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ARTICLE INFO ABSTRACT

Keywords: The Antarctic Peninsula (AP) has displayed a propensity for persistent blocking ridges and anticyclonic condi-
Climate change tions, particularly during recent summertime extreme weather events. This study investigates atmospheric
Blocking ridge blocking patterns over the AP through historical (1981-2010) and future (2071-2100, SSP5-8.5) periods using
1?/[1\:;[;1;1 ancertainty ERAS reanalysis and six CMIP6 models, including multi-member realizations from two models totaling ten
Antarctic Peninsula simulations. We focus particularly on 500 hPa geopotential height (Z500) and near-surface air temperature
(T2m) anomalies. The historical analysis highlights significant differences between the CMIP6 models and ERA5
reanalysis, especially in the austral winter, with EC-Earth3 and INM-CM4 models matching closest with the
ERAS. Future projections show that while the northern AP and the Drake Passage largely do not exhibit a clear
trend towards increased blocking, there are exceptions. The EC-Earth3 model predicts more blocking-like
conditions northwest of the AP in summer and a pronounced ridge over the Bellingshausen Sea in winter,
indicating a potential increase in blocking events. The INM-CM4 model projects a minor increase in summer
7500 heights off the western and southern AP, without clear blocking patterns over the AP, and negligible winter
changes. Localized intensification is noted in the northern parts of the blocking domain and southern AP during
extreme blocking conditions. These variations are mirrored in T2m anomalies, suggesting warming in the
northern and southern sections of AP but little change elsewhere. The results of this study underscore the need to

* Corresponding author at: Departamento de Meteorologia, Universidad de Valparaiso, Chile.
E-mail address: deniz.bozkurt@uv.cl (D. Bozkurt).

https://doi.org/10.1016/j.scitotenv.2024.172852

Received 29 December 2023; Received in revised form 13 April 2024; Accepted 26 April 2024
Available online 4 May 2024

0048-9697/© 2024 Elsevier B.V. All rights reserved.


mailto:deniz.bozkurt@uv.cl
www.sciencedirect.com/science/journal/00489697
https://www.elsevier.com/locate/scitotenv
https://doi.org/10.1016/j.scitotenv.2024.172852
https://doi.org/10.1016/j.scitotenv.2024.172852
https://doi.org/10.1016/j.scitotenv.2024.172852
http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2024.172852&domain=pdf

D. Bozkurt et al.

Science of the Total Environment 931 (2024) 172852

more accurately capture complex blocking mechanisms and their impacts on regional climate patterns around
the AP. We also suggest employing refined blocking definitions and incorporating a broader range of climate
models to enhance our understanding of blocking patterns and their impacts in a changing climate.

1. Introduction

The Antarctic Peninsula (AP) has emerged as a key area of interest
for climate change, extreme weather events, and their impacts. Recent
observations indicate a high degree of year-to-year fluctuations,
meaningful interdecadal variability, and strong long-term warming
trends in near—surface air temperatures in the AP (Marshall, 2007; Jones
et al., 2019; Turner et al., 2016; Oliva et al., 2017; Bozkurt et al., 2020;
Carrasco et al., 2021). In addition to an overall warming trend, the AP
faces an increased risk of extreme weather events. For instance, atmo-
spheric rivers (ARs), which are long, narrow corridors of concentrated
moisture in the atmosphere, are not only associated with intense pre-
cipitation but also with extremely high temperatures and melt events in
the AP (Bozkurt et al., 2018; Xu et al., 2021; Wille et al., 2022; Clem
etal., 2022; Zou et al., 2023; Gorodetskaya et al., 2023). Heatwaves and
increased solar radiation during the austral summer season introduce a
layer of complexity to the region's climate dynamics. Foehn winds over
local topography can trigger extremely high temperatures and warm
events, particularly on the leeward side of the AP (Elvidge et al., 2015;
Bozkurt et al., 2018; Tri Datta et al., 2019; Elvidge et al., 2020; Turton
et al., 2020; Laffin et al., 2022). These events and long—term warming
have far-reaching implications for the cryosphere, including accelerated
snow and glacier retreat, heightened ice shelf instability (Scambos et al.,
2004; Rignot et al., 2019; Gonzalez-Herrero et al., 2022; Wille et al.,
2022; Gonzalez-Herrero et al., 2024), and consequential impacts on both
land and marine ecosystems (Convey and Smith, 2006; Siegert et al.,
2019, 2023).

