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Version 0:
Reviewer comments:
Referee #1

(Remarks to the Author)

The article conducts a systematic event attribution of 187 historical heatwaves, and atiributes the effects to individual carbon
majors. The novelty lies in the fact that this is such a large systematic study and the results are therefore comprehensive and
relevant to a wide range of readers, the attribution to carbon majors is also an interesting development. As such | think that
this paper is worthy of being published in this journal.

My main concern is that at times it is hard to determine what is new here, | think this would be the case for the many non-
specialist readers of this journal . For example which of the methods being employed are themselves novel and which are
identical or very similar to those already being used in other studies. While many of these studies are referenced and an
expert or interested reader could discover this themselves | think it would be helpful to include more phrases such as
“following ...” or “similar to ..” to make it very obvious when an existing method is being used.

Reading the section beginning L44 might also give the impression that this is the first study to attempt to atiribute extreme
events to individual sources — so care needs to be taken to ensure that the reader realises that there are already several
studies linking extreme events to countries (e.g. Otto et al 2017) and individuals (e.g. Lott et al 2021).

The article should also be clearer if this attribution is to anthropogenic effects or climate change in general as it seems to be
described both ways e.g. L24 vs L113.

In several places you describe how climate change has increased the risk and amplitude by a certain amount but do not
specify from when (I assume this is 1850-1900) but it would be good to be more explicit, especially in the abstract.

The values for attributable risk seem quite high. For the example presented for the Pacific NW heatwave, the previously
calculated value of 150 times on L96, although consistent with your uncertainty, is much smaller than your median (over
10000). Can you comment on this and perhaps give an example of such large numbers being calculated in previous
literature?

L308 — could you give a bit more detail on why this is the best method for model selection — or give a reference where this is
also done — as its not immediately clear to me why a model with good seasonality would be best at modelling the frequency
of extreme events.

Minor comments:

Figure 1 — could you make the outline of the events a bit clearer.

L277 — perhaps change “former” to “previous” as | think this would be clearer.

L284 — please explain what NLL means —i.e. negative log likelihood.

Could you consider changing GMT to GMST — as | think this is more commonly used — this is also the abbreviation that is



used for this metric by the IPCC

(Remarks on code availability)

Unfortunately | have run out of time to try to get this code to actually work (its quite complicated so this would take longer
than | have).

However | have looked through it and can confirm that there is a README file which looks much more helpful than most I've
seen and the code itself is well structured and commented so it all looks good to me.

Referee #2

(Remarks to the Author)
General comment:

The authors present a systematic approach to attribute altered heat wave risks to the contribution of individual polluters,
commonly referred to as carbon majors. They pick the most reliable time interval (2000-2022) and estimate changes in
intensity and frequency of occurrence for 187 heat waves that occurred during that period of time according to the most
widely used international disaster database (EM-DAT). In doing so, they clearly state that the database is far from perfect
and very uneven in its spatial representation of extreme heat events. The advantage of that approach is that they essentially
circumvent the problem of event definition. On the flip side, the 187 events the database are a function their societal impacts
and thus a biased view as to how relevant they are. An issue, which is hard to overcome which is why i concur with their
argument that using EM-DAT is a defendable approach for the purpose of this analysis.

Using observational data, reanalysis and Earth system models, the authors attribute each heatwave individually, i.e. they
quantify how anthropogenic climate change has affected each heatwave in terms of changing intensity and likelihood of it
occurring. Based on the widely used GEV distribution, they present 4 test cases as example to showcase the viability of the
method. The method itself is also neatly done in that they tackle the problem of short observational records using climate
model simulations from CMIP6. This way, they are able to quantify the extremely low odds of observed events occurring
under counterfactual conditions. Not only that, they test the respective model ensemble for its fitness for purpose much in
same way World Weather Attribution does (clear thresholds for GEVs shape and scale parameter that have to be met at the
respective grid point level when compared with reanalysis). Common uncertainty sources are analysed using bootstrapping.

Splitting the 2000-2022 period into 3 time intervals (2000-2009, 2010-2019, 2020-2022), the authors are able to demonstrate
how the change in risk and intensity has drastically increased over time. While at varying magnitude, they found that all 187
heat waves have become more intense and are now occurring with higher probability than without human-induced climate
change. Unsurprisingly, the change in intensity is higher on median average (2.0°C for 2020-2022) than the global
temperature increase relative to 1850-1900 itself (1.25°C in 2022), very much in line with many previous attribution studies.

