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Abstract. The quasi-stationary behaviour of atmospheric blocking is studied using a Lagrangian framework that enables the
tracking of blocks in space and time. By combining a blocking index based on geopotential height with a lagrangian tracking
algorithm, we investigate the characteristics of atmospheric blocking events for different zonal velocities with respect to Earth’s
surface and their impacts on surface temperatures within the retuned EC-Earth3 global climate model. We observe that blocking
events can portray a large variety of zonal velocities. Distinct differences are found between the behaviour of eastward-moving
blocks and westward-moving blocks, both in size and in spatial distribution. Although the size of blocks is of bigger importance
for the temperature anomalies, the zonal velocity has an influence on the strength of the temperature anomalies in winter, due
to the slower mechanism of air advection in winter, compared to diabatic heating in summer. In summer, the zonal velocity
primarily influences the positioning of temperature anomalies relative to the centre of the blocking system. These findings
highlight the complex interactions between size, zonal velocity, and other blocking attributes, and their influence on temperature
anomalies. Further research is warranted to explore regional differences in blocking behaviour and impact, as well as how

atmospheric blocking and associated temperature anomalies may evolve under future climate conditions.

1 Introduction

Atmospheric blocking is a large-scale atmospheric process, where a persistent Rossby wave causes a strong high-pressure
area to remain in place (Rex, 1950a, b; Platzman, 1968; Altenhoff et al., 2008). The influence of blocking events on our
weather is significant as these blocks cover a large area, can last from days up to a month, and are quasi-stationary (Liu, 1994).
Atmospheric blocking in winter is often associated with cold spells, which often form downstream of the block. Upstream
of the block, a warm conveyor forms with warm air and moist conditions. Both these upstream and downstream processes
are caused by horizontal advection of respectively warm air from the tropics and cold air from the polar regions, driven
by the high-pressure area. In summer, heatwaves and droughts are often associated with persistent conditions of atmospheric
blocking. During the day, diabatic warming and adiabatic warming due to subsidence reinforce each other and result in positive
temperature anomalies (Bieli et al., 2015; Rothlisberger and Martius, 2019). As subsidence plays a bigger role in the realisation

of higher temperatures in summer, these temperatures are found right underneath the block (Kautz et al., 2022).
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The dynamics of atmospheric blocking has been a subject of research for over a century, predominantly due to the high
impact weather associated with them (Garriott, 1904). Since then, scientists have been trying to understand different blocking
characteristics that attribute to the impact of blocks on our weather, such as their size (Nabizadeh et al., 2019), intensity
(Wiedenmann et al., 2002; Davini et al., 2012), duration (Barnes et al., 2012), and location (Brunner et al., 2018; Sousa
et al., 2017). Other topics that have been widely researched, are the dynamics behind blocking formation and maintenance.
Orography and land-sea contrasts have long been named as important contributors to blocking formation (Ji and Tibaldi, 1983).
More recently, the release of latent heat during cloud formation has been evaluated by Pfahl et al. (2015), while Yamazaki and

Itoh (2013) proposed the selective absorption mechanism as a contributor to the persistence of blocking.

An often overlooked aspect of atmospheric blocking is its geographic displacement during its lifetime. Because of its assumed
quasi-stationary nature, this propagation is usually ignored for simplicity and it is not explicitly included in often-used block-
ing indices (Sousa et al., 2021; Pelly and Hoskins, 2003). However, it can be argued that one of the primary reasons why
atmospheric blocking is connected so strongly to high-impact weather is just because of its stationarity. Due to its station-
arity, the associated anomalous low-pressure ‘bad-weather’ sectors in its vicinity also remain locked in space, which could
greatly amplify their destructive impacts. Sumner (1959) was the first to introduce the subject of blocking movement (or block-
ing propagation velocity), making the distinction between progressive (eastward moving), quasi-stationary, and retrogressive
(westward moving) blocks. These categories were split by a threshold value of 5° per day in both the eastward and westward
direction, and it was found that about 40% of all blocks was quasi-stationary, 35% was progressive, and 25% was retrogressive
for the Atlantic-European section. However, as Sumner (1959) used a minimum blocking duration of two days, these values
are probably not representative of our current understanding of blocks with a minimum duration of four days. These different
blocking movement directions follow from the linear Rossby-wave theory
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where ¢, is the phase velocity, U the mean westerly flow, 3 the Rossby parameter, and k and [ the zonal and meridional
wave number, respectively. While Rossby waves always retrogress with respect to the ambient mean flow U, (1) shows that
with respect to a (stationary) geographical location, the phase velocity becomes westward for larger/longer waves (i.e., small
k and/or ) and eastward for smaller/shorter ones (Holton and Hakim, 2013). Recently, Luo et al. (2019) and Luo and Zhang
(2020) have extended this into the nonlinear regime. Specifically they show that in the nonlinear regime the blocking amplitude
modifies the phase speed
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which is the sum of the phase velocity ¢, and blocking-induced phase velocity ¢y, with PV, the meridional background PV
gradient, M the maximum amplitude of the block, F' ~ 1 the Froude number, and § ; the non-linearity strength defined in Luo
et al. (2019). Around the same time, Mokhov and Timazhev (2019) showed the importance of blocking movement in blocking

detection, since different threshold values of maximum zonal velocities led to different blocking frequencies. Lastly, Steinfeld
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et al. (2018) studied the distributions of the mean zonal velocity during the lifetime of blocks and concluded that this velocity
was highest in their onset phase and decreased during their mature phase. They also mention that their blocking algorithm
detected some blocks with velocities larger than 10 m s~! (864 km d—!), but they doubted if they could be seen as classical
blocks.

Within the realm of studies on blocking movement, studies on the effect of blocking movement on our weather have mostly
been done on a local scale. For example, Chen and Luo (2017) showed that westward-moving Greenland blocking in winter
results in larger cold anomalies in North America, while quasi-stationary Greenland blocking leads to colder anomalies in
northern Europe and eastern Asia. Similarly, Yao et al. (2017) revealed that rapidly westward-moving Ural winter blocks lead
to less persistent cold events over Europe combined with weak high latitude warming, while slower westward-moving or quasi-
stationary Ural winter blocks lead to strong cold anomalies over central and East Asia and stronger high latitude warming. In our
research, we will extend this knowledge by focusing on the full range of possible zonal velocities on the Northern Hemisphere
and how they influence our weather in both summer and winter. For this analysis, we applied a Lagrangian perspective to the
latest update of the climate model EC-Earth3,5 (ECE3p5), which enables us to track a large number of blocks in space and
time with respect to the Earth’s surface, and gather information on their individual characteristics. This method differs from the
earlier mentioned theoretical work done on blocking propagation velocities by Luo and Zhang (2020). Since we are interested
in the associated impacts of the blocks at the surface, we use a surface-relative velocity instead of a theoretical propagation
velocity of the blocks. This perspective offers a more dynamic view of blocks, enabling us to discern variations in zonal
velocities and their corresponding influences on weather phenomena —a capability that remains elusive within an Eulerian
framework. Our study has two main objectives: we will first assess the characteristics of the zonal velocity of atmospheric
blocks and how it relates to blocking size, intensity, duration, and location; after that, we will look at the influence of the
zonal velocity on temperature anomalies and compare this to the influence of blocking size to estimate the importance of the

movement of atmospheric blocking.

2 Data and Methods
2.1 EC-Earth3p5 model

In this study, we use simulations of the EC-Earth3,,5 climate model (ECE3p5), which is the latest update of EC-Earth3 (ECE3).
One of the main shortcomings of ECE3 is its temperature bias compared to ERAS reanalysis data. In the Northern Hemisphere,
ECE3 has a cold bias, while in the Southern Hemisphere a warm bias dominates. Compared to ECE3, ECE3p5 has an even
larger warm bias over the Southern Hemisphere, but with a better representation of the temperature over the Northern Hemi-
sphere (Muntjewerf et al., 2023; Van Dorland et al., 2023)(Appendix 5). As we are only evaluating the Northern Hemisphere
atmospheric blocking, ECE3p5 is the most appropriate choice for this research. Later on in the method, the ability of ECE3p5

to simulate atmospheric blocking is evaluated.
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From ECE3p5 we use the historical dataset, which contains 16 ensemble members ranging from 1850 to 2014, resulting in a
total dataset of 2624 years. These 16 ensemble members were created by perturbing the initial state of the system, thus giving
rise to 16 climate realisations. The standard resolution is T255L91 (=~ 80 km) for the atmosphere, and the model uses time steps
of 2700 s (45 minutes). For the sake of computation time and because of the large size and duration of atmospheric blocks, we
regridded this dataset to a regular lat-lon grid of 2.5° x 2.5° using bilinear interpolation, and took the daily mean values. For
the identification of the blocks, the geopotential height at 500 hPa (Z500) (m) is used. The other selected variable is the daily

mean surface air temperature at 2m (TAS) (K).
2.2 ERAS reanalysis data

ERADS reanalysis data is used to evaluate the ECE3p5 model. From this dataset, we only used the daily mean geopotential at 500
hPa (m?s—2) from 1950 to 2022, which is transformed to the geopotential height (hPa) (Copernicus Climate Change Service,
2023). ERAS has a resolution of 0.25° x 0.25° (Hersbach et al., 2023), but to comply with our regridded ECE3p5 dataset, we
regridded the 0.25° x 0.25° grid of ERAS to 2.5° x 2.5°.

