluxes. In Fig. 7c, we
show mean trends for GWMF derived from AIRS/Aqua satel-
lite observations (dark pink dots) and 50% and 95% confi-
dence intervals (pink bars) of the trend distributions for each
month (see methods). Observed GWMF shows increasing
trends in stratospheric GW activity during winter and spring,
when mountain waves can propagate to the stratosphere. This
independent observational result supports our hypothesis of
increased GW forcing from the Peninsula as a result of de-
creasing stability. We acknowledge, however, that long-term
changes in wind filtering can also modulate the observed

FIG. 5. Seasonal time series of ERA5 ĥ 5Nh/U and the GW dissipation term averaged over the Antarctic Peninsula
(normalized anomalies against the mean). Thin lines are annual means, and thick lines are 10-yr running means. Pearson
correlation coefficients for the annual mean (r1) and 10-yr running mean time series (r2) are also shown.
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GWMF reaching the stratosphere (which will be explored in a
future study), but the results shown here are consistent with
our hypothesis. These trends are also not affected by changes
in instrument noise because we use the average net zonal mo-
mentum flux, for which randomly orientated fluctuations due
to noise in the AIRS measurements average to zero.

d. From flow blocking to flow over

To test the hypothesis of a flow regime shift during the his-
torical period, we performed two sensitivity experiments in
which the climate system in HadGEM3 is forced under a
perennial state of flow-blocking (F_BLOCK simulation) and
flow-over (F_OVER simulation) conditions. This means that,
independently of the embedded climate change signal, the

flow is always mostly blocked in F_BLOCK and mostly able
to flow over the mountain’s top in F_OVER.

In F_BLOCK, low-level blocking is large, and GW saturation
stress (pentagons in Fig. 8a) is lower than the historical sim-
ulation ensemble mean (HIST, circles in Fig. 8a). The tro-
pospheric polar vortex is stronger in F_BLOCK (Fig. 8b)
because of the weaker GW forcing. On the contrary, in
F_OVER, GW production is favored, and the saturation
stress is always larger than HIST (hexagons in Fig. 8a).
Enhanced gravity wave breaking in F_OVER weakens the
polar vortex by decelerating the background flow to a greater
extent (Fig. 8c). Under the two scenarios of a much stronger
(weaker) polar vortex, the Antarctic continent becomes much
colder (warmer) in F_BLOCK (F_OVER) (not shown). Thus,

FIG. 6. (a)–(d) Seasonal time series of ERA5 wind speed at 10 m over land (U) averaged over the Antarctic Penin-
sula used for ĥ calculations. The solid thin line is the long-term mean, and shaded areas represent values above (or-
ange) and below (gray) the mean. The slope of the regression line (dotted line) is statistically significant for DJF and
MAM (p , 0.01) and not statistically significant (p . 0.05) for JJA and SON. (e)–(h) Zonal wind component (u . 0
only) at 10 m averaged over a box ([608–688S, 748–1008W]) upstream of the Antarctic Peninsula shown in (f). The
slope of the regression line (dotted line) is statistically significant (p, 0.01) for DJF and SON and nonstatistically sig-
nificant for MAM and JJA (p. 0.05).

G UAR I NO E T AL . 75715 JANUARY 2026

Brought to you by NATURAL ENVIRONMENT RESEARCH COUNCIL | Unauthenticated | Downloaded 01/08/26 10:29 AM UTC



our sensitivity experiments represent two opposite scenarios: a
very cold (warm) Antarctic climate with high (low) atmo-
spheric stability at the ground and weaker (stronger) GW
forcing. The ensemble mean of the HadGEM3 historical simu-
lations lies between these two scenarios and appears to be tran-
sitioning from one state to the other with time (color bar in
Fig. 8a). In the regime diagram of Fig. 8a, HIST (circles) is
closer to flow-blocking conditions (pentagons) at the beginning
of the historical period and to flow-over conditions (hexagons)
by the end. This corroborates the temporal transition observed
in ERA5 and simulated by HadGEM3, for which GW forcing
from the Antarctic Peninsula has shifted from a flow-blocking
to a flow-over regime type since 1950.

