e Original comments in black
e Answers in blue

We thank the reviewers and editor for their time and constructive feedback to improve the
manuscript.

Report #1:

The paper investigates the motion of atmospheric blocking and its influence on the temperature
field. The paper has improved from the first round of reviews; | especially like the discussion section
that explores possible influences of the method on the data.

| still have a few points:

- Please indicate in each figure to which data the figure belongs (ERA5 or ECE3p5). In the later
figures, this is not clearly labeled. If it is based on ECE3p5 and you have similar analysis for ERAS5,
please plot them or their differences in the supplement.

Answer: We added the datasets where missing in the figures. From figure 4 onwards, all figures are
based on ECE3p5. ERAS is only used to verify the ability of ECE3p5 to simulate blocking events, but
due to the lower amount of data (1950-2022 compared to 16 times 1850-2014 in ECE3p5) we only
made the composite plots with the ECE3p5 data.

- Regarding Fig. 2: Can you speculate why the frequency of blocks in the ECE3p5 data is shifted
compared to ERA5?

Answer: Yes, this shift of frequencies is explained in the discussion 4.1 “Model biases” in the last
paragraph (lines 398-405). We refer to this explanation in the last sentence of Section 2.3. In
summary, the shift is likely explained by a combination of overestimation of jets over the oceans and
inaccurate orography in climate models.

- Section 2.4: You speak of intensity and size. Please clarify if you mean mean or maximum Bl as
intensity. What is meant by size: the maximum size during the lifetime or on a certain day of the
block? Moreover, please clarify that the size is dependent on your method of blocking identification.
The whole block, as well as its area of influence, can be larger. Your method basically identifies the
blocking high central area only.

Answer: Thank you for pointing out this confusion in definitions. Both the mean and maximum
intensity are calculated per block per day. For every figure or description it is stated which of the two
is used (however, maximum intensity is only used in Table 1). The size is also calculated per day of
the blocking event. We will clarify this in the Methods (section 2.3 and 2.4) and elsewhere needed. It
indeed finds the blocking high central area, as can be seen in Figure 3, and follows from equations 1-
6, which is the same as Tibaldi et al. and Sousa et al. used, so this area is what has been referred to
as a block in these papers as well.

- Section 2.4: Elaborate on how you calculate the weighted center (based on Bl values?).

Answer: the weighted center is based on the blocking intensity and is a direct output of the 2D-
celltracking algorithm. Every cell that is part of the block has an intensity, and from all these
intensities the weighted center is calculated, resulting in a (lat,lon) output per day that the block
exists.



- Section 2.4: To calculate the speed of the block centers, you use the location at the first day of
identification and the last day. | wonder if this would be different if you used a few time steps in
between. It might be possible that the systems move faster at the beginning and at the end of their
"lifetime."

Answer: Yes, we also find that blocks move faster in their first days. This is why Figure 6 is plotted for
the fourth day, which is also explained in lines 273-277 in Section 3.4 and shown by Steinfeld et al.
(2018). However, when you look at Figure S5 (newly added in the supplements), we can see that the
movement continues after the initial onset phase. We will also refer to this new figure in the text and
add the logic behind it in the methods.

- Figure 3: Could you please add a date to the figure? Is this data from ERA5?

Answer: Date is added in the figure. It is indeed from ERA5. We also added a figure to better show
how the algorithm captures the development of the block. The arrow was accidently pointed in the
wrong direction (based on assumptions on the general blocking direction), so this has also been
adjusted for this specific case.

- Section 2.5, line 148: How is the data exactly "detrended and corrected for climatology"?

Answer: This is done by calculating the climatological daily mean of the temperature per ensemble
member and subtracting this mean from each day in the dataset. We will add this to the text.

- Section 3.1, lines 180-181: Hirt et al. (2018, their Fig. 7, Section 4.1.5) investigated blocking from a
point vortex perspective and found that most of the identified, theoretical, westward-directed
blocking speeds are smaller in magnitude than the westerly flow. Can you confirm this? How many of
your blocks are moving to the east? [Reference: Hirt, M., Schielicke, L., Miiller, A., & Névir, P. (2018).
Statistics and dynamics of blockings with a point vortex model. *Tellus A: Dynamic Meteorology and
Oceanography, 70*(1), 1-20. https://doi.org/10.1080/16000870.2018.1458565]

Answer: This is interesting and | will add the reference to this section of the results. However, we
didn’t study the wind velocities in this work, so we can’t say anything about their relative
magnitudes. As for how many of our blocks are moving to the east and west, we split it out here in
two tables for ERAS and EC-Earth3p5 separately. However, as this just splits the velocity in positive
and negative velocities, of which the majority is still around zero (see Figures 4, 7 and Table 2, where
the distributions of blocking velocities are shown) we think it is more useful to work with the fastest
10% moving eastward and westward (shaded in grey in those figures). These are also the percentiles
by which the blocks are divided in Figure 6.