The AP is a complex climate zone where large—scale teleconnections
and synoptic-scale weather patterns shape climate variability and the
evolution of extreme weather events. The AP experiences the influence
of the Southern Annular Mode (SAM) and the El Nino-Southern Oscil-
lation (ENSO), both of which play a significant role in shaping regional
circulation patterns (e.g., Marshall et al., 2006; Fogt et al., 2012; Clem
et al., 2016; Yuan et al., 2018). The complex interplay between these
important large-scale features, along with the influence of tropical sea
surface temperature and convective variability, can create wave sources
in the subtropics, exciting quasi-stationary wave trains that extend
poleward and lead to major changes in regional circulation patterns
around the AP (e.g., Fogt and Bromwich, 2006; Pezza et al., 2008; Clem
et al., 2022). For instance, during El Nino and Madden-Julian oscillation
events, Rossby wave trains emanating from the central Pacific Ocean can
lead to anomalously high sea level pressure and increased blocking
patterns across the southeast Pacific and the AP, thereby influencing the
regional climate (Yuan and Martinson, 2001; Steig et al., 2012; Yuan
et al., 2018; Henderson et al., 2018; Rondanelli et al., 2019).

Atmospheric blocking is broadly defined as an anomalous, quasi—
stationary anticyclonic circulation pattern that disrupts the propagation
of cyclones and other weather systems (AMS, 2022). Understanding
blocking patterns is crucial in the context of climate change, as these
anomalous circulations can have far-reaching impacts on regional and
global weather. The influence of blocking patterns is not limited to
specific regions, as evidenced by their significant association with
extreme weather events and climate variability across different parts of
the world. For instance, studies have shown that blocking events can
lead to prolonged periods of extreme temperatures, precipitation
anomalies, and disruptions to typical atmospheric circulation patterns,
affecting regions such as Europe, North America, and Greenland (e.g.,
Sousa et al., 2018; Brunner et al., 2018; Schaller et al., 2018; Barrett
et al., 2020; Henderson et al., 2021; Wachowicz et al., 2021). In the
Southern Hemisphere, blocking patterns can have significant societal

consequences such as droughts and wildfires (Parker et al., 2014;
Rodrigues and Woollings, 2017; Rodrigues et al., 2019). Similarly, the
mid tropospheric trough-ridge couplet has been shown to trigger
extreme meteorological events and AR landfalls across other parts of
Antarctica (Wille et al., 2021; Pohl et al., 2021; Wille et al., 2024). Over
the AP, Bozkurt et al. (2022) showed that blocking events were associ-
ated with warm episodes facilitated by northerly and northwesterly
warm air transport, leading to significant increases in moisture transport
and AR frequency. In addition, excessive summertime shortwave radi-
ation during blocking can cause prolonged warm anomalies and lead to
extensive melt events (Bevan et al., 2020; Banwell et al., 2021). The
impact of blocking patterns on climate variability and extreme weather
events underscores the need for a comprehensive understanding of their
dynamics and potential changes in a warming climate.

General circulation models (GCMs) are essential tools for studying
the response of the AP to a warming climate. These models can effec-
tively simulate the complex interactions between large-scale atmo-
spheric circulation patterns, regional climate systems, and the influence
of external forcings, providing valuable projections of future climate
scenarios. The Coupled Model Intercomparison Project (e.g., CMIP5 and
CMIP6) model projections have recently provided valuable insights into
potential changes in climate dynamics and extreme weather events, such
as extreme high temperatures and melt events in the AP (Bozkurt et al.,
2021; Gilbert and Kittel, 2021; Kittel et al., 2022; Zhu et al., 2023).

Additionally, modeling efforts can allow for the assessment of
blocking patterns and uncertainties in extreme weather. Studies have
highlighted major uncertainty regarding the frequency of blocking in
different regions, mostly in the Northern Hemisphere. For instance,
three generations of climate models have highlighted a persistent and
consistent trend in underestimating blocking frequencies, with CMIP6
models facing challenges, especially in the winter European sector
(Davini and D'Andrea, 2020). In a similar manner, using 10 Geophysical
Fluid Dynamics Laboratory (GFDL) GCMs in the CMIP5 and CMIP6 re-
positories, Liu et al. (2022) stated that atmospheric blocking frequency
faces a 50 % underestimation in the Atlantic-Europe region during
December-February, a 60 % overestimation in the Pacific-North
America region, and a 70 % overestimation in the southwest Pacific
region during July—August.

Recent studies have also highlighted the significance of atmospheric
blocking and its response to climate change. Projections indicate a
consistent blocking frequency in the European-North Atlantic sector
and Greenland and a shift towards reduced blocking and greater zonal
flow conditions (de Vries et al., 2013; Woollings et al., 2018; Delhasse
et al.,, 2021; Dorrington et al., 2022). In the Southern Hemisphere,
blocking frequency is also projected to decrease, particularly in the
Pacific during austral spring and summer, with a hint of meridional
displacements (Parsons et al., 2016; Woollings et al., 2018).

