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Abstract
Atmospheric blocking is a phenomenon that can lead to extreme weather events over a large region, yet its causes are not 
fully understood. Global climate models show limitations in representing Northern Hemisphere blocking, especially its 
frequency, and decadal variability in Greenland blocking in summer in the recent decades. In this study we evaluate the 
ability of high-resolution (HighResMIP) Earth System Models (ESMs) to simulate summer blocking over the Greenland 
area, using different but complementary methods to describe the characteristics of blocking. We find that the HighResMIP 
ensemble can reproduce the spatial pattern of Greenland blocking events, albeit with systematic biases, and capture the rela-
tive frequencies of the main blocking patterns: namely the wave breaking structure, North Atlantic ridge, and omega-type 
blocking. However, the HighResMIP ensemble fails to simulate the observed temporal variations of Greenland blocking index 
(GB2) and the extremely high values of daily GB2 observed in recent decades. In addition, we do not find clearly superior 
representation of blocking features from higher-resolution in HighResMIP models compared with lower-resolution models. 
We also find large sea surface temperature (SST) biases over the North Atlantic and seas surrounding Greenland, and biases 
in moisture transport over the North Atlantic toward Greenland, especially over the western flank of blocking areas, which 
might together contribute to model biases in the representation of blocking magnitude.

Keywords  Blocking · Greenland · Atmospheric Dynamics · Weather Regimes · Climate Models

1  Introduction

Atmospheric blocking (stationary or slow-moving high-
pressure systems) has been acknowledged as a prominent 
large-scale atmospheric feature for over a century and was 
formally documented by a term ‘blocking action’ in Elliott 
and Smith (1949). Following this, blocking was investigated 
descriptively and statistically in Rex (1950b, a), respectively, 
while blocking definitions, causes and impacts have received 

great attention and debate from the scientific community 
since then (Liu 1994). In general terms, a block is a large-
scale (typically several hundred km wide), strong and persis-
tent (a few days to several weeks or occasionally longer-last-
ing) anticyclonic system in the troposphere that interrupts 
and deflects zonal flows in midlatitude regions (Barrett et al. 
2020; Nakamura and Huang 2018; Pasquier et al. 2019; Pet-
tersen et al. 2022), although it also occurs at higher latitudes 
such as Greenland (e.g., Hanna et al. 2016). Blocking occurs 
with different circulation patterns including: (i) a Rossby 
wave-breaking pattern where a ridge is extended and folded 
over a cyclonic system in a dipole structure with an anticy-
clonic anomaly on the poleward side of a cyclonic anomaly, 
(ii) a stationary amplified ridge that develops and advects 
warm air from the subtropics into the mid latitude regions, 
and (iii) omega blocking that is similar to (ii) but the ampli-
tude of the anticyclone is intensified and it is bounded by 
upstream and downstream cyclonic systems with which it 
forms an omega-shaped pattern of flow (Woollings et al. 
2018; Kautz et al. 2022). Over the Greenland region, these 
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three patterns also happen alternately and may transform 
into one another over periods of a few days (Preece et al. 
2022; Michel et al. 2012).

Greenland blocking (GB) is observed to be more persis-
tent than blockings over other areas, e.g., European block-
ings and low-latitude blocking over the Atlantic (Davini 
et al. 2012), and has large impacts on regional weather as 
well as the Northern Hemisphere climate system (Hanna 
et al. 2016). Many studies have pointed out that extreme 
summer warmth over Greenland associated with GB epi-
sodes in the last 10–15 years has led to massive icesheet 
melting in the region and thus contributed to global sea-
level rise (Preece et al. 2022; Ballinger et al. 2019; Fettweis 
et al. 2013; Nghiem et al. 2012; Hanna et al. 2021; Mcleod 
and Mote 2015). In addition, Wang et al. (2019) shows that 
increased GB in summer is likely to contribute to surface 
warming over northern Canada and eastern Siberia due to 
the increase in downward infrared radiation associated with 
enhanced moisture flux convergence over those regions dur-
ing GB episodes. These summer GB episodes are also asso-
ciated with enhanced summer precipitation over the north-
eastern US (Simonson et al. 2022) and the UK (Hanna et al. 
2017). Additionally, winter GB episodes are linked with a 
positive mean precipitation anomaly (Yao and De-Hai 2014) 
and an increase in the chance of extreme precipitation over 
southern Europe (Lenggenhager and Martius 2019) and are 
often associated with cold and snowy weather across the 
British Isles (Greening and Hodgson 2019). Mattingly et al. 
(2015) show that strong GB episodes can deflect hurricanes 
moving northeastwards so that they curve back west and 
make landfall on the US northeastern coast, as occurred with 
Hurricane Sandy in October 2012.

Simulating and predicting atmospheric blocks has been 
a major challenge for several decades due to the complex 
nature of blocking and remaining deficiencies in the under-
standing of its initiation and evolution (Davini and D’andrea 

