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Abstract. Atmospheric blocking is a key driver of midlati-
tude weather extremes, including heatwaves and cold spells.
Yet general circulation models (GCMs) struggle to cap-
ture the frequency, persistence, and spatial characteristics of
blocking. Here, we evaluate atmospheric blocking in next-
generation storm-resolving Earth system models from the
nextGEMS, EERIE, and DestinE projects, focusing on ICON
and IFS-FESOM with ∼ 10 km atmospheric and ∼ 5 km
ocean grid spacing. We also provide first insights into the
IFS-FESOM under SSP3-7.0 forcing.

Blocking frequency, duration, and size are assessed in his-
torical simulations spanning 30 years for IFS and 27 years
for ICON, relative to ERA5 reanalysis and a CMIP6 multi-
model ensemble of eight models. We further examine links
between blocking biases and the background flow, sea sur-
face temperatures (SSTs), and storm-track activity. In the
CMIP6 ensemble, persistent biases in blocking frequency,
duration, and spatial extent are evident, particularly over the
Euro-Atlantic sector, consistent with previous studies. Sev-
eral of these biases persist in the storm-resolving coupled
simulations or are even amplified, indicating that increased
horizontal resolution alone does not systematically improve
blocking representation. Among the storm-resolving models,
performance varies regionally and seasonally. ICON exhibits
larger winter biases, including overly zonal jets and an un-
derestimation of Euro-Atlantic blocking compared to IFS.
The coupled IFS configuration shows intermediate perfor-
mance, reproducing some aspects of blocking variability but
retaining substantial biases associated with SST errors and
jet structure. In contrast, the atmosphere-only IFS simulation
(IFS AMIP), which is forced with observed SSTs, reproduces

blocking frequency and jet structure more realistically over
both the North Atlantic and North Pacific. This highlights the
strong sensitivity of blocking to sea surface temperatures and
ocean–atmosphere coupling, and underscores the importance
of realistic SST boundary conditions for improving blocking
representation.

Under SSP3-7.0 forcing, IFS projects reduced winter
blocking at high latitudes (e.g., northern Europe) and reduced
summer blocking frequency over the North Atlantic, north-
ern Europe, and Russia. Changes in magnitude, spatial pat-
tern, and persistence are often of the same order as the model
biases, indicating that projected blocking responses are diffi-
cult to disentangle from systematic errors related to jet struc-
ture, SST biases, and storm-track activity.

Overall, storm-resolving models show local improvements
in blocking representation, particularly when forced with
realistic SSTs. However, coupled simulations still exhibit
large biases, underlining the need for further development
of ocean–atmosphere coupling representation. These find-
ings highlight both the potential and the current limitations
of storm-resolving models for simulating and projecting per-
sistent weather extremes in a warming climate.

1 Introduction

Extratropical cyclones and atmospheric blocking are key
drivers of midlatitude weather variability. While extratropi-
cal cyclones are fast-moving low-pressure systems that bring
stormy conditions, atmospheric blocking refers to quasi-
stationary, long-lived high-pressure systems that disrupt the
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typical west-to-east movement of weather systems (Elliott
and Smith, 1949; Rex, 1950; Namias, 1964). By persistently
deflecting storm-tracks, blocking can maintain extreme con-
ditions such as prolonged heatwaves in summer or cold spells
in winter (e.g., Kautz et al., 2022). These events have severe
socio-economic impacts, affecting sectors such as energy,
agriculture, and public health, making their accurate simu-
lation a priority for climate modeling (e.g., Planchon et al.,
2015; Grams et al., 2017; Ormanova et al., 2020; Ackerley et
al., 2025).

However, CMIP5 and CMIP6 general circulation models
(GCMs) struggle to reproduce key characteristics of atmo-
spheric blocking, including its frequency, location, and du-
ration (e.g., Schiemann et al., 2017, 2020). CMIP6 mod-
els, in particular, continue to underestimate blocking fre-
quency in critical regions such as the Euro-Atlantic sector
(Dolores-Tesillos et al., 2025). These biases degrade the skill
of climate projections, especially regarding the persistence of
high-impact weather regimes (Davini and D’Andrea, 2016).
Several interacting factors are thought to contribute to these
deficiencies, including both model-related aspects and phys-
ical processes of the climate system. Model-related aspects
include (1) coarse horizontal resolution and (2) simplified
parameterizations of moist diabatic processes, which influ-
ence the representation of key physical processes such as
(3) storm-track (transient eddy) activity, (4) the large-scale
jet waveguide (mean flow), and (5) sea surface temperatures
(SSTs) and air–sea coupling. These factors are strongly in-
terdependent and jointly affect the simulation of atmospheric
blocking (Woollings et al., 2018; Dolores-Tesillos et al.,
2025; Woollings et al., 2025).

First, horizontal resolution strongly affects the represen-
tation of synoptic-scale eddies, orography, and sharp gradi-
ents in the jet, all of which are essential for blocking dy-
namics (e.g., Shutts, 1983; Berckmans et al., 2013). Insuffi-
cient resolution can lead to overly zonal mean flows, muted
Rossby wave breaking, and reduced variability in the upper-
tropospheric circulation, thereby suppressing the formation
and persistence of blocking events (Davini et al., 2017).

Second, storm-track biases influence blocking through
their control on transient eddy forcing. Errors in storm-track
intensity, position, or variability can weaken ridge amplifi-
cation, alter eddy-mean flow feedbacks, or modify the sup-
ply of wave activity needed to initiate and sustain blocking
(Zappa et al., 2014; Cheung et al., 2023; Dolores-Tesillos et
al., 2025).

Third, the representation of the jet waveguide, which gov-
erns Rossby wave propagation in the large-scale flow, is crit-
ical for blocking dynamics. The latitude, strength, and cur-
vature of the jet determine where Rossby wave packets can
propagate (Wirth et al., 2018), break, or become trapped
(Nakamura and Huang, 2018). Blocking tends to form pref-
erentially in regions where the waveguide weakens and the
flow becomes diffluent (e.g., Shutts, 1983; Nakamura and
Huang, 2018), conditions that can be misrepresented in cli-

mate model simulations (Dolores-Tesillos et al., 2025). Bi-
ases in jet structure can therefore precondition the flow to-
ward either enhanced or suppressed blocking, independent
of storm-track activity.

Fourth, SST biases and air–sea coupling influence block-
ing indirectly by modulating baroclinicity, jet structure, and
storm-track behavior (Athanasiadis et al., 2022; Cheung et
al., 2023). SST gradients affect the thermal wind balance,
while absolute SST anomalies alter surface heat fluxes, static
stability, and moisture availability (e.g., Hermoso et al.,
2024; Wills et al., 2024). The atmospheric response to SST
biases depends on their spatial structure and on the back-
ground climatological state, including the mean position of
the storm tracks. Consequently, SST anomalies do not exert
a uniform influence across ocean basins or seasons. Sensitiv-
ity of blocking to tropical and extratropical SST anomalies
has been documented in previous studies (e.g., Hinton et al.,
2009; Scaife et al., 2011; Athanasiadis et al., 2022).

Finally, moist diabatic processes, particularly latent heat
release associated with cloud formation in warm conveyor
belts, are increasingly recognized as essential for blocking
onset and maintenance (Steinfeld and Pfahl, 2019; Steinfeld
et al., 2020; Dolores-Tesillos et al., 2025). The influence
of diabatic heating on midlatitude circulation is expected
to increase in a warming climate (e.g., Dolores-Tesillos et
al., 2022; Dolores-Tesillos and Pfahl, 2024; Steinfeld et al.,
2022), yet these processes remain challenging to represent
accurately in global climate models due to limitations in
both resolution and parameterizations (e.g., Dolores-Tesillos
et al., 2025).

Recent studies have shown that increasing horizontal reso-
lution has the potential to improve storm-track and blocking
representation by better capturing orography, jet structure,
warm conveyor belts, and transient eddies (Berckmans et al.,
2013; Willison et al., 2013; Schemm, 2023; De Luca et al.,
2024; Takasuka et al., 2024; Gao et al., 2025). Atmospheric
blocking is strongly influenced by the interaction between
large-scale flow, transient eddies, and diabatic processes, all
of which depend sensitively on the representation of these
features. Storm-resolving climate models therefore provide a
unique framework to explicitly test these processes. By oper-
ating at kilometre-scale resolution, they substantially reduce
the reliance on deep convection parameterizations, resolve
mesoscale SST gradients and frontal structures, and repre-
sent transient eddies, jet curvature, and diabatic processes as-
sociated with warm conveyor belts more realistically (e.g.,
Vivant et al., 2025). Initial evaluations of kilometre-scale
global simulations indicate promising improvements in the
representation of several processes relevant to the large-scale
circulation, including mesoscale precipitation structures, ex-
treme rainfall, and orographic forcing (e.g., Wille et al.,
2025; Brunner et al., 2025; Poujol et al., 2025). For instance,
Wille et al. (2025) demonstrated that storm-resolving mod-
els can outperform conventional CMIP-class models in sim-
ulating precipitation extremes. The much finer representation
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of topography and mesoscale dynamics may also improve
the simulation of planetary-scale waves and the background
flow. These improvements directly target key mechanisms
underlying blocking onset, maintenance, and decay, which
are only partially captured in conventional CMIP-class mod-
els. As such, storm-resolving simulations offer an opportu-
nity not only to assess whether increased resolution improves
blocking statistics, but also to diagnose which processes re-
main limiting factors when resolution-related constraints are
relaxed. However, the extent to which these improvements
translate into a more realistic representation of atmospheric
blocking remains unclear, particularly in fully coupled con-
figurations where biases of SST, storm-tracks, and moist pro-
cesses interact nonlinearly. Understanding whether storm-
resolving models meaningfully reduce blocking biases, or
instead reveal additional sensitivities related to the represen-
tation of the mean state, large-scale circulation, or coupled
processes, is therefore a critical step for advancing blocking
theory and climate projection credibility.