2.3 Blocking index

Since Rex (1950a) first introduced a definition of atmospheric blocking, multiple blocking indices have emerged to extract
these blocks from datasets. They differ in the dynamical aspects of a block that they grasp, but also in the minimal duration,
size, or location of a block. Some indices only capture one-dimensional aspects, while others caption multiple dimensions. As
a result, it is difficult to compare different studies on blockings (Sousa et al., 2021; Davini and d’ Andrea, 2020; Barnes et al.,
2014).

The blocking index that we use here, is based on the two-dimensional extension of the standard geopotential height-index of
Tibaldi and Molteni (1990) and takes the majority of the alterations of Sousa et al. (2021) into account, which are meant to
make the index more inclusive and precise. The first step of Sousa et al. (2021) is to exclude the subtropical high pressure belt
from the blocking analysis. Where-While Sousa et al. (2021) uses a daily mean value for the minimum latitude for all longitudes
LAT,,;,(t), we chose to work with a longitude-dependent minimum latitude LAT,,,;,, (t,\), which looks for the latitude at which
the value of Z500 is higher than the Z500 value averaged over the previous 15 days:

Z500(\, 6, t) > Z500. 3)

As the location of the subtropical high depends on the position of the sun and thus on the seasons, the minimum latitude is
found further poleward in summer compared to winter. Especially over the wintertime Euro-Atlantic region, the choice of
LAT,,;, makes a difference, since the longitude-dependent LAT,,;,(t,\) is situated 7.5° further poleward than LAT,,;,(t),

which is shown in Figure 1. Above the minimum latitude, the blocks are filtered out using these geopotential height gradients
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Figure 1. Difference between the latitude-dependent minimum latitude LAT i (¢, A) (continuous line), and the spatial-averaged minimum

latitude LAT . (t) (dashed line). Both shown for winter (DJF, blue), and summer (JJA, red) for ERAS.
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where we define the zonal gradient and the meridional gradient respectively as
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with A\ = A¢ = 2.5°. Following Sousa et al. (2021), a grid cell is said to be in a blocked state when GHGN<0, GHGS>0,
and GHG(\, ¢,t) < 20 m per degree. Sousa et al. (2021) also limits the evaluation of GHGN at a latitude of 75°, above which
blocked grid cells fall under the nominator of polar blocks. Since these polar blocks differ in character from the general blocking
definition, they are excluded in this analysis. Furthermore, blocks are excluded whenever their maximum size is smaller than
5-10° km? and their total life-span (duration) is shorter than four days, with no differentiation made among various block types
as is done by Sousa et al. (2021). Lastly, we apply the method of Wiedenmann et al. (2002), which was modified by Davini
et al. (2012) to be two-dimensional, to derive a quantification of blocking intensity (BI) indicative of the strength of the block:

(Zu + Z500(N, 6,1)) /2 + (Zg + Z500(, ¢, 1)) /2

RC(\, ¢,t) = 5
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In Equation 9, RC stands for representative contour and it is used to normalize the Z500 values. Z,, is the minimum Z500 value
within 60° upstream of a grid cell with value Z500 and Z is the minimum Z500 value within 60° downstream of this same
grid cell. The value resulting from it, indicates how the meridional circulation is affected by the presence of the block, where
Northern Hemisphere blocks are defined as weak when they have a value of BI<2.0, moderate when 2.0<BI<4.3, and strong
when BI>4.3. Wiedenmann et al. (2002) based this categorisation on which blocks were within and outside of one standard
deviation of the 30-year mean intensity of their dataset. Applying the described method leads to the climatological blocking
intensities shown in Figure 2, which can be compared to the results from the CMIP6 models in Davini and d’ Andrea (2020).
The blocking climatologies of ERAS and ECE3p5 differ in their mean blocking intensity in certain regions, which are more
prominent during the separate seasons than for the annual mean. An over- or underestimation can be caused both by an over-
or underestimation of the amount of blocks and by its intensity. Annually, ECE3p5 underestimates the BI over western Europe
and Scandinavia, and overestimates the BI over Alaska and Siberia. In winter, BI is generally higher than the annual mean,
with two dipoles to be found in the comparison between the model and reanalysis data: one with underestimation over western
Europe and overestimation over the Ural region, and one with an underestimation over the Bering Sea and an overestimation
over Alaska. In summer, lower BI are found, together with the same dipoles for the differences between ERAS and ECE3p5,

but switched in sign. These dipoles are further discussed in Section 4.1.
2.4 2d Cell-tracking Algorithm

As we want to evaluate the movement of atmospheric blocks with respect to the Earth’s surface, we work from a Lagrangian
point of view. Using the 2D cell-tracking algorithm of Lochbihler et al. (2017), we can find continuous cells and track them in
time. Continuous cells are formed from adjacent grid cells that meet our blocking index. Continuous cells belong to one track
when there is overlap between the cells during consecutive time steps. The algorithm results in information on the total size
per day, the life-span (duration), both mean and maximum intensity per day, intensity-weighted centre per day, and dates of
onset and decay. From this information, blocks are selected with a minimum duration of four days. The size of the blocks is

converted from the number of grid cells to km?, using the latitude of the intensity-weighted centre as ¢ in

o

2.5
dr ~ 2Tt Rcos¢p—— 10
T T cosqb%o07 (10)

where R is the radius of the Earth and 2.5° the size of our grid cells. After small and short-lived blocks are removed, the
movement of the remaining blocks with respect to the Earth’s surface is calculated. As the primary moving direction of the
blocks is zonal, we only take the zonal velocity into account. This velocity is calculated by comparing the intensity-weighted
centre of a block at its date of onset to its date of decay and by dividing this zonal distance in kilometres by the blocking
duration. This method is consistent with the velocity used by Steinfeld et al. (2018). Blocks are categorised as winter or summer

blocks based on their onset date being in respectively the months of December, January or February, or June, July or August.
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Figure 2. Upper row: Climatological blocking intensity ERAS (contours and shading) for the annual mean, winter mean (DJF), and summer
mean (JJA). Lower row: contours show blocking intensity of ECE3p5, shading shows the difference between ERAS and ECE3p5 for the

annual mean, winter mean, and summer mean. Both the data from ERAS and ECE3p5 are taken over the period of 1951-2014.

A summary of this complete method is showcased in Figure 3a. As a proof of concept, the longitudes of the weighted centres
for each day of the duration of an arbitrary block are plotted against the accompanying latitude-averaged Z500 anomalies and
the blocking intensity in Figure 3b and Figure 3c, respectively. A more in-depth analysis of this can be found in Supplement

Section 5.
2.5 Impact on temperature

To assess the impact of different zonal velocities on our weather, we look at the daily mean surface air temperature at 2m,
detrended and corrected for climatology to get temperature anomalies. This is done by calculating the climatological daily
mean per ensemble member and subtracting this mean from each day in the dataset. These temperature anomalies allow us
to compare the impact of blocking on different locations and during different seasons. As blocks do not only influence the
temperature right underneath the block but also in the areas around it, we work with a fixed area around the blocking centre.
This area is set to have a latitude-width of 40° and a longitude-width of 80° (see red square in Figure 3). The size of this

area is selected to encompass the size of the majority of the blocks, ensuring that it adequately captures the diverse range
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Figure 3. a) Example of an atmospheric block (ERAS: 28 May 1963) filtered out by the method of Sousa et al. (2021), but with a variable
minimum latitude (blue line), and added blocking intensity (red) (Wiedenmann et al. (2002)), tracked by the celltracking algorithm. The
black dot denotes the weighted centre of the block, and the arrow the zonal velocity and direction. The contour lines show the geopotential
height (Z500) for 5400, 5500 (black), 5600 and 5700 m. The red square is the area used to evaluate the temperature, divided in 4 subareas.
b) A Hovmédller plot of the Z500 anomaly (m) over the duration of the same block as in a), starting on 28 May 1963 and ending on 01 June
1963. Z500 is averaged around the latitude +5° following from the weighted centre on the starting date of the block. The black dots denote
the weighted centres of the block according to the celltracking algorithm. The black contour shows the boundaries of the block following

from Equations 4, 5, 6, 7 and 8.

of temperature anomalies associated with them. This size is comparable with approximately a quarter of the area shown in
Figure 3. We divide the 40° x 80° area around the block into four quadrants to incorporate the different temperature anomalies
upstream and downstream of a block. We only take into account those temperature anomalies that are measured over land, as
the ocean has a significantly larger thermal warming capacity compared to land (Cess and Goldenberg, 1981). Consequently,
it takes longer for the surface area underneath the block to warm or cool over the ocean. At the same time, the temperature
effects of blocks are primarily experienced by us on land. Therefore, the land surface temperature anomalies are of particular

relevance when considering the impacts of blocking events.