2016). Climate models tend to underestimate blocking fre-
quency and persistence over both the Euro-Atlantic and 
Pacific regions, although overall performance is somewhat 
improved in the latest generation of Earth System Models 
(ESM) in the Coupled Model Intercomparison Project phase 
6 (CMIP6, Eyring et al. 2016), compared with CMIP5 and 
CMIP3 (Davini and D’andrea 2020; Schiemann et al. 2020). 
This recent improvement in the representation of blocking 
might be explained by an increase in model horizontal reso-
lution leading to a better model representation of the mean 
state, orography, and eddy flux (Anstey et al. 2013; Davini 
et al. 2017; Berckmans et al. 2013). However, increasing 
model resolution does not consistently improve the perfor-
mance of seasonal blocking frequency, and in particular 
there is a lingering bias for summer (Davini and D’andrea 
2020; Schiemann et al. 2017). Jury et al. (2019) found that a 
high-resolution ensemble from un-nudged regional climate 
models (RCM) in EURO-CORDEX also underestimates the 
frequency of blocking, especially at the centre of the integra-
tion domain where the RCM dynamics are free from reanaly-
sis boundary forcing information, when there is no spectral 
nudging into RCMs. However, model vertical resolution and 
lid height (i.e., the height of the top level of the model) could 
also play a role in how well blocking frequency is simulated 
(Anstey et al. 2013). Dawson and Palmer (2015) showed that 
global climate models (GCMs) can simulate quasi-persistent 
weather regimes, including atmospheric blocking, at very 
high horizontal resolution (roughly 16 km) that is normally 
used in short-to-medium range weather prediction. How-
ever, this approach is not yet realistic for long-term climate 
simulations due to its huge computational cost, although 
given the fast development of technologies and computing 
resources, it could relatively soon become possible. Dawson 
and Palmer (2015) also demonstrated that an improvement in 
representation of local-scale processes by stochastically per-
turbing total parametrized tendency of physical processes, 
rather than explicitly resolving them using higher-resolution 
approach, can computationally improve large-scale climate 
features in coarser resolution GCMs. Steinfeld and Pfahl 
(2019) found that diabatic heating upstream of the blocking 
has a significant impact on the onset, intensification, and 
persistence of blocking, depending on different blocking 
cases and regions. This suggests that improvements in the 
representation of the microphysics of cloud feedbacks and 
the coupling of dry and moist processes in climate models 
are crucial for blocking representation (Steinfeld et al. 2020; 
Maddison et al. 2020).

In this study, we use meteorological reanalysis data to 
investigate blocking characteristics including temporal 
trends and spatial patterns, with a focus on the Greenland 
region. We then statistically evaluate how well the global cli-
mate models in the HighResMIP ensemble (Haarsma et al. 
2016) reproduce those blocking features over Greenland and 

Table 1   Description of HighResMIP simulations used in this study

No GCM Horizontal resolutions Number 
of Mem-
bersAtmosphere Ocean

1 CNRM-CM6-1 2.5 degree 1 degree 1
2 CMCC-CM2-HR4 1 degree 0.25 degree 1
3 CMCC-CM2-VHR4 0.25 degree 0.25 degree 1
4 EC-Earth3P 1 degree 1 degree 3
5 EC-Earth3P-HR 0.5 degree 0.25 degree 3
6 ECMWF-IFS-HR 0.25 degree 0.25 degree 6
7 ECMWF-IFS-LR 0.5 degree 1 degree 8
8 ECMWF-IFS-MR 0.5 degree 0.25 degree 3
9 MPI-ESM1-2-HR 1 degree 0.5 degree 1
10 MPI-ESM1-2-XR 0.5 degree 0.5 degree 1
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to what extent the results depend on model resolution. This 
paper is organised according to the following structure. The 
utilised climate data, blocking indices and Self Organising 
Maps methodology are described in Sect. 2, followed by the 
results and discussion in turn in Sect. 3, and finally some 
conclusions are drawn in Sect. 4.

2 � Data and methods

2.1 � Reanalysis and HighResMIP simulations

In this study, we use geopotential height at 500 hPa (z500) 
as a proxy for the large-scale circulation and to compute 
GB indices described in the next session. We extract daily 
mean z500 from the ECMWF’s ERA5 reanalysis database 
(Hersbach et al. 2020). This dataset has a horizontal reso-
lution of 0.25 degree and spans from 1940 to present. In 
addition, we use an ensemble from the HighResMIP simu-
lations which are a higher-resolution version of CMIP6 in 
either the horizontal or vertical direction of each coupled 
component and share most forcing fields with other CMIP6 
simulations (Haarsma et al. 2016). However, HighResMIP 
uses time-varying anthropogenic aerosol forcing from the 

MACv2.0-SP model, which is simplified to enhance the con-
sistency of aerosol representation among models, as well as 
a fixed land-use and vegetation cover and does not include 
a dynamic vegetation model. Here, we use the HighResMIP 
Tier 2 simulations, which are coupled runs for the histori-
cal period spanning from 1950 to 2014. For each model, 
we explore at least one lower-resolution version, either 
atmosphere or ocean component, and one higher-resolution 
version, except the CNRCM-CM6-1 for which only a low 
resolution is available for z500. Relevant details of the High-
ResMIP models are provided in Table 1.

2.2 � Greenland blocking indices.

Greenland Blocking Index (GBI) is a well-known index 
that depicts the area-weighted average of z500 covering 
the Greenland area from 80 to 20oW and 60–80oN (Hanna 
et al. 2016, 2018b). Here, we used a modified version of 
GBI, called GB2, for which we subtract the area-weighted 
daily average of z500 over the Northern Hemisphere band 
between 60 and 80oN. This mitigates the effect of thermo-
dynamic changes due to anthropogenic greenhouse warm-
ing (and its seasonal cycle) over Greenland (Delhasse et al. 
2021). We then normalize the index according to day of 

Fig. 1   20-year running mean time series of monthly GB2 in summer 
from ERA5 (1940–2023) and HighResMIP ensemble (1950–2014). 
All members from the same model have the same color and are plot-

ted in thin dotted lines. The ERA5 and all model mean are plotted in 
black and orange thick solid lines, respectively
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year by subtracting the multi-year mean of the index over a 
baseline period of 1951–2000, the period just prior to strong 
Artic warming period as used in Hanna et al. (2022), and 
dividing the resulting values by their corresponding multi-
year standard deviation to obtain the GB2 timeseries. We use 
this GB2 index to define blocking episodes using two crite-
ria. First, we select all cases whose GB2 values exceed one 
standard deviation of the respective GB2 daily timeseries. 
Second, the first condition must span at least 4 consecutive 
days to emphasise the persistent aspect of blocking (Preece 
et al. 2022; Ward et al. 2020).