In the final step, they atiribute the heatwaves to the carbon majors individual contributions. That's where the paper really
covers new ground. First they calculate the contributions from the carbon majors to global warming applying a reduced-
complexity Earth system model (OSCAR). And second, they decompose the entities contributions to the heatwaves. The first
step is straight-forward in that entities emissions are converted into a radiative forcing contribution with an associated
fractional change in global mean temperature. Again, the analysis is accompanied by a thorough uncertainty analysis for the
uncertainty in the modelling of the Earth system using Monte Carlo sampling. The second step is where things get
interesting. Applying Bayesian statistics (Bayes’ theorem) and an Inclusion-Exclusion principle, they are able to deduce the
probability ratio of the carbon majors to each heatwave as a function of their previously estimated contribution to the global
temperature. The approach even allows to account for potential non-linear effects in heat wave frequency with warming.

The authors find that 0.68°C of the 1.25°C in 2022 are caused by 122 carbon majors, with 0.32°C attributable to the Top 6
entities. While staggering as such, previous studies came to similar conclusions. The important aspect is the contribution of
individual majors to an increased intensity of individual heatwaves. On average, the contribution is between zero and 0.33°C
to all (individual) heatwaves. It does not sound much, but knowing that one company may have made a specific heat wave
warmer by up to 0.33°C is a rather crucial finding. Not only from a scientific, but also decision making and (climate)
communications perspective, given such results are much more tangible for lay people and experts alike. Sure, most events
and most companies have much smaller footprints, but the fact that these contributions can be assigned to individual
polluters is - in my view - a milestone. The attributed change in risk of occurrence is equally interesting, though less intuitive
for the target audience.

Summary:

As you can certainly tell from my rather enthusiastic general review comment (quibbles thereafter), | wholeheartedly
recommend the paper for publication in Nature given its thoughtful state-of-the-art approach and analysis, as well as its
careful consideration of the available observational data and modelling tools. In other words, quality of the data as well as
the representation is excellent. Context and clarity is provided (with a few exceptions raised below). The authors
convincingly demonstrate that the results are robust within the bounds of widely accepted uncertainty analysis standards. As
a note of caution, | will say that Bayesian statistics is not my strong suit (to put it mildly), hence | do put a fair amount of trust
in them applying the respective methods (Bayes’ theorem and the Inclusion-Exclusion principle) with best intentions and
due diligence. Their discussion of the caveats and the overall impression of the presented manuscript makes me very



confident that the analysis stands the test of better stats experts than | am. That all said, | do have a few questions that |
would like the authors to be addressed before possible publication.

Minor comments and quibbles:

Lines 202-204 (and 231-233): “The heatwaves over 2000-2022 had their intensity increased on average by 1.59 °C due to
climate change, of which 0.40 °C is due to the seven top carbon majors, and 0.41 °C is due to the 115 others.”

—> It took me several times reading this, until | figured where it's probably coming from. Am | correct to assume that it is the
average of the 2000-2009, 2010-2019, 2020-2022 intensity increase (of all 187 heatwaves) presented in the section above?
What leaves me still puzzled is the fact that you refer to the decadal results (1.3°C, 1.6°C, 2.0°C, resp) as median average,
where here it's just average ... so what is it? Also, i suppose that the 0.81°C for all 122 carbon majors is the result based on
the OSCAR model? Please clarify and try to improve the manuscript at this point in order to make it easier for other to follow.

The discussion section could be made a lot more exciting. To be honest, it felt a bit flat after reading through an otherwise
great paper. It contains a lot of (partially literal) repetition of what was just said in the previous paragraphs. Feels a bit of a
waste given the strict space limitations. For example, the legal repercussions of the findings could be discussed, but | could
also do with an expansion from a caveats perspective. One concrete aspect in terms of caveats is the impact of the
counterbalancing (i.e. cooling) aerosol effect, that may enhance the carbon majors warming contribution even further. It's
briefly mentioned in lines 242-247, but perhaps there’s room to assess things especially in terms of qualitative aerosol
impact estimates.

Line 211: What are CNX resources? Acronym not referenced.

Figure 1: Would it make senses to have the same return period interval on the bars on the rhs in each of the 4 station
panels? It's obvious why it's different for temperature, but not why it’s different for the return period labelling. Also, is that
same figure available for BEST (to be put in the supplementary material)?

(Remarks on code availability)

Two of my colleagues and | did take a look at the code and found it very well explained and structured. Given that a massive
amount of CMIP6 data need downloading before the scripts can be run and tested, we did not have the time to do that. So |
do not know whether this counts as having reviewed the code, but i reckon it might, so i put 'yes'.

Referee #3

(Remarks to the Author)
| have been asked, if the findings of this paper, are technically robust, whether they would have important implications for
legal and/or regulatory actions.

This paper makes an important contribution to the growing literature on climate attribution. There are now approximately 25
lawsuits pending in the courts in the United States, and a small number in other countries, where climate attribution would
be relevant. The suits typically seek money damages from the fossil fuel majors for the costs of adaptation to climate change.
A few of these cases have been dismissed. The others were held up for years by various jurisdictional questions. None of
them has gotten to trial or even to discovery on the merits, and thus to issue of attribution has not yet been litigated.