This study investigates atmospheric blocking in the North-
ern Hemisphere using storm-resolving simulations from the
nextGEMS, EERIE, and DestinE projects. We analyze his-
torical and SSP3-7.0 simulations with the Integrated Fore-
casting System coupled to the Finite-volumE Sea ice–Ocean
Model (IFS-FESOM) and the ICOsahedral Non-hydrostatic
model (ICON), comparing them against ERA5 and CMIP6
models. We assess the influence of model resolution, ocean
forcing, and large-scale dynamics on blocking characteristics
during both winter and summer.

We aim to answer the following research questions:

– How does horizontal resolution influence the simulation
of atmospheric blocking frequency, duration, and spatial
structure in storm-resolving models compared to tradi-
tional CMIP6 models?

– What are the key drivers of biases in blocking represen-
tation, including the roles of background flow charac-
teristics, storm-track activity, sea surface temperatures?

– What insights do storm-resolving simulations provide
into potential changes in blocking characteristics under
future warming (SSP3-7.0)?

This manuscript is organized as follows. Section 2 de-
scribes the data sources and simulation setup. Section 3
presents the methodology used for identifying and charac-
terizing blocking events and capturing storm-track activity.
The main results are presented in Sect. 4, followed by a dis-
cussion of the key findings in Sect. 5. Finally, Sect. 6 summa-
rizes the conclusions and outlines future research directions.

2 Data

The main data source is the nextGEMS project (Segura
et al., 2025), which has developed a new generation of

global storm-resolving Earth system models. The first mod-
eling cycle included simulations with the ICOsahedral Non-
hydrostatic model (ICON) and the Integrated Forecasting
System coupled to the Finite-VolumE Sea ice–Ocean Model
(IFS-FESOM), as described by Hohenegger et al. (2023) and
Rackow et al. (2025), respectively. All simulation data are
publicly available via the World Data Center for Climate
(Koldunov et al., 2023; Wieners et al., 2024). Table 1 pro-
vides an overview of all simulations analyzed in this study.

The ICON and IFS-FESOM models used in the
nextGEMS project are fully coupled Earth system models
(atmosphere, ocean, sea ice, and land) operating at kilometre-
scale resolution with an energetically consistent climate (Se-
gura et al., 2025). An energetically consistent climate is de-
fined by Segura et al. (2025) as the state of a model consis-
tent with the conservation of mass and energy with a top-
of-the-atmosphere (TOA) energy balance close to 0 and no
near surface temperature drift. This was one key achieve-
ment of the nextGEMS project. The control runs initially
had strong drift towards cold or warm climates. By modi-
fying cloud properties, the energetically consistent climate
was achieved. Although capable of including additional com-
ponents such as the carbon cycle and aerosols, the simula-
tions used in this study were performed without these Earth
system extensions. We refer to ICON and IFS-FESOM as
storm-resolving Earth system models because their atmo-
spheric horizontal grid spacing (approximately 5–10 km) lies
within the range commonly considered sufficient to explicitly
resolve the mesoscale structure of extratropical cyclones and
storm-track dynamics. Global simulations at grid spacings of
order 10 km or finer have been shown to capture key aspects
of storm structure and evolution (Hohenegger et al., 2023),
although more restrictive thresholds (e.g., ∼ 4 km) are often
adopted for fully convection-resolving models (Prein et al.,
2015).

A key distinction between both models lies in their treat-
ment of moist convection. In ICON, deep convection is ex-
plicitly resolved, with the deep convection parameterization
switched off. In contrast, IFS-FESOM continues to use a
semi-parameterized approach to convection. Deep, shallow,
and mid-level convection are represented using a mass-flux
scheme in which the cloud-base mass flux is derived from
a modified Convective Available Potential Energy (CAPE)
closure (Rackow et al., 2025).

In addition to the nextGEMS simulations, we analyze
an atmosphere-only IFS simulation from the European
Eddy-Rich Earth-System Models (EERIE) project (https:
//eerie-project.eu/, last access: 20 December 2025). The
EERIE project aims to assess the role of ocean mesoscale
processes in modulating climate variability from seasonal to
centennial scales. The IFS AMIP simulation uses the same
atmospheric configuration as the IFS-FESOM setup but is
forced with prescribed sea surface temperatures (SSTs) and
sea ice concentrations (SICs) from ESA-CCI v3 (Embury et
al., 2024). This configuration is particularly useful for isolat-
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Table 1. Overview of storm-resolving simulations performed with the ICON and IFS-FESOM (IFS) models. Simulations distributed through
the Climate DT (Destination Earth) initiative are marked with ∗. IFS SSP3-7.0 simulation is shared between nextGEMS and Climate DT.
1xA and1xO denote the atmospheric and oceanic horizontal grid spacing, respectively. “Observed SST/SIC” refers to prescribed sea surface
temperatures and sea ice concentrations based on observations.

Model 1xA (km) 1xO (km) Period Years Forcing

IFS AMIP 9 5 30 years 1990–2019 Observed SST/SIC
IFS hist 9 5 30 years 1990–2019 Historical (CMIP6)
ICON hist∗ 10 5 27 years 1993–2019 Historical (CMIP6)
IFS SSP3-7.0 9 5 30 years 2020–2049 SSP3-7.0
ICON SSP3-7.0 10 5 30 years 2020–2049 SSP3-7.0
ICON SSP3-7.0∗ 5 5 20 years 2020–2039 SSP3-7.0

ing the impact of air–sea coupling on large-scale atmospheric
circulation (e.g., Gates et al., 1999; Eyring et al., 2016; Ack-
erley et al., 2018; Priestley et al., 2023).

Two ICON simulations used in this study are retrieved
from the Climate Change Adaptation Digital Twin of the
Destination Earth initiative (https://destination-earth.eu/, last
access: 20 December 2025), which aims to develop opera-
tional, multi-decadal, storm-resolving simulations to support
climate change impact assessments and adaptation planning
at local to regional scales (Hoffmann et al., 2023; Sandu,
2024). These simulations follow the nextGEMS configura-
tion and are marked in Table 1 with an asterisk (∗).

Regarding simulation periods and forcings, the histori-
cal simulations cover 1990–2019 (IFS hist) and 1993–2019
(ICON hist) and follow the CMIP6 historical forcing proto-
col. Future simulations (ICON fut, IFS fut) span 2020–2049
and use greenhouse gas concentrations – including ozone –
prescribed by the CMIP6 SSP3-7.0 scenario (O’Neill et al.,
2016). Note that most of the multidecadal simulations cover
30 years, which is expected to be sufficient for capturing
natural variability and identifying robust blocking signatures
(Gao et al., 2025).

The ability of the nextGEMS simulations to reproduce
large-scale circulation patterns is evaluated against ERA5 re-
analysis data (Hersbach et al., 2020) for the period 1990–
2019. To contextualize the performance of storm-resolving
models within the broader climate modeling landscape, we
additionally analyze simulations from eight CMIP6 models
(Table 2) covering the historical period 1985–2014. This sub-
set of CMIP6 models was selected to ensure consistency with
our previous analysis of Euro-Atlantic blocking (Dolores-
Tesillos et al., 2025) and based on their documented over-
all performance within the CMIP6 ensemble (Palmer et al.,
2023). For consistency across datasets, all relevant variables
are remapped to a common 1°× 1° spatial resolution prior to
blocking identification.

The simulations analysed in this study originate from two
closely related European initiatives: nextGEMS and the Cli-
mate Change Adaptation Digital Twin (Climate DT) of Des-
tination Earth (Doblas-Reyes et al., 2026). The Climate DT
builds directly on developments from the nextGEMS project,

including shared model configurations and, in some cases,
identical simulations. In particular, the IFS–FESOM SSP3-
7.0 simulation analysed here was originally produced within
the nextGEMS framework and is also distributed through
the Climate DT data portal. For ICON, both nextGEMS and
Climate DT provide SSP3-7.0 simulations with comparable
model configurations; however, the Climate DT ICON simu-
lation analysed here employs a higher atmospheric horizontal
resolution than its nextGEMS counterpart.

In addition to the IFS–FESOM configuration, the Climate
DT initiative also includes simulations based on the IFS–
NEMO coupled model. These simulations are not analysed
in the present study because, at the time of analysis, they
did not yet provide a sufficiently long and continuous tempo-
ral coverage to support a robust assessment of atmospheric
blocking statistics. To improve transparency, simulations dis-
tributed through the Climate DT are explicitly marked in Ta-
ble 1.

3 Methods

3.1 Blocking identification and tracking

3.1.1 Anomaly-based index (ANOM)

The ANOM index is calculated following the approach of
Woollings et al. (2018), consistent with earlier studies (e.g.,
Schwierz et al., 2004). It identifies blocking by tracking
anomalies in the 500 hPa geopotential height field (Z500).
The methodology consists of the following steps:

– A daily climatology is computed as the mean Z500 for
each calendar day across each decadal baseline period
(e.g., 1990–1999, 2000–2009, and 2010–2019), thereby
removing interannual variability and long-term trends.
A 31 d running mean is then applied to the daily Z500
data within each decade to smooth short-term fluctua-
tions.

– Anomalies are obtained by subtracting the decadal cli-
matology from the corresponding daily Z500 values.
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Table 2. List of CMIP6 models used in this study, including their horizontal grid spacing (1xA), simulation period, forcing, and member
ID. Models marked with a or b share components or dependencies, as discussed in Brunner et al. (2020). The member ID encodes simulation
variants based on realization, initialization, physics, and forcing configuration.

Model 1xA (km) Period Forcing Member ID

MRI-ESM2-0 100 30 years Historical r1i1p1f1
ACCESS-CM2 250 30 years Historical r1i1p1f1
EC-Earth3 100 30 years Historical r1i1p1f1
MPI-ESM1-2-HRb 100 30 years Historical r1i1p1f1
CESM2-WACCMa 100 30 years Historical r1i1p1f1
MIROC6 250 30 years Historical r1i1p1f1
MPI-ESM1-2-LRb 250 30 years Historical r1i1p1f1
CESM2a 100 30 years Historical r11i1p1f1

– To remove high-frequency variability, the anomaly
fields are smoothed using a 2 d running mean. A block-
ing threshold is then defined as the 90th percentile of
Z500 anomalies over the 50–80° N latitude band.

