We thank referee #1 for their review and various suggestions to improve the
manuscript. In the following we will respond to the comments listed by the referee,
which are written in italics. Our responses are written in bold.

Minor comments:

1. L121: js there a reason for a 3-week, non-overlapping period? How does this influence
your results, in particular the short heat waves?

The choice of 3-week, non-overlapping periods has two motivations:

First, we choose 3-week periods to focus on the subseasonal timescale in which we
require the co-occurrence of temperature extremes to be reflected in the resulting
clusters. For the same level of event synchronicity (12.5%), clusters resulting from
3-week periods are larger and fewer than with 2- or 1-week periods. This choice is
made somewhat redundant by the fact that region size and number can additionally
be subjectively changed by altering other parameters such as the threshold for the
dendrogram truncation or even for the binarisation before the clustering (see Section
1 of the Supplementary Materials). In the end, the choice for the parameters was tuned
to end up with regions of size and location that best matched European heatwave
research, whilst still being objective in its grouping of grid cells and demarcation of
clusters based on observed extreme temperature variability. Long-lasting or short
events can be defined for regions of most sizes. That said, one could speculate that
region size would affect the distribution of event durations. In particular, very short
heatwaves (1-2 days) probably affect an even smaller fraction of the regions.

Second, we choose non-overlapping periods to minimise the statistical dependence
between different periods, which would affect the statistical significance testing we
perform in our analyses.

2. L146: how do you define a heat wave day? Is there a minimum spatial threshold or is one
grid point sufficient?

We define a hot day as a day exceeding the +1 standard deviation threshold of the
region-averaged standardised anomalies, which were previously deseasonalised and
detrended. We mention this threshold at 1.150. As the other reviewer pointed out, this
is an important sentence that seems rather casually mentioned, so we will give it
more prominence in the paragraph by mentioning it at the beginning.

The threshold is based on the standard deviation of the time series resulting from the
spatial average of the standardised anomalies in the region. The exceedance was not
defined based on a minimal spatial requirement. However, we did explore other
methods to define a hot day and how these affect the distribution of hot spell
durations, which are briefly discussed in Section 2 of the Supplementary Materials.



3. L161: for long-lasting heat spells: do you use the same 4-5 day period for all
meteorological fields?

We use a different random seed for each meteorological field, meaning that we
subsample different subperiods each time. Even with this approach, we observe a
consistent correspondence between the composites across variables (i.e. in almost
all cases. During the analysis, we also subsampled different periods for the same
meteorological field, and this did not alter the qualitative patterns or the statistically
significant areas.

4. Figure 1: there appears to be a typo in the box next to I. (I_4"* and |_3"* must be
switched)

We understand how this may look like an oversight. In the logic of the schematic, the
subspell period |, was selected prior to l,. In other words, the sequence should not
matter for the labelling as the subperiods are sampled randomly across all long
spells. However, to avoid confusion, we will correct this, especially since the rest of
the subspells appear to be ordered.

5. L210: the reader may be interested in the other regions too (maybe add some results to
the supplementary material if it adds an added value to the study)

We have already included the same figures from Sections 3.2-3 of the main
manuscript for the other regions in Section 4 of the Supplementary Materials, for
those interested in reviewing them.

6. L259: parenthesis missing in the quotation

Added.

7. L286: remove point before Rossby wave

Removed.

8. L.331: cutoffs > cutoff

Corrected.



9. L361: insert blank space before Wehrli et al.

Added.

10. Figure 9¢/10c: = 2 instead of 2 2

Corrected.

11. Figure 9/10: the size of the squares ... —> does it mean that e.g. 66% of the heat wave it
is dominated by a feature (e.g. a block)

Yes, that is the correct way to interpret the square size.

12. L393: remove typo before Rossby waves (WN)

‘WN’ is meant to come before ‘Rossby wave’, as it refers to the latter’s wavenumber.
This part of the sentence is meant to be read as: “Lower WN Rossby waves are more
stationary than higher WN waves and can thereby enhance the persistence of surface
weather systems.” The sentence will be rewritten in this way for clarity. Also, we will
make sure to be more consistent with the use of acronyms.