In addition to GB2 which only considers the magnitude 
of high-pressure over Greenland, we use another approach 
based on the reversal of the meridional gradient of geopoten-
tial height and air flow (Davini et al. 2012) to detect block-
ing events over Greenland (hereafter denoted as D12 index). 
This index considers both the spatial structure and propaga-
tion of high-pressure systems and can therefore be used to 

complement GB2. The index includes gradients computed 
from z500 to the north and south of each grid point over the 
region of interest, namely GHGN and GHGS, calculated 
using the following equations:

where �N = �0 + 15 and �S = �0 − 15 . �,�0 are longitude 
and latitude, respectively. To identify instantaneous block-
ing at each grid point, we adopt the following conditions 
including: (i) GHGN is less than – 10gpm; (ii) GHGS is 
greater than 0 gpm; and (iii) the z500 anomaly at that grid 
point is positive, where iii) demonstrates a ridging anomaly 
and avoids the situation where (i) and (ii) occur due to a 

GHGN�,�0
=

z500�,�N
− z500�,�0

�N − �0

GHGS�,�0
=

z500�,�0
− z500�,�S

�0 − �S

Fig. 2   Quantile–Quantile plot of GB2 values of all blocking days 
between ERA5 (1950–2014) and all HighResMIP models (1950–
2014). All red points show GB2 values of corresponding quantiles 
in the distribution of models (ordinate) and ERA5 (abscissa). We 
consider all blocking events defined by criteria of either GB2 or D12 
indices. All members from the same GCM are pooled together. The 

boxplot embedded within each panel shows the difference of quan-
tiles on GB2 distribution between the model and ERA5. The box 
shows the interquartile range (25th–75th percentiles), the whiskers 
show a range of 5th to 95th percentiles, and those outliers are extreme 
points outside the whisker range. GB2 is a standardized, hence 
dimensionless index
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stand-alone cut-off low acting over the North Atlantic rather 
than a real blocking high (Wazneh et al. 2021). If all three 
conditions are valid at a grid point and expand over at least 
15 consecutive degrees of longitude centred at that grid 
point, we define it as a Large-Scale Block (LSB, as in Davini 
et al. 2012). Finally, a blocking event is determined if this 
LSB persists for at least 4 consecutive days at any grid points 
within a box of 5° latitude and 10° longitude centred on that 
grid point. Note that we only search for LSB over Greenland 
area (65–25oW and 60–75oN). Both GB2 and D12 indices 
are calculated for the summer (JJA).

2.3 � Self Organising Map (SOM) for clustering 
blocking patterns.

Self Organising Map (SOM) is an unsupervised learning 
method for dimensionality reduction and extraction of differ-
ent spatial patterns within data (Kohonen 1990, 2013) and has 
multiple applications in climate studies (Lennard and Hegerl 

2015; Ohba et al. 2016; Odoulami et al. 2023; Gibson et al. 
2017). Some climate studies found advantages of SOM in 
clustering patterns compared to a conventional K-Means clus-
tering method (Lin and Chen 2006) and a standard principal 
component analysis (PCA) that fails to determine well-known 
patterns and can even mix different patterns into one compo-
nent (Reusch et al. 2005). Similar to other learning algorithms, 
SOM requires a few parameters that must be provided before-
hand by users, including the number of nodes (i.e., clusters or 
patterns) describing the structure of the SOM in a 2-D array, a 
given learning rate at which a specific SOM node is adjusted 
during the training, and a radius parameter for determining 
neighboring nodes of that SOM node and to scale down the 
learning rate used to adjust the neighboring nodes so that a 
further neighboring node receives a smaller learning rate. In 
principle, the SOM training process comprises a few steps. 
First, a 2-D SOM structure is selected and initialized using 
the first two principal components of all sample data. Second, 
a sample is randomly selected from the input database and the 

Fig. 3   Climatological mean of z500 for all blocking days from ERA5 
(1950–2014, dashed black contours), all HighResMIP models (1950–
2014, solid green contours) and their bias (shaded colors) compared 
to ERA5. The names of each dataset (and the number of members 

if any) are given on top of each panel. The Pearson pattern correla-
tion coefficient between models and ERA5 over SOM domain and its 
p-value are shown at the bottom of each panel. Different realisations 
of each model are pooled together
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best matching unit (BMU) of that sample is determined by 
comparing the Euclidean distances between that input sample 
and those nodes in the SOM structure. Third, the BMU and its 
neighbors are adjusted to better resemble the input sample at 
different given rates governed by the learning rate and radius 
parameters. The second and third steps are repeated 100,000 
times to get the final results.

In this study, we select a structure of three rows by four 
columns to perform the SOM analysis, similar to that car-
ried out in Preece et al. (2022). For other SOM parame-
ters, we choose a learning rate of 0.01, a radius of 2 and a 
100,000 iteration of training steps. We apply the SOM to an 
extended domain of Greenland and North Atlantic cover-
ing 80oW–20oE and 40–85oN. This is applied to absolute 
z500 for all summer blocking days (as obtained by pooling 
all blocking days defined by criteria of either GB2 or D12 
indices in Sect. 2.2) from the ERA5 database for the period 
of 1950–2014 to extract a set of master nodes that represent 
different atmospheric blocking patterns over Greenland. We 

then map each blocking day to one best matching master 
node (or blocking pattern) out of 12 nodes. Finally, we com-
pute the average of all samples for each node to obtain the 
final climatological mean patterns for ERA5. For each model 
simulation, in order to facilitate comparison with ERA5, we 
also map z500 of each blocking day to those SOM master 
nodes and then take the node average (similarly to the ERA5 
samples), rather than applying the SOM technique to every 
single model.

3 � Results and discussion

3.1 � Temporal evolution of Greenland blockings

Greenland blocking index (GBI and GB2) for summer is 
observed to strongly increase over the last 2–3 decades 
between the 1990s and 2010s; however, this increase is not 
reproduced in recent model climate simulations of CMIP5 