One of the pending cases was brought by the City and County of Honolulu against several fossil fuel majors. The Hawaii
Supreme Court ruled for the plaintiffs. The defendants have asked the U.S. Supreme Court to take the case. The Supreme
Court has asked the Solicitor General of the U.S. for her views on whether they should take it; she has not yet responded.
This inquiry shows that the Supreme Court may be interested in taking the case. If they do take the case, itis entirely
possible that they will issue a ruling that has the effect of wiping out all 25 of these cases. If that happens, this paper may be
of little legal importance in the U.S. However, if the Supreme Court refuses to take the case, or if it takes the case and affirms
the holding of the Hawaii Supreme Court, then this paper would be of great significance. | expect that it would be cited by the
plaintiffs in most or all of these cases. The defendants will then try very hard to discredit it. Thus thorough technical peer
review is especially important.

The paper is also relevant to international negotiations on the issue of loss and damage — how much money should the
developed countries pay the developing countries to compensate them for their losses from climate change. There may be

no judicial remedy to seek loss and damage, and ultimately the developed countries (or some of them) may refuse to pay
significant amounts, but this paper will certainly be of interest to the negotiators from the climate-vulnerable countries.

(Remarks on code availability)

Referee #4

(Remarks to the Author)
See attached pdf report.

(Remarks on code availability)



Version 1:
Reviewer comments:
Referee #1

(Remarks to the Author)

The article conducts a systematic event attribution of 187 historical heatwaves, and attributes the effects to individual carbon
majors. This is my second review of the article and | thank that authors for considering all my comments and find the current
version much improved, particularly regarding where this present paper relates to existing literature.

The major remaining concern | have regards the event definition. What exactly are the black dots on figure 1? From reading
the text and caption my understanding is that they are Tmax averaged over the region and period of the event — with one
value per year. | find this quite a strange choice and do not understand why have you chosen this definition rather than say
annual maximum values averaged over the length of the event which | think are the more typical and robust approaches?
Indeed, the studies that you compare to for the Pacific NW event use annual maximum Tmax (TXx) and a 5-year block
maximum of annual maximum seven-day running mean air temperature.

Could you clarify and justify your choice of approach, particularly given that you are using a GEV fit which as | understand it
is only applicable to fit to distributions of extreme values. The choice of how to define an eventis a key part of event
attribution so | think this point needs more detail in the main text.

Minor point

Lines 97-101: “Using the sole” would be clearer as “using only”. The sentence following this seems a bit repetitive in terms of
phrasing and it would be good to rewrite this.

Line 139. What does “best” mean in this context?

(Remarks on code availability)
| am satisfied that the code is available and useable.

Referee #2

(Remarks to the Author)
I finally managed to go through all the referee comments and responses, with apologies for the delay in doing so.

I am impressed by the rigour and detailedness of the responses by the author team. Also, having read the critical review of
Referee #4, | can absolutely understand why the authors challenged the decision to reject the manuscript. | have to say,
most of their (the referee’s) points were either based in misunderstandings or a general unwillingness to accept standard
methods in EEA. In particular some of the comments made on the event definition by referee #4 border on straw man
arguments. | admire the calm and considered response by the authors and the massive amount of extra work they invested
to address their critique exhaustively.

The other two referee comments were addressed with equal care. Needless to say, my initial points of criticism have all
been addressed and are now appropriately amended in the manuscript. Very well done! Therefore, | happily accept the
paper as is and wholeheartedly recommend publication in Nature.

(Remarks on code availability)

Referee #5

(Remarks to the Author)
Dear authors,

I have been asked to assess your replies to the now-absent referee #4 (R4). Upon reading the comments from the previous
R4 and enough of the manuscript to grasp the core of your motivation, methods, and results, my overall feeling is that R4
was overly (and unnecessarily) critical of your manuscript and statistical methodology. | would agree with R4 that the
methods used here are not necessarily state-of-the-art in the statistics literature; however, | also agree with the authors that
some balance between sophistication and practicality/reproducibility is needed for large-scale studies such as this one.
Ultimately, | think you have graciously revised your manuscript in light of R4 feedback while respectfully standing your
ground in areas where R4 was (in my opinion) unreasonable.