3 Results

3.1 Comparison between ERAS and ECE3p5

We evaluate the accuracy of ECE3p5 to simulate blocking behaviour by comparing the output of the tracking algorithm for
ECE3p5 to the output for ERAS. This is done for the amount of blocks per year, their average size, duration, average intensity,
maximum intensity, and absolute velocity. This information is summarised in Table 1 for the annual and seasonal (winter/sum-

mer) values of blocks within ECE3p5 and ERAS after aggregating over the entire Northern Hemisphere.

Variables that differ significantly between ERAS and ECE3p5 according to the ¢-test are shown in bold. Comparing all variables

shows that the only significant differences can be found in the annual mean and summer mean amount of blocks, where ECE3p5
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simulates fewer blocks than can be observed in ERAS. From these values, it is likely that the difference in the annual mean,
which has 10 more cases in ERAS, is caused by the difference in the summer mean, which has 7 more cases in ERAS.
However, we can not exclude any contributions from spring and autumn, as these seasons are not taken into account. The
difference between the amount of summer and winter blocks is also bigger for ERAS than for ECE3p5. All other variables do
not show significant differences, possibly due to the relatively large standard deviations indicating the big differences between
individual blocks. Both for ERAS and ECE3p5, winter blocks are generally larger, more intense, and reach higher absolute
zonal velocities than summer blocks, while their durations are about the same. For the size and duration, it should be noted
that our minimum requirement was respectively 5 - 10°> km? and four days, as described in Section 2.3. Not shown in Table 1
is the direction of the velocities, which can be both eastward and westward, as we only show the absolute velocity here.
However, we found the annual mean direction to be positive, meaning that on average atmospheric blocks are moving towards
the east, although with lower velocities than the typical synoptic wind speed of 10 m s~! which is likely a representation of the
background flow (KDE distributions in Figure 4, direction of P10-90 blocks in Figure S5). All these characteristics align with
the findings of Cheung et al. (2013), who found similar differences between winter and summer for the number of blockings
and their intensity, as well as comparable numbers for the duration and a general eastward moving trend. This same eastward
trend was also observed in a case study by Steinfeld et al. (2020) using potential vorticity (PV) anomalies and by Hirt et al.

(2018) using a point vortex model, but not yet on this scale for all observed blocks in reanalysis and model data.

# Blocks (yr~') | Size (-10° km?) | Duration (d) | Bls, (-) | Blnas (-) | Velocity (ms™')

ERA5

Annual mean 117(9) 1.1(1.0) 5.8(2.3) 1.8(1.0) | 2.4(1.2) 3.4(2.6)
Winter 24(4) 1.5(1.3) 5.8(2.2) 2.2(1.2) | 3.0(1.5) 3.6(2.9)
Summer 36(4) 1.0(0.8) 6.0(2.5) 1.4(0.7) | 1.8(0.8) 3.1(2.4)

ECE3p5

Annual mean 107(8) 1.3(1.1) 5.8(2.3) 1.9(1.0) | 2.5(1.3) 3.6(2.8)
Winter 25(4) 1.6(1.3) 5.7(2.1) 2.2(1.2) | 3.1(1.4) 4.1(3.2)
Summer 28(4) 1.1(0.9) 6.0(2.5) 1.4(0.7) | 1.9(0.9) 3.1(2.4)

Table 1. Blocking statistics over the period of 1951-2014 for ERAS (above) and ECE3p5 (below). Significant differences between ERAS and
ECE3p5 are shown in bold. Numbers in the table denote the mean and (standard deviation). The standard deviation is taken over all blocks

within the specified season over all 16 ensemble members. The velocity is the absolute zonal velocity of the blocks.

3.2 Relation between zonal velocity and other characteristics

Table 1 only results in seasonal averages per blocking characteristic. We extend this analysis to all winter and summer blocks

separately, which allows us to study any correlations between the different blocking characteristics and the zonal velocity. In
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Figure 4, the zonal velocity is plotted against the average size, duration, and average intensity over the total duration of the
block, both for summer and winter. Next to the kernel density estimation (KDE, in shading), the 10%, 50", and 90% percentiles
of respectively average size, duration and average intensity are used to mimic the behaviour of the two extreme states and
the mean state of the characteristics per velocity bin of ~ 0.5 ms~!. Moving towards more extreme velocities, the results get
noisier due to the few number of cases. Alternative versions of this figure of different longitudinal sections of the world can be

found in the Supplements (Figure S12 and S13).
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Figure 4. Kernel density estimation (blue shading, linear) and the 10" (blue), 50 (orange), and 90" (green) percentiles for the average size
(first column), total duration (second column), and average intensity (third column), all for winter (DJF, upper row) and summer (JJA, lower
row). Taken from 1850 to 2014 over all 16 ensembles of ECE3p5. In the background, grey shading shows where the zonal velocity is smaller
than the 10™ (winter: < —3.0 ms™'; summer: < —2.0 ms’l) or larger than the g™ (winter: > 5.1 ms™'; summer: > 4.0 ms’l) velocity

percentiles, representing respectively westward and eastward-moving blocks.

The size is shown in the first column of Figure 4. From the KDE, it is noticeable that the blocking size is much more confined
to smaller sizes in summer, while the spread is larger in winter. The majority of the blocks in both winter and summer are on

the smaller side compared to the total spread and are associated with eastward velocities. On the contrary, the largest blocking

10
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sizes are associated with westward velocities. This uneven allocation becomes even clearer when looking at the percentiles,
which represent the 10% smallest, the 10% largest, and the median blocking size per velocity bin. It is consistently observed
across both seasons that the larger the block, the faster it moves westward. Towards the quasi-stationary blocks, the blocking
size decreases. In winter, the blocking size stays approximately the same for different eastward velocities, while in summer the
blocking size slightly increases again. This result is similar to the propagation of Rossby waves according to linear Rossby-
wave theory, described in Equation 1, and the nonlinear theoretical phase speed in Equation 2, where a large amplitude will act

to enhance the retrogression, just as is seen in Figure 4.

The duration of the blocks is plotted against the zonal velocity in the second column of Figure 4. The KDE and the percentiles
for the duration are not as smooth compared to those for size or intensity. This disparity arises from the discrete nature of
duration measurements, quantified in whole days, in contrast to the continuous values of size and intensity. The KDE is
pyramidal for both winter and summer, with the longest durations over the stationary blocks. In both seasons, blocks with
shorter durations occur more frequently than blocks with longer durations. The 90" percentile shows for both winter and
summer that stationary blocks have a longer duration than the faster propagating blocks. The 50" percentile, which shows the
mean value per bin, is five days for almost all velocities and therefore does not show the same relationship as the 90" percentile

line. The 10™ percentile is a straight line at four days, which is the minimum duration threshold that we set in Section 2.3.

The final blocking characteristic that is compared to the zonal velocity is the average blocking intensity in the third column. The
first notable difference between winter and summer is the spread in the data, as shown by the KDE. The winter months exhibit
a much larger variability and higher values than the summer months. Both seasons display an oval distribution around slightly
eastward-moving velocities, with a denser core for lower intensities. This indicates that the more stationary blocks display the
largest range in blocking intensities. For the percentiles in winter, only the 90" percentile shows this same relationship of larger
intensities for quasi-stationary blocks. The 50" and 10" percentiles do not show this, and stay around the same BI no matter
the velocity, which can also be deduced from the broader base of the KDE. In summer, the 90" percentile shows a larger BI for
quasi-stationary blocks and lower strengths for faster-moving blocks in both directions, although combined with a lot of noise
at the outer boundaries. The sign in the 50" and 10" percentiles is minimal, just as for winter. This shows that the stronger
intensities do counteract the general westerly background flow, as can also be seen in Equation 2 where M, counteracts U, but

only as much to result in a stationary block. For lower intensities this effect can not be seen in Figure 4.