ERAS Total (1951-2014) | v_x>0 v_x<0 v_x=0
Full year 7511 5102 (68%) 2401 (42%) 8

DJF 1557 981 (63%) 576 (37%) 0

JA 2273 1514 (67%) 754 (33%) 5
EC-Earth3p5 Total (1951-2014, | v_x>0 v_x<0 v_x=0

16 ens. members)

Full year 109994 70144 (64%) 39820 (36%) 30
DJF 25139 15680 (62%) 9451 (38%) 8

JA 28816 17806 (62%) 11001 (38%) 9

- Fig. 4: Size and intensity—are these mean values over the lifetime of each block?



https://doi.org/10.1080/16000870.2018.1458565

Answer: Good question. Both are the mean values over the lifetime of a block. We will clarify this in
the text.

- Fig. 5: Black lines are not explained in the caption.

Answer: The lines are not black, but a darker version of each colour. In the description, we described
it as “The thicker lines are the 15-day rolling means, and the thinner lines show the mean values
over all blocks and ensembles per day of the year.” We changed it to “darker” and “lighter”, which is
hopefully clearer.

- Section 3.3, line 225: A definition of westward-/eastward-moving blocks is missing. The definition
follows in Section 3.4.

Answer: We adjusted the text in several places revering to westward- and eastward-moving blocks to
distinguish between all blocks moving to the east/west or the 10% fastest moving blocks. In 3.3 the
10% fastest is not used and the blocks are merely split by their positive or negative velocity.

- Fig. 6: The hotspots of the distributions are mainly far to the north. Can you explain this? How
would the distributions be affected if you take all grid points into consideration, not only the centers?
Could you please add the latitude you use as a criterion for the identification?

Answer: This is a good question, especially for summer when the blocks are found even further to
the north. The latitudes we use as criteria can be found in the methods (Section 2.3, equations 1 and
3. Minimum latitude is variable, but around 40 degrees, and the maximum latitude is 75 degrees).
We will adjust the methods to make it clearer which maximum latitude we use there. It follows from
Sousa et al. (2021). Just as there is a high-pressure band just below the minimum latitude, there is
also a high pressure area over the poles, which is why the maximum latitude is applied to exclude
those. In Sousa et al. they call blocks forming in this area “polar blocks”, and in their figure 7 it is
visible that Rex blocks occur in these regions quite often. It is thus possible that what we see around
the maximum latitude are part of a bigger blocking system over the pole. We will expand on this in
the manuscript.

- Fig. 8: On which day do you calculate the composites? Are the descriptions of the x- and y-axis
correct in the caption?

Answer: The composites are calculated over the whole duration of the block, we will add this in the
description. Thank you for pointing out the error in the caption. Originally the x- and y-axes where
switched, which caused the error. We changed it to the correct description.

- Section 5, lines 490-493: | was also wondering if we can still call these fast-moving systems
blocking. Could you look at some examples explicitly and make a statement on this?

Answer: This question does not have a straight-forward answer. Based on the widely used blocking
definition using Z500, these fast-moving systems classify as blocks, and according to figure 8 these
systems also still impact the temperature at the Earth’s surface. Therefore you could say that at least
their moving impact is still block-like. However, when looking from a stationary point of view (e.g.
one location on Earth), these systems will likely result in a lower impact due to the faster passing
time and may therefore not be experienced as a classical block. This is mentioned in the last
paragraph of 4.3 and 5, lines 513-515, but we will add a concluding section in the last paragraph of 5.

Report #2:



Review result of “On the movement of atmospheric blocking systems and the associated
temperature responses” by Van Mourik et al.”