We thank referee #2 for their thoughtful, engaging and constructive feedback. We
appreciate the suggestions to improve the quality of the manuscript. In the following
document, we hope to adequately respond to both the general comments and specific
comments. Referee comments are written in italics, while our responses are in bold.

General comments:

1. The motivation of the paper is presented in a somewhat misleading fashion. The authors
repeatedly highlight the impacts of heatwaves as motivation for their work, but then focus
their analysis on moderate events (which they in fact term “hot spells” rather than
heatwaves”. | do find the analysis of the hot spells interesting, but | would suggest a more
nuanced framing of the introduction. In particular, the framing should recognise that the
events the authors analyse are not necessarily high-impact ones from a societal viewpoint. If
impacts were the only consideration, then the authors should revise their definition of hot
spells.

While the events we focus on in our study might not necessarily be high-impact in the
same way as the newsworthy mega-heatwaves, they are still capable of putting stress
on natural and societal systems by virtue of their longevity. They might surpass the
hot day threshold by little or a lot, but it is their continued exceedance over many
days/weeks that does not allow these systems respite and thus potentially making the
cumulative impact quite high. This could negatively impact the recovery of a system
or sector following an event (Flach et al. 2021, Polt et al. 2023). For some parts of the
midlatitudes, the difficulty in acclimatising to a longer-lasting shift of above-normal
temperatures will increase mortality (Anderson and Bell 2011). Polt et al. (2023) also
argue that the duration of a heat event affects the societal response independent of,
and additionally to, its intensity. Heatwaves in Germany, for instance, tend to show the
strongest societal response between 2 weeks and 2 months.

We will make sure to better drive home this particular aspect of heat impacts in the
introduction/motivation.

2. While I understand that the focus of this study is on persistence rather than intensity, it
would still be interesting to provide some information on the intensity of the events that you
analyse in the main text, e.g. in Sect. 3.1. This would enable some understanding of what a
“hot spell” entails in practice, and enable to relate the events being analysed to the typical
intensity of recent European heatwaves.

The relatively low threshold (1sd) chosen to define hot spells in this study means that
the detected hot days range from uncommon to somewhat rare in terms of their

magnitude. For the six clusters, this corresponds roughly to the 85th percentile of the
region-averaged anomalies. Rothlisberger et al. (2019) used this threshold, applied on



a gridpoint scale, referring to such events as ‘moderate hot spells’. To provide
additional context on the magnitude of these events, we have included Figure R1.
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b) Intensity of all long v. short spell days
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Figure R1: Distributions of mean long v. short hot spell intensity (a) and the intensity of individual hot
days within those spells (b) across all six clusters from the regionalisation.

Figure R1 shows a range of intensities across events, with most corresponding to the
region-averaged 90th percentile — a threshold that has often been selected to define
hot days for heatwaves (Domeisen et al. 2023). The intensity distributions also reveal
an interesting regional difference: visually, there is no noticeable difference in the
median intensity of long versus short spells in regions 2 and 3. In contrast, for
regions 4 and 5, the shift toward higher anomalies for long hot spells is pronounced.

Furthermore, as mentioned in the manuscript, our definition of hot spells allows for
identified waves of heat to be merged into one event if occurring very close in time.
This step introduces non-hot days that can lower the spell average, as evidenced by
the presence of individual days that classify as below the 80th percentile.

We will ensure that some of this information is included in Table 1 of Section 3.1, by
adding columns with mean spell values and confidence intervals. Additionally, we will
add the figure above to the Supplementary Materials document and refer readers to it
in the main manuscript for further details regarding the intensity of these events. This
should help contextualise what a ‘hot spell’ entails in practice, and assist in relating
these events to the typical intensity of recent European heatwaves.




3. Throughout the paper, the authors equate persistence or stationarity of the large-scale
flow with duration of the hot spells. However, this relationship is not as straightforward as the
authors implicitly make it. For example, Holmberg et al. (2023) argued for a nuanced and
variable relationship between the persistence of the large-scale flow and European
temperature extremes.