Combining all the information in Figure 4 tells us that quasi-stationary blocks are generally smaller, have a longer duration, and
have a broad variation in strength; the 10% fastest eastward-moving blocks are generally larger than quasi-stationary blocks,
have a shorter duration, and a smaller variation in strengths; lastly, the 10% fastest westward-moving blocks are bigger than

both quasi-stationary and eastward-moving blocks, are of shorter duration, and have a smaller range of strengths than quasi-

stationary blocks. This is in line with the theoretical results of Zhang and Luo (2020), who found that a smaller meridional
basic potential vorticity eradient favours westward-moving blocks with larger size and higher intensity, and vice versa for
larger meridional potential vorticity gradients.
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Figure 5. Blocking characteristics for (left) westward and (right) eastward moving blocks. The characteristics shown are the mean size (blue),
the duration (yellow), the average intensity (green), and the absolute zonal velocity (red) over the years of 1850-2014 and all 16 ensembles
of ECE3p5. The darker lines are the 15-day rolling means, and the lighter lines show the mean values over all blocks and ensembles per day

of the year. The shading is the standard deviation of the 16 ensemble members.

3.3 Seasonality of westward- and eastward-moving blocks

Westward-moving blocks and eastward-moving blocks thus seem to behave differently, especially when it comes to their size.
To extend our analysis of the different aspects of blocking behaviour further, we assess the seasonality of westward- and
eastward-moving blocks separately. This is done in Figure 5 for the average size, duration, average intensity and absolute
velocity per day of the year, with all westward-moving blocks (v, < 0) on the left and all eastward-moving blocks (v, > 0) on

the right. Note that the velocity is absolute (positive) for both eastward and westward blocks and thus represents the amplitude

and not the direction of the velocity.
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The zonal blocking velocity (red in Figure 5) is the first variable to be examined and later compared to the other variables. Both
the eastward and the westward velocities have a seasonal cycle with higher values in winter, a decrease in velocity in spring,
a minimum in summer, and an increase in velocity again in autumn. Notably, there are discernible differences between the
two. On average, eastward-moving blocks tend to have higher velocities than their westward counterparts across all seasons.
However, these disparities diminish during the transition from spring to summer and towards the end of winter. Both have their
maximum velocities in winter, with a value of 4.3 £ 0.5 m s~ ! for the eastward blocks and 4.2 + 0.5 m s~ for the westward
blocks, where the velocity and its variability are respectively the mean and one standard deviation over all ensemble members
and years on that specific day of the year. The eastward-moving blocks have their maximum at the end of December, while
the westward-moving blocks have their maximum at the beginning of February. However, as the eastward-moving blocks have
roughly the same velocity throughout the whole winter, this maximum is more spread out than for the westward-moving blocks.
Their minimum velocities also differ, as the eastward velocities have their lowest values in June (3.0 & 0.5 m s~ 1), while the
westward velocities have their lowest values in July and September (2.7 4- 0.5 m s~1). Over the year, both blocking types thus
exhibit roughly the same seasonality, but with shifts in their minima and maxima of one to two months, combined with larger

values for eastward-moving blocks.

After the division of all atmospheric blocks over westward-moving and eastward-moving blocks, the other blocking charac-
teristics are also split up according to their zonal direction, leading to different sizes (blue), durations (yellow), and intensities
(green) for the westward-moving blocks in Figure 5a and the eastward-moving blocks in Figure Sb. When we split up the size
of the blocks with respect to their direction of movement, a clear distinction arises between the size of the blocks that move
to the west and those that move to the east. Over the seasons, westward-moving blocks are consistently larger than eastward-
moving blocks, with the disparities being more pronounced in winter compared to summer. Both have their maximum size at
the end of winter, with values of 1.4 + 0.2 - 10 km? for the eastward variant and 2.1 £ 0.4 - 105 km? for the westward variant.
Their minimum size is found at the end of summer, with values of 0.8 £0.2-10° km? for the east and 1.0+ 0.4 - 10 km?
for the west. Apart from the differences in size, there are no clear differences in the seasonality between the two blocking
directions. This leads to an interesting misalignment or lag of two months between the minimum velocity and the minimum
size for eastward propagating blocks, while the minimum size of the westward propagating blocks can be found more in the

middle of its velocity minima.

The next variable is the duration of the blocks. As indicated in Table 1, the variations across seasons are minimal. A similar
observation holds true for the two blocking directions, where only marginal differences exist among the two. Both the eastward
and westward blocks have the same values for their minima and maxima, with a minimum value of 5.6 0.2 days and a
maximum value of 6.1+ 0.2 days. This results in a difference of 0.5 0.2 days between the minima and the maxima of the
blocks. Within these small differences, both blocking directions have their maximum duration in July and their minimum in

winter.

13



295

The final variable is the average blocking intensity, which reveals a distinct seasonality that is approximately consistent for
blocks moving in both directions. Both have a constant average intensity over the winter and parts of spring and autumn, which
then rapidly declines in summer. The only difference seems to be that the transition between the steady state in winter and the
minimum value in summer is more abrupt for the westward-moving blocks compared to the eastward-moving blocks. Both
have minimum values of 1.3 0.3 in July and maximum values of respectively 2.3 £ 0.3 and 2.2 & 0.3 in winter for eastward
and westward blocks. Over the year, the average intensity is higher during seasons where blocks also have a higher velocity,

and lower in seasons with lower velocities.

3.4 Spatial distribution of different blocking velocities

vy < P10 P10 <v, <P90

DJF

JA

0 1 2 3
Frequency (-107%) Frequency (-107%) Frequency (-107%)

3

Figure 6. Spatial distribution weighted (based on BI) blocking centres, on the fourth day. First column: the 10% fastest westward-moving
blocks (v, < P10). Middle column: all zonal velocities in between (P10 < v, < P90). Third column: the 10% fastest eastward-moving
blocks (ve > P90) All taken separately over all winter months (DJF, upper row) and over all summer months (JJA, lower row) over the

period of 1850-2014 for all 16 ensembles of ECE3p5.
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Categorising blocks into velocity-based groups leads to further insights on the different behaviour of the fastest westward-
and eastward-moving blocks. When ordering the zonal velocities from negative to positive, a division is made between the first
10% (v, < P10), which are the fastest westward-moving blocks, and the last 10% (v, > P90), which are the fastest eastward-
moving blocks, and all blocks in between (P10 < v, < P90). For each group, the coordinates of the weighted centres of the
blocks based on their BI on the fourth day of their existence are used to show where the different groups of blocks occur most.
The choice of the fourth day aligns with the division made by Steinfeld et al. (2018) between the onset phase (day 1 and 2)
and mature phase (day 3, 4 and 5) of the block. By focusing on the fourth day, we ensure that we assess the blocks during their
mature phase, although it can be seen in Figure S5 that the blocks continue to move over the whole life span. This analysis
was performed for both winter and summer, resulting in Figure 6. It is important to note that the 10% fastest eastward- and
westward-moving blocks do not have the same velocities in winter and summer, as is evident from the distinct distributions
in Figure 4. These values are P10 = —3.0 m s~ ! and P90 = 5.1 m s~! for winter and P10 = —2.0 m s—* and P90 = 4.0 m
s~! for summer. Additionally, it should be kept in mind that the distribution shown in Figure 6 is only a representation of the

centres of the blocks and not their entire spatial extent.

The spatial distribution differs per group of blocks. The majority of the blocks are represented by the P10 < v, < P90 group
(middle column). In winter, these blocks are most commonly found over Greenland, Alaska, and northeast Siberia, and in
lower amounts stretching from western Europe into Russia. Comparing this spatial pattern to the 10% fastest westward moving
blocks (v, < P10, first column), we can see that the hotspot over Europe is now less present and shifted north. Greenland is
also less featured for the P10 blocks, while especially the hotspot over northeast Siberia has a way higher frequency compared
to the average blocking pattern. The 10% fastest eastward moving blocks (v, > P90, third column) show the exact opposite
tendency. The hotspots over Alaska and northeast Siberia are a little less featured for the P90 blocks, while the pattern over
Europe has intensified and also shifted southeastward. The hotspot over Greenland shows the same pattern en frequency for the
P90 blocks as the average spatial pattern. Overall, we can say that northeast Siberia is the preferred location for faster westward

moving blocks, while faster eastward moving blocks are more commonly found over middle Eurasia.