Note that, while during the historical period, the shift in
flow regimes discussed in this study is promoted by a decreas-
ing N, in the two sensitivity experiments we change Nhsso/U
by varying hsso. This approach is justified since it is the actual
value of ĥ that defines the flow behavior at the surface, re-
gardless of which of the three variables (N, h, U) has been
varied.

4. Discussion and conclusions

a. Other mechanisms for GW forcing changes

Besides variations in ĥ, there exist other mechanisms, such
as variations of wind and/or stability with height in the free
troposphere, that can influence where and how gravity waves
force the atmosphere. Both ERA5 and HadGEM3 simulate
tropospheric warming (’0–10 km above the surface) and
stratospheric cooling (’20–25 km above the surface) during
the historical period (Gulev et al. 2021), which affect atmo-
spheric static stability by decreasing it in the troposphere and
increasing in the stratosphere (Figs. S13 and S14). For waves
that are near saturation (i.e., about to break), the decrease/
increase of N with height should, in principle, discourage
gravity wave breaking in the lower layers of the atmosphere
and favor it in the layers above, according to enhanced satura-
tion theory (VanZandt and Fritts 1989). Despite the decrease
in tropospheric static stability, we find an increase in HadGEM3
GW saturation stress within the lowest 10 km of the atmosphere
and an increase in the production of ERA5 resolved waves in
the troposphere. Furthermore, the ERA5 GW dissipation term,
which accounts for parameterized OGWs breaking everywhere
in the vertical column, has a positive trend, implying a net in-
crease in gravity wave breaking. Note that a simple upward shift
of where the GW forcing is exerted should not result in any
significant trend. All of the above indicates that the observed
changes in gravity wave forcing must be driven by flow regime
changes at the surface.

Confirmation of increasing GW activity in the Antarctic
stratosphere is provided by AIRS satellite–derived momen-
tum fluxes. Note that because a similar long-term climatology
for gravity waves in the troposphere does not exist, model
simulations and reanalyses are the only means we have to as-
sess tropospheric changes in GW forcing to date.

Trends in large-scale climate indices, such as the SAM,
which can modulate wind speeds and wind shear through the

FIG. 7. (a) GW dissipation term (W m22) for parameterized
waves and (b) vertical velocity variance Var(v) (Pa2 s21) of re-
solved gravity waves vs N (s21) from ERA5. Color bar represents
time from 1950 to 2022. All values are annual means and averaged
over the Antarctic Peninsula. The solid black lines in (a) and (b)
are the regression lines (p, 0.01). (c) Monthly trends in net strato-
spheric GWMF from AIRS/Aqua satellite observations over the
Antarctic Peninsula from 2002 to 2024. Dots indicate boot-
strapped-mean trends, and 50% and 95% confidence intervals are
shown by pink and dark pink bars, respectively.
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troposphere, could also impact gravity wave forcing by alter-
ing the presence and altitudes of critical levels (Smith 1977;
Guarino et al. 2016). However, the positive trend in the SAM
since the mid-1960s is actually largest during the summer and
autumn months (Thompson and Solomon 2002; Simmonds
2015), when gravity wave generation is weaker, so this does
not conflict with our hypothesis.

b. Implications of a shift in prevailing flow regime

We consider now possible implications of a shift in the pre-
vailing flow regime over the Antarctic Peninsula.