– Candidate blocking events are identified when the
anomaly exceeds this threshold. These events must also
satisfy persistence and quasi-stationarity criteria, requir-
ing a spatial overlap of at least 50 % between consecu-
tive days for a minimum duration of 5 d.

3.1.2 Absolute index (ABS)

Instantaneous blocks (IBs) are identified based on reversals
in the meridional geopotential height gradient, following the
method of Brunner and Steiner (2017) and consistent with
previous work (e.g., Tibaldi and Molteni, 1990; Scherrer et
al., 2006; Davini and D’Andrea, 2016; Rohrer et al., 2018).
Three meridional geopotential height gradients are computed
at each longitude λ and central latitude φ, representing the
gradients to the north, to the south, and on the equatorward
flank of the flow. Physically, these gradients are designed
to diagnose a reversal of the typical midlatitude geopoten-
tial height gradient associated with westerly flow, which is a
defining characteristic of atmospheric blocking:

1ZN (λ,φ)=
Z(λ,φ+1φ)−Z(λ,φ)

1φ
(1)

1ZS (λ,φ)=
Z(λ,φ−1φ)−Z(λ,φ)

1φ
(2)

1ZE (λ,φ)=
Z(λ,φ− 21φ)−Z(λ,φ−1φ)

1φ
(3)

For the Northern Hemisphere, a grid point is classified as
blocked if it satisfies the following conditions:

1ZN <−10m (°lat.−1)

1ZS < 0m (°lat.−1)

1ZE > 5m (°lat.−1)

Specifically,1ZN represents the gradient between the cen-
tral latitude and the region to its north, 1ZS the gradient

between the central latitude and the region to its south, and
1ZE the gradient on the equatorward side, ensuring the pres-
ence of enhanced heights south of the block center. Here, λ
spans longitudes from 180° W to 179° E, and φ latitudes from
75° S to 75° N. Gradients are calculated using1φ= 15°. Fol-
lowing previous studies (e.g., Tibaldi and Molteni, 1990;
Davini et al., 2012; Prodhomme et al., 2016; Davini and
D’Andrea, 2020), no temporal or spatial filtering is applied to
the instantaneous blocking field. This ensures a larger sam-
ple size and preserves the detailed spatial structure of block-
ing events. Notably, results remain qualitatively similar when
filtering is applied, as discussed in Davini and D’Andrea
(2020).

3.2 Blocking metrics

To characterize blocking events, we compute several metrics
from the identified blocking fields. Frequency is defined as
the number of blocked days per season or year at each grid
point, providing spatial and temporal information on block-
ing occurrence. Duration refers to the total length of each
blocking episode, while size denotes the spatial extent of the
blocking pattern, calculated as the physical area (in km2) of
all contiguous grid points meeting the blocking criteria, with
variations in grid-box size by latitude accounted for. These
metrics allow for a comprehensive comparison of blocking
characteristics across models and scenarios. Analyses are
presented for the winter and summer seasons: December to
February (DJF) and June to August (JJA). Blocking statis-
tics are evaluated over two broad longitudinal sectors of the
Northern Hemisphere, referred to here as the North Atlantic
(ATL) and North Pacific (PAC) regions. These domains are
defined following Schiemann et al. (2020) and encompass
both oceanic and adjacent continental areas, rather than being
restricted strictly to the ocean basins. This choice allows for a
consistent comparison with previous blocking climatologies
and ensures that continental blocking regimes, such as Ural
blocking, are adequately represented, particularly during bo-
real summer. The exact longitudinal bounds of each domain
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Table 3. Root Mean Square Error (RMSE) of DJF blocking fre-
quency in historical simulations relative to ERA5, quoted separately
for the North Atlantic and North Pacific sectors.

Simulation Atlantic RMSE Pacific RMSE

IFS hist 2.34 2.12
IFS AMIP 2.01 1.69
ICON hist 3.67 2.65
IFS + ICON hist 3.01 2.38
CMIP6 ensemble 2.43 2.07

are for 50–90° N, −90 to 90° E (ATL) and 40–90° N, 120–
240° E (PAC).

3.3 Storm-tracks

To quantify synoptic-scale weather variability, we apply a
Lanczos bandpass filter (2–6 d) to daily geopotential height
at 500 hPa (Hoskins and Hodges, 2002; Greeves et al., 2007;
Davini et al., 2017). The resulting bandpass-filtered fields
are denoted by a prime (′). Storm-tracks are identified based
on the standard deviation of the filtered geopotential height
(Z′500), which serves as a proxy for the intensity, frequency,
and location of transient eddies.

Storm-track intensity is computed seasonally for boreal
winter (DJF) and summer (JJA), providing insight into the
spatial and temporal variability of synoptic activity across
different models and time periods.

4 Results

4.1 Northern Hemisphere winter blocking

In this section, we compare blocking frequency, duration, and
size in multidecadal storm-resolving simulations (IFS AMIP,
IFS hist, and ICON hist) with the CMIP6 multi-model mean
and the ERA5 reanalysis. Our focus is on Northern Hemi-
sphere winter (DJF), using the ANOM index to highlight ro-
bust and spatially coherent biases. Additional results for the
ABS index are provided in the Supplement (Figs. S1 and S2).
The Northern Hemisphere summer season (JJA) is discussed
in the next section.

Figure 1 shows DJF blocking frequency biases relative to
ERA5. IFS simulations reduce the underestimation of block-
ing in the North Atlantic found in CMIP6 by about 10 %
(Fig. 1a, b, d). However, this improvement comes at the cost
of an overestimation in other regions, including the Pacific
and continental sectors. The RMSE values in Table 3 confirm
that IFS AMIP and IFS hist outperform the CMIP6 ensem-
ble in the North Atlantic. Note that comparing IFS AMIP
with CMIP6 is not fully fair, since the AMIP run uses ob-
served SSTs, whereas the CMIP6 results are taken from cou-
pled simulations that include an ocean model.

In contrast, ICON exhibits a pronounced underestima-
tion of blocking frequency over the North Atlantic and an
eastward displacement of blocking maxima toward Eurasia
(Fig. 1c). Its North Atlantic RMSE (3.67) is higher than
that of both IFS hist (2.34) and the CMIP6 ensemble (2.43).
Among the IFS simulations, the AMIP run performs best,
suggesting that biases of blocking frequency in the coupled
version are partly driven by sea surface temperature (SST) er-
rors. When observed SSTs are prescribed, the Atlantic block-
ing bias is substantially reduced (Fig. 1b), an improvement
even more evident when using the ABS index (Fig. S1a).

In the North Pacific, IFS hist tends to overestimate block-
ing frequency, while AMIP simulations again show reduced
biases. ICON hist underestimates Pacific blocking but over-
estimates activity over California, consistent with IFS AMIP.

To assess the effect of ensemble averaging, we also com-
pute the mean bias of ICON and IFS hist (Fig. 1e). The re-
sulting field appears spatially smoother and exhibits RMSE
values comparable to the CMIP6 ensemble mean (Table 3).
However, ICON and IFS display biases of the same sign over
key regions (both underestimate blocking over the North At-
lantic and overestimate it over Eastern Europe), indicating
that the apparent smoothing does not reflect a compensation
of biases in these regions but instead results from spatial av-
eraging of similar model errors.

Blocking frequency biases reflect not only differences in
the number of blocking events, but also how blocking fre-
quency is accumulated by the blocking index through event
duration and spatial extent. In the applied methodology,
longer-lived or spatially larger blocking events contribute
more blocked days and grid points, thereby increasing block-
ing frequency even if the total number of events remains
unchanged. In addition, short-lived or spatially small events
may fail to satisfy persistence or size criteria.

Figure 2a and d show the number of blocking events per
year in each basin. In the North Atlantic, IFS AMIP and the
CMIP6 ensemble match ERA5 reasonably well, while ICON
and IFS hist underestimate the number of events. In the North
Pacific, IFS hist produces fewer blocking events than ERA5,
whereas ICON generates a larger number of events.

Blocking duration statistics show that IFS simulations tend
to overestimate mean blocking duration in the North Atlantic,
while IFS AMIP captures both the mean and the 95th per-
centile relatively well. ICON hist exhibits mean durations
closer to ERA5 and comparable to the CMIP6 ensemble. In
the North Pacific, IFS hist produces fewer but longer-lasting
blocking events, whereas IFS AMIP yields slightly shorter
events, and ICON generates more frequent but shorter-lived
blocks (Figs. 2b, e).

Blocking size statistics show that IFS simulations overes-
timate block size in the North Atlantic, while ICON simu-
lates systematically smaller blocks. In the North Pacific, IFS
hist tends to overestimate block size and ICON to underesti-
mate it, whereas the CMIP6 ensemble closely matches ERA5
(Figs. 2c, f).
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Figure 1. Blocking frequency biases against ERA5 during Northern Hemisphere winter (DJF), based on the ANOM index, for (a) IFS
historical, (b) IFS atmosphere-only, (c) ICON historical, (d) the CMIP6 ensemble mean based on 8 models, and (e) the mean of IFS and
ICON historical simulations. Black contours indicate ERA5 blocking frequency (4 % intervals starting at 4 %). Hatched areas highlight
regions with relative differences exceeding 80 %. Black dots indicate statistically significant differences (Z test in panels a, b and c; model
agreement≥ 80 % in panels d and e). Blue and red outlines indicate the North Atlantic and North Pacific basins, respectively.

The discussed blocking characteristics illustrate that
blocking frequency biases emerge from a combination of
event counts and methodological sensitivities to duration and
size. In the North Pacific, the overestimation of the block-
ing frequency in IFS hist is primarily linked to persistent
and spatially extensive blocks, whereas ICON’s biases are
associated with a larger number of shorter-lived and smaller
events.