Thank you for this comment. You raise an important point, and we appreciate the
opportunity to clarify this aspect of our analysis. It is not our intention to suggest a
simple 1:1 relationship between persistence of the large-scale atmospheric circulation
and the persistence of surface temperature extremes. We would also like to note that,
regardless of our somewhat diverging characterisation of persistence, Holmberg et al.
(2023) makes the link between persistent atmospheric configurations and
warm-temperature extremes, without focusing on the latter’s persistence beyond the
synoptic timescale, which is the subject of our study. That said, we fully agree with
the need for a nuanced understanding of this relationship.

Our main argument drawn from the composite analysis of atmospheric fields in
Section 3.3 is that, on average during the lifetime of long hot spells, there are certain
structural configurations of the upper-level large-scale dynamics that favour this
prolonged surface weather. Through the literature, we know that such configurations
have indeed a strong link to flow stationarity.

Following this, Section 3.4 provides necessary nuance and elaboration. We
demonstrate that this link is not as straightforward as suggested by the composites.
Specifically, we show that long spells typically exhibit flow quasi-stationary and/or
recurrent flow patterns, both persistent circulations capable of causing persistent
surface weather. Indeed, around half of long spells feature synoptic-scale transient
recurrent Rossby wave packets (RRWPs), sometimes accompanied by blocking,
sometimes not. This underscores that the flow cannot simply be described as ‘just
stationary’ in all cases.

Moreover, we emphasise that these persistent circulation features are often present
only for portions or moments of the hot spell’s lifetime, often overlapping or occurring
in various sequences. This suggests that the flow associated with long spells does
not need to remain wholly unchanged throughout its entire duration to contribute to
its overall persistence; rather, the intermittent (or combined) influence of the drivers
across different periods of the spell can still sustain prolonged surface weather.

We will ensure these points are better highlighted throughout the manuscript and that
our statements convey the necessary nuance while remaining clear and
unambiguous.



Specific comments:

Note that the list of typos and poorly phrased passages below is not comprehensive. | would
recommend a thorough proof-reading of the text before a revised version is resubmitted.

Many thanks for pointing out the typos and oversights, which shall be corrected. The
whole manuscript will be proof-read and more carefully examined for such mistakes.

1.6 This is poorly phrased. When you write “Temperatures are averaged across these
regions for an analysis of hot spells in SW and W Europe.”, it sounds as though you use
temperature information from all 6 regions for the analysis of 2 of them.

Agreed it is unclear. We shall rephrase the sentence to avoid this misunderstanding.

.13 - It is unclear why a zonal flow must necessarily mean a more transient flow. In fact,
there are studies that argue that the zonal large-scale flow is the “default” state of the
atmospheric circulation, with blocking representing an unstable fixed point (e.g. Faranda et
al., 2016).

We realise from the reviewer comment that the expression transient is understood
slightly differently in different sub-communities. We were using the term transient
coming from a Rossby wave dynamics point of view, meaning: transient vs. stationary
waves, the reviewer interpreted the sentence more from a system dynamics point of
view. We will clarify “our” meaning by reformulating this sentence slightly.

1.29 Do the authors mean excess deaths?

Corrected.

1.33 The citation of Tuel and Martius (2024) is misleading. The paper does not analyse
impacts, and does not provide any evidence of a link between duration of hot spells and
severity of impacts, beyond citing other literature on the topic.

We shall provide better references that establish a link between the duration of hot
spells and the severity of their impacts.

1.49 “that” should be “the”



Corrected.

.64 — 65 This is an incomplete sentence.

The line mentioning RRWP belongs to the previous sentence on weather recurrence.
We will connect the two sentences.

1.100 - Why start from 19597 This is neither the start of the available ERAS5 data nor the start
of satellite assimilations. Also, since the authors struggle with sample size, adding the
summers of 2023 and 2024 could provide a few extra persistent hot spells.