For summer, the increase in GW forcing was found to be
driven mostly by a positive trend in the westerlies. GW drag is
weakest in summer, and, because of the stratospheric wind re-
versal from westerly to easterly, OGWs cannot propagate
into the stratosphere during DJF (Fig. 7c) so changes in sum-
mertime time GW forcing are likely to be of less significance.
On the contrary, a sustained trend in GW forcing in austral
spring is important for the dynamics of the stratospheric polar
vortex and the timing of its breakdown (Gupta et al. 2021).
Model and reanalyses both agree on positive trends in GW
forcing during austral spring and autumn driven by large N

FIG. 8. (a) Ensemble mean of the absolute gravity wave saturation stress GW Stress (N m22) vs the lowest 1-km Brunt–Väisälä
frequency N (s21) over the Antarctic Peninsula as simulated by the HadGEM3 model during the historical period (HIST; circles). Dashed
vertical lines mark the maximum and minimum values for HIST. Color bar represents time from 1950 to 2014. The flow-blocking (F_BLOCK;
pentagons) and flow-over (F_OVER; hexagons) simulations are shown in gray. All values are annual means. The solid black line is the re-
gression line (p , 0.01). (b) F_BLOCK-HIST and (c) F_OVER-HIST Southern Hemisphere zonal-mean zonal wind anomalies (m s21).
Dots indicate statistical significance at 95%. (d) Vertical profiles of the absolute gravity wave saturation stress averaged over the Antarctic
Peninsula for HIST (solid line), F_BLOCK (dashed line), and F_OVER (dash–dotted line). All quantities are annual means.
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negative trends. Breaking GWs in the stratosphere weaken
the polar vortex, which has broader implications since South-
ern Hemisphere polar vortex weakening has been linked to
extreme weather at midlatitudes (Lim et al. 2019) and is im-
portant to ozone chemistry and the prediction of the southern
polar ozone hole.

Regardless of the season, more (or larger amplitude) OGWs
that break in the troposphere mean a greater deceleration of
the background flow, which leads to a weaker tropospheric po-
lar vortex. This slows down the polar-front jet stream and thus
the westerlies at the ground (Fig. 8c). In this respect, one could
think of the positive trend in the GW forcing presented here as
an antagonist process to the observed trend in the SAM. Disen-
tangling the two processes on climatic time scales would be of
great importance.

Surface flow regime changes can modulate the occurrence
and dynamics of Foehn winds across the Antarctic Peninsula.
Marshall et al. (2006) associated the increased surface melt
that led to the loss of the Larsen A and B ice shelves in 1995
and 2002 to an increased frequency of Foehn events driven by
the positive trend in the summer westerlies. Different flow re-
gimes have been shown to modify the pattern and magnitude
of surface warming over the Larsen C ice shelf associated
with Foehn events (King et al. 2017; Kirchgaessner et al.
2021). Compared to blocked-flow conditions that limit the ef-
fective mountain height, in a flow-over regime, the flow is
able to ascend and descend across a larger portion of the
mountain. Foehn winds during flow-over conditions lead to
an increase in upwind precipitation because the air is sourced
from lower moisture-rich regions, and deliver larger fluxes of
sensible heat to the ice shelf (Elvidge et al. 2016). By making
flow-over regime conditions more likely, the long-term shift
in flow regimes described here should, in principle, contribute
to increasing upwind precipitation and downwind surface
warming with consequences for the Larsen C ice-shelf melt.

While we looked at vertically propagating gravity waves, an
increase in the frequency of flow-over conditions can affect di-
rectly the occurrence of trapped gravity waves, a type of grav-
ity waves that is trapped at low levels and propagates far
downstream of the mountain. Trapped gravity wave drag at
low levels plays a crucial role in modulating the intensity of
Antarctic surface winds, which, in coastal regions, are impor-
tant for the opening of coastal polynyas and thus sea ice for-
mation (Vignon et al. 2020).

Finally, although this work focused on assessing changes in
GW drag, a shift in prevailing flow regime over the Antarctic
Peninsula is expected to have important consequences for the
low-level blocking drag and thus the Antarctic surface circula-
tion. As N decreases over time, and blocked-flow conditions
become less frequent, the low-level blocking drag weakens ac-
cordingly. If blocking from the Antarctic Peninsula (which
manifests itself as a positive mean sea level pressure anomaly)
lessens significantly, changes in the pressure and thus wind
fields on the windward (Bellingshausen and Amundsen Seas)
and lee (Weddell Sea) sides of the mountains should be ex-
pected. Ultimately, this could lead to significant alteration in
ocean–ice–atmosphere coupling in these regions, which are
renowned sites of Antarctic Bottom Water formation and sea

ice production and export. Consequences of changing flow re-
gimes for surface and regional circulation changes remain a
topic for future investigation.