The spatial distribution of summer blocks is quite different from the winter distribution. As the middle column for the P10 <
vy < P90 blocks shows, summer blocks are usually more confined to the higher latitudes, which we expect to be due to a
combination of factors, such as the absence of a mean jet during summer, combined with the shifting minimum latitude of
the high-pressure belt with the seasons, and the exclusion of polar blocks by the maximum latitude. In summer, Rex blocks
are common over the North Pole, and it is possible that we see the remnants of those blocks here (Sousa et al., 2021). Higher
frequencies are found over Greenland and Alaska, although blocks are quite evenly distributed between those areas. P10 blocks
occur more often over Siberia than over Alaska and Greenland, similar to the winter circumstances. The spatial pattern of the
P10 blocks deviates from the mean at lower latitudes in Asia, which seems to be just above our minimum latitude. These
could consist of anomalously large ridges moving towards the west, which might still be captured by our blocking index. The
P90 blocks on the other hand, resemble the mean blocking pattern quite closely. There is a strong confinement to the higher

latitudes, with an even distribution between the North Sea and the Bering Sea. The highest frequencies are found over Siberia,
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which is also the region with the largest deviations compared to the mean situation. Although the differences are smaller in
summer compared to winter, it is clear from Figure 6 that blocks that have different zonal velocities also reside in different

areas. The underlying mechanisms for this observation remain to be studied.
3.5 Influence of the velocity on temperature

Within the examining of the relationship between various blocking characteristics and the zonal velocity, Figure 4 revealed that
quasi-stationary blocks tend to have longer durations and higher intensities, making them more likely to have a significant im-
pact on our weather. On the contrary, the fastest westward-moving blocks exhibited larger surface areas, while quasi-stationary
blocks were generally smaller in size. Considering that both larger and more stationary blocks are expected to contribute to
higher temperature anomalies, it is important to determine the respective contributions of these factors. First, we compare
temperature anomalies with different zonal velocities, and subsequently, we assess the impact of blocking size compared to

velocity on temperature anomalies.

To investigate whether the velocity affects the temperature anomalies resulting from the block, we look at the results for the
lower-right quadrant (see Section 2.5) in Figure 7. The other quadrants can be found in the Supplements, Figures S9, S10, and
S11. As the quadrants mostly differ in the strength of the anomalies but not so much in the patterns related to the velocities, we

choose to discuss just one of them here.

The temperature anomalies over land are plotted against the zonal velocities in Figure 7 for winter and summer. In the KDE
plot in winter, a broad range of temperature anomalies is observed, ranging from —10°C to 10°C. The majority of blocks
result in relatively small temperature anomalies, as is indicated by the 50" percentile, which is around zero degrees for most
velocities. This is in line with our earlier results in Figure 4, where it was shown that the majority of the blocks are relatively
small, of short duration, and relatively weak. These blocks result in lower temperature anomalies, moderating the mean values.
Simultaneously, the coldest temperature anomalies are also measured for stationary blocks, indicating a correlation between
lower temperatures and stationary blocking conditions. This result is in line with the research done by Brunner et al. (2017),
who showed that cold spells take longer to develop due to the slow process of horizontal advection of cold air. Conversely,
the warmest temperature anomalies can be associated with the faster westward-moving blocks, which creates an interesting
contrast between the blocking velocities associated with the coldest temperatures. The pattern of the warmest 10% temperature
anomalies looks similar to the relation between size and velocity in Figure 4, so possibly the larger block size associated with
faster westward-moving blocks plays a role in these larger temperature anomalies. Although winter blocks are mostly related
to cold spells, this figure clearly demonstrates that these winter blocks can generate a wide range of temperature anomalies,

not limited to negative values.

In contrast to the winter conditions, the temperature anomaly differences in summer exhibit a more constrained distribution.
The KDE plot displays smaller excesses, the 50" percentile remains about zero, and the 10% warmest and coldest temperature

anomalies are just a little higher than +2.5°C. Notably, none of the percentiles exhibit a discernible trend, as their values
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Figure 7. Kernel density estimation (blue shading) and the 10" (blue), 50 (orange) and 90" (green) percentiles of the lower-right quadrant
of the 2m temperature anomaly plotted against the zonal velocity, all for winter (DJF, left) and summer (JJA, right). Only temperature
anomalies over land are taken into account. Taken over the period of 1950-2014 over all 16 ensemble members of ECE3p5. Grey shading for

P10 and P90 as in Figure 4.

remain relatively consistent across the entire range of zonal velocities, with just a little smaller anomalies towards the extreme
velocities, although clouded by the noise in the signal. The insensitivity of the temperature anomalies with respect to the
velocities can be attributed to the different warming processes in summer, caused by both diabatic and adiabatic warming, both
faster processes than air advection such that the warming effect can still take place beneath faster-moving blocks. Especially for
Rex blocks, this warming underneath the block goes hand in hand with cooling underneath the accompanying lower pressure
area to the south of the block. These lower temperatures are represented by the 10% lowest temperature anomalies in Figure 7.
The relatively small temperature anomalies observed in summer compared to winter can be attributed to multiple factors.
Firstly, the data used for this analysis consists of daily mean temperatures. The cloud-free conditions that cause warming
underneath these summer blocks during the day, also cause cooling during the night. These lower night temperatures moderate
the overall daily mean values. To quantify this effect, it would be necessary to study the differences in response between the
minimum and maximum temperatures. Secondly, as argued by Cheung et al. (2013), the continent is already warmer in summer,
leading to lower temperature anomalies. Additionally, pressure gradients are smaller in summer compared to winter. This last
argument can be compared to the blocking intensity that we studied in Figure 5, where indeed summer blocks generally exhibit

lower blocking intensities compared to winter blocks.
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In order to assess the different effects of the zonal velocity and size on temperature anomalies, a composite analysis is per-
formed in which all blocks are divided according to their size and velocity. This result is shown in Figure 8 for temperature
anomalies measured over land. On the x-axis, the velocities are sorted from the largest negative (westward) values (0%) to
the largest positive (eastward) values (100%), showing the most extreme velocities per 5% and the quasi-stationary blocks
between 10 — 90%. The y-axis shows the size per 20%, from small (0%) to large (100%). For both winter and summer, the
quasi-stationary blocks with a velocity closest to zero are found at roughly 40% (see Table 2). The choice to use percentiles and
not absolute differences in size or velocity was made to ensure that every composite mean has enough cases for a reliable result.
As a consequence, the percentiles do not represent the same velocity or size values for winter and summer, as the percentages
are taken separately for the two seasons. The values that the percentages represent are shown in Table 2.

Figure 8 shows the composite mean analysis for winter (a) and summer (b) over land. Focusing on winter, it is evident that
for every combination of size and zonal velocity, a distinct pattern emerges for temperature and Z500. Positive temperature
anomalies are consistently observed to the northwest of the block, while negative temperature anomalies are observed to the
southeast of the block. For all of them, the positive temperature anomalies dominate in value over the negative temperature
anomalies. When we compare blocks with different sizes for the same velocity, the temperature anomalies become stronger
and take over a larger part of the selected area around the block, just as the block itself grows. This result is to be expected, as a
larger block will influence the temperature over a larger area. Comparing blocks with different velocities but with the same size
reveals a change in the temperature and Z500 pattern. In the case of westward-moving blocks, the surface area surrounding the
block exhibits a larger proportion of positive temperature anomalies, primarily concentrated to the north of the block, extending
towards the westward-tilted blocking centre. The faster eastward a block moves, the more confined the positive temperature

anomalies are to the northwest, leaving more room for the negative temperature anomalies.

For summer in Figure 8b, the dipole structure typical for Rex blocks is clearly visible. Each combination of size and velocity
has a warm core around the centre of the block, and a cold core to its south. Just as in winter, the temperature anomalies get
stronger for larger blocks, although this seems to primarily affect the warm core. The cold cores are stronger for the quasi-
stationary and eastward-moving blocks. For the same size but different velocities, the temperature anomaly pattern barely

changes, which is what we expected based on the faster warming mechanisms in summer. The only notable change is a zonal

0% 5% 10% | 20% | 40% | 60% | 80% | 90% | 95% | 100%
Size(-10%km?)
Winter 0.20 094 | 1.26 | 1.59 | 2.05 8.35
Summer 0.20 0.65 | 0.83 | 1.03 | 1.32 5.51
Velocity (ms™1)
Winter —-199 | =47 | =30 | —-14 | 0.5 1.9 3.7 5.1 6.4 19.8
Summer -198 | =31 | =2.0| =09 | 04 1.5 2.9 4.0 5.1 23.5

Table 2. Blocking sizes and zonal velocities for different percentiles in winter and summer , used in Figure 8, based on ECE3p5.
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Figure 8. Composite mean of 2m temperature anomalies over the duration of each block, in a region of 40° x 80° around the blocking centre

over land. The winter season (DJF) is shown in (a), and the summer season (JJA) in (b). On the y-axis, the size is divided by its percentiles,

going from small to large. On the x-axis, the zonal velocity is divided by its percentiles, going from negative values to positive values. The

division between westward-moving blocks and eastward-moving blocks is indicated by the arrows. In grey contours the Z500 field is shown,

with darker colours indicating higher Z500 values. Data is taken from ECE3p5 from 1850 to 2014 and over all 16 ensemble members.
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shift of the dipole with respect to the blocking centre, combined with a tilt of the Z500 lines in the same direction as the
movement of the block. For westward-moving blocks, the warm core is located on the east-side of the blocking centre, while
for the fastest eastward-moving blocks the warm core is located more on the west-side of the block. Not only the location of
the dipole as a whole changes, but it also tilts more towards the east for westward-moving blocks and towards the west for
westward-moving blocks. For both directions, the warm core is thus located on the upstream side of the block as a result of the

warming that has already taken place there.