In summary, we find that:

– IFS generally outperforms ICON, especially in the
North Atlantic.

– IFS AMIP achieves the best agreement with ERA5, par-
ticularly in blocking frequency, highlighting the impor-
tance of accurate SST forcing.

– In the Pacific, IFS hist simulates fewer but longer-
lasting blocks, while ICON produces more but shorter-
lived blocks.

– ICON performs worse than CMIP6 for most metrics,
especially with respect to blocking frequency and size.

These findings suggest that, while higher resolution alone
does not guarantee improved blocking representation, storm-
resolving models with realistic boundary conditions (as in
AMIP) provide a clearer pathway toward better simulation of
blocking. This result also emphasizes the need to better un-
derstand the interplay between SST biases, background flow,
and moist processes in shaping blocking characteristics.

4.1.1 The representation of the background flow

We first examine how biases in the large-scale zonal flow
relate to winter blocking characteristics in the multidecadal
simulations of both storm-resolving models. As a diagnostic
of the background flow, we analyze the seasonal-mean zonal
wind at 500 hPa.

Figure 3 shows DJF mean 500 hPa zonal-wind biases rel-
ative to ERA5. In IFS hist, a positive bias of 2–3 m s−1 is
found over the eastern North Atlantic and Europe. In the
North Pacific, the jet is displaced poleward, with positive
wind biases along its northern flank and negative biases to
the south. These features are consistent with the typical link
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Figure 2. Number of blocking events and their properties in the (a, b, c) North Atlantic basin and (d, e, f) North Pacific basin during DJF:
number of events (a, d), blocking duration (b, e), and blocking size (c, f). The extent of the basins is shown as solid lines in Fig. 1, with
blue representing the Atlantic and red the Pacific basin. Boxes represent the interquartile range (Q1–Q3), with the horizontal line indicating
the median, whiskers extending from the 5th to the 95th percentile, and the red dot denoting the mean. Hatched boxes indicate statistically
significant differences relative to ERA5 based on a Mann–Whitney U test (p< 0.05).

between stronger or shifted zonal flow and reduced blocking
frequency. For instance, in the North Atlantic region, the pos-
itive westerly bias coincides with negative blocking anoma-
lies (cf. Fig. 1).

As discussed in the introduction, blocking occurrence is
related to a decrease in waveguide strength in the zonal
direction. We use ∂u/∂x as a simple proxy. Stippling in
Fig. 3 highlights regions of strong zonal-wind deceleration
(∂u/∂x <−0.3× 10−5 s−1) for each model, while ERA5
zonal-wind deceleration is shown as gray hatching. These ar-
eas – often associated with jet-exit zones – can indicate leaky
waveguides that may facilitate wave breaking and block for-
mation (Nakamura and Huang, 2018). In winter, the spatial
alignment between jet-exit regions and blocking anomalies
offers a useful sanity check on the realism of large-scale flow
features in the models: blocking is suppressed in regions of
strong westerlies but may be favored near the jet exit, where
wave breaking and diffluence increase.

IFS AMIP shows a better jet representation (both strength
and location) relative to IFS hist, particularly in the North
Atlantic, where the RMSE drops from 1.01 m s−1 (IFS hist)
to 0.77 m s−1 (IFS AMIP) (Table 4). In contrast, ICON sub-
stantially overestimates jet strength in both basins. This bias
likely contributes to the underestimation of blocking fre-
quency and the predominance of short-lived blocking events
in ICON (Figs. 1, 2).

IFS storm-resolving simulations overcome a common lim-
itation of CMIP6 models – namely, the equatorward bias in
jet latitude (e.g., Dolores-Tesillos et al., 2025). IFS captures
the latitudinal jet position better over the North Atlantic than
CMIP6 (Fig. S3). However, when evaluated using RMSE,
only IFS AMIP outperforms the CMIP6 ensemble mean in
both basins. The historical coupled runs of ICON and IFS
show larger overall wind biases (Table 4).
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Figure 3. Mid-level (500 hPa) zonal-wind biases against ERA5 in Northern Hemisphere winter for (a) IFS historical, (b) IFS atmosphere-
only, (c) ICON historical, and (d) the CMIP6 ensemble mean (8 models). ERA5 zonal wind is indicated by contours. Hatched areas indicate
regions where the bias relative to ERA5 exceeds 80 %. Regions of strong zonal-wind deceleration (∂u/∂x <−0.3× 10−5 s−1) – potential
jet-exit zones linked to wave breaking and blocking – are highlighted with purple stippling for each model and gray hatching for ERA5.

Table 4. Root Mean Square Error (RMSE) of 500 hPa zonal wind
relative to ERA5 for different historical simulations, computed over
the Northern Hemisphere Atlantic and Pacific basins (DJF).

Simulation Atlantic RMSE Pacific RMSE
(m s−1) (m s−1)

IFS historical 1.01 2.22
IFS AMIP 0.77 1.01
ICON historical 3.21 6.26
MRI-ESM2-0 1.58 2.32
ACCESS-CM2 2.05 1.57
EC-Earth3 0.87 1.87
MPI-ESM1-2-HR 2.01 2.25
CESM2-WACCM 1.04 1.01
MIROC6 2.66 3.39
MPI-ESM1-2-LR 2.32 2.11
CESM2 1.32 1.00
CMIP6 ensemble mean 1.73 1.94

4.1.2 The representation of the ocean

We compare the coupled IFS hist simulations with their
atmosphere-only counterparts (IFS AMIP) to examine how
SST anomalies influence the location and frequency of win-
ter blocking. Additionally, we use ICON and CMIP6 simula-
tions as references to contextualize the role of ocean forcing
across different model frameworks. Notably, the SST biases
averaged over the eight CMIP6 models used here are similar
to those of the full CMIP6 and CMIP5 ensembles (Zhang et
al., 2023).

In the North Atlantic, both IFS and ICON simulations
exhibit pronounced SST biases during DJF, particularly in
the midlatitudes (Fig. 4). Negative SST bias are found off
Newfoundland and south of Greenland, enhancing the zonal
SST gradient at midlatitudes. This suggests an enhancement
of lower-tropospheric baroclinicity, which would support
a stronger eddy-driven jet near 50–55° N. Simultaneously,
warm anomalies north of the Gulf Stream tend to weaken
the meridional SST gradient farther south, potentially reduc-
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ing baroclinicity and limiting jet development in that region.
The combined effect of these biases results in a poleward
and eastward displacement of the eddy-driven jet, which fa-
vors more zonal flow and inhibits the development of persis-
tent blocking patterns. These results are consistent with the
mechanism proposed by Scaife et al. (2011) and further sup-
ported by Athanasiadis et al. (2022) and Cheung et al. (2023).
Despite exhibiting similar SST-bias patterns, CMIP6 mod-
els tend to simulate an equatorward-biased jet. This discrep-
ancy suggests that model resolution and the representation of
eddy–mean-flow interactions are critical for accurately cap-
turing the circulation response to SST anomalies.

In the North Pacific, IFS hist simulations exhibit posi-
tive SST biases in the midlatitudes. These biases increase
the ocean–atmosphere temperature contrast, likely enhanc-
ing surface latent-heat fluxes and contributing to increased
lower-tropospheric baroclinicity through moist destabiliza-
tion (Hermoso et al., 2024). The primary atmospheric re-
sponse is not a uniform strengthening of the jet, but a pole-
ward shift in its position (Fig. 3a), which coincides with a
poleward shift in blocking frequency.

In contrast, ICON displays a more pronounced meridional
SST gradient, with warm subtropical waters and cold polar
waters. This sharper thermal contrast may enhance baroclin-
icity and intensifies the upper-level jet. Blocking events in
ICON are generally shorter-lived, supporting the interpreta-
tion that strong zonal flow suppresses both the formation and
maintenance of blocks.

The intensified and zonally extended jets in ICON (cou-
pled with short-lived blocks and downstream-shifted block-
ing maxima) underscore the sensitivity of large-scale circu-
lation to SST patterns in high-resolution coupled models.
These results highlight the importance of accurately repre-
senting both oceanic boundary conditions and their coupling
with atmospheric dynamics when simulating extratropical
variability and blocking behavior.

4.1.3 The representation of storm-tracks

Storm-track intensity biases during wintertime show that the
IFS hist simulation captures the main storm-track branches
over both the North Pacific and North Atlantic, but with sys-
tematic deviations from ERA5 (Fig. 5). Over the North At-
lantic, the storm-track is stronger and extends farther east,
consistent with an eastward extension of the jet, a shift in
blocking maxima, and an underestimation of blocking over
the central basin. In the Pacific, the storm-track is shifted
northward, in line with the poleward displacement of the jet
and blocking frequency. These spatial associations suggest
a coherent relationship among storm-track, jet, and blocking
biases across regions.

The IFS AMIP simulation more accurately reproduces
storm-track intensity in both the North Atlantic and the
Mediterranean, along with a more realistic blocking distri-
bution. ICON simulations exhibit an eastward-shifted and

Table 5. Root Mean Square Error (RMSE) of JJA blocking fre-
quency in historical simulations relative to ERA5, separated for the
North Atlantic and North Pacific sectors.

Simulation Atlantic RMSE Pacific RMSE

IFS hist 1.24 1.10
IFS AMIP 0.85 1.08
ICON hist 0.69 0.90
IFS + ICON hist 0.97 0.99
CMIP6 ensemble 1.21 1.24

overly zonal storm-track in the North Atlantic (consistent
with the stronger jet structure discussed earlier) and an east-
ward shift in blocking frequency. In the western North Pa-
cific, the storm-track is shifted northward, similar to the jets
and the blocks.

The CMIP6 ensemble mean displays weaker and more
equatorward storm-tracks than ERA5, especially in the At-
lantic, a long-standing bias in coarser resolution models
(Zappa et al., 2013; Harvey et al., 2020; Priestley et al.,
2023). This is consistent with their equatorward jet displace-
ment and contributes to the underestimation of blocking fre-
quency over the North Atlantic (e.g., Woollings et al., 2018).