The uncertainty in these projections underscores the challenges in
modeling blocking events in a warming climate. They reinforce the need
for further research and enhanced modeling techniques, particularly in
the AP. In a recent study, Marin et al. (2022) analyzed atmospheric
blocking around the AP from 1979 to 2018, noting increased blocking
days over the AP in 1999-2018, especially during austral autumn,
winter, and spring. A subsequent study by Bozkurt et al. (2022)
emphasized the significant role of blocking conditions over the AP in
triggering extreme temperatures and moisture transport. These studies
notwithstanding, there remains a notable gap in the systematic evalu-
ation and analysis of CMIP models' representation of blocking conditions
over the AP. This gap hinders a comprehensive understanding of future
climate scenarios in this region. Therefore, the current study primarily
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aims to assess the performance of available CMIP6 models in simulating
blocking conditions over the AP. Section 2 describes the data and
methodology used in this study. Section 3 presents the results of eval-
uating CMIP6 models in representing blocking conditions over the AP
for the historical period. It also includes projected changes in blocking
patterns and temperature obtained from the top-ranking models. Sec-
tion 4 summarizes and discusses the results.

2. Data and methodology
2.1. Dataset

This study relies on representations of the atmosphere in ERA5 and
the CMIP6 models to explore blocking patterns over the AP. We
analyzed the 500 hPa geopotential height (Z500) fields (downloaded for
1200 UTC with daily resolution) from the ERA5 reanalysis to calculate
blocking indices. The ERAS is a relatively new, state—of-the-art global
reanalysis produced by the European Centre for Medium-Range
Weather Forecasts (ECMWF) (Hersbach et al., 2020). It is based on an
improved version of the Integrated Forecast System (IFS Cycle 41r2) and
4D-Var data assimilation, providing continually updated global gridded
climatic data. ERA5 has a horizontal grid spacing of approximately 30
km and 137 vertical levels from the surface to a height of 80 km. We also
analyzed six CMIP6 models (Eyring et al., 2016), including multi-
member realizations from two models totaling ten simulations,
focusing on Z500 and near-surface air temperature (T2m) as key vari-
ables. The selection of the GCMs was primarily driven by data avail-
ability constraints. Our CMIP6 analyses encompassed (1) historical
experiments (1981-2010) with coupled uninitialized climate runs
driven by historical greenhouse gas and aerosol forcings throughout the
twentieth century, and (2) future climate projections (2071-2100)
under the SSP5-8.5 climate change scenario, a high greenhouse gas
emission scenario leading to substantial radiative forcing. More infor-
mation about the CMIP6 models used in this study is found in Table 1.

2.2. Geographical setting

The geographical focus of the analysis covers the Drake Passage,
northern and central AP, and Weddell and Bellingshausen Seas
(90-30°W, 50-70°S, red polygon in Fig. 1) for the austral summer

Table 1
List of CMIP6 models used in this study to construct blocking indices over the
Antarctic Peninsula.

Model Institution Resolution in Variant Abbreviation
name degrees label
(longitude x
latitude)
CESM2- NCAR, USA 1.25 x 0.94 rlilplfl CESM2-W-
WACCM R1
r2i1p1fl CESM2-W-
R2
r3ilplfl CESM2-W-
R3
EC-Earth3 EC-Earth- 0.7 x 0.7 rlilp1fl EC-Earth3-
Consortium, R1
Europe
INM- INM, Russia 2.0 x 1.5 rlilplfl INM-CM4-R1
CM4-8
INM- INM-CM5-R1
CM5-0
MRI- MRI, Japan 1.13 x 1.13 rlilplfl MRI-ESM2-
ESM2-0 R1
r2ilp1fl MRI-ESM2-
R2
r3ilplfl MRI-ESM2-
R3
NorESM2- NCC, Norway 1.25 x 0.94 rlilp1fl NorE-MM-R1
MM
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(December—January-February: DJF) and winter (June-July-August:
JJA) seasons. The selected geographical area has displayed a propensity
for persistent blocking ridges and anticyclonic conditions, particularly
during recent summertime extreme weather events characterized by
extreme high temperatures and ice melt (e.g., Bozkurt et al., 2018; Xu
et al., 2021; Clem et al., 2022; Zou et al., 2023). This observation aligns
with findings from Bozkurt et al. (2022), who highlighted the AP region
as having a high potential to trigger extreme weather events.

2.3. Methodology

Due to the varying spatial resolutions of the GCMs and ERA5 used in
this study, all models and ERA5 underwent bilinear interpolation onto a
common grid of 0.75°. We then calculated blocking indices by averaging
7500 mean values across our domain (red box in Fig. 1) for the historical
and future periods. This approach resulted in daily time series of
blocking, similar to the operational use of the Greenland Blocking Index
(GBI, (Fang, 2004; Hanna et al., 2013, 2014)) by NOAA to assess
blocking over Greenland. We then identified “very extreme blocking” for
7500 values surpassing the 95th (P95) percentile. The percentile
threshold was computed separately for DJF and JJA seasons. The cu-
mulative count of very extreme blocking days was derived by summing
the days in each season surpassing the respective threshold.

