Revision of “Concurrent heat waves and their linkage to
large-scale meridional heat transports through planetary-scale
waves” by V. Lembo et al.

Reply to reviewer 2

| appreciate the authors' thorough efforts in addressing the key points raised in the previous review.
The manuscript has improved considerably: the overall structure has been reorganised, resulting in a
smoother flow, and the presentation and discussion of the results are now clearer. The introduction is
also better framed, with the study's goals and context more clearly articulated. Overall, the main
issues have been satisfactorily resolved. | only have a few minor technical corrections and suggestions
related to the tables and figures.

- Table 2: the header in the fourth column should probably be “LST95"” instead of “LST5". Additionally,
two semicolon + space (% “) are missing in the last two column headers. A very minor stylistic
suggestion: the font size of the values appears smaller and is somewhat difficult to read, for instance,
compared to Table 1. If space allows, you might consider slightly increasing the font size for better
legibility. For example, splitting the header into two lines at the semicolon could create enough room
to enlarge the numerical values.

Agreed. The Table was restructured according to the suggestions. We also corrected some numbers, that
were found to be incorrect, together with the associated percentages.

- Regarding the figures with maps, it would improve the overall clarity and visual consistency if the
same stylistic elements were applied across all map figures. Figures 1 and 6, for example, include grid
line labels, more detailed panel titles, and larger fonts, which enhance readability. Extending these
formatting choices to Figures 2, 4, and 8 would make the presentation more cohesive and easier to
interpret.

Thank you for the comment. We have restructured Figure 2, 4 and 8 in order to reflect the style of Figures 1
and 6.

Reply to editor

We thank the editor for the constructive comments. We answer briefly to each specific comment in italic.

Overview

The paper investigates the statistical linkage between meridional heat transport (MHT) extremes (in a
zonal average sense) and concurrent heat waves, as well as the link of MHT to amplified planetary
waves, that are observed during concurrent heat waves. The authors find reduced MHT during
concomitant heat wave days and that the overall fraction of concurrent MHT extreme and northern
hemispheric land surface temperature (LST) extremes is small. Still they argue that up to half of all LST
extreme events, feature an extreme MHT event. The summer as well as winter season are



investigated with striking different patterns. Interestingly, winter LST extremes are also characterized
by reduced MHT, likely due to a more zonalised flow and thus more zonal advection of mild and moist
oceanic air masses into the continents.

The paper adds some dynamical context to the topic of concurrent heat waves due to amplified
hemispheric planetary wave discussed controversially in the last years. In particular, the result for
winter is novel and in my view warrants more attention and emphasis in the paper.

The authors have put a huge effort in improving the initial version of the manuscript. Thank you.
Reviewer 2 is satisfied how their concerns have been addressed and has only few minor comments
left. 1 want to explicitly acknowledge how serious you took the concerns of both reviewers and
drastically rewrote the paper in order to provide a more balanced presentation of results and to avoid
implying causal relations where they are not supported by the evidence shown. In that sense also
many of Reviewer 1 initial concerns should be addressed. However, | still see some places, where the
discussion could be even more streamlined and directions for future research be given. In particular |
find the conclusions for the results in summer about the potential relevance of MHT still too strong
provided the relatively weak linkage found. Alternate interpretation could be hypothesized. In
contrast, the results for winter are new and could be emphasized more. Also even more previous
literature investigating how synoptic dynamics affect the large-scale Rossby wave pattern could be
discussed, e.g. in the context of the case study on the 2021 Pacific NW heat wave.

To give you some guidance and make this other round of revision easier, | provide few main
comments, before listing some minor comments in the order of the text.

Main comments:

1. As you state the result that MHT are relatively weakly extreme and if they co-occur they are rather
negative is counterintuitive on the first sight. You correctly mention, that this is still consistent with the
known more prevalent blocked situations in summer during concurrent heat waves. From recent work
emphasizing the important role of moist synoptic dynamics in blocking onset (please also discuss
work building on Pfahl et al. 2015, Steinfeld and Pfahl 2019; for the June 2021 Pacific NW heat wave
Oertel et al. 2023; and perhaps most importantly as most recently Hauser et al. 2024 (in WCD!)). These
studies stress from a synoptic perspective the meridional air mass transport in ascending
precipitating air streams upstream of the block, a dynamical process that should appear in MHT prior
to the actual highly amplified flow (in a time-lagged sense).