To conclude, in this study, we have shown that the surface
atmosphere over the Antarctic Peninsula has become less
stable since the 1950s. Changes in the lowest 1-km Brunt–
Väisälä frequency have consequences for gravity wave forcing
from Antarctica. In response to a decreasing Brunt–Väisälä
frequency, increasing GW forcing has been detected in
HadGEM3 model simulations, ERA5 reanalysis, and AIRS/
Aqua satellite observations. We have found a shift in prevail-
ing flow regime over the Peninsula. This shift is the result of a
warming surface that weakens atmospheric stability, thus al-
lowing a larger portion of the flow approaching the mountains
to rise and pass over the obstacle exciting gravity waves. We
have thus demonstrated that GW forcing responds to surface
stability changes on climate time scales, which implies a de-
pendency of such a forcing on the mean climate state.
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meteorological services; see Vignon et al. (2019) for details.
The Unified Model is available for use through a licensing
agreement; see https://www.metoffice.gov.uk/research/modelling-
systems/unified-model. JULES is available under license free
of charge; see https://jules.jchmr.org/. The NEMO model is
available from https://www.nemo-ocean.eu. The model code
for CICE can be downloaded from https://code.metoffice.gov.
uk/trac/cice/browser.

APPENDIX A

Mountain Waves in Spectral Space

Var(v) computations were carried out on selected pressure
levels (500, 300, 200, 100, 50, 10, 1 hPa) and for a narrow re-
gion surrounding the Peninsula ([608, 758S], [708, 358W])
shown in Fig. A1. The input v field (6-hourly data) was first
deplaned by subtracting a least squares best-fit plane and
then filtered in Fourier space to isolate mountain waves and

remove wavenumbers outside of the expected range. The cutoff
wavenumber kcf for mountain waves was identified by inspec-
tion of 2D power spectra for typical mountain wave cases (see,
as an example, Fig. A1b). All wavenumbers smaller than kcf
were removed from the spectrum, and the resulting filtered v

field was obtained by the inverse Fourier Transform (Fig. A1c).
The filtered v was then used to compute the variance (v2).
The obtained Var(v) at 6-hourly frequency was averaged spa-
tially and finally used to compute monthly means at all the se-
lected levels (see Fig. S15 for levels in the troposphere). Note
that this approach is suitable for characterizing gravity waves
from the Antarctic Peninsula in the troposphere because, at
high latitudes, atmospheric convection is minimal, and the hori-
zontal scales of mountain waves are known. Mountain waves
were found to be resolved in ERA5 on horizontal scales rang-
ing from ’10 to 27 grid points. This is in agreement with previ-
ous studies showing that, because of hyperdiffusion, a minimum
of 10 grid points are needed in ERA5 for resolving gravity
waves (Preusse et al. 2014; Skamarock et al. 2014).

APPENDIX B

On the Reliability of Brunt–Väisälä Frequency Trends
in ERA5

The first conventional observations from the Antarctic
Peninsula assimilated in ERA5 date back to ’1940. In Fig. B1,
we show all conventional observations (no satellite observations)
assimilated by the ERA5 4D-Var data assimilation system be-
low 608S since 1940. We only show locations and reference
month, without specifying how many observations were there in
a month or the type of records. Conventional observations in-
clude measurements made near the surface at land stations and
over the ocean by ships and buoys, upper-air soundings (radio-
sondes and dropsondes), balloon observations, and aircraft-
based atmospheric measurements. A full list can be found here:
https://codes.ecmwf.int/odb/conventionalkind; for a detailed
description, see Hersbach et al. (2020).