To identify the two top—performing CMIP6 models, we ranked each
based on their performance in capturing historical spatial patterns of
7500 fields and frequency distribution characteristics. The anomalies of
T2m and Z500 during the P95 days from the ERA5 and the selected
top—performing two models were then computed using a low-pass filter
to smooth the daily variability. Anomalies on P95 days were calculated
for each date as departures of 7-day mean values with respect to the
seasonal mean climatology of historical and future periods. The statis-
tical significance of T2m and Z500 anomalies in the ERAS5 and the
selected top—performing models was assessed using a bootstrap method
at the 95 % confidence level. This involved conducting 2000 iterations
with randomly selected daily composite anomalies (calculated with the
7-day running mean) and matching them with extreme blocking days
(P95) by DJF and JJA seasons. For each grid point, an averaged T2m
anomaly was considered significant at the 95 % confidence level if it fell
outside the 2.5-97.5 percentile range of the bootstrap distribution.
Non-significant anomalies were removed by masking grid points in
figures to highlight the statistically significant points.

To refine our analysis of projected blocking patterns, we adopted the
method outlined by Delhasse et al. (2021), which involves calculating
the Z500 anomaly at each grid cell over the region of interest for the two
top—performing models. This was achieved by subtracting the hemi-
spheric mean Z500, averaged over the 50°S to 70°S latitudinal band for
the period 1981-2010, from the Z500 at each grid cell for the corre-
sponding periods. This approach helps to isolate the dynamic anomaly
from broader hemispheric thermal influences, providing a clearer
insight into the atmospheric blocking dynamics. In addition, blocking
indices and temperature anomalies were calculated for the two top-
—performing models. For future scenarios (SSP5-8.5), a third—order
polynomial was fitted to the area-weighted, season-averaged Z500 time
series to account for potential acceleration in Z500 increase, following
Dorrington et al. (2022) and Fabiano et al. (2021). The same anomaly
calculation and significance test that were applied to the historical
period were also applied to the future period.

3. Results

We begin our analysis by examining the historical years in CMIP6
models, focusing on blocking patterns over the AP throughout the entire
analysis period as well as on extreme blocking days (P95). We next
analyze projected changes in blocking, focusing on Z500 and T2m
anomalies in the two top—performing models for the future period under
the SSP5-8.5 scenario.
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Fig. 1. Topographic map of the Antarctic Peninsula and its surrounding areas derived from ETOPO 2022. Red box corresponds to the region where blocking indices

were determined.

3.1. Historical period

A comparison of historical Z500 heights in CMIP6 models with ERA5
reanalysis shows lower Z500 heights in the southern sections of the
domain, with significant model disparities, particularly over the Drake
Passage and South America. During DJF, some models indicate higher
Z500 heights, with the INM-CM4-R1 closely aligning with ERA5
(Fig. S1). In the JJA season, these disparities widen, with a general shift
towards more pronounced cyclonic activity, especially over the Drake

CESM2-W-R1 CESM2-W-R2

CESM2-W-R3

Passage and Bellingshausen Sea (Fig. S2). EC-Earth3-R1 and INM-CM4-
R1 show lesser variations, with EC-Earth3-R1 among the only model to
show anticyclonic conditions in certain areas.

Figs. 2 and 3 depict the annual, DJF, and JJA distributions of Z500,
averaged over the study domain, for ERA5 and each CMIP6 climate
model. The figures present a comprehensive view of how well the CMIP6
climate models align with the ERAS5 reanalysis over the blocking
domain. Annually, all models show central peaks in Z500 heights shifted
lower than the ERAS, suggesting an underestimation of the mean Z500

EC-Earth3-R1 INM-CM4-R1

1000

Frequency

NorE-MM-R1

Frequency

T T
5000 5500
Z-500hPa

5000 5500
Z-500hPa

T
5000

T 1
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5000 5500
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T
5500
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Fig. 2. Distribution of annual 500 hPa mean geopotential heights averaged over the blocking domain, as depicted in Fig. 1, for ERAS5 (blue) and ten CMIP6 climate
models (red). Vertical lines show the 95th percentile values for ERA5 (blue line) and CMIP6 models (red line).
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Fig. 3. As in Fig. 2, but for the a) DJF and b) JJA seasons.

heights (Fig. 2). Notably, EC-Earth3-R1 and INM-CM4-R1 display dis-
tributions more closely aligned with ERAS5, with EC-Earth3-R1, in
particular, showing a more reasonable match in both central tendency
and variance. The overall underestimation persists in the DJF season

(except for EC-Earth3-R1), with misaligned peaks and variance, failing
to match the summer variability in ERAS5 (Fig. 3a). The height differ-
ences in CMIP6 are more pronounced in the JJA season, with a signifi-
cant shift indicating a notable underestimation of winter Z500 and an