Did you also analyse the time-lagged occurrence of MHT **prior** to extreme LST? Such an analysis
should at least be suggested for future research and discussed along with most recent work more
from atmospheric dynamics.

Thank you for the comment. We have conducted a preliminary analysis on time-lagged analysis and have in
mind to carry this out further as a follow-up to this work. Figure 1 in this response shows the number of
days with hemispheric warm LST extremes preceding or following a MHT weak (a,c) or strong (b,d) extreme
as a function of leading/lagging days, both in the JJA (a,b) and DJF (c,d) seasons. A confidence interval,
denoting what this count would be for the same number of samples that would be randomly picked, and an
asymmetry index are also provided.



Concerning weak MHT extremes (Figure 1a,c), most of the lags exceeding the significance level are located
around lag 0. This gives a good ground to our strategy of looking at co-occurring extremes. However, when
looking at strong MHT extremes (Figures 1b,d), the results suggest that MHT extremes may lead LST extreme
by about 15 days. This is consistent with the dynamical process mentioned by the reviewer, associated with
the build-up of the high-latitude blockings leading to the combined weak MHT-warm LST events. Also
interesting is what we found for DJF; significantly heightened counts of strong MHT extremes lag LST warm
extremes by 12-17 days, with a timescale that is consistent with the leading wavenumbers (k=2,3) as
evidenced in this manuscript and in previous papers (e.g. Lembo et al. 2022). We consider that these
preliminary findings may open to interesting future investigations..

We included a new Figure 9 and added these considerations to the final part of the Discussions section as
follows:

“In this work, we deliberately chose to avoid temporal aggregations, therefore we only considered
concurrent LST extremes at the daily timescale. In fact, we did not aim here to distinguish the temporal
scales at which hemispheric extremes occur from the background conditions that favor their propagation,
turning localized extremes into "circum-global teleconnections". However, while leaving for future study a
focused investigation on different temporal aggregations of concurrent heatwaves and on how these reflect
on combined occurrences with MHT extremes, we provide here a lagged analysis of combined weak MHT
extremes and warm hemispheric LST extreme occurrences. Figure 9 shows counts of MHT extremes as a
function of the lag from any LST event, separately for boreal Winter and Summer, for strong and weak MHT
extremes. According to a hypothesis test based on a Montecarlo resampling, for weak MHT extremes (Figure
9a,c) most of the lags exceeding the significance level are located around lag 0. We also notice, though, that
for DJF a few significant lags point towards MHT weak extremes lagging LST extremes by about 25 days. This
qualitative analysis generally confirms that the coincident selection of weak MHT extremes and warm
hemispheric LST extremes is justified. However, it is also interesting to look at strong MHT extremes (Figures
9b,d), for which coincident occurrences are rarer than lagged occurrences, with MHT extremes either
leading warm LST occurrences in Summer (Figure 9b) or lagging them in Winter, in both cases with o
12-days lag.

In Summer, this finding is consistent with recent works, relating diabatic heating embedded in moisture
transport through synoptic-scale baroclinic perturbations to the downstream development of blocking
systems (Pfahl et al., 2015; Steinfeld and Pfahl, 2019; Hauser et al., 2024). We argued here (Section 3.2) that
LSTO5|MHT| occurrences feature high-latitudinal blockings,; it is possible that preceding strong MHT
extremes are instrumental in advecting the heat favoring the development of such blockings. We leave for
future study to investigate how weak and strong MHT extremes interact through ultra-long (k=2,3) modes of
atmospheric dynamics, favoring the development and propagation of heatwaves along the mid-latitudes.”
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Figure 1: Counts of days with hemispheric warm LST extremes as a function of lags (in days) with respect to
extremely weak MHT days in (a) JJA, (b) DJF. Positive lags mean that MHT extremes lead LST extremes,
whereas the opposite holds for negative lags. A dashed thick line denotes the median of counts for random
reshuffling with a 3000-iterations Montecarlo method that preserves clustering and seasonality. The
confidence interval at a 90% significance level is provided in gray. Red markings denote lags for which the
number of dots significantly exceed the confidence interval for random reshuffling. An asymmetry index is
provided in the subtitle, retrieved as Al= (N+-N-)/(N++N-) with N+ being the sum of all counts for each
positive lag, N- the sum of all counts for each negative lag. A Montecarlo two-sided p-value is also provided
to denote how significant the asymmetry is.