That said, | do have a few minor concerns that | think should still be addressed:



1. R4 Comment 2.1(a)

Here, R4 was asking about the appropriateness of using GEV theory for analyzing block maxima from finite data while
extrapolating very far into the upper tail (in some cases, to >10,000-year events). They correctly raise the point that the
measurements from which you take a block maximum (daily T within a year) are definitively neither independent nor
identically distributed. R4 then asks you to conduct goodness-of-fit tests to ensure appropriateness of the GEV. In your
revision, the Supplementary Information now states:

“Besides this GEV model, we have also tested three other distributions with linear and non-linear evolutions of the
parameters: Gaussian, skew normal and generalized Pareto. Overall, our comparisons assessed through quantile-quantile
plots clearly indicate that the GEV performs the best among the four distributions, especially in terms of upper tail
behaviours.”

While itis nice to know that the GEV provides the *best* fit from among the other candidates, this does not imply that the
GEV does indeed provide a *good* or *appropriate* fit to the data (while the GEV may be best, it could still provide a poor,
albeit relatively good, fit).

Related, in the Supplementary Materials you also state:

“The choice of including or not the event when estimating the statistical model has been extensively discussed, although no
final consensus was reached7,16,17. The results presented in this paper have been obtained by estimating with the event,
to prevent removing points from the observational record. To ensure numerical convergence, a minimum probability of 10e-9
was set for each point of the full sample. It implies that the attributed events under factual conditions will not have return
periods higher than a billion years, which we consider long enough.”

I concur that there is no final consensus on whether the event of interest should be considered in- or out-of-sample for the
analysis. However, whether or not it is included can have major implications for the associated return periods and
probabilities. As you probably know, this issue reared its ugly head in the PNW heatwave. Philip et al. (2022) directly found
that treating the 2021 temperature as out-of-sample yielded an infinite return interval for the event; hence, they elected to
include the eventin their analysis to yield a finite return interval (and, therefore, very different return intervals with and
without the event of interest). Bercos-Hickey et al. (2022) directly looked at goodness-of-fit and found that for many of the
stations considered the GEV distribution did *not* provide a good fit to the data when the 2021 measurement was included,
but when it was excluded, the GEV distribution was acceptable.

In my opinion, you need to consider this goodness-of-fit question more formally, particularly since (1) you include the
heatwave events as in-sample and (2) you use the GEV fits to extrapolate far into the upper right tail. I'd suggest something
along the lines of what was done in Bercos-Hickey et al. (2022); also, Risser et al. (2025)
https://doi.org/10.1016/j.wace.2025.100743 propose methods for conducting these checks (see their Section 3.1 and also
Section 2.2.5 of the supporting information).

2.R4 Comment 1.5

| think the reviewer is asking about something else here, but | concur with the overall sentiment regarding the importance of
clearly stated causal assumptions. | find your approach for isolating the carbon majors (averaging the ABO and AON fits)
both novel and interesting, and Figure S2 is compelling. However, particularly for the observational data sources, what you
are doing (regressing one time series on another with GEV errors) is still subject to problems associated with hidden
covariates (i.e., you find correlation and not causation). In some ways, your approach could be framed as Granger causality
(Granger, 1969 https:/doi.org/10.2307/1912791; see also Risser et al., 2025 https://doi.org/10.1088/2752-5295/add046),
although the nonstationarity of both the covariates and response variables are problematic. Whether you are inferring
causation or correlation will be very important if the results are ever to be used in court for loss and damages! Therefore, |
think you need to be *very* clear about the nature of the attribution statements you’re making, and what sort of causality is
implied.

(Remarks on code availability)

Version 2:

Reviewer comments:

Referee #5

(Remarks to the Author)

Dear authors,

Thank you for your careful evaluation of and response to my comments. | am now happy to recommend the paper be

accepted for publication.

(Remarks on code availability)
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Response to Referees 1-4 for the manuscript

Systematic attribution of heatwaves to the emissions of
carbon majors

Yann Quilcaille', Lukas Gudmundsson', Dominik L. Schumacher!, Thomas Gasser?,
Richard Heede?, Corina Heri*, Quentin Lejeune’, Shruti Nath®, Philippe Naveau’, Wim
Thiery®, Carl-Friedrich Schleussner®’, Sonia I. Seneviratne'

nstitute for Atmospheric and Climate Science, Department of Environmental Systems
Science, ETH Zurich, Zurich, Switzerland.

’International Institute for Applied Systems Analysis (IIASA), Laxenburg, Austria.

3Climate Accountability Institute, Snowmass, Colorado, USA

*University of Zurich, Zurich, Switzerland

>Climate Analytics, Berlin, Germany

® Atmospheric, Oceanic and Planetary Physics, Department of Physics, University of Oxford
"Laboratoire des Sciences du Climat et de I’Environnement, ESTIMR, CNRS-CEA-UVSQ,
Gif-sur-Yvette, France

8Vrije Universiteit Brussel, Department of Water and Climate, Brussels, Belgium.
Integrative Research Institute on Transformations of Human-Environment Systems (IRI
THESys) and the Geography Department, Humboldt-Universitéit zu Berlin, Berlin, Germany.