Table 2
Evaluation metrics of annual and seasonal 500 hPa geopotential heights over the blocking domain.
ERAS CESM2-W- CESM2-W- CESM2-W- EC-Earth3- INM-CM4- INM-CM5- MRI-ESM2- MRI-ESM2- MRI-ESM2- NorE-MM-
R1 R2 R3 R1 R1 R1 R1 R2 R3 R1
Annual
Central - —116.50 —114.47 —116.54 -16.72 —57.62 —70.40 —123.03 -121.31 —125.49 —89.76
difference
P95 difference - —93.87 —88.41 -93.91 —19.24 —77.67 —76.53 -99.73 -106.13 —112.08 —86.76
Standard dev. 91.53 106.59 107.67 107.88 94.45 80.40 88.60 107.54 105.08 103.66 94.24
Skewness -0.06 0.01 0.06 0.00 —0.15 —0.04 0.01 —0.04 —0.08 -0.11 —0.01
DJF
Central - —55.02 —51.18 —49.46 23.06 —23.49 —23.57 —59.82 —63.56 —66.47 —48.20
difference
P95 difference - —72.51 —67.35 —72.05 —6.05 —69.12 —62.70 —72.37 —87.68 —94.80 —71.95
Standard dev. 70.67 62.66 62.75 60.82 59.05 49.62 50.76 66.96 59.67 57.95 60.01
Skewness 0.32 0.22 0.19 0.08 —0.03 —0.09 0.13 0.25 0.21 0.16 0.22
JJA
Central - —152.54 —151.03 —148.77 -17.07 —55.68 —81.82 —139.38 —146.82 —143.36 —104.32
difference
P95 difference - —158.60 —164.93 —153.96 —30.47 —92.29 —121.42 —130.38 -137.11 —148.24 -116.72
Standard dev. 90.70 82.54 79.19 81.79 82.33 66.89 66.64 93.95 89.82 89.28 82.04
Skewness 0.04 0.37 0.26 0.44 0.18 0.14 0.19 0.18 0.48 0.20 0.36
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inaccurate representation of the seasonal variability (Fig. 3b). In
contrast to the biases observed for other CMIP6 models, EC-Earth3-R1
and INM-CM4-R1 are more aligned with ERA5 across DJF and JJA.
Notably, EC-Earth3-R1 exhibits a distribution that is particularly close to
ERA5 during the JJA season, with a central peak and variance that
closely reflect the Z500 distribution in ERA5. INM-CM4-R1, while still
aligned well with ERA5, demonstrates slightly less of a match with ERA5
than EC-Earth3-R1, especially in terms of capturing the central tendency
and spread of winter Z500 heights.

Table 2 presents annual and seasonal Z500 heights over the blocking
domain, comparing CMIP6 climate models against the ERA5 for the
period 1981-2010. For the annual period, EC-Earth3-R1 shows the
smallest central and P95 differences, suggesting it has the closest
agreement with ERAS of any CMIP6 model we analyzed. INM-CM4-R1
also shows a relatively low central difference and standard deviation,
indicating its variability is more in line with ERA5 compared to other
models. Across the board, models have higher standard deviations than
ERAS, implying more variability in the model outputs. Skewness values
are mostly similar to ERAS5, pointing to a comparable distribution
asymmetry in the models. In the DJF season, both EC-Earth3-R1 and
INM-CM4-R1 display notably smaller central differences compared to
ERADS, suggesting a more reasonable alignment with the reanalysis data.
Other models present larger central and P95 differences, indicating
greater deviation from ERAS5. EC-Earth3-R1 and INM-CM4-R1 exhibit
the lowest annual standard deviations among the models, signifying that
their interannual variability is most similar to ERA5's. Skewness across
most models is positive, reflecting a tendency towards higher Z500,
similar to ERAS5. In the JJA season, EC-Earth3-R1 stands out with
significantly lower central and P95 differences compared to ERAS,
suggesting a better representation of winter variations of Z500. INM-
CM4-R1 also shows lower central differences in Z500, although not as

DJF

a)
40°S
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pronounced as EC-Earth3-R1, indicating a better alignment with ERA5
than the other CMIP6 models. The standard deviations for these models
in JJA are similar to the annual metrics. Skewness varies, with EC-
Earth3-R1 and INM-CM4-R1 displaying less skew towards higher Z500
values, indicating a distribution that more closely resembles ERA5 than
the other models.

The results so far reveal that EC-Earth3-R1 and INM-CM4-R1 agree
best with Z500 heights in the ERAS5. Therefore, to assess the relation-
ships between Z500 and T2m anomalies during P95 days, our analysis
will focus on these two models. Fig. 4 shows DJF and JJA mean Z500
anomalies during P95 days from ERAS5, EC-Earth3-R1, and INM-CM4-
R1. The ERAS reanalysis shows significant positive Z500 anomalies in
the DJF season, with the core of the anomaly located over the northern
part of the AP (Fig. 4a). In the JJA season, the significant anomalies
become more intense and widespread, indicative of stronger blocking
activity during the austral winter (Fig. 4b). EC-Earth3-R1 and INM-CM4-
R1 capture the significant positive Z500 anomaly pattern seen in ERA5,
yet some differences are evident. During the DJF season, Z500 anoma-
lies from EC-Earth3-R1, while extensive, are less intense than those
observed in ERAS5, indicating a broader but weaker signal for blocking
activity (Fig. 4c). In JJA, EC-Earth3-R1 shows a marked increase in the
intensity of the Z500 anomalies, consistent with stronger winter block-
ing, but the pattern of positive Z500 anomalies is displaced to the north
of the AP, unlike that shown by ERA5 (Fig. 4d). INM-CM4-R1 captures
the spatial pattern of the Z500 anomalies better than EC-Earth3-R1 in
the DJF season, yet the anomalies are less intense (Fig. 4e). In addition,
while still capturing the broad pattern in JJA, INM-CM4-R1 presents a
less intense anomaly, especially in the core region, compared to both EC-
Earth3-R1 and ERA5 (Fig. 4).