West Antarctica and the Peninsula, in particular, are the
Antarctic regions where ERA5 has been constrained toward
observations for the longest period and where our confidence
in ERA5-derived trends is thus the highest.

A recent study by Bromwich et al. (2024) found that ERA5
surface air temperature (SAT) warming trends in Antarctica
might be overall too large everywhere (Peninsula included);
while this will have implications for the computation of N, the
Peninsula was also found to have the most reliable long-term
trends. Bromwich et al. (2024) show that ERA5 spurious
warm biases in East Antarctica are likely due to the jump in
temperature across the start of the modern satellite era, when
data assimilation started; this is seemingly the reason why N
time series for East Antarctica show a sharp decline across
1979 in Fig. S16b. Unlike the Antarctic Peninsula, observa-
tions for the Antarctic continent were sparse until the 1990s,
when data assimilation over the continent interior became

FIG. A1. (a) Vertical velocity v from ERA5 at 100 hPa over the Antarctic Peninsula at 0600 UTC 17 Aug 2012; (b) its normalized 2D
power spectrum with cutoff wavenumber (kcf) for mountain waves (dashed white line); (c) the inverse Fourier transform of v after filter-
ing in Fourier space.
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FIG. B1. Location of conventional observations assimilated by the ERA5 4D-Var data as-
similation system below 608S since 1940. Each panel contains 10 years of data with monthly
frequency, and the color bar represents time.
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more consistent (Fig. B1). For this reason, we have low con-
fidence in ERA5-derived trends for East Antarctica, which
we have not discussed in this study.

A similar behavior is not observed for West Antarctica N
time series (Fig. S16a) and for the Peninsula (Fig. 1). In fact,
for these regions, ERA5 SAT trends were found to be in line
with observations even prior to the satellite era (Bromwich
et al. 2024). Further support in favor of the reliability of
trends for West Antarctica comes from HadGEM3: while

the model simulates a decreasing N for West Antarctica, no
trends are found in the model for East Antarctica (not
shown). This is due to the smaller magnitude of surface
warming that the model simulates for the Antarctic continent
(Fig. S7).

To assess how well ERA5 is able to reproduce the observed
atmospheric stability, we used two types of observational data:
high-vertical-resolution (1500 height levels) radiosonde data,
only available from ’2000s, and coarse-vertical-resolution

FIG. B2. Monthly mean time series of the lowest 1-km Brunt–Väisälä frequency as recorded by eight Antarctic re-
search stations between ’2000 and 2018 (black line) and the ERA5 simulated N at the same locations (red line).
Shaded areas represent 2 times the standard deviation from the observational mean.
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(nine pressure levels) radiosonde data whose recordings started
in the 1950s.

High-resolution radiosonde data come from a variety of
Antarctic research stations located in West and East Ant-
arctica, as shown in Fig. S17. These data, with equally
spaced vertical levels (dz 5 10 m) from the surface to
15 000 m, are available only from more recent measure-
ments (Vignon et al. 2019), and the longest record among
these is from Rothera, which extends back to 2002. To re-
construct a longer record of radiosonde measurements for
the Peninsula, we used coarse-resolution data (nine pres-
sure levels from 850 to 30 hPa) from three research stations
located in the northern part of Peninsula; these are Faraday
(from 1955 to 1982), Bellingshausen (from 1969 to 1998),
and Rothera (from 2002 to the present). We also used
coarse-resolution radiosonde data from Halley (coastal East
Antarctica), where measurements started in 1957 and con-
tinued to present. Measurements were collected by national
Antarctic operators and are part of the Reference Antarctic
Data for Environmental Research (READER) project
(Turner et al. 2004).