Taken together, these results reaffirm the tight interplay
between storm-tracks, jet structure, and atmospheric block-
ing. They underscore that realistic storm-track representa-
tion (particularly when supported by accurate ocean bound-
ary forcing) is essential for capturing the dynamics of persis-
tent weather regimes in the extratropics.

4.2 Summer blocking

We now turn to Northern Hemisphere summer (JJA) to assess
the most robust and significant blocking biases across mod-
els. Note that summer biases (Fig. 6) are generally smaller
than winter biases (Fig. 1).

In the North Atlantic, the IFS historical simulation over-
estimates blocking frequency, particularly south of Green-
land, despite having an RMSE (1.24) similar to the CMIP6
ensemble mean (Table 5). This highlights a limitation of
basin-averaged RMSE: it can mask strong localized anoma-
lies. The pronounced overestimation of Greenland blocking
in IFS hist (exceeding 80 %) is largely absent in IFS AMIP,
consistent with improvements also seen in the ABS index
(Fig. S2b). The atmosphere-only configuration (IFS AMIP)
achieves a lower RMSE (0.85) than IFS hist. ICON hist ex-
hibits the smallest basin-averaged blocking frequency bias
over the North Atlantic, with an RMSE of 0.69 compared
to 1.21 for the CMIP6 ensemble mean. This indicates good
overall agreement with ERA5 at the basin scale, although
ICON still shows weak regional underestimations along the
eastern flank of the domain.

The number of blocking events per year (Fig. 7) shows that
IFS hist produces mean and median values close to ERA5.
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Figure 4. SST biases against ERA5 in the Northern Hemisphere winter for (a) IFS historical, (c) ICON historical, and (d) the CMIP6
ensemble mean based on 8 models. The ERA5 SST is indicated by contours. Hatched areas indicate regions where the difference relative to
ERA5 exceeds 80 % in degree Celsius.

IFS AMIP slightly underestimates the number of blocks.
ICON simulations underestimate the number of blocking
events, consistent with the localized regions of reduced
blocking frequency. Blocking duration statistics (Fig. 7b) in-
dicate that all models capture JJA duration reasonably well.
IFS simulations show a slight positive bias in median dura-
tion, while ICON reproduces ERA5 durations closely. Block-
ing size (Fig. 7c) reveals that IFS AMIP produces larger
blocks, whereas ICON tends to simulate smaller blocks than
ERA5. Thus, ICON’s low basin-averaged RMSE indicates
that its gridded blocking frequency field is close to ERA5
at most locations. However, this good agreement in the fre-
quency field does not imply a correct representation of block-
ing lifecycles: ICON underestimates the number of block-
ing events and tends to produce smaller blocks than ERA5.
In contrast, IFS hist’s frequency overestimation is associated
with overly persistent and spatially extensive blocking south
of Greenland.

In the North Pacific, the IFS historical simulation under-
estimates the blocking frequency, while IFS AMIP shows
a modest reduction in the spatial extent of the bias rela-
tive to IFS hist and substantial differences with ERA5 re-
main. ICON hist exhibits a northward shift in blocking ac-
tivity, leading to an overestimation at higher latitudes. The
CMIP6 ensemble mean shows a different bias pattern, with
a westward displacement of blocking maxima and an overall
smaller magnitude than that seen in ICON.

Event counts show that IFS hist underestimates the num-
ber of blocking events (Fig. 7d), whereas IFS AMIP repro-
duces the ERA5 mean and median well but exhibits an over-
estimation in the upper tail of the distribution (95th per-
centile). ICON hist overestimates the number of blocking
events across the distribution, while the CMIP6 ensemble un-
derestimates it. Blocking duration (Fig. 7e) is well captured
by the IFS models, whereas ICON exhibits longer upper-
percentile durations. Blocking size (Fig. 7f) is systematically
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Figure 5. Storm-tracks biases against ERA5 in the Northern Hemisphere winter for (a) IFS historical, (b) IFS atmosphere-only, (c) ICON
historical, and (d) the CMIP6 ensemble mean. The ERA5 storm-tracks amplitude is indicated by contours. Hatched areas indicate regions
where the relative difference to ERA5 exceeds 80 %.

underestimated in IFS AMIP relative to ERA5, with the en-
tire distribution shifted toward smaller block sizes, while IFS
hist reproduces the observed distribution more closely. In
ICON, the Pacific blocking frequency overestimation there-
fore primarily arises from an excessive number of events
rather than from overly large or long-lived blocks. In con-
trast, IFS hist biases over the Pacific are mainly associated
with a deficit in the number of blocking events (blocking ini-
tiation) rather than block size.

The key findings are:

– ICON shows realistic blocking durations but underes-
timates blocking frequency in the North Atlantic and
overestimates it in the North Pacific. ICON tends to sim-
ulate smaller blocks than ERA5 in the North Atlantic
but larger blocks than ERA5 in the North Pacific.

– IFS AMIP achieves the second-lowest RMSE for block-
ing frequency in the North Atlantic and exhibits com-
pensating biases across blocking characteristics: it un-
derestimates the number of blocking events but pro-
duces somewhat larger and longer-lived blocks, leading

to a basin-averaged frequency that is relatively close to
ERA5.

– IFS hist best reproduces ERA5 median properties in
the Atlantic but its Greenland blocking frequency is too
high, likely because these blocks are too persistent.

– In the North Pacific, CMIP6 outperforms the storm-
resolving models for duration, while ICON hist has the
highest block count and overestimates size.

– The CMIP6 ensemble underestimates North Atlantic
blocking frequency and number of events but captures
blocking duration well. In some cases, its performance
is comparable to or better than the storm-resolving mod-
els.

Taken together, these results show that storm-resolving
simulations can improve aspects of summer blocking, es-
pecially when coupled with realistic SST forcing. However,
their performance is not consistently better than the coarse-
resolution CMIP models.
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Figure 6. Blocking frequency biases against ERA5 during Northern Hemisphere summer (JJA), based on the ANOM index, for (a) IFS
historical, (b) IFS atmosphere-only, (c) ICON historical, (d) the CMIP6 ensemble mean based on 8 models, and (e) the mean of IFS and
ICON historical simulations. Black contours indicate ERA5 blocking frequency (4 % intervals starting at 4 %). Hatched areas highlight
regions with relative differences exceeding 80 %. Black dots indicate statistically significant differences (Z test in panels a, b and c; model
agreement≥ 80 % in panels d and e). Blue and red outlines indicate the North Atlantic and North Pacific basins, respectively.

4.2.1 The representation of the background flow

In boreal summer (JJA), the climatological background flow
differs markedly from winter, with generally weaker west-
erlies and a more zonally symmetric jet structure across the
midlatitudes (e.g., Coumou et al., 2018). The composite 500
hPa zonal wind indicates that all storm-resolving simulations
capture the seasonal weakening of the North Atlantic jet,
although regional discrepancies remain in both jet position
and strength. Over the jet entrance region, the IFS historical
simulation exhibits a more equatorward jet position, whereas
ICON hist and IFS AMIP display a relatively more poleward
jet (Fig. 8a–c). Corresponding RMSE values for the Atlantic
and Pacific basins are provided in Table 6.

Southeast of Greenland, all storm-resolving models ex-
hibit a positive zonal wind bias relative to ERA5 (Fig. 8a–c),
which is accompanied by a poleward extension of the jet in
this region, visible in both the spatial wind bias maps (Fig. 8)
and the Atlantic zonal-mean distribution (Fig. S4). Among
the storm-resolving models, IFS AMIP has the lowest basin-
wide RMSE (1.30 m s−1) followed by ICON (1.50 m s−1)

Table 6. Root Mean Square Error (RMSE) of 500 hPa zonal wind
relative to ERA5 for different historical simulations, computed over
the Northern Hemisphere Atlantic and Pacific basins (JJA).

Simulation Atlantic RMSE Pacific RMSE
(m s−1) (m s−1)

IFS historical 1.98 1.69
IFS AMIP 1.30 1.60
ICON historical 1.50 3.45
MRI-ESM2-0 0.70 1.09
ACCESS-CM2 1.97 1.36
EC-Earth3 1.58 2.18
MPI-ESM1-2-HR 1.41 1.41
CESM2-WACCM 2.30 2.34
MIROC6 1.68 1.76
MPI-ESM1-2-LR 2.09 1.78
CESM2 2.08 2.42
CMIP6 ensemble mean 1.73 1.79
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Figure 7. Number of blocking events and their properties in the (a, b, c) North Atlantic basin and (d, e, f) North Pacific basin during JJA:
number of events (a, d), blocking duration (b, e), and blocking size (c, f). The extent of the basins is shown as solid lines in Fig. 1, with
blue representing the Atlantic and red the Pacific basin. Boxes represent the interquartile range (Q1–Q3), with the horizontal line indicating
the median, whiskers extending from the 5th to the 95th percentile, and the red dot denoting the mean. Hatched boxes indicate statistically
significant differences relative to ERA5 based on a Mann–Whitney U test (p< 0.05).

and IFS hist (1.98 m s−1), and the most accurate represen-
tation of both jet structure and blocking activity.

The CMIP6 ensemble mean exhibits weaker biases over
the North Atlantic, characterized primarily by positive zonal
wind biases over Eurasia and negative wind biases over the
Asian arctic (Fig. 8d).

In the North Pacific, IFS hist simulates stronger seasonal-
mean mid-tropospheric westerlies compared to ERA5
(Fig. 8a), together with an equatorward displacement of the
zonal-wind maximum over the eastern basin, also evident in
the latitudinal mean (Fig. S4). The ICON hist bias pattern
is characterized by reduced winds near the climatological
jet core over the central Pacific and enhanced winds on its
poleward flank in the jet exit region, consistent with a broad-
ened jet structure (Fig. 8c). This jet configuration is associ-
ated with an underestimation of blocking over Eurasia and an
overestimation at higher latitudes in the Pacific (cf. Fig. 6).
IFS AMIP shows a more realistic jet latitude and intensity in
terms of basin-averaged RMSE (1.60 m s−1). Similar, though
weaker, zonal wind biases are visible in the CMIP6 ensem-
ble mean (Fig. 8d), with reduced winds near the jet core and
modest overestimation on either side of the jet.