Fig. 5 shows mean DJF and JJA T2m anomalies during P95 days from
ERA5, EC-Earth3-R1, and INM-CM4-R1. The ERAS reanalysis shows

b) JUA
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Fig. 5. As in Fig. 4 but for near-surface temperature anomalies.

moderate significant warming anomalies over the AP in the DJF season,
while in the JJA season, it exhibits a more intense significant warming
pattern extending over the Peninsula, particularly over the coastal areas
of the Bellingshausen Sea and the surrounding oceanic regions as well as
the leeward side of the AP (> + 6 °C) (Figs. 5a, b). Both EC-Earth3-R1
and INM-CM4-R1 generally replicate the significant warming observed
in ERAS during P95 blocking. In the DJF season, EC-Earth3-R1 exhibits a
warming pattern that is less intense compared to ERAS, albeit covering a
more widespread area (Fig. 5c). In the JJA season, EC-Earth3-R1 pre-
sents a notable increase in warming intensity, indicating the surface
response to more intense winter blocking events. Yet, it still falls short of
the warming magnitudes shown in ERA5 (Fig. 5d). INM-CM4-R1 also
shows less warming than ERAS in the DJF season, but with a similar
distribution to ERAS that is not as extensive as that shown in EC-Earth3-
R1 (Fig. 5e). In the JJA season, INM-CM4-R1 demonstrates a slight up-
tick in warming intensity compared to EC-Earth3-R1, aligning more
closely with the more intense warming anomalies seen in ERAS. Finally,
the INM-CM4-R1 shows a spread-out warming pattern in the southern
parts of the domain and insignificant changes over the northern AP
(Fig. 5f).

In summary, both EC-Earth3-R1 and INM-CM4-R1 capture the gen-
eral patterns of ERA5 Z500 height and T2m temperature anomalies
during P95 days, reflecting the overall observed spatial distribution and
seasonal amplification. While INM-CM4-R1 slightly better represents the
core of Z500 anomalies in DJF and the intensified near-surface warming
in JJA, EC-Earth3-R1 displays broader anomaly patterns across both
seasons. Despite these differences, both models exhibit less severe
anomalies compared to ERA5, yet they still express the fundamental
characteristics of blocking events in the region.

3.2. Future period

Fig. 6 shows mean Z500 height anomalies in each grid cell over the
periods 1981-2010 and 2071-2100 (anomalies with respect to the
1981-2010 mean hemispheric Z500 height averaged over 50° and 70°S)
for EC-Earth3-R1 and INM-CM4-R1 models. For the DJF season, the EC-
Earth3-R1 model projects an increase in height off the northwest AP
(Figs. 6a-b), which indicates a higher tendency for blocking events in
this region. The INM-CM4-R1 model shows increased Z500 anomalies
off the western and southern AP but does not exhibit an increase in
blocking over the AP, instead showing a modest change in Z500 with
respect to the historical period (Figs. 6¢-d). In the JJA season, the EC-
Earth3-R1 model's future projections exhibit a pronounced ridge for-
mation with increased positive Z500 anomalies over the Bellingshausen
Sea, pointing to an increased tendency for blocking conditions, but a
stable or decreased tendency over the AP and the Weddell Sea (Figs. 6e-
f). The INM-CM4-R1 model does not show a significant overall increase
in positive anomalies for the JJA season, however, there is a slight in-
crease over the northern parts of the AP, associated with a ridge
extending from southern South America to the Atlantic sector (Figs. 6g-
h).

Fig. 7 shows projected DJF and JJA Z500 anomalies during P95 days
from EC-Earth3-R1 and INM-CM4-R1 for the period 2071-2100. In DJF,
EC-Earth3-R1 indicates a slight but significant increase in Z500 anom-
alies off the northwestern parts of the AP compared to the historical
period (Fig. 7a). In JJA, EC-Earth3-R1 shows no significant change in
7500 anomalies compared to those in the historical period, indicating no
change in the intensity of future P95 blocking, except for some parts of
the northwestern blocking domain (Fig. 7b). Compared to EC-Earth3-
R1, the INM-CM4-R1 model reveals widespread and significant in-
creases in DJF Z500 over the southernmost areas of the AP. However, it
does not indicate any significant rise in Z500 over the Drake Passage and
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the northern parts of the AP during future P95 days (Fig. 7c). For JJA,
INM-CM4-R1 primarily exhibits no significant increases in Z500, similar
to EC-Earth3-R1, with the exception of some significant height increases
noted in the northwestern sector of the domain (Fig. 7d).