Fig. 4   Composite map of blocking patterns derived from SOM 
method applied to geopotential height at 500 hPa (z500) of 1424 JJA 
blocking days from ERA5 dataset for of 1950–2014. Contours show 
mean of z500, and shaded colors show its anomaly with respect to 
1951–2000. The numbers in percentage on top of each panel denote 

the frequency of occurrence of each pattern. Similar plots for each 
model in HighResMIP are given in Supplementary document. The 
color of each panel frame, e.g., navy, cyan and red denotes the block-
ing pattern for cyclonic wave breaking structure (CWB), summer 
ridge (Ridge) and Omega blocking (Omega)
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and CMIP6 (Delhasse et al. 2021; Hanna et al. 2018a; Mad-
dison et al. 2024). Here, we quickly re-visit the temporal 
evolution of monthly GB2 over the summer from the ERA5 
data up to and including summer 2023 and the HighResMIP 
model simulations for the historical period. Figure 1 shows 
time series of monthly mean GB2 for summer from all data-
sets that are smoothed by a 20-year window moving aver-
age. We find here that GB2 from ERA5 tends to increase 
sharply in 2 decades starting from the 1990s with its peak 
exceeding the previous highest value that was reached in the 
1950s. However, the GB2 increase during that period seems 

to slow down after 2005 and it starts to decrease quickly over 
the recent few years (as shown by 11-years smoothing GB2 
time series, Figure not shown here). However, HighResMIP 
simulations do not show a clear increase as observed, more 
rather showing weaker decadal variability throughout the 
whole period. There is one model, MPI-ESM1-2-XR, that 
shows a decadal increase in GB2 of similar magnitude to 
ERA5 but occurring about 10 years earlier. On the other 
hand, a member of ECMWF-IFS-HR model shows a sharp 
decrease in GB2 in the recent decades that also produces its 
minimum around the year 2000. These differences suggest 

Fig. 5   Climatological mean of z500 for blocking patterns derived by 
grouping all SOM nodes into three main patterns, namely CWB (sub-
panel i), Ridge (sub-panel ii) and Omega (sub-panel iii) from ERA5 
(dashed black contours) and HighResMIP ensemble (solid green con-

tours) for the period of 1950–2014. The shaded colour show mean 
biases of model compared to ERA5. The Pearson pattern correla-
tion coefficient between models and ERA5 over SOM domain and its 
p-value are shown at the bottom of each panel
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a high internal variability in the HighResMIP ensemble. On 
average, there is no trend and only weak decadal variabil-
ity of GB2 values from the HighResMIP ensemble mean, 
implying a small forced component. We also note that there 
are no clear differences between different resolution versions 
of each model. A further discussion of trend and variabil-
ity of GB indices using larger CMIP6 ensembles and other 
MIPs is presented in a complementary study (Maddison 
et al. 2024).

3.2 � Distribution of Greenland blocking index (GB2)

In this section, we evaluate the distribution of daily GB2 
values for all blocking days from all model simulations in 
comparison to ERA5 for the period 1950–2014. First, we 
select all blocking days satisfying the criteria of either GB2 
or D12 indices (Sect. 2.2) for each database. For models 
with more than one member, we pool all GB2 values of all 
blocking days of all members together. We then plot each 
model GB2 distribution against the ERA5 distribution using 

the quantile–quantile (Q-Q) plot, a method to compare the 
quantiles of empirical distributions of two variables (Coles 
et al. 2001), as shown in Fig. 2. This method is particularly 
useful when visualizing and evaluating both tails (extremes) 
of the distribution. Furthermore, we embed a blue boxplot 
in the top left of each panel in Fig. 2 that shows the differ-
ence of quantiles of GB2 distribution between each model 
and ERA5. In other words, the boxplot shows the difference 
in GB2 value for each point in the q-q plot between model 
(ordinate) and ERA5 (abscissa). In an idealized case that 
model is near perfect, all points in the q-q plot would stay 
closely and along the diagonal line of each panel, while all 
boxplots would be centred around zero value. For Greenland 
blocking events defined using the GB2 index criteria only, 
all GB2 values from the distribution should be greater than 
1 sigma (Appendix Fig. 9). By pooling all blocking days 
defined by either GB2 or those defined by D12 index, many 
blocking days with GB2 values smaller than 1 sigma are 
considered, and this is shown in Fig. 2. We also note that 
many blocking days with extremely high GB2 values, e.g., 

Fig. 6   Frequency of each blocking pattern from all datasets for the 
period of 1950–2014. The vertical black line in each box shows the 
mean frequency, while the box shows the 95% confidence interval 

computed using the bootstrapping method. The vertical transparent 
grey bar in each panel marks the 95% confidence of ERA5 dataset to 
facilitate the comparison of all models
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between 3 and 4 sigma, are missed if we use only the D12 
index (Appendix Fig. 10). All models reproduce GB2 values 
well for a range from + 1 to 2 sigma, except the CNRM-
CM6-1 model which completely underestimates the distribu-
tion of GB2 including both tails beyond 0.5 sigma (Fig. 2a). 
Two versions of CMCC-CM2 underestimate GB2 values by 
up to – 0.4 sigma for GB2 above + 2 sigma, and overes-
timate by up to 0.5 sigma for those GB2 value below + 1 
sigma (Fig. 2b and c). The two versions of MPI-ESM1-2 
show different behaviours. The lower resolution version 
slightly overestimates GB2 for the upper tail (above + 3 
sigma) and underestimates GB2 in the lower tail (below + 1 
sigma, Fig. 2g), while the higher-resolution version simu-
lates both these tails well but underestimates GB2 for the 
rest of the distribution (Fig. 2h). The rest of the models, 
namely the three versions of the ECMWF model and the 
EC-Earth model, closely simulate the distribution of GB2, 
with their bias close to 0 (Fig. 2d, e, f, i and j). The three 
ECMWF models and EC-Earth share the same atmospheric 

component Integrated Forecasting System (IFS) with the 
ERA5, which could explain the relatively good performance. 
However, for the MPI-ESM1-2, the lower atmospheric reso-
lution version (HR) outperforms its higher resolution version 
(XR, Fig. 2g and h, respectively). We note here that the GB2 
is a normalized index that has largely nullified the impact 
of thermodynamic changes (by subtracting the spatial mean 
state of z500 over mid-latitude regions), and standardized 
by its own standard deviation of each model, thus largely 
removing systematic bias in mean state of the flow in the 
model that would otherwise alter blocking climatology 
(Scaife et al. 2010).