Regarding the entire hemisphere, IFS AMIP performs best
in reproducing observed jet structure and blocking activity
in JJA, with the lowest RMSE across both basins and the
most realistic meridional structure of blocking. In contrast,
the biases in jet latitude and intensity in ICON hist and IFS
hist, particularly their poleward-displaced jets and excessive
westerlies over Asia, are co-located with blocking biases in
both the Atlantic and Pacific sectors.

4.2.2 The representation of the ocean

In JJA ocean–atmosphere coupling is generally weaker than
in winter (e.g., Kushnir et al., 2002). This seasonal difference
arises because the atmospheric circulation tends to be more
barotropic and less sensitive to ocean surface anomalies. In
addition, the shallower mixed layer depth reduces the ocean’s
thermal inertia and limits its ability to influence the atmo-
sphere (e.g., Barsugli and Battisti, 1998). As a result, pro-
cesses such as land-surface heating and convective activity
often exert a stronger influence on the background flow than
SST anomalies (e.g., Shaw and Voigt, 2015). Nonetheless,
persistent and spatially coherent SST anomalies can still af-
fect large-scale circulation and modulate blocking frequency
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Figure 8. Mid-level (500 hPa) zonal wind biases against ERA5 in the Northern Hemisphere summer for (a) IFS historical, (b) IFS
atmosphere-only, (c) ICON historical, and (d) the CMIP6 ensemble mean based on 8 models. The ERA5 zonal wind is indicated by
contours. Hatched areas indicate regions where the bias relative to ERA5 exceeds 80 %. Regions of strong zonal wind deceleration
(∂u/∂x <−0.3× 10−5 s−1) – potential jet exit zones linked to wave-breaking and blocking – are highlighted with purple stippling for
each model and gray hatching for ERA5.

during summer (e.g., Shaw and Voigt, 2015; Coumou et al.,
2018; Osborne et al., 2020).

JJA SST biases relative to ERA5 show that IFS hist ex-
hibits widespread negative anomalies in the North Atlantic,
including south of Greenland where blocking frequency is
overestimated (Fig. 9a). In contrast, IFS AMIP, which is
forced with observed SSTs, displays substantially smaller
blocking biases in this region. The CMIP6 ensemble, which
exhibits weaker negative or near-neutral SST biases relative
to ERA5 in the high-latitude North Atlantic, is also associ-
ated with weaker Greenland blocking. These results suggest
a correspondence between negative SST biases and enhanced
blocking in the high-latitude North Atlantic in IFS hist (e.g.,
Häkkinen et al., 2011). However, this relationship is not evi-
dent in the North Pacific and is not consistent across all mod-
els.

In contrast, ICON hist displays positive SST biases across
most of the North Atlantic with the exception of the central

basin. Such positive biases may enhance surface fluxes and
thereby strengthening eddies (Fig. 9c).

In the North Pacific, IFS hist simulates lower SSTs than
ERA5, though the impact of this cold bias is discussed fur-
ther in Sect. 5. By contrast, the ICON historical run exhibits
widespread warm biases. The associated changes in baroclin-
icity appears linked to a poleward-shifted jet, accompanied
by a northward displacement of blocking frequency. This
suggests that the blocking response to SST anomalies is com-
plex and depend on the interaction between SST patterns, the
background flow, and eddy activity.

Taken together, these results suggest that even in sum-
mer, SST anomalies can influence blocking characteristics.
Accurate representation of ocean surface conditions, either
through coupling or prescribed SST forcing, remains impor-
tant for reducing blocking biases in summer simulations.
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Figure 9. SST biases against ERA5 in the Northern Hemisphere summer for (a) IFS historical, (c) ICON historical, and (d) the CMIP6
ensemble mean based on 8 models. The ERA5 SST is indicated by contours. Hatched areas indicate regions where the difference relative to
ERA5 exceeds 80 % in degree Celsius.

4.2.3 The representation of the storm-tracks

Storm-track intensity biases during JJA indicate that, com-
pared to DJF, storm-tracks are generally weaker and shifted
poleward, consistent with reduced baroclinicity and a weaker
jet stream (e.g., Zappa et al., 2013; Priestley et al., 2023; Har-
vey et al., 2020) (Fig. 10).

In the North Atlantic, the IFS hist shows a storm track that
extends too far east compared to ERA5, with a localized in-
tensity bias maximum south of Greenland, coinciding with
the maximum in blocking frequency bias. IFS AMIP most
closely resembles ERA5 in both storm-track location and in-
tensity over the Atlantic and outperforms the CMIP6 ensem-
ble. These small biases align with the improved blocking rep-
resentation in IFS AMIP. ICON simulations feature a weaker
storm-track in the North Atlantic relative to both ERA5 and
IFS AMIP.

In the North Pacific, all models simulate a storm-track that
is stronger in the jet entrance and weaker at the jet exit com-
pared to ERA5, with ICON additionally indicating a slight
poleward shift. In IFS and CMIP6 simulations, the weakened
storm-track over the eastern North Pacific coincides with
reduced blocking. The meridional displacement in ICON
is likewise reflected in the blocking patterns, with ICON
overestimating blocking frequency at higher latitudes. These
results suggest that the wintertime relationship – where a
weaker jet corresponds to fewer blocks – does not hold uni-
versally across all seasons and regions. Overall storm-track
activity biases suggest a positive correlation with blocking
biases during summer.

To further explore the relationship between storm-track in-
tensity and blocking frequency, we compute the spatial cor-
relation of their biases relative to ERA5 (Fig. S8). In the
North Pacific, CMIP6 models show a moderate positive cor-
relation on average (ensemble mean r = 0.29), while cor-
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Figure 10. Storm-tracks difference to ERA5 in the Northern Hemisphere summer for (a) IFS historical, (b) IFS atmosphere-only, (c) ICON
historical, and (d) the CMIP6 ensemble mean. The ERA5 storm-tracks amplitude is indicated by contours. Hatched areas indicate regions
where the relative difference to ERA5 exceeds 80 %.

relations in the North Atlantic are weak and close to zero
(ensemble mean r =−0.07). Storm-resolving models also
exhibit region-dependent correlations. IFS hist shows pos-
itive correlations in both basins (Atlantic r = 0.57, Pacific
r = 0.58), ICON hist and IFS AMIP display weaker positive
correlations in the Atlantic (ICON hist r = 0.03, IFS AMIP
r = 0.07) and moderate correlations in the Pacific (ICON hist
r = 0.34, IFS AMIP r = 0.18). Overall, these results indi-
cate that the spatial correspondence between storm-track and
blocking biases is mostly positive but basin-dependent.

4.3 Climate change insights

After evaluating present-day blocking biases, we next ex-
amine projected changes under future climate conditions.
Specifically, we analyze the IFS SSP3-7.0 simulations to ex-
plore how blocking frequency and characteristics may evolve
in response to anthropogenic forcing, with attention to sea-
sonal and regional differences. These results should be in-

terpreted cautiously, given the substantial biases in the his-
torical simulations – particularly regarding jet structure, SST
patterns, and blocking persistence.

The ICON scenario runs were also analyzed but are shown
only in the Supplement. In the ICON simulation, the absence
of SST warming implies that blocking frequencies mainly re-
flect internal variability, although they still provide a useful
illustration of how storm-resolving models simulate block-
ing. In the ICON DestinE simulation, the historical (10 km
atmosphere/5 km ocean–ice) and future (5 km across compo-
nents) runs differ in resolution, making it difficult to disen-
tangle scenario signals from resolution effects. Nevertheless,
we document these results in the Supplement, as they still
provide insight into ICON’s representation of blocking (see
Figs. S5 and S6).

Figure 11 presents projected changes in blocking fre-
quency for (a) DJF and (b) JJA. Regions exceeding the
80 % threshold are highlighted to emphasize areas with pro-
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nounced relative changes in blocking frequency. This thresh-
old is not intended as a formal measure of statistical signifi-
cance, but rather as an indicator of strong changes.

In DJF, IFS projects a reduction in high-latitude block-
ing frequency, most pronounced over northern Eurasia and
parts of northern Europe, consistent with previous studies
(Woollings et al., 2018). At the same time, increases in block-
ing frequency are simulated at lower latitudes, particularly
over the North Pacific, where enhanced frequencies occur
south of the present-day climatological maximum. This in-
dicates an equatorward tendency of Pacific blocking, accom-
panied by a zonal redistribution toward the eastern North Pa-
cific.

The magnitude of these projected changes is comparable
to the present-day blocking frequency biases in IFS. Note
that the color scale in Fig. 11 differs from that in Fig. 1.

In JJA, IFS simulates a decrease in blocking frequency
across the mid-latitudes most prominently over the central
North Atlantic and northern Europe. IFS simulates an in-
crease in blocking frequency at higher latitudes, particularly
northern Greenland. The reduced blocking south of Green-
land is spatially co-located with SST anomalies in the North
Atlantic (Fig. 12d), including the region of the North Atlantic
warming hole.

Although the IFS response broadly follows that of CMIP6,
some discrepancies remain. In winter, CMIP6 projects an in-
crease in blocking frequency over eastern Europe and west-
ern Asia that is not found in the IFS projections. In summer,
IFS likewise does not project the decrease in blocking fre-
quency over the North Pacific seen in CMIP6 (Woollings et
al., 2018).

Beyond frequency, we also assess projected changes in
blocking characteristics such as duration, size, and event
count (Figs. 11). Overall, these properties do not differ sig-
nificantly from historical values across most regions, but con-
trasting seasonal tendencies emerge. In summer, IFS projects
slightly larger and longer-lived blocks, particularly over the
Atlantic, accompanied by a decrease in the number of block-
ing events in this basin. In winter, blocking events tend to be
smaller and shorter-lived over the Atlantic, while blocking
counts remain broadly similar to historical values. Over the
North Pacific, blocking counts show little change in winter
but a modest increase in summer, particularly in the upper
percentiles, alongside relatively small changes in block size
and duration.