4 Discussion on methodology
4.1 Model biases

The results in Section 3 need to be considered in light of the model accuracy and choices that were made for the blocking
index. In Section 2.1 it was described that the ECE3p5 model was chosen as it simulates more realistic temperatures for the
Northern Hemisphere compared to ECE3. In Figure S1b, the warming trend in both ERAS and ECE3p5 can be seen for the
Northern Hemisphere, where the warming trend in ECE3pS5 is stronger than for ERAS. However, this trend does not seem to
significantly change the model outputs for the velocity of atmospheric blocks over the years, as can be seen in the Supplements,
Figure S6. Therefore, the differences in temperature trends are probably of minimal importance for the velocity, although they
may be important for other blocking characteristics (Woollings et al., 2018; Nabizadeh et al., 2019). At the same time, a positive
temperature anomaly caused by a block will affect us more in a warmer climate, which makes for a new research topic on the

impacts of blocks under global warming.

Temperature is also closely linked to the geopotential height anomalies. Higher temperatures lead to an expansion of the lower
atmosphere and thus to a higher anomaly in geopotential height (Christidis and Stott, 2015). This relation between temperature
and geopotential height anomaly is evident in both the model and the reanalysis data, as depicted in Figure S2, but with an
overestimation of the geopotential height anomaly of ECE3p5. In addition to this overestimation, the model also tends to
overestimate its gradients, as indicated in Figure S3, where the regions of underestimation are identical to the regions where
the model underestimates the blocking frequency in Figure 2. The correlation between the overestimation of Z500 and the
blocking frequency is less prominent, but can still be recognized. These findings suggest that the model’s biases in Z500 and

its gradients may contribute to its limitations in accurately representing blocking events.

Other biases that play a role in most climate models, are overestimation of the jets over the oceans (Anstey et al., 2013;
Delcambre et al., 2013; Pithan et al., 2016), and misrepresentation of the orography (Narinesingh et al., 2020; Berckmans et al.,
2013). Although we did not test if those biases are also incorporated in the ECE3p5 model, it is plausible to think so. Models
often simulate jets to be too strong and too far land-inwards. As blocks form at the end of those jets, this results in an eastward
shift of the blocking frequency in models. This same effect can be seen for the winter simulations of ECE3p5 in Figure 2,

where the model underestimates the amount of blocks over the Atlantic and the Pacific, while there is an overestimation over
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Russia and Alaska. The orography plays an important role in mountainous areas, such as the Ural and Alaska. These regions

both show a negative bias in the amount of simulated blocks by ECE3p5.
4.2 Choice of blocking index

As discussed in Section 2.3, there are many different blocking indices used by researchers. These differences in the definition
and calculation of blocking indices can have implications for the outcomes of our study. Here, we examine some of these

discrepancies and how they may affect our results.

One significant modification we made compared to the method proposed by Sousa et al. (2021) was the redefinition of the
minimum blocking latitude, as depicted in Figure 1. This adjustment of the minimum blocking latitude resulted in a mean
poleward shift of the minimum latitude over the Atlantic and a mean equatorward shift over the Pacific Ocean. These shifts
have implications for the identification and measurement of blocking events. When we use a fixed minimum latitude, we get
the blocking frequency as shown in Figure S7 in the Supplements, where indeed more ridges are captured than in Figure 2.
Consequently, this divergence also impacts the outcomes presented in Figure 6. Using the more static minimum latitude of
Sousa et al. (2021) leads to Figure S8. In this figure, the blocks appear to be concentrated along the minimum latitude, partic-
ularly during the summer season. This shows the extent in which our results are influenced by the chosen minimum blocking

latitude.

Some studies employ a second geopotential height gradient to further refine the selection of blocking events. This additional
gradient,

[Z500(), ¢ — A, d) — Z500(\, ¢ — 2A6, d)]
Ad ’

GHGS2(\, ¢, d) = (11)

is also used by Sousa et al. (2021), but they use it solely to differentiate between Rex blocks and Omega blocks. Keeping the
additional gradient would thus lead to a loss of all blocks that do not have the strong flow reversal underneath the block, such
as omega blocks and ridges. This additional gradient is also used by Davini and d’ Andrea (2020). The results that Davini and
d’Andrea (2020) get for their blocking frequencies resemble our result in Figure 2, even though they used a fixed minimum
latitude of 30°N. Their use of GHGS,, which restricts their blocks mostly to Rex blocks that are found at higher latitudes,

presumably allows for the use of a lower and fixed minimum latitude.

A last important aspect of our study is the utilization of blocking centres, which are tracked using the 2D celltracking algorithm.
As outlined in Section 2.4, the blocking centre is determined by weighting the blocking intensity. Considering our minimum
blocking area of 500000 km?2, the blocking centre has the potential to move a considerable distance while remaining within the
boundaries of the blocked area. Despite this, we opted to work with the weighted centre rather than an unweighted centre due
to the association of higher intensities with greater impacts. As some of the blocks had long tails with a very low intensity, the

unweighted centre would have trailed too far away from the area that is impacted by the blocks.
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4.3 Other simplifications

Our study involves more simplifications that may impact the analysis and results. One notable simplification is the treatment of
all blocks as equal events, despite their spatial variations, as demonstrated in Figure 6. Blocks occurring at different locations
can lead to varying impacts due to factors such as orography, orientation to large water bodies, and latitude, all of which
can influence the temperature and humidity of the advected air. While we attempt to compensate for this simplification by

separating blocks over land and over oceans, a lot of details will be lost due to the generalization.

Another simplification we made was to focus on winter and summer months. This decision is based on the distinct charac-
teristics of blocks during these seasons, and they are also the most studied in literature. However, it is important to recognize
that even within these seasons, there are variations that are averaged out when analyzing on a seasonal basis, as illustrated in
Figure 5. The transitional character of spring and autumn makes these seasons more of a challenge to assess. As Brunner et al.
(2017) found, the average relation between blocks and their temperature impacts changes during spring, which makes it even

more interesting for research in a warming world.

Lastly, the choice to work with a Lagrangian framework for studying the temperature influences of blocking events is not
immediately intuitive, especially not when you are interested in the weather directly overhead. However, this approach does
offer valuable new insights into how blocking events lead to different temperature anomalies, and which factors contribute
to them. It also reveals that the impact of a block is not confined solely to the region directly underneath stationary blocks,
as faster-moving blocks leave a trace of temperature anomalies as well. Generally, we can thus expect a faster-moving block
to impact any region that it will cross in the near future. To obtain a more comprehensive picture, it would be beneficial to
project the Lagrangian temperature profiles to specific areas of interest. This would enable a better understanding of how
blocks, whether they are slowly travelling or stationary, influence temperature patterns in specific regions. By integrating the
local-scale projections, we would be able to use both the advantages of a Lagrangian framework and the practical implications

for local weather conditions.

5 Conclusions

In conclusion, this study aims to advance our understanding of the movement of atmospheric blocking and its influence on
temperature anomalies at the Earth’s surface. Atmospheric blocking has been extensively studied since the 1950’s (Rex, 1950a),
with a lot of focus on its frequency and impact on our weather in different seasons (Kautz et al., 2022). However, the velocity
of atmospheric blocking has been fewer in number, primarily due to the general quasi-stationary nature of blocks and the
predominant use of Eulerian framework in their analysis. Previous studies that did consider the velocity treated it as a secondary
aspect, without delving into its significance (Sumner, 1959; Steinfeld et al., 2018; Mokhov and Timazhev, 2019), or looked at
local effects in specific blocking locations (Chen and Luo, 2017; Yao et al., 2017). Steinfeld et al. (2018) concluded its study on
blocking propagation by mentioning that some blocks portrayed larger velocities of 10 m s~! (864 km/day), but that perhaps

they could not be seen as classical blocks.
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16 ensembles (light colours) of ECE3p5, and a 15-day running mean is plotted (opaque colours).