3.3 � Spatial pattern of Greenland blockings

In this section, we evaluate the mean bias of z500 from 
HighResMIP in reproducing the climatological mean of 
all summer blocking days obtained from the combination 
of all events defined by either GB2 or D12 indices (Fig. 3, 

Fig. 7   Climatological mean of sea surface temperature (oC) for the 
summer (JJA) from ERA5 (black dashed contour) and all climate 
models (green solid contour) used in this study and their bias (shaded 
colour) compared to ERA5, for the period 1950–2014. The Pearson 

pattern correlation coefficient between models and ERA5 over SOM 
domain and its p-value are shown at the bottom of each panel. Differ-
ent realisations of each model are pooled together
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absolute values of climatological mean and their anomalies 
are shown in Fig. 11), in comparison with ERA5. For each 
model with more than one member, we pool all the members 
and take the mean of all realisations. In general, all models 
can reproduce well the position and spatial pattern of sum-
mer blocking over Greenland. Specifically, the pattern cor-
relation coefficients, i.e., spatial correlation of climatological 
mean of z500 field between models and ERA5 over the SOM 
domain (80oW–20oE and 40–85oN.) revolve around 0.99, 
except for CNRM-CM6-1 with correlation coefficient of 
0.958, and all are statistically significant. The centre of high-
pressure system from ERA5 is located over southern Green-
land (between 65 and 70oN). Half the models, including the 
medium- and high-resolution versions of ECMWF-IFS, 
CNRM-CM6-1 and 2 versions of EC-Earth3P, reproduce 
well this feature with bias of z500 ranging from – 10gpm 
to 30 gpm but they underestimate z500 over Scandinavia 
and central north Atlantic (from 50oN and further south) 
regions from -10gpm to -30gpm, except the CNRM-CM6-1 

which has a negative bias reaching – 110 gpm. Meanwhile 
the other GCMs, including 2 versions of CMCC-CM2 and 
MPI-ESM1-2, generate the blocking with positive biases 
ranging from 30 to 50 gpm. These two models also overes-
timate z500 over the whole domain by a similar bias range. 
The ECMWF-IFS-LR is the only model underestimating 
z500 over the whole domain by – 10 to – 70gpm. All the 
models show a positive blocking bias over the sea to the 
southeast of Greenland extending to off the west coast of 
the UK. This feature remains the same when considering the 
bias in anomaly of z500 in the models (Appendix Fig. 12). 
However, for other areas, the bias in z500 anomaly is smaller 
in the model, even for those models with large negative bias 
such as CNRM-CM6-1 and ECMWF-IFS-LR. In addition, 
we check the bias field of z500 for all non-blocking days dur-
ing the summer, which shows a very similar bias pattern to 
all blocking days, except for the positive bias pattern to the 
southeast of Greenland (Fig. 13). This suggests that the bias 
in the mean of absolute z500 is rather systematic. However, 

Fig. 8   Climatological mean of moisture transport (kg.m−1.s−1) for 
all Greenland blocking days from ERA5 (black dashed contours) and 
all climate models (green solid contours) used in this study and their 

biases (shaded colors), for the period 1950–2014. For those contours, 
online moisture transport values greater than 100 kg.m−1.s−1 are plot-
ted. Different realisations of each model are pooled together
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we do not find any clear advantages of higher resolution 
in reproducing blocking intensity over Greenland from this 
HighResMIP ensemble.

Both the position and large-scale patterns of blocking 
over Greenland have a dominant impact on moisture trans-
port, cloud cover, surface ice melting and surface energy 
fluxes leading to changes in the surface energy balance and 
mass balance of the Greenland Ice Sheet (Ward et al. 2020; 
Preece et al. 2022; Hermann et al. 2020). Here, we inves-
tigate different spatial patterns of all the GB episodes that 
are detected using GB2 and D12 indices. Figure 4 shows 
composite maps of the twelve different nodes obtained using 
SOM analysis for ERA5. The contour lines show absolute 
z500 and the shaded colors show its anomaly with respect 
to 1951–2000 climatological mean. The SOM technique 
reproduces the three main blocking patterns mentioned in 
Sect. 1. Nodes 9, 10 and 11 show a cyclonic wave breaking 
structure (hereafter denoted as CWB) when a high-pressure 
system moves westward from the Scandinavian region and 
retrogrades to Greenland over the poleward flank of a cut-off 
low at lower latitudes. We highlight those panels by navy 
boxes in Fig. 4. Nodes 4, 7, 8 and 12 (cyan boxes) represent 
the summer ridge pattern (Ridge) that develops from the 
North Atlantic and extends over the southern part of Green-
land. The rest of the nodes (red boxes) describe the omega 
blocking pattern (Omega), which has closed contour height 
lines over Greenland and a higher intensity in comparison 
with the Ridge pattern. These spatial patterns are consistent 
with those found in Preece et al. (2022), though the SOM 
parameters, domain and period of data in our study might be 
different (their exact choice of parameters are not specified). 
This supports the robustness and reliability of our method 
and classification results. In addition to this ERA5 analysis, 
we also apply similar procedures which map all blocking 
episodes to their best matching one among 12 master nodes 
derived from the SOM analysis of ERA5 to obtain twelve 
node-averages for each HighResMIP simulation (not shown 
here).

In order to simplify the evaluation of those models, 
we reduce the dimensionality of the SOM by taking the 
mean of all nodes showing the same three patterns: namely 
CWB, Ridge and Omega. The results of this analysis are 
shown in Fig. 5. In general, all models can reproduce the 
spatial distribution of blocking for all patterns, as well 
as the position of the cut-off low associated with the 
CWB pattern and two low areas for the Omega pattern. 
This is quantified by high pattern correlations, i.e., from 
0.95 to 0.99, which are all statistically significant. Mod-
els can also capture the fact observed from ERA5 that 
z500 anomalies over Greenland are largest for the Omega 
pattern (sub-panel iii in Fig. 5a–i), and smallest for the 
Ridge pattern (sub-panel ii in Fig. 5a–i). For the absolute 
magnitude of z500, models tend to produce biases with 