Correspondence to: Yann Quilcaille (yann.quilcaille@env.ethz.ch)

We would like to sincerely thank the four Referees for their constructive feedbacks. We have
carefully accounted for all comments, leading to a significant improvement in the quality of
this manuscript.

We detail how we address the comments of each Referee consecutively, with the modifications
brought to the manuscript. Referees' comments are shown in black. The authors' response is
shown in green text. The text quoted from the manuscript is shown in blue between quotation
marks in italics. Here is the summary of the modifications:

- Better explanations to detail that this manuscript builds on existing publications, and
how/why it differs. Providing this context underscores that this manuscript uses very well-
established methods.

- Reworked the section on the decomposition of the probabilities into contributions for the
carbon majors. We acknowledge that the explanations were lacking in clarity and rigor
because we attempted a technical discussion for the broad audience of Nature. We have
included an adequate expert, Philippe Naveau, to work on this part. We reframed this
section, now in Supplementary Information, showing numerically that our approximation
is valid for all but one heatwaves.

- Various clarifications in the text and improved figures, with new ones in Supplementary.

- Improvements on the Discussion: less repetitions from the manuscript, but more on
missing emissions & implications of the results for climate litigation.

For every comment, the modified text is written if feasible. However, some comments required

a large number of modifications, and listing all of them would considerably lengthen this
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response. For the sake of conciseness, we list the number of the lines modified accordingly to
the version with tracked changes.
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Response to Referee #1

Referee #1 Comment 1

The article conducts a systematic event attribution of 187 historical heatwaves, and attributes
the effects to individual carbon majors. The novelty lies in the fact that this is such a large
systematic study and the results are therefore comprehensive and relevant to a wide range of
readers, the attribution to carbon majors is also an interesting development. As such | think
that this paper is worthy of being published in this journal.

Response to Referee #1 Comment 1

We would like to sincerely thank Referee #1 for this positive summary.

Referee #1 Comment 2

My main concern is that at times it is hard to determine what is new here, | think this would be
the case for the many non-specialist readers of this journal . For example which of the methods
being employed are themselves novel and which are identical or very similar to those already
being used in other studies. While many of these studies are referenced and an expert or
interested reader could discover this themselves | think it would be helpful to include more
phrases such as “following ...” or “similar to ..” to make it very obvious when an existing method
is being used.

Response to Referee #1 Comment 2

Thank you very much for identifying this important and constructive feedback. Many readers
are indeed not familiar with the usual approaches in the field, and it should be taken into
account. We have brought many modifications throughout the Main Text and the
Supplementary Information to point out what is new and what is usual in this work with respect
to the rest of the literature. Namely, we have made explicit when the method is strictly the one
of the WWA, or when and how it differs. Additionally, we clearly how this analysis is similar or
different from the existing studies on the assessments of contributions to global climate
change, the works of Otto et al, 2017 and Lott et al, 2021, and the four studies assessing the
contributions of the carbon majors.

The modifications occur over the lines: L23-24; 64-65; 69-70; 84-85; 88-91; 93-95; 102; 166-
175; 268-271; 301-302

Referee #1 Comment 3

Reading the section beginning L44 might also give the impression that this is the first study to
attempt to attribute extreme events to individual sources — so care needs to be taken to ensure
that the reader realises that there are already several studies linking extreme events to
countries (e.g. Otto et al 2017) and individuals (e.g. Lott et al 2021).
Response to Referee #1 Comment 3

It was indeed insufficiently explained in the introduction that these two studies already linked
climate extremes to emitters. Following the former comment, we are now clearly writing that
Otto et al, 2017 and Lott et al 2021 already advanced this link in the introduction (L50-51; 54-
55; 57-58; 69-70) and in the main text (L168-169; 172-174).

Referee #1 Comment 4

The article should also be clearer if this attribution is to anthropogenic effects or climate
change in general as it seems to be described both ways e.g. L24 vs L113.
Response to Referee #1 Comment 4



Thank you for pointing this lack of clarity. The first part of this work attributes the heatwaves
by comparing the distributions at the GMST at the time of the event and at preindustrial, thus
includes all effects. As such, we have clarified the whole first part to write that we are attributing
to climate change in general, not anthropogenic effects (L21; 27; 47; 50; 66; 97; 98; 100; 125;
135; 145; 156; 160). In the second part, the contributions are attributed to the emissions of the
carbon majors. As such, we have clarified that we evaluate the contributions of anthropogenic
actors, and “other unidentified contributors, anthropogenic and natural’ (L227-230).