2. Can you state something about the actual co-occurrence of the LST extremes? When temporally
averaging over a couple of weeks to a months the LST extremes might co-occur hemispherically, but
on synoptic time scales of a few days they might happen in sequence. Likewise the zonal averaging of
daily data, might result in an extreme affecting only one region but being extreme on the hemispheric
scale in the zonal average sense. These temporal/spatial scales (daily/regional vs monthly/planetary)
are an important distinction in terms of the underlying Rossby wave dynamics and should be
discussed along with the critics of Wirth 2020 (WCD!) about the limits of the ray tracing theory for
wave guideability (also Polster and Wirth 2019 (WCD!)) and along with Réthlisberger et al. 2019.

Thank you for the comment.

We recognize here two aspects: one is the missing link between localized and hemispheric heatwaves in the
combined occurrences that are the main subject of our study. To this aim, an additional section (see also
reply below) has been added to the Supplementary Information, showing the masked LST anomalies for
each combined occurrence in the two seasons. We argue, as mentioned below, that the composite analysis
is representative of the simultaneous occurrence of localized daily LST extremes over preferred regions,
especially in DJF, thus justifying our composite approach. We do also state explicitly that we did not perform
temporal aggregation, because we needed to adapt to the sporadic nature of MHT extreme occurrences.



However, as mentioned in the previous comment, we do show now a lagged analysis, hinting towards the
successive lines of research that could be opened by our analysis.

The second aspect is that we partly overlooked the literature on the ability of the jet stream being a wave
guide, and more generally, on waveguides for Rossby waves zonal propagation. Given its relevance for the
occurrence of concurrent heatwaves, this will now be considered to the same extent as was considered the
theory of quasi-resonant amplification. Therefore, we added a new period in the Introduction section citing
the works mentioned by the reviewer. It reads as follows:

“Diagnostics of the waveguidability of the upper tropospheric jet stream (Wirth et al., 2018) have been used
to investigate the co-occurrence of surface extremes, such as the heatwaves (Wirth and Polster, 2021; White
et al, 2022). Related work has used the notion of quasi-resonant amplification (Petoukhov et al., 2013). The
choice of waveguidability definition plays and important role. Ray tracing and the associated “turning
latitudes” present multiple limitations when applied to transient waves, and analyses with barotropic flow
models showed that the strength of the meridional gradient of potential vorticity better reflects how the jet
stream serves as a waveguide for the zonal propagation of such waves (Wirth, 2020; Wirth and Polster,
2021, Segalini et al., 2024).”

3. The DJF results could be emphasized more at least as much as the JJA results. Currently they go a bit
under.

We give equal weight in the presentation to JJA and DJF results across all figures. We however agree
that we focus more on the summer aspects in the discussion, especially as they are interesting in the
context of heat waves, but winter patterns are also mentioned. In fact, the overall aspect of increase
in mid-latitude land temperatures associated with weak meridional energy transport is a common
feature for winter and summer and hence indicates a fundamental property of the large-scale
circulation. We have now added the following text focusing on DJF in the discussion:

“To our best knowledge, it is the first time hemispheric-scale warm anomalies in Winter are associated
with thermodynamic features of the planetary-scale general circulation. Previous works have often
linked warm spells in boreal Winter to an excessively zonal flow (Slonosky and Yiou, 2002; Holmberg
et al., 2023) or wetter-than-normal conditions (Tuel and Martius, 2024), but a circumpolar extension of
these arguments was still missing.”

Moreover we have emphasised the cross-seasonal physical properties by adding to the conclusion:

“The inter-seasonal aspect indicates fundamental physical properties: a weak meridional heat
transport leaves more energy for heating in the mid latitudes. “

Further comments (line numbers as in manuscript version 3)

| 84: formula for phi: Should "+0" be deleted?

Indeed. That was a typo and it was corrected. Thanks for spotting it.



| 124: equation (9): should the iterators in b not be b_{i,k}{m} (m instead of v)

Thanks for spotting the typo. We have now corrected it.

| 154: related to my main comment 2: the definition of LST extremes does not necessarily require
co-occurring extremes in several regions at the same given day as it is based on the hemispheric
mean. A single regional extreme might already show up as a hemispheric extreme. How many of the
actual identified extremes have an extreme in the locations indicated in the composite mean at the
actual same time/day? Can you perhaps show a stamp plot of all 34 (35) events as supplement and in
addition to the composite mean?