To address this research gap, this study adopts a Lagrangian perspective to gain deeper insights into the dynamics of atmo-
spheric blocks. By combining the blocking index of Sousa et al. (2021), the blocking intensity of Wiedenmann et al. (2002),
and the celltracking algorithm of Lochbihler et al. (2017), together with some alternations where needed, we employ a unique
methodology to identify and track the blocks. With this combination of methods, we evaluate the performance of the EC-
Earth3,5 climate model compared to ERAS reanalysis data, examine the seasonality of the zonal velocity and its interplay with

other blocking attributes, and investigate the influence of the velocity on temperature anomalies in comparison to blocking size.

The evaluation of the model performance reveals differences in the spatial distribution of blocking frequency and intensity
between ERAS and ECE3p5. Especially in summer, ECE3p5 underestimates the amounts of blocks over large regions in the
Northern Hemisphere, such as over Scandinavia, Alaska, and parts of Russia. This underestimation over Europe is a well-known
limitation of climate models (Woollings et al., 2018). However, when considering frequency, size, duration, intensity and zonal

velocity collectively, the only significant difference between ERAS and ECE3p5 was observed in the summer frequency.

After the evaluation of the ECE3p5 model, we examined the characteristics of atmospheric blocks, focused on their seasonality,
and explored relationships between different blocking aspects. Although quasi-stationary blockings make out the majority of
the blocks, our findings reveal a wide range of possible velocities, spanning from —17.5ms~! to +17.5 m s~1, as determined
by our blocking index. These values surpass those reported by Steinfeld et al. (2018), who questioned the classification of

blocks exhibiting similar velocities. Additionally, we identify seasonality in the size, duration, blocking intensity, and velocity,
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with duration showing the least pronounced seasonal variation and the others exhibiting clearer patterns. The size, intensity,
and velocity exhibit their minimum values in summer, albeit with some phase shifts among them, while the duration reached
its maximum during this season. These results align with the differences between summer and winter blocks found by Cheung
et al. (2013).

Another noteworthy discovery is the disparity in behaviour between eastward-moving blocks and westward-moving blocks,
which is summarised in Figure 9. On a seasonal basis, westward-moving blocks display larger sizes and a more linear rela-
tionship between size and velocity compared to eastward-moving blocks. The observed relationship resembles Rossby wave
theory, wherein the largest blocks are associated with westward velocities, while smaller blocks tend to exhibit eastward ve-
locities. In contrast, the duration and intensity have their maximum for quasi-stationary blocks. Furthermore, we find that
the fastest westward-moving and eastward-moving blocks occupied distinct locations compared to the majority of the blocks,
and that these locations also varied across seasons. In winter, the fastest eastward-moving blocks are predominantly found
over Greenland and stretching from Eastern Europe into Russia, while in summer, they are located over Siberia. The fastest

westward-moving blocks are situated over Siberia in both winter and summer.

Investigating the influence of the zonal velocity on surface temperature anomalies, temperature anomalies are found to be
larger in winter than in summer. This could partly be attributed to the use of daily mean temperatures, which are tempered in
summer due to lower values at cloud-free nights, and to the already warmer continent in summer, leading to smaller anomalies.
In winter, the coldest temperatures are associated with quasi-stationary blocks, while the warmest temperatures are associated
with westward-moving blocks. This same relation was also found by Zhang and Luo (2020), who showed that westward-
moving Greenland blocks were related to lower concentrations of sea ice in winter. On the contrary, no clear relations are
found during the summer. This can be explained by the different warming and cooling mechanisms in winter and summer,
which are slower in winter and thus require more time to create larger temperature anomalies, while their effect is almost

immediate in summer. We find that even the faster zonal velocities contribute to temperature anomalies.

Upon categorising the blocks according to their size and velocity, we observe distinct temperature patterns during winter and
summer. In winter, the composite mean of all blocks exhibits warmer temperature anomalies to the northwest of the block and
colder temperature anomalies to the southeast. In summer, the composite mean reveals warmer temperature anomalies beneath
the block and colder temperature anomalies to its south. Comparing these patterns to the mean state of the blocks, we find
that larger blocks induced more intense temperature anomalies, while smaller blocks resulted in less pronounced temperature
anomalies. The zonal velocity plays a role in determining the temperature anomaly patterns. In winter, faster eastward-moving
blocks lead to more confined warm anomalies, and faster westward-moving blocks to a larger spread of warm anomalies. In
summer, the size has the same effect as in winter, but the velocity only influences the location of the warm and cold anomalies
relative to the block. Temperature anomalies for faster eastward-moving blocks are situated to the left of the block, while for
faster westward-moving blocks, they appear to the right. In both cases, the largest temperature anomalies are observed upstream

of the block, where the block already had the opportunity to warm the surface area below it.
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Answering the question on whether or not the fastest moving systems can still be considered as blocks is hard to quantify.
Following the blocking definition used here based on the general Z500 blocking index these systems are filtered out as blocks.
Additionally, we found that they result in temperature impacts similar to stationary blocks. However, the influence of these
systems on stationary locations on Earth might be different due to their faster passing times, such that they may not be experi-
enced as a classical block there. For future work, it would therefore be interesting to investigate this subject further on a more
localised scale to discern regional differences more effectively. Questions on why certain types of blocks are more confined to
specific regions than others also remains to be investigated. Additionally, exploring how the velocity may change under global
warming and its potential implications for temperature anomalies would be of great interest. Understanding these dynamics

could enhance our understanding of the evolving impacts of atmospheric blocking in a changing climate.
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Author contributions. JvM: Conceptualisation, methodology, software, validation, formal analysis, data curation, writing—original draft,
visualisation. HAV: Conceptualisation, methodology, resources, software, writing—Review&Editing, supervision. MB: Conceptualisation,

methodology, writing—Review&Editing, supervision.

Competing interests. The authors declare that they have no conflict of interests.

Acknowledgements. We would like to thank the two anonymous reviewers for their constructive contributions to improve this research.

25



565

570

575

580

585

590

595

References

Altenhoff, A. M., Martius, O., Croci-Maspoli, M., Schwierz, C., and Davies, H. C.: Linkage of atmospheric blocks and synoptic-scale Rossby
waves: A climatological analysis, Tellus A: Dynamic Meteorology and Oceanography, 60, 1053-1063, 2008.

Anstey, J. A., Davini, P., Gray, L. J., Woollings, T. J., Butchart, N., Cagnazzo, C., Christiansen, B., Hardiman, S. C., Osprey, S. M., and
Yang, S.: Multi-model analysis of Northern Hemisphere winter blocking: Model biases and the role of resolution, Journal of Geophysical
Research: Atmospheres, 118, 3956-3971, 2013.

Barnes, E. A., Slingo, J., and Woollings, T.: A methodology for the comparison of blocking climatologies across indices, models and climate
scenarios, Climate dynamics, 38, 2467-2481, 2012.

Barnes, E. A., Dunn-Sigouin, E., Masato, G., and Woollings, T.: Exploring recent trends in Northern Hemisphere blocking, Geophysical
Research Letters, 41, 638-644, 2014.

Berckmans, J., Woollings, T., Demory, M.-E., Vidale, P.-L., and Roberts, M.: Atmospheric blocking in a high resolution climate model:
influences of mean state, orography and eddy forcing, Atmospheric Science Letters, 14, 34—40, 2013.

Bieli, M., Pfahl, S., and Wernli, H.: A Lagrangian investigation of hot and cold temperature extremes in Europe, Quarterly Journal of the
Royal Meteorological Society, 141, 98—-108, 2015.

Brunner, L., Hegerl, G. C., and Steiner, A. K.: Connecting atmospheric blocking to European temperature extremes in spring, Journal of
Climate, 30, 585-594, 2017.

Brunner, L., Schaller, N., Anstey, J., Sillmann, J., and Steiner, A. K.: Dependence of present and future European temperature extremes on
the location of atmospheric blocking, Geophysical research letters, 45, 6311-6320, 2018.

Cess, R. D. and Goldenberg, S. D.: The effect of ocean heat capacity upon global warming due to increasing atmospheric carbon dioxide,
Journal of Geophysical Research: Oceans, 86, 498-502, 1981.

Chen, X. and Luo, D.: Arctic sea ice decline and continental cold anomalies: Upstream and downstream effects of Greenland blocking,
Geophysical Research Letters, 44, 3411-3419, 2017.

Cheung, H. N., Zhou, W., Mok, H. Y., Wu, M. C., and Shao, Y.: Revisiting the climatology of atmospheric blocking in the Northern
Hemisphere, Advances in Atmospheric Sciences, 30, 397-410, 2013.

Christidis, N. and Stott, P. A.: Changes in the geopotential height at 500 hPa under the influence of external climatic forcings, Geophysical
Research Letters, 42, 10-798, 2015.