Referee #1 Comment 5

In several places you describe how climate change has increased the risk and amplitude by a
certain amount but do not specify from when (I assume this is 1850-1900) but it would be good
to be more explicit, especially in the abstract.

Response to Referee #1 Comment 5

Thank you for pointing this out. We acknowledge that this information was not sufficiently
detailed. We have made clear that the reference period is indeed 1850-1900 in the abstract,
in the text and in captions (L28; 34; 98; 104; 136; 152; 162; 222; 240; 288).

Referee #1 Comment 6

The values for attributable risk seem quite high. For the example presented for the Pacific NW

heatwave, the previously calculated value of 150 times on L96, although consistent with your

uncertainty, is much smaller than your median (over 10000). Can you comment on this and
perhaps give an example of such large numbers being calculated in previous literature?

Response to Referee #1 Comment 6

Thank you very much for this comment. In this response, we will first discuss the Pacific NW

heatwave of 2021, then discuss large PR in the literature.

Regarding the Pacific NW heatwave of 2021, the former work' calculated a PR of at least 150.

We have changed in the text from “higher than” to “at least” (L111) for added clarity. When

looking into the details, Figure 12 of Philip et al, 2022 shows a probability ratio with the lower

bound of the confidence interval of 150 and the upper bound higher than 10,000. Our analysis

shows that the lower bound of the confidence interval, 7, is below the one of Philip et al, 2022.

Both studies show a higher bound higher than 10,000. Finally, our median is higher than

10,000. Philip et al, 2022 does not report the synthesis on the median, but Table 2 gives

insights. While ERA5 has a median of ~350, 11 ESMs out of 21 have a median higher than

10,000. Another work analyzes the Pacific NW heatwave?. Although it does not communicate

its results on the probability ratio itself, it does inform about the return periods, which are

consistent with ours.

Thus, these differences that we obtain for the Pacific NW 2021 event can occur due to an

ensemble of reasons:

- Characterization of the event: we use here the reported US component of the PNW 2021
event, yet this event was mostly over Canada, and Philip et al, 2022 uses a box over both
countries. Besides, we use the average over the period, while Philip et al, 2022 uses the
maximum temperature.

- Another reason for this higher value is that unlikely events have larger uncertainty ranges,
and more subjective to definition choices, as shown in another work on the PNW 20213,
However, Zeder et al, 2023 does not precise the values of their probability ratios,
preventing a direct comparison. Nevertheless, we have discussed in more details this limit
in the text.



We have modified the text to explain these reasons (L112-113; 117-120). The modified text is
as follows:

“Climate change has also increased the probability of the heatwave at least 7 times, although
the median estimate and the upper bound of the confidence interval are higher than 10,000.
This attribution is consistent with existing works on this heatwave: a first work® found a
probability ratio of at least 150 and a change in intensity of 2.0 °C (1.2 to 2.8), while another
analysis® suggested more than 2.9 °C. Although consistent, the results differ due to the
characterization of the event and its very unlikely nature. The region and period are here
determined through the reporting of the disaster rather than arbitrary choices. Choosing the
maximum temperature as indicator over the period amplifies the extremeness of the event®?.
Very unlikely events like the Pacific Northwest heatwave of 2021 are more difficult to
investigate, increasing the dispersions across several analysis’. However, this increased
dispersion does not lower the confidence in the conclusion, which is the strong influence of
climate change on such unlikely events. The method described for this event is applied to the
187 heatwaves, with three other cases showcased in Figure Ic-e, with the results also

’

consistent with available attribution studies.’

Referee #4 asks whether very high values for the PR may be found in the previous literature.
There are other studies that find heatwaves with probability ratios that high and even higher,
such as the prolonged heatwave in Siberia in 2020°. This study finds that the ratio is of at least
500, and a median estimate of 90,000. Sadly, this heatwave is not among the two Russian
heatwaves provided by the EM-DAT database, preventing a comparison.

For information, it might be possible that the method to aggregate multiple lines of evidence,
i.e. synthesizing the observations and models, could also affect the results. We use the simple
approach proposed by the WWA (see the last paragraph of Methods/Evaluation of the
uncertainties). Other methods could be used, but investigating this effect should represent a
dedicated journal. Nevertheless, we mention this limit in the aforementioned paragraph in the
Methods for the sake of clarity (L413-414).

Finally, the decadal numbers or Figure 2 have marginally changed in this round of review.
There are two reasons. First, we are now using the latest version of ERA5, allowing us to fit
the statistical models up to 2023 instead of 2022. Then, when doing a thorough check, we
noticed that for some events, the majority of climate models were rejected according to the
criteria on the scales & shapes parameters (see next comment). It implies that we had less
than the target of 10 used ESMs. Having too few ESMs may reduce the stability of the estimate
for climate models. We have decided to adjust the criteria of selection as follow. If there are
enough ESMs that respect the criteria on the scales & shapes parameters, the ESMs will be
ranked based on the local seasonality of ERA5, and the 10 best ones are selected. If there
are not enough, this list will be partially complemented with the best remaining ESMs
according to the local seasonality of ERA5. This second case has only marginally changed
the results.