Thank you for the comment. We took the chance to produce the stamp plots as suggested, masking out
regions for which the LST anomaly would not exceed the locally computed 95-percentile. This is a very
restrictive approach, since the choice of the hemispheric LST daily extreme has been computed so far based
on hemispherically averaged 95 percentile, therefore not requiring the coincident occurrence of a local
extreme. However, we notice that to a good extent the highlighted regions are consistent with the
significance masks in Figure 2a, i.e. western Eurasia and Northwestern America in JJA. The picture is even
clearer for DJF (cfr. Figure 8a), with large swaths of Eurasia and North America simultaneously affected by
>95-percentile anomalies.

Overall, this seconds our interpretation of the diverse linkage between MHT weak extremes and hemispheric
LST warm events; in Summer, the occurrence of high latitude blocking events at different regions suppresses
the poleward energy transport, in some cases even triggering an equatorward heat transport, in Winter the
MHT suppression occurs at a hemispheric scale, with excessive zonal flow making it inland across
continental regions of Eurasia and America.

We added these figures to the Supplementary Material together with a few lines to describe them. They are
also mentioned in Results section of the main text.
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Figure 2: anomaly maps of LST for each weak MHT - warm LST detected combined occurrence in JJA. Only
values exceeding the 95-percentile computed at each gridpoint are shown. Significance masks as in Figures
2 and 8 of the manuscript are also shown. The colormap ranges between -10 and +10 K.



_ 06-Dec-1979 . 08-Feb-1981 _ 07-Dec-1981 . _ O5-Jan-1984
. ) yop e & ™ \ .‘?‘J e
TS

6-Jan-1984

17-Feb-2002

06-Jan-2007

Figure 3: same as in Figure 2, for each weak MHT - warm LST daily occurrence in JJA. The colormap
ranges between -10 and +10 K.

| 182: "The prevalence" -> the wording still suggests that there would be a strong link, even it is only
10% of actual co-occurrence when counting in that strict sense. Just state what it is. "LST95 together
with MHT- occur most often compared to all other combinations of LST and MHT events."

Agreed. We changed this sentence to “Given that LST95|MHT| conditioned events occur more often than
other conditional occurrences, as shown in Table 2, we first aim to consider the relevance of these cases
with respect to all MHT| occurrences.”

1250: second sentence: You should be a bit more precise here, on which subset you are looking at
here. The LST95 alone or the combined LST/MHT subset. Also it should be much more emphasized
that the most intense jets are observed during LST95 events alone, and not necessarily those
associated with a MHT event.

Agreed. We changed the whole period to be more specific and emphasize the peculiarity of the LST95
distribution:

“This is reflected in the probability distribution functions (PDF) of the jet stream intensity over the two basins
(Figure 3a,c) as compared to the climatological distribution, to the distributions within MHT| and LST95
samples. The distribution associated with LST95|MHT| occurrences exhibits a significant tail towards
extremely intense jet stream in the Pacific, that is coherent with the climatological distribution and the
distribution for MHT| and LST95. However, the median value is set to be significantly larger than the
climatology, although smaller than the median value for LST95 events. Similarly in the Atlantic, the



distribution is peculiarly asymmetric towards weak jet stream, while having a larger median value than the
climatology and than the MHT| distribution.”

1260: Again the results here about the blocking frequencies should also be contrasted to the LST95
subset alone as this really stands out.

Agreed. The following sentence was added: “To a lesser extent, these combined events also feature
increased occurrence of blockings in Eastern Eurasia and in the eastern Atlantic, features that are shared
with other unconditioned LST95 events (cfr. Figure 5a and Figure 6g).”

1264: The LST95 alone subset discussion comes a bit late. Perhaps guide the reader a bit better and
earlier, that his paragraph will follow after the LST/MHT subset discussion.

Agreed. We hinted at several places in the first part of Section 3.2 to the discussion of Figure 6 later in the
same section.

1342 Begin of Discussion section 4: Also discuss the temporal scale considered: on which scale are the
LST events con-current (what is the temporal aggregation?). Are they also con-current on synoptic /
daily scales, or subsequent?

Apologize for the confusion. Apparently, it was not clear that the temporal aggregation is daily. We now
state this briefly in the Methods 2.2.3 section and when referring to the mentioned lagged analysis in the
discussion section:

“In this work, we deliberately chose to avoid temporal aggregations, therefore we only considered
concurrent LST extremes at the daily timescale. In fact, we did not aim here to distinguish the temporal
scales at which hemispheric extremes occur from the background conditions that favor their propagation,
turning localized extremes into "circum-global teleconnections". However, while leaving for future study a
focused investigation on different temporal aggregations of concurrent heatwaves and on how these reflect
on combined occurrences with MHT extremes, we provide here a lagged analysis of combined weak MHT
extremes and warm hemispheric LST extreme occurrences.”

| 382: other studies more on the synoptic dynamics and role of moist processes in blocking should be
discussed: Pfahl et al. 2015, Hauser et al. 2024, for role of climate change Steinfeld and Pfahl 2019. For
line 386 PC NW Heat wave Oertel et al. 2023, Mo et al. 2022.