similar signs (e.g., positive, or negative) for all three pat-
terns. For example, the two versions of CMCC-CM2 and 
MPI-ESM1-2 overestimate z500 in the blocking high area 
over Greenland for all three patterns (Fig. 5b, c, g and 
h), while the ECMWF-IFS-LR underestimates it over the 
whole domain for those patterns (Fig. 5d). This means that 
a systematic bias exists which, to first order, is independ-
ent of blocking patterns. We find that the magnitude of the 
z500 biases for all patterns, especially over blocking high 
areas and their associated low systems, are smaller in the 
higher-resolution version of each model, but this slight 
difference is negligible, except for the ECMWF-IFS-LR 
compared to its higher resolution versions (Fig. 5d). This 
is consistent with what was previously found regarding 
the uncertain improvement of higher-resolution models 
for summer blocking in midlatitude regions (Davini and 
D’andrea 2020). We also note that in this HighResMIP 
ensemble, only two models – the ECMWF-IFS (Fig. 5d–f) 
and EC-Earth3P (Fig. 5i–j) – have both higher and lower-
resolution of ocean components among their members 
(0.25° and 1° horizontal resolution as shown in Table 1). 
The improvement in z500 simulation results is obvious 
for the former model, especially since ECMWF-IFS-LR 
(Fig. 5d) and ECMWF-IFS-MR (Fig. 5e) share the same-
resolution atmosphere component. This suggests a role of 
ocean model in coupling with the atmosphere. Meanwhile, 
the EC-Earth3P-HR (Fig. 5j) uses higher resolution for 
both its atmosphere and ocean components but shows no 
obvious improvement in its ability to simulate Greenland 
Blocking patterns.

3.4 � Frequency analyses for blocking patterns

In this subsection, we evaluate the ability of HighResMIP 
models to reproduce the relative frequency of each of the 
previously specified Greenland blocking patterns. For each 
dataset, we count the number of summer blocking days in 
each pattern. In addition, we use a non-parametric boot-
strapping method (Von Storch and Zwiers 2002) to estimate 
the 95% confidence interval of relative frequency of each 
blocking pattern for each dataset. First, we randomly pick 
blocking events, of which each event consists of several con-
secutive blocking days determined by either GB2 or D12 
criteria, with replacement for a bootstrap sample until the 
size of that bootstrap sample is equivalent to the original 
sample size. Then, we classify all blocking days from that 
bootstrap sample into the main three blocking patterns using 
the procedure discussed in previous sections to obtain the 
frequency for each pattern. We repeat this sampling pro-
cedure 1000 times and then compute the 95% confidence 
interval. Figure 6 shows the frequency of occurrence of 
each blocking pattern for all datasets. The ERA5 reanalysis 
shows that the omega pattern occurs 50% more frequently 
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than ridge and 75% more frequently than the CWB. Specifi-
cally, CWB occurs on 25.4% (21.2–30%) of the total number 
of blocking days, while the ridge and omega patterns occur 
on 30.3% (26.1–34.8%) and 44.4% (39–49.4%) of the days, 
respectively. Most models can reproduce these frequencies 
of patterns to some extent, e.g., their 95% confidence inter-
val overlapping with the interval from ERA5, except the 
CMCC-CM2-VHR4, MPI-ESM1-2-HR, ECMWF-IFS-MR 
and ECMWF-IFS-LR which all underestimate the frequency 
of omega pattern leading to a higher proportion of ridge 
and CWB patterns in those models relative to the observed 
frequencies. Specifically, the CMCC-CM2-VHR4 overesti-
mates CWB frequency by 15% and underestimates omega 
pattern by 16%. The MPI-ESM1-2-HR, ECMWF-IFS-MR 
and ECMWF-IFS-LR underestimate the frequency of the 
omega pattern by roughly 10–12%. Again, we find here that 
the model errors in the relative frequency of the different 
blocking patterns are not subject to model resolution. The 
higher-resolution models can still lead to larger biases in 
frequency.

3.5 � Potential sources of biases in the simulations 
of Greenland blocking.

Here we investigate the bias of summer mean SST simu-
lated by HighResMIP models compared to ERA5 (Fig. 7). 
There is a large southeast-northwest SST gradient over the 
North Atlantic towards the Labrador Sea, Baffin Bay, and 
Greenland Sea from the ERA5 (black dashed contours in 
all panel of Fig. 7). This SST gradient is especially sharp 
over the Gulf Stream. All models generally reproduce these 
features and the SST distribution over this region; however, 
the mean biases are large (with an absolute bias up to 10 °C) 
for some models. For CMCC-CM2 and MPI-ESM1-2, the 
two versions of each model share the same spatial resolution 
of their ocean component, and the SST bias between the two 
versions is consistent (Fig. 7b, c, g and h). CMCC-CM2 
shows a cold bias over Baffin Bay, the Labrador Sea, along 
the east coast of US and Canada, and over the Greenland Sea 
(Fig. 7b). The bias is larger ( – 4 to – 6 °C) in CMCC-CM2-
VHR4: the higher atmospheric resolution version (Fig. 7c). 
Meanwhile, this model overestimates SST (0–4 °C) around 
the southern coast of Greenland and further south in the 
North Atlantic. MPI-ESMI-2 shows an opposite SST bias 
pattern. While a warm bias (2–4 °C) occurs over regions 
to the west of Greenland, the model underestimates SST 
by up to 6 °C over the central North Atlantic (Fig. 7g and 
h). The MPI-ESM1-2-HR model also overestimates Green-
land Sea SST; meanwhile MPI-ESM1-2-XR (with a higher-
resolution atmospheric component) slightly underestimates 
SST over this region. These model biases suggest that the 
coupling mechanism and sea-air interaction within the 
models play an important role in modulating SST over this 