Referee #1 Comment 7
L308 — could you give a bit more detail on why this is the best method for model selection —
or give a reference where this is also done — as its not immediately clear to me why a model



with good seasonality would be best at modelling the frequency of extreme events.
Response to Referee #1 Comment 7
Thank you very much for this insightful comment. In a nutshell, our method relies on two steps:

1. The first step recommended by the WWA is to check the capacity of numerical models
to reproduce observed climate, here the local seasonality of ERAS.

2. The second step corresponds to a statistical goodness of fit, which insures that the
statistical distribution is adapted to the dataset at hand. Besides, the scales and
shapes parameters of the fits trained on climate models are compared to the
parameters of the fit trained on ERAS, ensuring similar distributions.

Yet, as acknowledged by the WWA8, the first round is necessary. To use the former example,
the PNW 2021 analyzed by Philip et al, 2022" compares the seasonal cycle and the spatial
pattern in their Table 1, based on the method described in the supplementary material of
Ciavarella et al, 20218. There, the seasonal cycle of the monthly maximum over the region of
interest is also compared between observations and models. In our case, we compare the
seasonality of the daily average temperature, because we use the average over the period of
interest and not the maximum. Similarly, we use the seasonal cycle over the full year to assess
whether these models represent well the climate of the region. Once the performance is
calculated in every grid point, it is averaged over the region of interest, as an approach to
assess the spatial pattern, instead of comparing the seasonality over the average of the
region.

We acknowledge that our method differs slightly from the one described in Ciavarella et al,
2021°. These differences are meant to facilitate the systematic analysis of the whole set of
heatwaves, and we consider them minor. These technical details are already entirely
described in the section Methods (L398-407), thus will be accessible to all readers.

Referee #1 Comment 8

Minor comments:

Figure 1 — could you make the outline of the events a bit clearer.

Response to Referee #1 Comment 8

It was indeed hard to read. Figure 1 is now modified, we hope that it looks better.

Referee #1 Comment 9

L277 — perhaps change “former” to “previous” as | think this would be clearer.
Response to Referee #1 Comment 9

Good point, changed.

Referee #1 Comment 10

L284 — please explain what NLL means — i.e. negative log likelihood.

Response to Referee #1 Comment 10

Sorry, we used an acronym while it is not needed. Replaced with negative log likelihood.

Referee #1 Comment 11

Could you consider changing GMT to GMST - as | think this is more commonly used - this is
also the abbreviation that is used for this metric by the IPCC

Response to Referee #1 Comment 11

Thank you for this suggestion. It has been changed in the Main Text, Methods, Figure 1 & 3,
and Supplementary Information (L95; 131; 143; 195; 205; 217; 218; 224; 225; 236; 367; 372;
396; 397).



Referee #1 Comment 12

Referee #1 (Remarks on code availability):

Unfortunately | have run out of time to try to get this code to actually work (its quite complicated
so this would take longer than | have).

However | have looked through it and can confirm that there is a README file which looks
much more helpful than most I've seen and the code itself is well structured and commented
so it all looks good to me.

Response to Referee #1 Comment 12

We want to sincerely thank you for making such an effort. We are aware of much time can be
invested in trying to run another code in a review. In this case, there are a lot of data to
download and prepare (CMIP6, ERA5, BEST, GADM, EM-DAT). Even if we did provide the
code to prepare the data, run, analyze, and plot everything, it remains a lot. We have sorted
and documented everything, but we agree that it can always be improved, especially for other
users.

For information, the code for this manuscript is not only stored on Zenodo, but it is also on a
GitHub repository that we will maintain.



Response to Referee #2

Referee #2 Comment 1

General comment:

The authors present a systematic approach to attribute altered heat wave risks to the
contribution of individual polluters, commonly referred to as carbon majors.

[..]

Sure, most events and most companies have much smaller footprints, but the fact that these
contributions can be assigned to individual polluters is - in my view - a milestone. The attributed
change in risk of occurrence is equally interesting, though less intuitive for the target audience.