It is true that adding the currently available additional years would provide a handful
of additional long spell cases for our analysis. However, at the time the data for this
study was gathered — with the many variables post-processed and feature detection
algorithms applied — it was early summer 2023, and the ERAS5 dataset then only
offered a back extension to 1959. Given the substantial time already invested in
downloading, processing, and analysing the data, it was decided to proceed with the
64 years of data available at that point, rather than later revisiting the entire
processing pipeline to include more years.

1.114 - This certainly works well for temperature and other smooth variables, but given that
only 8 years are used, is this enough to give a smooth climatology also for noisy variables
such as TP?

Thank you for raising a valid point. Following your comment, we computed the total
precipitation (TP) composites based on anomalies that were calculated centered on a
20- and 30- year moving window. Figure R2 shows that using a 20- or 30-year running
window does not affect the pattern and structures found when using an 8-year
running window. Hence, for consistency, we use the 8-year running window for all
variables.
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Figure R2: Total precipitation composites for long (left) and short (right) spells, computed using
anomalies derived from different climatological windows: 8-year (a,b), 20-year (c,d), and 30-year (e,f).

1.121 - Why do the authors choose non-overlapping periods?

Depending on the autocorrelation of the temperature series, overlapping periods
could introduce temporal dependencies that would complicate the analysis and make
it difficult to distinguish different events. To avoid such statistical issues, we chose
non-overlapping periods. The referee raises a valuable point, which presents a
challenge that could be addressed in future work.

1.123 95th percentile of what? Of the distribution of 3-week averaged temperatures? Please
clarify in the text.

Will clarify.

1.138 Verify that the figures are referred to consecutively in the text. Fig. 2 appears to be
referred to before Fig. 1.

This will be adjusted accordingly.




1.145 “and” should be “to”

Corrected.

1.150 - Why do the authors select a threshold in units of standard deviations here, but used a
percentile threshold for the regionalisation? Also, the 1 sd threshold comes out of nowhere,
and some context for it should be provided; for example, a sentence stating explicitly that a 1
sd threshold is used to define the hot spells.

The two computations (regionalisation and hot spell definition) address two different
questions. We performed the regionalisation using percentiles, as they rely solely on
the rank of values, and as such allow us to remain more generic/flexible in the face of
potential distributional differences across the gridcells of the entire European
domain.

For the hot spell thresholds within the now defined regions, we compared several
options, both in percentiles and standard deviation units. Given the amount of data
we proceeded the study with, the +1o threshold satisfied our need for sufficient
persistent events, while still retaining sufficiently moderate hot days. Such a
threshold has previously been used to study heatwaves, for instance in Weirich-Benet
et al. (2023), where weekly averages exceeding this threshold are regarded as “high
temperature anomalies”.

We will add a sentence at the beginning of this paragraph specifying the threshold
used to define hot days/spells.

1.158 The reference to Tuel and Martius (2023) is again potentially misleading here. The
authors again use a paper that does not conduct any explicit analysis of impacts to support a
sweeping statement on impacts of hot spells. It would be more instructive for the reader if
the authors cited some of the papers that Tuel and Martius (2023) use to support the
statements that they make on impacts.

We shall cite studies that more explicitly tie long-lasting heat extremes to their
impacts, such as those referenced in our reply to General Comment #1.

1.185 - Here the authors state that they “consider grid cells significant if they are identified as
such in at least two-thirds of the 100 subsampled composites”. However, in some of the later
figures they use two different types of stippling to highlight both the 1/3 and 2/3 threshold
cases.



Thank you for pointing out this oversight. We will modify 1.185 to include the
explanation of the 1/3 stippling that is illustrated in Figs. 5-6.

1.187 Here the authors could add a clarification that the stated confidence levels for the long
spells should not be interpreted at face value, since the authors show cases where a given
fraction of a sample satisfies a given confidence level. In other words, the stippling in the
later figures for the long spells cannot be interpreted statistically in the same way as a 95%
confidence level normally would be.

We will insert a statement on this matter to avoid misinterpretations. The stipplings
are to be interpreted differently, though in both cases, their objective is to point out
regions where there is a signal.

1.203 - This makes the choice of regions that the authors focus on in the main text debatable.
Why pick the two regions with the fewest long spells as focus regions if the authors
repeatedly highlight sample size as a challenge for their analysis?