The T2m anomalies during future P95 show an overall pattern

consistent with the Z500 anomalies (Fig. 8). For EC-Earth3-R1, DJF P95
blocking conditions in the future are not associated with a significant
rise in T2m anomalies, with the exception of a slight warming (around +
0.5 °C) over the northernmost AP and the northern sections of the
blocking domain (Fig. 8a). This localized T2m increase aligns with the
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Fig. 8. As in Fig. 7 but for near-surface temperature anomalies.

previously noted positive Z500 anomalies. During the JJA season, EC-
Earth3-R1 shows little to no change in T2m anomalies over the block-
ing domain (Fig. 8b), which parallels the lack of significant change in
7500 anomalies seen for this season (see Fig. 7b). This consistency in-
dicates that the T2m response during extreme (P95) blocking may
remain relatively stable compared to the historical period.

The INM-CM4-R1 model in DJF projects a more notable increase in
T2m anomalies during extreme (P95) blocking, particularly over the
central and southern parts of the AP, with temperature anomalies
ranging between + 1 to + 3 °C over the historical period (Fig. 8c). This
pronounced warming aligns with the significant Z500 increases indi-
cated in the same regions in Fig. 7c, suggesting a strong correlation
between Z500 and T2m during P95 days. In JJA, similar to EC-Earth3-
R1, the INM-CM4-R1 model shows minimal to no change in T2m
anomalies, suggesting that P95 conditions may not result in significant
T2m anomalies during winter (Fig. 8d). The only exceptions are slight
but significant T2m increases over the northernmost AP and northern
regions of the blocking domain, which correspond with increased Z500
anomalies under future P95.

4. Summary and discussion

This study evaluates historical (1981-2010) and future (2071-2100,
SSP5-8.5) blocking patterns over the Antarctic Peninsula (AP) on
annual, austral summer (December-January-February, DJF), and
winter (June—July—-August, JJA) timescales using ERA5 reanalysis and
six CMIP6 models, including multi-member realizations from two
models totaling ten simulations. The analysis is based on 500-hPa geo-
potential height (Z500) and near-surface air temperature (T2m) anom-
alies. Climatological analysis reveals significant discrepancies between
CMIP6 and ERAS5 reanalysis in capturing the historical Z500 and
blocking patterns and associated T2m anomalies. We also analyzed
future projections, utilizing the two top-ranking CMIP6 models (EC-
Earth3-R1 and INM-CM4-R1) based on their historical performance.

In the future period, the EC-Earth3-R1 model predicts blocking-like
conditions to the northwest of the AP during the summer and a signif-
icant ridge pattern over the Bellingshausen Sea in the winter, hinting at
potential blocking events there, too. Meanwhile, the INM-CM4-R1
model predicts an increase in Z500 heights off the western and south-
ern Peninsula in summer, (although this height rise itself does not
necessarily indicate blocking over the AP), and the model projects

minimal changes in blocking in the winter season. The variations in the
models highlight different dynamic responses to future climate.
Following this signal, for the period of 2071-2100, there is generally no
significant change in Z500 anomalies during P95 blocking over the
northern AP and Drake Passage, except for localized intensification in
the northern parts of the blocking domain and southern AP. The future
T2m anomalies during P95 blocking are mostly consistent with Z500
anomalies, featuring localized warming in the northernmost and
southern regions of the AP with negligible temperature anomalies in
other areas.

The findings suggest that while some models demonstrate relatively
better performance in capturing historical blocking patterns, there
remain significant discrepancies in the representation of interannual
variability (not shown) and the overall spatial distribution of blocking
events, particularly in JJA. These discrepancies underscore the com-
plexities involved in accurately representing historical blocking patterns
and associated T2m anomalies in the AP region. Building on the insights
from the historical period, the future projections analyzed in this study
highlight notable differences in T2m response to DJF blocking events in
models EC-Earth3-R1 and INM-CM4-R1. These differences may be
attributable to a range of potential factors that govern T2m responses to
blocking.

While there is a lack of specific studies focusing on atmospheric
blocking over the AP, the existing literature provides insights into the
potential uncertainties in these models, uncertainties which can also
affect future blocking projections and their impacts. These uncertainties
may be attributed to model errors arising from large-scale circulation
biases, tropical-polar teleconnections, atmosphere-ocean interactions,
internal variability, and local factors such as topography and sea-ice
distribution (e.g., Woods et al., 2013; Masato et al., 2014; Lee and Ahn,
2016; Woollings et al., 2018). For instance, Bracegirdle et al. (2020)
highlights that although the CMIP6 models better represent Southern
Hemisphere westerlies with reduced equatorward bias and improved
timescales (when compared to CMIP5 models), they still struggle to
reproduce the Amundsen Sea Low. The Amundsen Sea Low is a key
feature in the Southern Hemisphere atmospheric circulation and plays a
significant role in shaping the regional climate, including the occurrence
of blocking. The expansion of the Hadley cell in CMIP6 models, partic-
ularly over the Pacific sector, has also been shown to affect blocking due
to a greater sensitivity to the Hadley cell circulation (Grise and Davis,
2020). The expansion of the Hadley circulation can impact blocking