area. For ECMWF-IFS and EC-Earth3P, which have differ-
ent resolutions of their ocean components, the SST biases 
are different for different versions. The coarser resolution 
of EC-Earth3P shows slight cold bias (0 to – 2 °C) over 
Baffin Bay and the Labrador and Greenland Seas but largely 
underestimates SST (with model biases reaching between 
– 6 and – 8 °C) over the central North Atlantic (Fig. 7i). In 
contrast, the EC-Earth3P-HR overestimates SST from 0 to 
4 °C over regions to the west of Greenland (Fig. 7j). The 
ECMWF-IFS-LR largely underestimates SST all over the 
plotted domain, with model biases of up to between – 8 and 
– 10 °C (Fig. 7d). The other versions of ECMWF-IFS (which 
share the same resolution ocean component) also underesti-
mate SST (mostly between 0 and – 4 °C) over most areas in 
this domain, except along the southern coast of Greenland 
(Fig. 7e and f). The ECMWF-IFS-HR produces a larger cold 
bias over the Greenland Sea compared to the ECMWF-IFS-
MR, which shares the same resolution ocean component but 
has a coarser-resolution atmosphere component. Finally, the 
CNRM-CM6-1 (Fig. 7a) shows a very similar bias pattern 
and magnitude to MPI-ESM1-2-XR (Fig. 7h). However, the 
biases in the mean state of z500 during Greenland blocking 
days are completely opposite between these two models, 
especially over the north Atlantic. This suggests that the 
impact of SST on blocking through coupling air-sea inter-
action in HighResMIP is model-dependent and needs to be 
further investigated (Davini and D’andrea 2016).

We further analyse the bias of daily mean moisture trans-
port over all summer Greenland blocking days from ERA5 
and HighResMIP ensemble (Figs. 8 and 14). The moisture 
transport is a vertically integrated product of horizontal wind 
vectors and specific humidity from 1000 to 500 hPa follow-
ing the method used in Barrett et al. (2020) and Mattingly 
et al. (2016). The ERA5 spatial pattern shows that mois-
ture is transported from the Hudson Bay upstream towards 
northern Greenland and turns into northwesterly flow on 
the leeside of Greenland (Fig. 14a). This is consistent with 
the spatial pattern of geopotential height shown in Fig. 3. 
The southwesterly moisture flow is maximized around 80oW 
and 40oN over the northwest Atlantic and bends southwards 
around the North Atlantic subtropical high. All HighResMIP 
models tend to reproduce well these spatial features of mois-
ture flow. However, the two models CMCC-CM2 and MPI-
ESM1-2 (both high and coarse resolution versions) largely 
overestimate the magnitude of moisture transported into 
Greenland as well as the northwest Atlantic where moisture 
content is maximum (Fig. 8b, c, g and h). Meanwhile, the 
remaining HighResMIP models either reproduce well or 
slightly underestimate moisture transport around Greenland 
and underestimate the moisture to a higher extent over the 
central and eastern North Atlantic. Those models, except for 
ECMWF-IFS-LR (Fig. 8d), also slightly overestimate this 
quantity to the southwest of Greenland. These bias patterns 



10515Greenland summer blocking characteristics: an evaluation of a high‑resolution multi‑model…

are consistent with the SST bias pattern, especially on the 
upstream side of Greenland extending to the Northwest 
Atlantic. The overestimation of SST over those areas might 
add extra moisture content into the boundary layer. Further-
more, these bias patterns of moisture transport are coher-
ent with the mean bias of z500 over all summer Greenland 
blocking days in Figs. 3 and 5.

3.6 � Discussion

GB2 is a modified version of Greenland Blocking Index 
(GBI) that is purely an area-weighted average of z500 
over Greenland. Although the impact of thermodynamic 
changes due to regional temperature increase or seasonal-
ity is eliminated from GB2, we still find here a consistent 
increase of this index for the summer in the last few dec-
ades, similar to recent GBI trends noted in previous studies 
(Hanna et al. 2016, 2018a, 2018b). Hanna et al. (2018a) 
suggested that regional changes in atmospheric tempera-
ture could not be the only driver of that increase in sum-
mer GB2. This increase might relate to the positive phase 
of Atlantic Meridional Oscillation (AMO +) in combination 
with the positive North Atlantic tri-pole pattern that together 
can enhance warmer sea surface conditions over high lati-
tudes (Wang and Luo 2022). The GB2 increase might also 
relate to a more highly amplified Northern Hemisphere jet 
stream that has previously been noted. Such an amplified jet 
stream could relate to anthropogenic climate change (Over-
land et al. 2012). However, GB2 only reflects one aspect 
of GB episodes, while using other indices, e.g., D12 index 
or the gradient of potential temperature on the dynamical 
tropopause (Pelly and Hoskins 2003), can lead to different 
results (Pinheiro et al. 2019; Wachowicz et al. 2021). We 
also find that the number of Greenland blocking days in 
the summer defined by D12 index tends to increase signifi-
cantly by 1.34 days/decade over the whole period of ERA5 
(1940–2023), while the number of blocking days defined 
by GB2 increases by a lower rate (0.57 days/decade) and is 
not statistically significant (Appendix Fig. 13). In line with 
that, Barrett et al. (2020) show that summer extreme daily 
GBI happens more frequently in recent decades. Preece et al. 
(2022) also reveal stronger Greenland blocking patterns like 
Omega and CWB tends to happen more frequently in recent 
decades, especially since the year of 2000. This might also 
explain strong increasing trend of GB2 after that year. How-
ever, it is disclosed in Maddison et al. (2024) that this sharp 
increasing trend in GB2 is not sustained and rather a dem-
onstration of decadal variability.

Sea surface temperature (SST) has a large impact on the 
atmosphere through air-sea coupling (Wills et al. 2016; 
Ossó et al. 2019, 2018). Over the Atlantic, SST biases can 
influence the mean bias of the atmosphere and therefore 
affect model representation of blocking (Scaife et al. 2011). 

In addition, a sharp SST gradient can modulate the lower 
tropospheric poleward eddy heat transport and enhance 
upper-level eddy kinetic energy, bracing the stationary jet 
and intensifying atmospheric blocking (O’reilly et al. 2016; 
Famooss Paolini et al. 2022). Novak et al. (2015) suggest 
that the cyclical spatiotemporal evolving of these eddy 
fluxes, underpinned by the baroclinic environment, are 
associated with a steering either northward or southward of 
the jet and Rossby wave breaking over the North Atlantic. 
Mathews and Czaja (2024) find that oceanic heat content 
transported from the Straits of Florida extending along the 
Gulf Stream and its interaction with atmospheric bound-
ary layer is associated with blocking over the north Atlan-
tic. Maddison et al. (2024) show SST could play a role in 
Greenland blocking indices long term trend and variability. 
Our analysis of SST for HighResMIP models suggest there 
could be reflection of bias in SST into the bias of z500 field, 
hence the magnitude of Greenland blocking. However, this is 
subject to the coupling mechanism, and is therefore model-
dependent. This finding is in line with the results of Davini 
and D’andrea (2020).