Overall recommendation: Major revision

| have read this revised manuscript in detail. It seems that the authors only made a minor revision
and didn’t answer my major issues. Thus, | am not satisfied for the author’s revision, even though
this manuscript has been improved in part. In my initial review, | have pointed out that the author’s
2D Cell-tracking Algorithm used to identify the zonal propagation velocity of atmospheric blocking is
likely incorrect. Unfortunately, the authors did not present any responses to my issue in this new
revised version. Because the 2D Cell-tracking Algorithm failed to identify the zonal propagation speed
of atmospheric blocking, the author’s conclusion about the propagation speed of atmospheric
blocking is confusing and not solid. Based on this, | recommend that a major revision of this
manuscript is still needed.

Answer: We thank the reviewer again for their detailed comments and suggestions. The major
concerns with the methodology probably lie in our motivation and terminology, so we suggest to re-
phrase several aspects.

Firstly, we want to stress that the focus of this work is not to compare the movement of atmospheric
blocks to the theoretical propagation speed of Rossby waves. Although we agree that a more
detailed and quantitative comparison to Rossby wave theory should help with the interpretation of
the results, this is not the main goal of our work. Rather, we want to study the actual movement with
respect to the Earth’s surface linked to the potential impacts on near-surface conditions. While there
is undoubtedly value in linking surface-relative movement to the group speed of associated Rossby
waves, it is not of primary importance to our results. We still agree that this should be
communicated and motivated more clearly and therefore suggest to make the necessary
adjustments to the text as well as use the terminology (surface-relative) ‘movement’ rather than
zonal ‘propagation speed’.

Secondly, the reviewer does not agree with the 2D cell-tracking algorithm used to detect and track
atmospheric blocks. While the technique certainly has its limitations (see Discussion section 4.2) and
the link to a more formal interpretation using Rossby wave theory is not straightforward, we refer the
reader to the work of Lochbihler et al. (2017) and others on this matter, as it is an existing method to
track movements in for example rainfall events and other moving “objects” in the atmosphere. In
addition, our suggestion is to improve the link to Rossby wave theory in order to better estimate
wave propagation speeds and compare these to the tracked movements of blocks. This is done in the
results section 3.2.

Lastly, an argument not to rely solely on Rossby wave theory is that the properties of atmospheric
blocks considered here cannot be fully represented as such. Even including nonlinear terms, complex
wave-wave interactions and highly nonlinear behaviour may be of importance while they are not
captured in an idealised theoretical view. Again, we suggest to connect better to existing theoretical
understanding but stick to the observational, surface-relative view of atmospheric blocks as our
primary viewpoint.

Major comments:

(1) In my initial review, | have pointed out that the two-dimensional (2D) Cell-tracking Algorithm as a
Lagrangian method cannot correctly identify the zonal propagation speed of atmospheric blocking.
Such a method will lead to a misleading conclusion. Unfortunately, the authors did not present any
responses in the revised manuscript. Below, | again give my issues:



In the Data and Method section (lines 130-144 in the original manuscript), the authors tried to use
the two-dimensional (2D) Cell-tracking Algorithm to calculate the zonal propagation velocity of
atmospheric blocks. However, | think that such a 2D Celltracking Algorithm fails to identify the zonal
propagation velocity of atmospheric blocking because this 2D Cell-tracking algorithm cannot
differentiate the group velocity and zonal phase speed or propagation velocity of the blocking
anomaly in the geopotential height fields in the form of

Yp =B Liexp[i(kx — wt)]sin(my) + cc

y

(Luo et al. 2019), where cc denotes the complex conjugate of its preceding term, Ly is the width of
beta channel and B(x,t) is the complex blocking envelope amplitude and the time-longitude variation
of absolute B(x,t) or |B| denotes the group velocity of the blocking anomaly B with zonal
wavenumber k, Cp=w/k is the zonal propagation velocity of the linear blocking anomaly in a linear

theory framework. In a nonlinear theory framework, the zonal propagation velocity of the blocking
PV, 8yM§
k2+m2+F  2KkPV,

anomalyis Cyp = U

where U is the basic zonal wind, PVy is the meridional gradient of background potential vorticity and
MO is the blocking amplitude or intensity.

If the authors calculate the movement speed of YB by tracking the maximum or minimum intensity
of B, this movement speed cannot represent the zonal propagation velocity of atmospheric
blocking. Thus, | do not think that the results based on the 2D Cell-tracking algorithm are correct. Of
course, it is also difficult to compute the group velocity and zonal propagation velocity of
atmospheric blocking using the 2D Cell-tracking algorithm. Please also see Zimin et al. (2003, 2006)
about how to calculate the group velocity and zonal propagation velocity of Rossby wave packet
(atmospheric blocking).