D. Bozkurt et al.

patterns by altering the latitudinal position of the subtropical jet
streams. This expansion may also modify large—scale atmospheric flow
patterns, influencing blocking event frequency and persistence. In
addition, the under-representation of tropical-polar teleconnections
within CMIP models (e.g., Yuan et al., 2018) can introduce uncertainties
in blocking patterns. These errors may disrupt the modeled large-scale
atmospheric circulation, impacting the frequency and characteristics of
blocking events worldwide, including over the AP. It is also important to
note that the differences in the representation of historical blocking
patterns among the models may be influenced by the models' (in)ability
to capture the dynamics of interannual and interdecadal variability. The
CMIP6 models may struggle to effectively capture these complex, fluc-
tuating patterns over both annual and decadal scales (e.g., Fogt and
Bromwich, 2006; Meehl et al., 2016; Clem et al., 2016; Turner et al.,
2016; Fogt and Marshall, 2020).

In addition to large-scale circulations, local-scale factors can intro-
duce uncertainties in climate models, affecting their ability to accurately
represent and project blocking conditions and their associated impacts.
For instance, Casagrande et al. (2023) noted that despite advancements
in the sea ice representation, CMIP6 models are still unable to accurately
represent the regional sea ice. Sea ice conditions can significantly affect
the surface impacts of blocking, particularly the T2m anomalies, by
modifying the surface energy balance and the local circulations during
blocking conditions. These changes can also influence the duration and
intensity of blocking events, impacting downstream temperatures. In
this respect, the differences in T2m response to DJF blocking between
EC-Earth3-R1 and INM-CM4-R1 in future projections may be partially
attributed to how these models represent sea-ice conditions. Given that
models may still struggle with regional sea-ice representation, this could
lead to a divergence in how T2m responds to blocking conditions,
especially over the AP, which is often bordered by sea ice. The potential
limitations from coarse resolution in CMIP6 models may also result in
challenges when capturing T2m responses to blocking patterns. The
complex topography of the AP, combined with insufficient model reso-
lution, can hinder the representation of blocking-triggered foehn con-
ditions and warming amplification, particularly on the leeward side of
the AP (Bozkurt et al., 2022).

The impacts of blocking conditions over the AP extend beyond at-
mospheric circulation changes, significantly influencing regional
climate extremes, notably heatwaves. Given the projected increase in
heatwave occurrences in the AP (Feron et al., 2021), it is imperative to
conduct more detailed studies to delve deeper into the connection be-
tween blocking events and heatwaves, as well as their future variability.
The connection between blocking and heatwave events is particularly
critical, as such patterns can induce prolonged periods of anomalously
high temperatures through changes in atmospheric circulation and
increased solar radiation (Bevan et al., 2020; Banwell et al., 2021).
Furthermore, these blocking events are integral in influencing AR ac-
tivities, which are significant for transporting moisture and heat and
contributing to precipitation and temperature extremes in Antarctica
(Pohl et al., 2021; Turner et al., 2021; Wille et al., 2022; Baiman et al.,
2023; Lu et al., 2023; Maclennan et al., 2023; Wille et al., 2024). The
combined impact of blocking on T2m anomalies and ARs can intensify
melt events, affecting ice shelf stability and glacial dynamics (Wille
et al., 2021; Xu et al., 2021; Clem et al., 2022; Zou et al., 2023; Gor-
odetskaya et al., 2023). This interconnectedness underscores the
importance of understanding how blocking events critically impact the
AP's ice shelves and glaciers, influencing sea-level rise and affecting
marine and terrestrial ecosystems, thereby emphasizing the need for
integrated climate models to predict and mitigate their broad environ-
mental consequences.

Future research should further investigate how anthropogenic
climate change modulates the impacts of blocking patterns on the
cryosphere, energy balance, and regional climate in the AP. These in-
vestigations should assess projected changes in moisture transport
associated with blocking events and their implications for temperature
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and sea-ice patterns as well as melt events. Understanding the interplay
between atmospheric blocking and moisture transport and how they
jointly affect the surface energy balance and regional climate is crucial.
These future studies will enhance our comprehension of the projected
impacts of blocking patterns on moisture transport, melt events, and
surface energy balance in the AP region, offering valuable insights for
climate projections. Finally, this study's approach, centered on area-
averaged blocking, might prevent a deeper investigation into blocking
mechanisms and their projected impacts. Adopting different blocking
definitions and incorporating an even more diverse range of climate
models could significantly advance our understanding of blocking pat-
terns and their impacts in the context of climate change.
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