For all research stations, we used temperature and pres-
sure readings to compute N using (1). For high-resolution
data, we excluded data points below 100 m above the sur-
face because, within the first 100 m of the atmosphere, the
balloon may have not yet reached the flow velocity (Vignon
et al. 2019). The N was computed using central finite differ-
ences in the lowest 1 km of the atmosphere and then aver-
aged vertically. If layers with superadiabatic lapse rate (i.e.,
negative N2) were found, data points were masked. For coarse-
resolution data, we used data at 850, 700, and 500 hPa. We
computed N at ’2.5 km (or 700 hPa) using central finite
differences.

ERA5 performs remarkably well in simulating the lowest
1 km N at all considered research stations in East and West
Antarctica (Fig. B2). We found that ERA5 tends to overes-
timate the surface N at the two research stations that are
further away from the coast (Dome C and Casey), while all
other stations are extremely well represented.

We also find that ERA5 is able to simulate well the
atmospheric stability variability since ’1950 (Fig. B3).
At Faraday, Bellingshausen, Rothera, and Halley stations,

FIG. B3. (a) Observed Brunt–Väisälä frequency at 700 hPa (’2.5 km above the surface) from
radiosondes at Faraday (blue), Bellingshausen (green), and Rothera (red) research stations.
ERA5 data at the same locations are shown in light green, light blue, and orange, respectively.
(b) As in (a), but for Halley research station. ERA5 data are now shown in purple. Vertical
dashed lines signify years in which Halley station was moved. For all panels, thin lines are
monthly means, and thick lines are 12-month running means.
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ERA5 reproduces closely the observed N at 700 hPa. From
the 1990s onward at Bellingshausen, and from 2002 onward
at Rothera, ERA5 tends to overestimate somewhat the Brunt–
Väisälä frequency, while its variability continues to be well
represented. However, when high-resolution data are used to
compute the lowest 1 km N at Rothera for the same period of
time (i.e., from 2002 onward), ERA5 performs well (Fig. B2).
This is likely because, from coarse-resolution data, we can
only compute N at one single level, while high-resolution data
contain multiple levels and more granular information on the
finer vertical structure of the Antarctic atmosphere. The coarse
vertical resolution is likely also the reason why N derived from
the three research stations located in the Peninsula does not
show a negative trend as observed in ERA5 and HadGEM3.
The N trends are large within the lowest 1 km of the atmo-
sphere (see Fig. 2c), while N computed from station data is at
700 hPa ’ 2.5 km, where static stability trends are already
much weaker.

In summary, we have assessed the ability of ERA5 to re-
produce the observed Brunt–Väisälä frequency and found
that the reanalysis performs favorably in simulating the
lowest 1 km N at all considered research stations (Fig. B2).
We also found that ERA5 simulates well the variability of
the atmospheric stability since ’1950 (Fig. B3), as recorded
by three research stations located in the northern part of the
Peninsula (Faraday, Bellingshausen, and Rothera) and one in
coastal East Antarctica (Halley).
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D. J. Murphy, 2017: Modification of the gravity wave parame-
terization in the whole atmosphere community climate
model: Motivation and results. J. Atmos. Sci., 74, 275–291,
https://doi.org/10.1175/JAS-D-16-0104.1.

Gonzalez, S., and D. Fortuny, 2018: How robust are the tempera-
ture trends on the Antarctic Peninsula? Antarct. Sci., 30, 322–
328, https://doi.org/10.1017/S0954102018000251.

Gorodetskaya, I. V., and Coauthors, 2023: Record-high Antarctic
Peninsula temperatures and surface melt in February 2022:
A compound event with an intense atmospheric river. npj
Climate Atmos. Sci., 6, 202, https://doi.org/10.1038/s41612-023-
00529-6.

Guarino, M.-V., M. A. C. Teixeira, and M. H. P. Ambaum, 2016:
Turbulence generation by mountain wave breaking in flows
with directional wind shear. Quart. J. Roy. Meteor. Soc., 142,
2715–2726, https://doi.org/10.1002/qj.2862.

}}, and Coauthors, 2024: A novel gravity wave transport para-
metrization for global chemistry climate models: Description
and validation. J. Adv. Model. Earth Syst., 16, e2023MS003938,
https://doi.org/10.1029/2023MS003938.