Copernicus Climate Change Service, C. D. S.: ERAS5 hourly data on single levels from 1940 to present., Copernicus Climate Change Service
(C3S) Climate Data Store (CDS), https://doi.org/10.24381/cds.adbb2d47, 2023.

Davini, P. and d’Andrea, F.: From CMIP3 to CMIP6: Northern Hemisphere atmospheric blocking simulation in present and future climate,
Journal of Climate, 33, 10021-10038, 2020.

Davini, P., Cagnazzo, C., Gualdi, S., and Navarra, A.: Bidimensional diagnostics, variability, and trends of Northern Hemisphere blocking,
Journal of Climate, 25, 6496-6509, 2012.

Delcambre, S. C., Lorenz, D. J., Vimont, D. J., and Martin, J. E.: Diagnosing Northern Hemisphere jet portrayal in 17 CMIP3 global climate
models: Twenty-first-century projections, Journal of Climate, 26, 4930-4946, 2013.

Doscher, R., Acosta, M., Alessandri, A., Anthoni, P., Arsouze, T., Bergman, T., Bernardello, R., Boussetta, S., Caron, L.-P., Carver, G, et al.:
The EC-Earth3 earth system model for the coupled model intercomparison project 6, Geoscientific Model Development, 15, 2973-3020,
2022.

26


https://doi.org/10.24381/cds.adbb2d47

600

605

610

615

620

625

630

635

Garriott, E. B.: Long-range weather forecasts, 35, US Government Printing Office, 1904.

Hersbach, H., Bell, B., Berrisford, P., Biavati, G., Hordnyi, A., Mufioz Sabater, J., Nicolas, J., Peubey, C., Radu, R., Rozum, I, et al.: ERAS
hourly data on single levels from 1940 to present, Copernicus Climate Change Service (C3S) Climate Data Store (CDS)[data set], 2023.

Hirt, M., Schielicke, L., Miiller, A., and Névir, P.: Statistics and dynamics of blockings with a point vortex model, Tellus A: Dynamic
Meteorology and Oceanography, 70, 1-20, 2018.

Holton, J. R. and Hakim, G. J.: Chapter 5.7 - Atmospheric Oscillations: Linear Perturbation Theory, Rossby Waves, in: An Introduction to
Dynamic Meteorology (Fifth Edition), edited by Holton, J. R. and Hakim, G. J., pp. 159-165, Academic Press, Boston, fifth edition edn.,
https://doi.org/https://doi.org/10.1016/B978-0-12-384866-6.00005-2, 2013.

Ji, L. and Tibaldi, S.: Numerical simulations of a case of blocking: The effects of orography and land—sea contrast, Monthly weather review,
111, 2068-2086, 1983.

Kautz, L.-A., Martius, O., Pfahl, S., Pinto, J. G., Ramos, A. M., Sousa, P. M., and Woollings, T.: Atmospheric blocking and weather extremes
over the Euro-Atlantic sector—a review, Weather and climate dynamics, 3, 305-336, 2022.

Liu, Q.: On the definition and persistence of blocking, Tellus A, 46, 286-298, 1994.

Lochbihler, K., Lenderink, G., and Siebesma, A. P.: The spatial extent of rainfall events and its relation to precipitation scaling, Geophysical
Research Letters, 44, 8629-8636, 2017.

Luo, D. and Zhang, W.: A nonlinear multiscale theory of atmospheric blocking: Dynamical and thermodynamic effects of meridional poten-
tial vorticity gradient, Journal of the Atmospheric Sciences, 77, 2471-2500, 2020.

Luo, D., Zhang, W., Zhong, L., and Dai, A.: A nonlinear theory of atmospheric blocking: A potential vorticity gradient view, Journal of the
Atmospheric Sciences, 76, 2399-2427, 2019.

Mokhov, I. and Timazhev, A.: Atmospheric blocking and changes in its frequency in the 21st century simulated with the ensemble of climate
models, Russian Meteorology and Hydrology, 44, 369-377, 2019.

Muntjewerf, L., Bintanja, R., Reerink, T., and Van Der Wiel, K.: The KNMI Large Ensemble Time Slice (KNMI-LENTIS), Geoscientific
Model Development, 16, 45814597, 2023.

Nabizadeh, E., Hassanzadeh, P., Yang, D., and Barnes, E. A.: Size of the atmospheric blocking events: Scaling law and response to climate
change, Geophysical Research Letters, 46, 13 488—13 499, 2019.

Narinesingh, V., Booth, J. F., Clark, S. K., and Ming, Y.: Atmospheric blocking in an aquaplanet and the impact of orography, Weather and
Climate Dynamics, 1, 293-311, 2020.

Pelly, J. L. and Hoskins, B. J.: A new perspective on blocking, Journal of the atmospheric sciences, 60, 743755, 2003.

Pfahl, S., Schwierz, C., Croci-Maspoli, M., Grams, C. M., and Wernli, H.: Importance of latent heat release in ascending air streams for
atmospheric blocking, Nature Geoscience, 8, 610-614, 2015.

Pithan, F., Shepherd, T. G., Zappa, G., and Sandu, I.: Climate model biases in jet streams, blocking and storm tracks resulting from missing
orographic drag, Geophysical Research Letters, 43, 7231-7240, 2016.

Platzman, G. W.: The Rossby wave, Quarterly Journal of the Royal Meteorological Society, 94, 225-248, 1968.

Rex, D.: Blocking action in the middle troposphere and its effect upon regional climate. I. An aerological study of blocking., Tellus, 2,
196-211, 1950a.

Rex, D.: Blocking action in the middle troposphere and its effect upon regional climate. II. The climatology of blocking action., Tellus, 2,

275-301, 1950b.

27


https://doi.org/https://doi.org/10.1016/B978-0-12-384866-6.00005-2

640

645

650

655

660

Rothlisberger, M. and Martius, O.: Quantifying the local effect of Northern Hemisphere atmospheric blocks on the persistence of summer
hot and dry spells, Geophysical Research Letters, 46, 10 101-10 111, 2019.

Sousa, P. M., Trigo, R. M., Barriopedro, D., Soares, P. M., Ramos, A. M., and Liberato, M. L.: Responses of European precipitation distri-
butions and regimes to different blocking locations, Climate dynamics, 48, 1141-1160, 2017.

Sousa, P. M., Barriopedro, D., Garcia-Herrera, R., Woollings, T., and Trigo, R. M.: A new combined detection algorithm for blocking and
subtropical ridges, Journal of Climate, 34, 7735-7758, 2021.

Steinfeld, D., Boettcher, M., Forbes, R., and Pfahl, S.: The sensitivity of atmospheric blocking to changes in latent heating, in: EGU General
Assembly Conference Abstracts, p. 2975, 2018.

Steinfeld, D., Boettcher, M., Forbes, R., and Pfahl, S.: The sensitivity of atmospheric blocking to upstream latent heating—numerical experi-
ments, Weather and Climate Dynamics, 1, 405-426, 2020.

Sumner, E.: Blocking anticyclones in the Atlantic-European sector of the northern hemisphere, Met. Mag., 88, 300-311, 1959.

Tibaldi, S. and Molteni, F.: On the operational predictability of blocking, Tellus A, 42, 343-365, 1990.

Van Dorland, R., Beersma, J., Bessembinder, J., Bloemendaal, N., Vanden Brink, H., Brotons Blanes, M., et al.. KNMI national climate
scenarios 2023 for The Netherlands, Tech. Rep. WR 23-02, Royal Netherlands Meteorological Institute, 2023.

Wiedenmann, J. M., Lupo, A. R., Mokhov, L. 1., and Tikhonova, E. A.: The climatology of blocking anticyclones for the Northern and
Southern Hemispheres: Block intensity as a diagnostic, Journal of climate, 15, 3459-3473, 2002.

Woollings, T., Barriopedro, D., Methven, J., Son, S.-W., Martius, O., Harvey, B., Sillmann, J., Lupo, A. R., and Seneviratne, S.: Blocking
and its response to climate change, Current climate change reports, 4, 287-300, 2018.

Yamazaki, A. and Itoh, H.: Vortex—vortex interactions for the maintenance of blocking. Part I: The selective absorption mechanism and a
case study, Journal of the Atmospheric Sciences, 70, 725-742, 2013.

Yao, Y., Luo, D., Dai, A., and Simmonds, I.: Increased quasi stationarity and persistence of winter Ural blocking and Eurasian extreme cold
events in response to Arctic warming. Part I: Insights from observational analyses, Journal of Climate, 30, 3549-3568, 2017.

Zhang, W. and Luo, D.: A nonlinear theory of atmospheric blocking: An application to Greenland blocking changes linked to winter Arctic

sea ice loss, Journal of the Atmospheric Sciences, 77, 723-751, 2020.

28