The choice of regions in the main text was not based on the availability of long spell
events, which is a limitation for all six regions. We selected SW and W Europe
because they are geographically close, yet at two distinct latitudinal bands, each with
different blocking frequencies and soil moisture regimes, making them suitable for an
interesting comparison. While these regions have fewer long spells, they still provide
meaningful insights into the broader analysis. Considering a few additional long
spells would make the composites somewhat more representative, but it is unlikely to
significantly impact the robustness of the analysis or the underlying arguments.
Figures for the other four regions are available in the Supplementary Materials (Sect.
4), and these regions can be explored in future work.

Fig. 3 I find the “Q” labels along the y-axis in panel (b) misleading. | would assume that these
refer to “quantiles” or “quartiles”, while according to the caption they instead signify deciles.

The caption refers to 30th, 20th, and 10th percentiles, which are the equivalent to the

Q0.30, Q0.20, and Q0.10 on the x-axis of Figure 3b. We will refer to them as quantiles
in the caption to be consistent.

1.240 What do the authors mean by “contrasting spread”?

We mean to say that, for region 2, the thinner boxplots representing spell onset
contrast in the extent of their spread. Soil moisture values at the beginning of long



spells are very unlikely to be above climatology, whereas during short spells they can
take on a broader range of values.

1.241 “Bulk of values”. Do the authors mean bulk of events?

Corrected.

1.245 What does “significantly extreme” mean? The figure shows values significantly different
from zero.

Corrected.

1.262/4 - This is an interesting consideration. Does this suggest that long spells are long
because they are weak while short spells may be short by virtue of their intensity, as the very
high temperatures are a potential trigger for convection?

This sentence is somewhat speculative, and we do not suggest that short spells are
short because they are more intense — at least not more so than long spells
(depending on the region in question it is actually the other way around, see Fig. R1).
Our understanding of the link between convection and the end of a heatwave, based
on the study by Zhang and Boos (2023), is that temperatures can only rise so high
before the atmosphere becomes unstable and triggers convection, even in a
predominantly dry atmosphere. When temperatures during a hot spell reach this
intensity, convection could occur and potentially end the hot spell sooner than if
temperatures had remained more moderate. This could theoretically happen after any
number of days. To avoid misinterpretation or confusion, we suggest removing this
sentence.

1.281 - The authors should support their statement about persistence of the flow. Several of
them have previously worked on this topic, and are certainly aware of appropriate references
that could be used here.

Again, we look at things from a Rossby wave perspective and the term “flow”
includes most prominently also Rossby waves. From the system dynamics point of
view this statement might be less obvious. We will certainly add relevant references,
such as Hoskins and Ambrizzi (1993) and Hoskins and Woolings (2015), to support
our statement.




[.285 “there is has”

Noted. Should be “there is”.

1.286 Remove the extra full stop

Removed.

1.298 - Not everyone would agree with this statement, and in fact Lucarini and Gritsun
(2020), identified blocking as not necessarily being a persistent configuration; see also my
comment on I. 13. Holmberg et al. (2023) also argued against the notion that blocked
large-scale atmospheric flows must be a priori anomalously persistent.

What we meant with blocks being synonymous with persistence is that they are
typically equated with large-scale anticyclonic conditions that persist beyond their
usual duration. In other words, blocks consist of persistent geopotential height
anomalies. A ‘persistent blocking event’, which we are not referring to, would suggest
a long-lived block. Accordingly, the term ‘persistence’ should be interpreted with care,
as its meaning can vary depending on the characteristic timescale of the feature
being described. We shall add a clarifying statement in this regard in the text.

Furthermore, we would like to note that the persistence metric used in Holmberg et al.
(2023) finds a significant link between summertime heatwaves and mid-tropospheric
persistence, consistent with the presence of atmospheric blocks. It is only when
using sea-level pressure (SLP) as a proxy for atmospheric flow patterns that they do
not find this persistence link with extreme temperatures, which makes sense given
the reduced relevance of SLP in summer compared to winter because of local heat
lows.