The mentioned references have been added to the discussion as follows:

“On one hand, diabatic flow is known to be crucial for nonlinear Rossby waves amplification (cfr. Grams
and Archambault (2016)). On the other hand, moist processes are fundamental for the development of
upstream blocking systems, especially at high latitudes (Pfahl et al., 2015), not only in boreal Summer
(Hauser et al., 2024). Heat and latent energy convergence between mid-latitudes and the polar regions is
predicted to change significantly with global warming (e.g Steinfeld and Pfahl (2019)), and therefore a mean
state change in the meridional temperature gradient with implications for planetary-scale waves is
expected. Understanding how this reverberates on transport and temperature extremes including
hemispheric heatwaves is a challenging issue, that is left for a future study.



| 395, conclusion second bullet point: the quantitative statement here is a bit strong without the
proper context. Refer back to the discussion of table 2 in lines 191-194 to justify these numbers. State
clearer that X% of events of consecutive LST extreme days are related to least one extreme LST/MHT
co-occurrence day.

Agreed. We restructured the bullet point as follows: - The combined occurrence of extremely weak MHT and
extremely warm hemispheric LSTs in boreal Summer is associated with the reversal of MHT contribution by
wavenumber 3, that reverts the sign of the total MHT. An increasing frequency of western Eurasian blocking
and intensity of Northwestern Pacific blocking, as well as an increasing intensity of the jet stream in the
Pacific region is found to be associated with such occurrences.”

1397, conclusion third bullet point: Isn't the enhanced z500 gradient, poleward shifted zonal flow, and
low pressure activity NE shift towards Scandinavia (in the European domain) the real novelty and
outstanding result for DJF? Rather than the wavy flow, which is much more pronounced in LST JJA
alone? | understood in DJF the flow would be more zonalised - a somewhat novel result. Try to be
more precise here about MHT/LST and LST alone composite results and stratification according to
season.

Agreed. Given that bullet point 3 turned out to be relatively vague, we decided to remove it and enforce
bullet point 5 (now 4), specifically relating to DJF, as follows: “- The combined occurrence of extremely weak
MHT and extremely warm hemispheric LSTs in boreal Winter is associated with the suppression of the MHT
contribution by wavenumber 2. The phase of this wave in facts promotes an enhanced meridional
geopotential height gradient, poleward shifted and intensified jet stream, anomalous shift of the low
pressure activity towards Scandinavia in the European domain, and a downstream displacement of the jet
stream elsewhere, facilitating an overall anomalously zonalised flow, increasing eastward advection of
warm air masses across the continents.”

1407: Should not be stressed that in boreal winter, a consequence of the configuration is a more
zonalised flow, too?

See our reply to the previous comment.

1414-420: This concluding statement still seems too strong, regarding the evidence provided. You
should be more specific, in the sense that extreme LST events are rather related to negative MHT.
Also the temporal scales / spatial considered for concurrent extremes (LST in zonal mean, not
necessarily implying an LST extreme at different regions if a local very strong extreme exists) should
be mentioned.

Again. We tried to restructure the final period in a more nuanced way. It now reads as follows: “Overall, this
work has shown that co-occurring heatwaves at hemispheric scale and the general circulation of the
atmosphere under certain conditions can be related to each other by means of the strength of the heat
exchanges between the Poles and the Tropics, carried out in the mid-latitudes through planetary-scale
eddies. Such eddies are in this respect crucial, and we highlighted that wavenumbers 2 and 3 and their
modulation are often instrumental in shaping the simultaneous occurrence of circulation patterns that
favor the development of heatwaves at the regional scale. These findings suggest that a careful evaluation



of anomalies in such planetary-scale waves may improve our capability to understand concurrent
heatwaves, both in boreal Summer and Winter.”

Supplement line 8-10: The study of Mo et al. 2022 and / or Oertel et al. 2023 should be cited and
discussed in this context, where you emphasise the role of warm air advection and moist frontal zone
as these were some of the first looking into that case from that synoptic perspective.

Done. Thank you.
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