Projected changes in jet and storm-track structure under
SSP3-7.0 are small compared to the present-day model bi-
ases (Fig. 12). In general, the winter jet becomes slightly
more zonal, while in summer it shifts poleward, consistent
with previous studies (e.g., Harvey et al., 2020). In sum-
mer, over the northwestern Atlantic, IFS indicates a modest
strengthening of the jet. Downstream of this region, south
of Greenland, IFS projects a enhancement of storm-track
activity that is spatially co-located with the simulated de-
crease in blocking frequency. In winter, the largest circula-

tion response occurs in the Pacific, with intensified midlati-
tude westerlies and storm-tracks in regions where blocking
frequency increases. However, the magnitude of these circu-
lation changes remains small, making it difficult to disentan-
gle the relative roles of individual processes.

The projected circulation changes occur alongside distinct
SST patterns (Fig. 12c, d). In the North Atlantic, a warming
hole south of Greenland contrasts with pronounced warming
along the Gulf Stream. These SST patterns spatially coin-
cide with changes in jet structure and reduced summer block-
ing over the Atlantic, although a direct causal link cannot
be established given the magnitude of the model biases. In
the North Pacific, SSTs warm more uniformly, with stronger
warming at midlatitudes during winter, potentially modifying
meridional temperature gradients and the background flow.

Overall, the SSP3-7.0 simulations point to a net reduction
in Atlantic blocking in summer and a net increase in North
Pacific blocking in winter. However, these signals should not
be interpreted as robust projections, as they are derived from
a single storm-resolving model and may be influenced by bi-
ases in the mean state and circulation identified in the his-
torical simulations. Instead, they provide an indication of the
sensitivity of blocking to future forcing within this modelling
framework.

These results highlight the need for process-based analy-
ses to disentangle the interplay between SST changes, jet dy-
namics, and blocking, particularly in light of the differences
between AMIP and coupled simulations, which suggest an
important role of SST biases.

5 Discussion

5.1 Blocking Representation in Storm-Resolving
Models

Our results show that increasing horizontal resolution to the
storm-resolving scale can improve certain aspects of atmo-
spheric blocking representation, but does not systematically
eliminate long-standing biases. Based on multi-decadal sim-
ulations, the storm-resolving IFS and ICON configurations
reproduce several regional blocking characteristics more re-
alistically than the CMIP6 ensemble mean, particularly when
realistic sea surface temperatures (SSTs) are prescribed. For
example, IFS AMIP better captures blocking duration and
size during boreal winter, consistent with earlier work from
idealized experiments (Schemm, 2023; De Luca et al., 2024)
and high-resolution CMIP6 simulations (Schiemann et al.,
2017, 2020; Gao et al., 2025) showing that higher resolution
and improved forcing enhance the persistence of large-scale
circulation regimes. However, these improvements are spa-
tially and seasonally dependent and are not uniform across
models.

Notably, ICON underestimates North Atlantic blocking
frequency in both winter and summer, despite its explicit
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Figure 11. IFS blocking response (SSP3-7.0 minus historical) during (a) winter and (b) summer. Black contours indicate IFS historical
blocking frequency (2 % intervals starting at 2 %). Hatched areas highlight regions with relative differences exceeding 80 %. Blue and red
dashed outlines indicate the North Atlantic and North Pacific basins, respectively. Blocking properties in the North Atlantic (blue) and North
Pacific (red) basins during (c–e, i–k) winter and (f–h, l–n) summer. Boxes represent the interquartile range (Q1–Q3), horizontal lines the
median, whiskers the 5th–95th percentiles, and red dots the mean. Hatched boxes denote statistically significant differences relative to ERA5
(Mann–Whitney U test, p< 0.05). SSP3-7.0 simulations are shown as gray-edged boxes.

treatment of moist processes, while some CMIP6 models
perform comparably well or better for specific blocking met-
rics such as duration or spatial extent. This confirms that hor-
izontal resolution alone is not sufficient to resolve blocking
biases, and that model formulation and boundary forcing re-
main critical. Similar conclusions have been drawn in previ-
ous studies using high-resolution CMIP and idealized model

configurations, suggesting that storm-resolving models rep-
resent an important but incomplete step toward improved
blocking simulation (e.g., Davini and D’Andrea, 2020).

5.2 Role of SST Biases and Air–Sea Coupling

Sea surface temperatures and ocean–atmosphere coupling
play a central role in shaping midlatitude circulation and
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Figure 12. IFS projected changes in (a, b) background flow, (c, d) SSTs, and (e, f) storm-tracks under SSP3-7.0. Contours indicate IFS
historical magnitude. Regions of strong zonal wind deceleration (∂u/∂x <−0.3× 10−5 s−1) – potential jet exit zones linked to wave-
breaking and blocking – are highlighted with purple stippling for future climate and gray hatching for present-day are shown in panels (a)
and (b). Hatched areas mark regions where the relative difference to the IFS hist exceeds 80 %.

blocking behavior (e.g., Häkkinen et al., 2011; Athanasiadis
et al., 2022; Cheung et al., 2023). At storm-resolving res-
olution, mesoscale SST gradients and frontal structures are
better resolved, enhancing air–sea coupling and increasing
the sensitivity of the atmosphere to SST biases (Wills et al.,
2024; Vivant et al., 2025). This sensitivity is clearly reflected
in the contrasting behavior of coupled and atmosphere-only
simulations.

Among the IFS configurations, the AMIP simulation
(forced with observed SSTs) most closely reproduces ERA5
blocking characteristics, particularly with respect to winter-
time duration and North Atlantic and North Pacific blocking
frequency. This highlights the importance of realistic SST
boundary conditions. In contrast, IFS hist exhibits a negative
SST bias in the North Atlantic, especially in summer, coin-

ciding with regions of enhanced blocking frequency. Rather
than implying a direct causal relationship, this spatial corre-
spondence suggests that SST biases can modulate the back-
ground state in which blocking develops, consistent with ear-
lier studies linking North Atlantic SST errors to circulation
biases (Häkkinen et al., 2011; Athanasiadis et al., 2022).

ICON simulations display positive SST biases in both the
North Atlantic and North Pacific mid-latitudes. In winter,
these warm anomalies coincide with intensified jets and re-
duced blocking, broadly consistent with theoretical expecta-
tions that stronger baroclinicity suppresses blocking. In sum-
mer, however, the relationship is less robust: ICON exhibits
a poleward-displaced jet without a commensurate intensifi-
cation, and the associated blocking response is weak and re-
gionally variable. This seasonal contrast indicates that the in-
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fluence of SSTs on blocking depends strongly on the back-
ground flow regime.

While SST biases in IFS hist extend across much of
the North Atlantic, their potential influence on blocking
and storm-track behavior is unlikely to be spatially uni-
form. The dynamical impact of SST anomalies depends
on their position relative to the climatological SST gradi-
ents and the mean storm-track location. In particular, high-
latitude regions south of Greenland coincide with strong
background baroclinicity and frequent storm-track activity,
making blocking potentially more sensitive to SST-related
modifications of surface fluxes and lower-tropospheric sta-
bility there. In contrast, SST anomalies in other parts of
the basin may have a weaker or different dynamical im-
print. This spatial modulation helps explain why an apparent
co-occurrence between negative SST biases and enhanced
blocking emerges primarily in the high-latitude North At-
lantic, while similar relationships are absent in ICON and dif-
fer in the North Pacific. Studies have even shown that Pacific
SST gradients can even influence wave activity and blocking
downstream over the Atlantic sector (Cheung et al., 2023;
Hermoso et al., 2024).

Overall, these results emphasize that an accurate repre-
sentation of SSTs (both in magnitude and spatial gradients)
is essential for simulating blocking, particularly in high-
resolution coupled models. Storm-resolving configurations
amplify the atmospheric response to SST errors, underscor-
ing the need to reduce oceanic biases alongside increases in
resolution.

5.3 Jet, Storm-Track, and Blocking Interactions

Blocking behavior is tightly coupled to the structure and
variability of the midlatitude jet and storm tracks. In storm-
resolving simulations, biases in blocking frequency often
co-occur with errors in jet latitude and intensity relative
to ERA5. During winter, the overly zonal and poleward-
displaced jets in ICON hist are associated with reduced
blocking, whereas the more realistic jet configuration in IFS
AMIP coincides with improved blocking representation.

Jet exit regions and areas of strong diffluent flow are par-
ticularly conducive to blocking formation (Hassanzadeh et
al., 2014). In both IFS and ICON, biases in jet position and
strength align spatially with blocking biases in the North
Atlantic and North Pacific. These interactions are further
shaped by storm-track variability: enhanced transient eddy
activity can promote blocking onset through wave break-
ing, while displaced storm tracks can be a consequence of
blocked flow (Booth et al., 2017).

In summer, however, this coupling changes. Both IFS and
ICON exhibit predominantly positive correlations between
blocking biases and storm track biases. These findings sup-
port previous work showing that while transient eddies are
crucial for blocking onset, persistence and spatial extent are
strongly conditioned by the background circulation and ther-

modynamic state (e.g., Brayshaw et al., 2008; Hassanzadeh
et al., 2014; Zappa et al., 2014).

5.4 Influence of Moist Processes

Despite the benefits of higher spatial resolution and improved
SST forcing, biases in blocking representation persist in the
IFS AMIP simulations, pointing to additional relevant pro-
cesses. Misrepresentation of moist diabatic processes, par-
ticularly latent heat release associated with warm conveyor
belts, are increasingly recognized as important contributors
to blocking bias in CMIP6 (Dolores-Tesillos et al., 2025).
Diabatic heating can amplify ridges, modify potential vortic-
ity gradients, and precondition the flow for blocking devel-
opment (e.g., Pfahl et al., 2015).