Based on the blocking theory, | think that the 2D Cell-tracking algorithm the authors used are not
correct. The authors should at least provide evidence to confirm if the author’s method is correct.
For example, in a revised version the authors should at least discuss some issues: For example, the
authors should discuss whether the 2D Celltracking algorithm is suitable for identifying the zonal
propagation speed of atmospheric blocking is whether it consistent with the previous blocking
theory (i.e., Luo et al. 2019) and the previous diagnostic methods (i.e., Zimin et al. 2003, 2006). |
suggest that the authors should calculate the zonal movement speeds of quasi-stationary, retrograde
and eastward-moving blocking events by plotting the time-longitude Hovmoller diagrams of the
composite daily Z500 anomalies for each type of blocking events and then further compare them
with the results obtained from 2D Cell-tracking algorithm. Such a comparison can confirm whether
the 2D Cell-tracking algorithm is correct.

Answer:

- We thank the reviewer for these detailed theoretical considerations and suggestions. We fully agree
that there is a difference between the formal definition of group and phase velocity of Rossby wave
packets, and the heuristic definition of the ‘propagation velocity’ we use, namely ‘the movement of
the intensity-weighted centre of the tracked blocking feature’. Our definition is grounded in a
pragmatic approach where a block is first identified by its ‘blocking index’. Since this index is based
on inherently simple threshold criteria it will and cannot correspond to a definition based on wave
theory. Our main motivation for using a simple definition based on the tracked features rather than



on the underlying propagating Rossby wave, is that our interest is in the associated temperature
response. Therefore, to us defining a blocking centre as the weighted mean centre of the tracked
feature is useful because it allows us to make composites, and similarly a notion of the movement of
the whole system relative to the ground is useful as it allows us to investigate the differences in
temperature response they are associated with. To avoid further confusion of the term, we removed
the “propagation” part from our definition of blocking movement in the text and changed it to “zonal
velocity” and “blocking movement”.

To incorporate more of the requested information provided by the reviewer, we expand a bit more
on the theoretical propagation velocity in the introduction, and on the Rossby Wave theory in the
results, quoting the formulae introduced above. In addition we will include some Hovmaller
diagrams which show how the movement of the atmospheric blocking patterns is extracted and
recorded for one case in Figure 3 and for the composite of all velocities <P10, between P10 and P90,
and <P90 in the supplements Figure S5. From these figures it can be seen that the intensity-weighted
centres follow the Z500 anomalies. We consider a more detailed comparison and decomposition of
each blocking feature in terms of its underlying wave components, beyond the scope of this paper.

(2) How to calculate the zonal phase speed of blocking events

When blocking events in a certain region are classified into three types: Quasistationary, retrograde
and eastward-travelling blocking events, the authors may perform a daily composite to the daily
evolution of the Z500 (t, x, y) anomaly for each type of blocking events. The authors can calculate the
zonal phase speed of blocking for each type of blocking event if the authors plot the time-longitude
Hovmoller diagram of the composite daily Z500 (t, x, y) at a fixed latitude y. However, when the
authors used the 2D Cell-tracking algorithm to calculate the movement speed by tracking the
maximum or minimum value of daily Z500 (t, x,y), the movement speed obtained by the authors is
not identical to the zonal phase speed of blocking.

Answer: We adjusted Figure 3 to include a Hovmoller diagram of the Z500 anomaly, the longitudes of
the intensity-weighted centres following from the tracking algorithm, and the boundaries of the
block following from the blocking index. Additionally, we added a section in the supplements with
composite Hovmoller plots (S5) for all velocities lower that P10, between P10-P90, and above P90
(similar to Figure 6) and extra explanation. These dots in these figures follow from the intensity-
weighted mean, which is something different than the minimum or maximum value of daily Z500 as
the reviewer is suggesting. The intensity is calculated by comparing Z500(t,x,y) to Z500 upstream and
downstream (see equation 7) and is thus a relative value with respect to its surroundings.