Moist dynamics play an important a role as dry dynamics 
in the formation and maintenance of atmospheric blocking 
(Maddison et al. 2020, 2019; Yamamoto et al. 2021). The 
latent heat released from vertical motion and cloud forma-
tion transports low potential vorticity (PV) air to the upper 
troposphere, producing negative PV anomalies that can trig-
ger and intensify blocking (Steinfeld et al. 2020; Steinfeld 
and Pfahl 2019). Barrett et al. (2020) show that extreme GBI 
events are preceded by extreme moisture transported toward 
Greenland up to 2.5 days in advance in the summer. Hauser 
et al. (2024) find that moist processes associated with the 
warm conveyor belt plays an important role in amplification 
and maintenance of negative PV anomaly during blocking 
and supports the westward retrograding of this anomaly 
toward Greenland from Europe region. Our study uses mois-
ture transport as a proxy of moist dynamic and latent heat 
fluxes released from cloud processes. The spatial pattern of 
moisture transport bias over the North Atlantic and Green-
land areas are consistent with bias pattern of z500 during 
blocking days. This suggests an impact of model-simulated 
moist dynamics on the representation of blocking magnitude 
over Greenland.

4 � Conclusions

Climate models have often struggled to adequately simulate 
some key elements of atmospheric blocking, especially its 
frequency and persistence. In this study, we take a closer 
look at atmospheric blocking over the Greenland region 
using the state-of-the-science ERA5 reanalysis spanning 
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from 1940 to summer 2023. We also employ the High-
ResMIP ensemble of high-resolution coupled models span-
ning 1950 to 2014 and evaluate the ability of those models 
to represent Greenland blocking. We use a number of differ-
ent methods to understand different features in time, space, 
and distribution of those Greenland blocking events and to 
facilitate the evaluation of HighResMIP model simulations.

The time series of summer GB2 shows a sharp increase 
between the 1990s and 2010s, with its peak breaking the 
record of the middle of the twentieth century. However, the 
HighResMIP models fail to reproduce this temporal feature 
and show a high internal variability. We also show that most 
models can fairly reproduce the statistical distribution of 
daily GB2 values from all Greenland blocking events, espe-
cially those models sharing the dynamical core with the IFS 
in ERA5 and except the CNRM-CM6-1 which has a very 
coarse resolution atmosphere component compared to other 
models in HighResMIP.

Most HighResMIP models can reproduce the spatial pat-
tern of Greenland blocking, for both the climatological mean 
of all events and for individual patterns such as the Omega 
type, summer ridge and Rossby wave breaking structure. The 
systematic biases of z500 magnitude in the model appear to 
be independent of blocking type. We find large SST biases 
over the North Atlantic and seas surrounding Greenland, and 
biases in moisture transport over the North Atlantic toward 
Greenland, especially over the western flank of blocking 
areas, which might together contribute to model biases in the 
representation of z500 magnitude during blocking episodes 

over Greenland. This also highlights the importance of cou-
pling mechanism of ESM in blocking simulation. We also 
find here that the relative frequency of each blocking pattern 
is simulated well by most models, e.g., omega blocking is 
the dominant type over Greenland. This suggests potential 
use of these models in further impact studies of Greenland 
blocking on ice sheet melting and ice mass balance over 
Greenland, and extreme weather and climate over it and 
surrounding regions, which have different responses to dif-
ferent Greenland blocking patterns. However, we do not 
find that the higher-resolution models examined here have 
a clearly superior representation of summer blocking over 
Greenland. We also consider that a few forcing terms, e.g., 
aerosols and land-use cover, are simplified in HighResMIP 
(Haarsma et al. 2016), which may cause disparities in their 
historical climate simulations relative to ERA5. Therefore, 
the model-evaluation methods used in this study should be 
applied more widely to different MIPs in the CMIP6, e.g., 
DAMIP and PAMIP, to explore the impact of various forc-
ings (in particular oceanic forcing) on model representation 
of the interannual variability of Greenland Blocking.

Appendix

Appendix A

See Figs. 9, 10, 11, 12, 13, 14, 15.
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Fig. 9   Quantile–Quantile plot of GB2 values of all summer blocking 
days defined by using only GB2 index between ERA5 (1950–2014) 
and all HighResMIP models (1950–2014). All members from the 
same GCM are pooled together. The boxplot embedded within each 

panel shows difference of GB2 values between model and ERA5. The 
box shows interquartile range (25th to 75th percentiles), the whiskers 
show a range of 5th to 95th percentiles, and those outliers are extreme 
points outside the whisker range

Fig. 10   Similar to Fig. 9 but using D12 only to define blocking events
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Fig. 11   Climatological mean of geopotential height at 500  hPa (z500) of summer blocking days from ERA5 (1950–2014) and HighResMIP 
models (1950–2014). Contours show mean of z500, and shaded colors show its anomaly with respect to 1951–2000

Fig. 12   Climatological mean of z500 for all blocking days from 
ERA5 (1950–2014, dashed black contours), all HighResMIP mod-
els (1950–2014, solid green contours) and the bias of z500 anomaly 
(shaded colors) compared to ERA5. The names of each dataset (and 

the number of members if any) are given on top of each panel. The 
Pearson pattern correlation between models and ERA5 over SOM 
domain and its p-value are showed at the bottom of each panel. Dif-
ferent realisations of each model are pooled together
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Fig. 14   Number of summer blocking days over Greenland defined by GB2 (blue plus orange) index, D12 index (green plus orange) and the over-
lap of the two indices (orange) from ERA5 dataset from 1940 to 2023

Fig. 13   Similar to Fig. 12, but for non-block days and bias of absolute z500
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