Gulev, S. K., and Coauthors, 2021: Changing state of the climate
system. Climate Change 2021: The Physical Science Basis,
V. Masson-Delmotte et al., Eds., Cambridge University
Press, 287–422.

Gupta, A., T. Birner, A. Dörnbrack, and I. Polichtchouk, 2021:
Importance of gravity wave forcing for springtime southern
polar vortex breakdown as revealed by ERA5. Geophys. Res.
Lett., 48, e2021GL092762, https://doi.org/10.1029/2021GL092762.

Hamed, K. H., and A. R. Rao, 1998: A modified Mann-Kendall
trend test for autocorrelated data. J. Hydrol., 204, 182–196,
https://doi.org/10.1016/S0022-1694(97)00125-X.

Hersbach, H., and Coauthors, 2020: The ERA5 global reanalysis.
Quart. J. Roy. Meteor. Soc., 146, 1999–2049, https://doi.org/10.
1002/qj.3803.

Hindley, N. P., C. J. Wright, N. D. Smith, L. Hoffmann, L. A. Holt,
M. J. Alexander, T. Moffat-Griffin, and N. J. Mitchell, 2019:
Gravity waves in the winter stratosphere over the Southern
Ocean: High-resolution satellite observations and 3-D spectral
analysis. Atmos. Chem. Phys., 19, 15377–15414, https://doi.org/
10.5194/acp-19-15377-2019.

}}, }}, L. Hoffmann, T. Moffat-Griffin, and N. J. Mitchell,
2020: An 18-year climatology of directional stratospheric
gravity wave momentum flux from 3-D satellite observations.

G UAR I NO E T AL . 76515 JANUARY 2026

Brought to you by NATURAL ENVIRONMENT RESEARCH COUNCIL | Unauthenticated | Downloaded 01/08/26 10:29 AM UTC

https://doi.org/10.1029/2009JD011851
https://doi.org/10.1029/2019MS001995
https://doi.org/10.1175/JCLI3774.1
https://doi.org/10.1109/TGRS.2002.808356
https://doi.org/10.1029/2024GL111907
https://doi.org/10.1016/j.polar.2021.100653
https://doi.org/10.1016/j.atmosres.2022.106040
https://doi.org/10.1029/2000JD900194
https://doi.org/10.1029/2000JD900194
https://doi.org/10.1175/JAS-D-16-0059.1
https://doi.org/10.1175/JAS-D-16-0059.1
https://doi.org/10.1002/qj.2489
https://doi.org/10.1002/qj.2489
https://doi.org/10.5194/gmd-9-1937-2016
https://doi.org/10.1175/JAS-D-16-0104.1
https://doi.org/10.1017/S0954102018000251
https://doi.org/10.1038/s41612-023-00529-6
https://doi.org/10.1038/s41612-023-00529-6
https://doi.org/10.1002/qj.2862
https://doi.org/10.1029/2023MS003938
https://doi.org/10.1029/2021GL092762
https://doi.org/10.1016/S0022-1694(97)00125-X
https://doi.org/10.1002/qj.3803
https://doi.org/10.1002/qj.3803
https://doi.org/10.5194/acp-19-15377-2019
https://doi.org/10.5194/acp-19-15377-2019


Geophys. Res. Lett., 47, e2020GL089557, https://doi.org/10.
1029/2020GL089557.

Hoffmann, L., and M. J. Alexander, 2009: Retrieval of stratospheric
temperatures from Atmospheric Infrared Sounder radiance
measurements for gravity wave studies. J. Geophys. Res. Atmos.,
114, D07105, https://doi.org/10.1029/2008JD011241.

}}, X. Xue, and M. J. Alexander, 2013: A global view of strato-
spheric gravity wave hotspots located with atmospheric infrared
sounder observations. J. Geophys. Res. Atmos., 118, 416–434,
https://doi.org/10.1029/2012JD018658.
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