IFS and ICON differ substantially in their treatment of
moist processes: IFS employs parameterized convection,
whereas ICON explicitly resolves deep convection. These
differences likely contribute also to the divergent blocking
responses across models and configurations.

A more detailed process-based evaluation of moist dynam-
ics (including vertical heating profiles, cloud–radiative feed-
backs, and their interaction with large-scale flow) is required
to understand and reduce persistent blocking biases in storm-
resolving models.

5.5 Implications for Future Blocking Changes

In addition to present-day evaluation, our analysis provides
a cautious first assessment of how blocking characteristics
may evolve under future warming in storm-resolving simula-
tions. The IFS SSP3-7.0 experiments suggest a redistribution
of blocking activity, with reduced summer blocking over the
North Atlantic midlatitudes and a tendency toward increased
winter blocking in the southern North Pacific, consistent with
an equatorward shift in this sector.

These changes occur alongside modest shifts in jet and
storm-track structure. In summer, a strengthening of the At-
lantic jet and downstream storm tracks coincides with re-
duced blocking frequency, whereas in winter the largest re-
sponse is found in the Pacific, where enhanced jet and storm-
track activity coincides with increased blocking. However,
the magnitude of these projected changes remains small rel-
ative to present-day biases, complicating attribution and in-
terpretation.

These results are broadly consistent with previous stud-
ies using CMIP-class models, which generally report modest
and regionally dependent changes in blocking under climate
change, often linked to shifts in jet position and storm-track
activity (e.g., de Vries et al., 2013; Dunn-Sigouin and Son,
2013; Woollings et al., 2018; Davini and D’Andrea, 2020).
At the same time, substantial inter-model spread and sensi-
tivity to the mean state have been identified as key sources of
uncertainty in these projections.
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It is important to emphasize that these projected changes
are derived from a single storm-resolving model and should
therefore not be interpreted as robust projections. Instead,
they provide an indication of the sensitivity of blocking to
future forcing within this modelling framework, conditioned
by the biases identified in the historical simulations.

In particular, the differences between AMIP and coupled
configurations highlight the role of SST biases in shaping
blocking behaviour, consistent with previous work demon-
strating the sensitivity of blocking to SST gradients and air–
sea coupling (e.g., Häkkinen et al., 2011; Scaife et al., 2011;
Michel et al., 2023). This suggests that uncertainties in the
mean state (especially in SSTs, storm tracks, and jet struc-
ture), can strongly influence the simulated response.

Projected changes in blocking duration, size, and event
count are generally modest and often fall within the range of
internal variability. This further underscores the need for cau-
tion when interpreting blocking trends from storm-resolving
models and highlights the importance of reducing histori-
cal biases and expanding to multi-model frameworks before
drawing robust conclusions about future changes.

Beyond their immediate interpretation, these results serve
an important documentation purpose. They provide a base-
line for evaluating future generations of storm-resolving
models as larger ensembles and multi-model frameworks be-
come available. While the projected changes are not defini-
tive, documenting these early signals is essential for tracking
the evolution of blocking responses and their sensitivity to
model biases.

5.6 Broader Implications and Future Directions

To build on these advances, future research should prioritize
the following directions:

– Development and evaluation of coupled storm-resolving
Earth system models, including multi-decadal simu-
lations to assess blocking variability, climatological
trends, and model stability across timescales.

– Improvement of moist process parameterizations partic-
ularly those governing convection and cloud–radiative
feedbacks to more accurately capture their role in block-
ing onset, maintenance, and decay.

– Targeted diagnostics of moist dynamics, such as warm
conveyor belt activity and vertical diabatic heating
structures, to better understand their contributions to
ridge amplification and flow reconfiguration.

– Systematic analysis of storm-track–blocking coupling
and SST–jet interactions, to clarify how transient eddies
and ocean surface conditions jointly modulate blocking
frequency and persistence under climate change.

– Sensitivity experiments using perturbed SST fields, to
isolate the relative contributions of oceanic versus at-
mospheric drivers in shaping jet structure and blocking

behavior – especially in the context of high-resolution
coupled models.

– Improved representation of ocean–atmosphere cou-
pling, with a focus on surface heat, moisture, and mo-
mentum exchange, as well as the resolution of SST gra-
dients and mixed-layer processes critical for blocking
and jet variability.

– Reducing present-day blocking biases in multi-decadal
historical simulations, as a prerequisite for more reli-
able assessments of regional and seasonal changes in
atmospheric blocking under climate change conditions.

These research avenues will be essential for leveraging the
full potential of storm-resolving modeling and for addressing
the persistent uncertainties that affect our understanding and
simulation of midlatitude atmospheric circulation in a warm-
ing climate.

5.7 Final Remarks

Storm-resolving modeling represents an important step to-
ward more realistic simulations of atmospheric blocking and
persistent weather extremes. However, our results show that
increased spatial resolution alone is not sufficient. Mean-
ingful improvements will require a combined approach that
integrates high-resolution dynamics with accurate surface
boundary conditions and targeted improvements in key phys-
ical processes. Advancing these elements together is essen-
tial for improving confidence in blocking simulations and
their projected response to climate change.

6 Conclusions

This study evaluates the representation of atmospheric
blocking in storm-resolving climate simulations from the
nextGEMS, EERIE and DestinE projects, comparing them
to ERA5 reanalysis and a CMIP6 multi-model ensemble. We
assess blocking frequency, duration, and spatial extent dur-
ing boreal winter (DJF) and summer (JJA) across the North-
ern Hemisphere. The analysis includes both coupled and
atmosphere-only simulations using the IFS and ICON mod-
els, enabling a systematic examination of resolution effects,
ocean boundary conditions, and large-scale dynamics. Fi-
nally, we also examined the blocking response under SSP3-
7.0 in IFS.

Our key findings are:

– Blocking biases remain in storm-resolving models. Rel-
ative to CMIP6, storm-resolving IFS and ICON simula-
tions show both moderate improvements and deteriora-
tions. Improvements are most apparent in the North At-
lantic during winter, where the typical equatorward jet
bias is reduced and blocking persistence is better cap-
tured (especially in IFS AMIP). However, in many other
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regions the storm-resolving simulations exhibit biases
that are of comparable or even larger magnitude than
those in CMIP6. Thus, higher resolution does not sys-
tematically translate into improved blocking climatolo-
gies.

– Resolution modulates jets and blocking through compet-
ing effects. Higher resolution helps sharpen mean-flow
gradients and jet structures, which can locally improve
blocking representation. However, differences between
IFS and ICON and across seasons reveal that these ben-
efits depend strongly on model physics and coupling
strategy rather than grid spacing alone. Some CMIP6
models still match or outperform the storm-resolving
configurations in individual metrics, underlining that
resolution alone is not a guarantee of better blocking.

– Model differences are substantial. IFS simulations, par-
ticularly in the AMIP configuration, tend to agree more
closely with ERA5 in terms of blocking frequency,
size, and persistence. ICON, by contrast, often pro-
duces overly zonal jets and underestimates blocking in
the Euro-Atlantic region. The comparison between IFS
AMIP and coupled CMIP6 should be interpreted with
caution, since no parallel AMIP analysis is done for
CMIP6.

– Ocean boundary conditions strongly modulate blocking.
IFS AMIP simulations highlight the importance of real-
istic SST forcing, with reduced blocking biases com-
pared to the coupled version. In summer, colder SSTs
south to Greenland are associated with a blocking in-
crease. Across models, warm and cold SST biases affect
blocking differently depending on their location relative
to climatological gradients, which in turn influences jet
strength and latitude. These impacts are neither spatially
uniform nor seasonally consistent.

– Jet structure and storm-tracks shape blocking behav-
ior. Blocking is closely linked to the configuration of
the eddy-driven jet and storm-tracks. Strong, zonally
aligned jets often coincide with reduced blocking, while
jet curvature and jet-exit regions favor blocking occur-
rence. Although storm-track anomalies and blocking bi-
ases are not always co-located, positive correlations are
found in some regions. Overall, their interaction is mod-
ulated by jet characteristics, baroclinicity, and seasonal-
ity.

– Climate change projections are similar to previous stud-
ies. IFS SSP3-7.0 projects a decline in high-latitude
winter blocking and reduced summer blocking over the
midlatitude North Atlantic, with some indication of a
poleward displacement in summer (e.g., Woollings et
al., 2018). These changes are accompanied by modest
jet and storm-track adjustments, though the relation-
ship with blocking is not uniform. For example, in the

winter Pacific, blocking and storm-track activity both
intensify. Differences in projected block size, persis-
tence, and spatial pattern underline the need for caution
when interpreting these results. Overall, blocking ap-
pears sensitive to shifts in jet position, storm-track in-
tensity, and SST forcing under warming, underscoring
the importance of process-based evaluation and multi-
model comparisons to build confidence in projections.

In summary, storm-resolving simulations provide a use-
ful framework for a more process-based analysis of blocking
by more explicitly resolving the interactions between pro-
cesses, including transient eddies, jet structure, and air–sea
coupling, as well as the underlying diabatic processes that are
only coarsely represented in lower-resolution models. How-
ever, our findings show that increased resolution alone is not
sufficient: improvements in some regions are offset by dete-
riorations elsewhere, reflecting persistent mean-state biases.
The processes considered here are strongly coupled, and their
individual contributions to blocking biases cannot be cleanly
separated. For example, differences between AMIP and cou-
pled simulations highlight the influence of SST biases, but
these also feedback onto jet structure and storm-track activ-
ity, which in turn affect blocking. This coupling makes it
difficult to attribute errors to a single dominant factor. Ad-
vancing the simulation of blocking therefore requires not
only higher resolution but also improved representation of
the coupled system, including ocean boundary conditions, di-
abatic processes, and their interactions across scales. Future
work should prioritize coupled storm-resolving Earth system
models, targeted sensitivity experiments, and process-based
evaluation across multiple models. These efforts are essen-
tial to reduce uncertainty, improve confidence in climate pro-
jections, and better assess the risks of persistent weather ex-
tremes in a warming climate.
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