(3) Whether atmospheric blocking undergoes retrogression, westward or eastward movement
depends on the background zonal wind U, PVy and blocking amplitude or intensity in terms of

_ g PW  syM§ L . . .
Cyp=U KrmiAF | 2kPV, (Luo et al. 2019). When blocking intensity or amplitude is larger or U or

PVy is smaller, atmospheric blocking exhibits a westward movement. In particular, atmospheric
blocking with a large zonal size often shows a retrogression because it has generally a large
amplitude or intensity. However, the 2D Cell-tracking algorithm seems to give confused results. For
example, in Table 1, it seems that blocking events with large size and intensity move more eastward
with a large phase speed. This is very confusing. | suggest that the authors should divide blocking
events in winter or summer into three cases: Stationary, retrogression and eastward movement.
Then, the authors should calculate the event number, size, intensity and phase speed of the three
types of blocking events in winter or summer and further discuss their impacts on local weathers.
The authors may find that retrograde blocking events will have larger size (zonal scale), larger



intensity, and longer lifetime, which can be more stationary and eastward-travelling if the upstream
basic zonal wind is particularly strong (Zhang and Luo 2020). In contrast, the eastward-traveling
blocking events will generally have lower intensity, smaller size and shorter lifetime. The authors
should read in detail the theoretical papers of Luo et al. (2019) and Zhang and Luo (2020). They have
discussed in detail the relationship among the blocking size, intensity and movement as well as their
linkages to the background conditions and their impacts.

Answer: Thank you for this extra information which we will incorporate to strengthen our
explanations. However, Table 1 seems to be misunderstood. It shows the statistics over all blocks,
only divided by their seasons, to compare the numbers of the used climate model to the ERA5
reanalysis. The velocity in this table is the absolute velocity and thus does not indicate any west- or
eastward movement. The distinction between the different movement directions is made for the first
time in Figure 4, where indeed you can see that the westward-moving blocks are larger in size and
the eastward-moving blocks smaller. The quasi-stationary blocks are mid-sized, but have the longer
lifetime and intensity. This agrees with what you are describing here.

(4) Please clearly give the definition of the blocking duration. In fact, the duration of atmospheric
blocking has different definitions. For example, the persistent time of blocking anomaly with
amplitude larger than a threshold in a given domain may be defined as a local duration. This local
duration is not equivalent to the lifetime of blocking when the blocking moves in the west-east
direction. Clearly, the local duration and lifetime of blocking events are different. It seems that the
local duration of the blocking events is more important for the local weather extremes than its
lifetime unless the blocking is stationary.

Answer: Yes, the local duration and the lifetime of the block are different. In this manuscript we look
at the lifetime of the blocks, as we are working in a Lagrangian framework and thus are following the
blocks. Since we don’t work from a local (Eulerian) point of view, it is not possible to give a general

local duration of a block. We will clarify this in the methods and elsewhere where “duration” is used.

Minor issues are not further shown here.
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Editor:

Despite some improvements of the paper, the two reviewers and myself have still several major and
minor comments. Reviewer 1 would like to be convinced about the relevance of the propagation
velocity computation using the cell-tracking algorithm. Reviewer's idea is to compare the
propagation velocity done in the paper with that obtained from an Hovmoller diagram on the
composite of anomalous Z500 over blocking events. One possibility would be to show several



individual blocking cases rather than a composite. Reviewer 2's comments ask for more detailed
information on several figures and results.

On my side, | also noticed that the robust link found in the paper between propagation velocity and
size is not fully explained. Line 198 it is said "This result is similar to the behaviour of Rossby waves
according to the Rossby wave theory, where the group velocity is westward for larger waves and
eastward for smaller waves". First "group velocity" needs to be replaced by "phase velocity". And
also | think it would be worth to make the link clearer by explicitly writing the phase velocity in
Rossby waves theory (like the one written by reviewer 1). It shows that when the zonal wavenumber
is small the PV gradient term, which is negative, is also stronger in amplitude.

Answer: Thank you for your this overview of the reviewers points and your additional comments.

We hope that the addition of extra explanations on our definition of blocking movement and the link
to the theoretical propagation and Rossby wave theory improved this paper sufficiently. All the
captions of the figures have been checked and adjusted where confusion was still possible. To clarify
the tracking algorithm, we added a subfigure to Figure 3, in which a Hovmoller diagram is shown for
Z500 anomaly and the boundary of the block over the lifetime of the block used in this figure.
Additionally, we added a section in the supplements with Hovmaller plots of the composites of
blocks with velocities <P10, between P10 and P90, and >P90. We refer to this figure throughout the
text whenever it clarification was needed. We also sized up Figure 8, as we thought it might be a bit
small originally.

We will await the further decisions regarding the progression of this paper.