We will likely include a sentence in the introduction to clarify that when we refer to
persistence, we are talking about episodic persistence and weather system
persistence.

I. 304 - Where can the reader find information on blocking size in the figure?

Admittedly, the blocking frequency composites alone do not prove that individual
blocking systems during the long events are larger. However, it shows that the overall
positive blocking frequency signal extends over a wider area during persistent spells.

Figure R3 would indeed be a better illustration of this point. When comparing the
mean area covered by blocks during the lifetime of individual spells, we observe that
a greater portion of long spells than short spells are accompanied by larger blocks, as



evidenced by the difference in the median. A more precise phrasing would be that
long hot spells are less likely to have no/small blocks. In contrast, while it is less
common for short hot spells to be associated with larger blocks, it is certainly still
possible. The statement comes down to a difference in the median, with the extent of
this difference depending on the blocking index being used.
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Figure R3: Boxplots showing the average fraction of area covered by blocking during the lifetime of long
and short spells for SW Europe (region 1, top row) and W Europe (region 2, bottom row). The leftmost
panels display results for blocking detected using vertically averaged integrated potential vorticity
(VIPV), while the rightmost panels show results from the blocking index based on geopotential height
anomalies at 500 hPa (Z500).

Based on this one could conclude that block size, and by implication
quasi-stationarity, can contribute to the persistence of near-surface hot spells.
However, as in the case of soil moisture anomalies, this aspect alone does not solely
account for the difference in long and short hot spells and is subject to other
conditions/configurations taking place.

We will include this figure in the manuscript in Section 3.3.2 to better support our
argument.

1.314 “VIPV”: define the acronym.

This should have been defined in 1.106; here, we will change PV to VIPV.

1.324 The statistically significant positive precipitation anomalies are also seen for the long
spells, but the way the text is formulated presents this as a factor differentiating short hot
spells from longer ones.

The long spell composites for both SW and W Europe (Figs. 4,5) do not show
statistically significant precipitation anomalies upstream of the hot spell regions,
unlike the short spells. In fact, the current formulation should suggest this as a
distinguishing factor.



1.339 — 340 Why do the authors use a separate paragraph for these two lines?’

The separation is not intentional. The two lines will be part of the previous paragraph.

1.343 The sentence is missing an “a”

Added.

1.347 - Both the text and the figure give prominence to RWB, but this is something that the
authors never explicitly diagnose. | would recommend: clarifying that the RWB is assessed
visually, or computing RWB with some existing algorithm, or toning down RWB in the
summary text and figure presented here.

Overturning RWB composites were computed as part of our analysis, detecting them
using an algorithm from the same repository that was employed to track cutoffs. Yet,
we ended up including these plots only in the Supplementary Materials (Sect. 3, Figs.
S$11-12). The presence of marked RWB is mainly relevant in the context of long spells
over SW Europe (region 1). This can be assessed visually in the slanted pattern of the
Z500 anomalies, suggesting anticyclonic RWB (see Fig. 11 in Tamarin-Brodsky and
Harnik, 2024). The frequent appearance of cutoffs upstream of the hot spell region is
also indicative of RWB activity. Both of these observations are corroborated by the
frequency anomalies of overturning anticyclonic RWB in the composites, which are
not included in the main text but are detailed in the Supplementary Materials.

In response to the comment, we will clarify in the manuscript that RWB is assessed
visually and/or inferred in these instances and refer to the supplementary figures for
confirmation. This adjustment should alleviate any concerns about overemphasising
RWB and better justify its role in the argument.

1.361 There is a missing space

Added.

1.361 There is a missing space

Added.



Sect. 3.8 makes a number of interesting points and | enjoyed reading it.

Thank you!

1.367 “an summary”

Corrected.

1.393 Define the acronym “WN”

Changed to “wavenumber (WN)”.

1.395 “strat”

“Start”

1.410 “the factors their long duration”

“the factors driving their long duration”

1.411 An alternative to using climate models could be to leverage reforecasts, which may
better reproduce the synoptic and large-scale features discussed by the authors.

Indeed, that is a valid point. We will incorporate this suggestion, thank you.
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