Summary:

As you can certainly tell from my rather enthusiastic general review comment (quibbles
thereafter), | wholeheartedly recommend the paper for publication in Nature given its
thoughtful state-of-the-art approach and analysis, as well as its careful consideration of the
available observational data and modelling tools. In other words, quality of the data as well as
the representation is excellent. Context and clarity is provided (with a few exceptions raised
below). The authors convincingly demonstrate that the results are robust within the bounds of
widely accepted uncertainty analysis standards. As a note of caution, | will say that Bayesian
statistics is not my strong suit (to put it mildly), hence | do put a fair amount of trust in them
applying the respective methods (Bayes’ theorem and the Inclusion-Exclusion principle) with
best intentions and due diligence. Their discussion of the caveats and the overall impression
of the presented manuscript makes me very confident that the analysis stands the test of
better stats experts than | am. That all said, | do have a few questions that | would like the
authors to be addressed before possible publication.

Response to Referee #2 Comment 1

We deeply appreciate your support to our study and very much share your enthusiasm. Taking
the time to recognize the hard work as you did here is always very encouraging for the authors.
Thus, | and all the co-authors want to sincerely thank you.

Referee #2 Comment 2

Minor comments and quibbles:

Lines 202-204 (and 231-233): “The heatwaves over 2000-2022 had their intensity increased
on average by 1.59 °C due to climate change, of which 0.40 °C is due to the seven top carbon
majors, and 0.41 °C is due to the 115 others.”

—> |t took me several times reading this, until | figured where it's probably coming from. Am |
correct to assume that it is the average of the 2000-2009, 2010-2019, 2020-2022 intensity
increase (of all 187 heatwaves) presented in the section above? What leaves me still puzzled
is the fact that you refer to the decadal results (1.3°C, 1.6°C, 2.0°C, resp) as median average,
where here it’s just average ... so what is it? Also, i suppose that the 0.81°C for all 122 carbon
majors is the result based on the OSCAR model? Please clarify and try to improve the
manuscript at this point in order to make it easier for other to follow.

Response to Referee #2 Comment 2

Thank you for pointing this out. The decadal results are indeed based on medians, while we
used the average of the change in intensities over the whole period here. We have decided to
use the decadal medians here as well. Doing so has shown that the contributions of carbon



majors in heatwaves is increasing over time, which we had missed initially. The text now reads
as follows:

“For comparison to the influence of climate change, we calculate the influence of carbon
majors over heatwaves reported over each decade of our dataset. With reference to 1850-1900,
climate change has increased the median intensity of heatwaves by 1.34 °C over 2000-2009,
of which 0.35 °C is traced back to the seven top carbon majors, and 0.30 °C to the 115 others.
These contributions correspond respectively to 26% and 22% of the overall effect of climate
change. Over 2010-2019, the influence of climate change increases to 1.61 °C, with 0.40 °C
(25%) from the seven top carbon majors and 0.43 °C (27%) from the 115 others. Over 2020-
2022, it increases to 2.08 °C, with 0.53 °C (26%) for the seven top carbon majors and 0.59 °C
(28%) for the 115 others. These results show that carbon majors’ emissions contribute for
about half of the increase in intensity of heatwaves since pre-industrial times, and that this
contribution is rising.”

Referee #2 Comment 3

The discussion section could be made a lot more exciting. To be honest, it felt a bit flat after
reading through an otherwise great paper. It contains a lot of (partially literal) repetition of what
was just said in the previous paragraphs. Feels a bit of a waste given the strict space
limitations. For example, the legal repercussions of the findings could be discussed, but | could
also do with an expansion from a caveats perspective. One concrete aspect in terms of
caveats is the impact of the counterbalancing (i.e. cooling) aerosol effect, that may enhance
the carbon majors warming contribution even further. It's briefly mentioned in lines 242-247,
but perhaps there’s room to assess things especially in terms of qualitative aerosol impact
estimates.

Response to Referee #2 Comment 3

Thank you for this constructive feedback. We have rewritten the first two paragraphs of the
Discussion to avoid repetitions (L268-300). We have also expanded further the discussion
following this recommendation.

We were aware of the legal implications of this work, but we were concerned that such
scientific evidence may be dismissed in a court of law if apparently motivated by legal
concerns. This is why we had reduced this opening to the bare minimum. Nevertheless,
because our motivation remains purely scientific, we can follow this recommendation while
acknowledging Referee #3’s perspective. We have acknowledged explicitly the potential of
this work as scientific evidence in the last paragraph of the Discussion, while remaining careful
(L333-349).

Regarding aerosols, we have also developed this part. We have detailed further the effects of
missing emissions, both in aerosols and CO2 emissions (L301-324). An existing work® has
allowed to estimate the combined effects of missing emissions, although it remains an
approximation.

Referee #2 Comment 4

Line 211: What are CNX resources? Acronym not referenced.

Response to Referee #2 Comment 4

CNX Resources is one of the carbon majors. As far as we could find, this company has not
officially defined its acronym. We have therefore detailed the sentence to mention that it is a
carbon major, to avoid confusion (L259-260).



Referee #2 Comment 5

Figure 1: Would it make senses to have the same return period interval on the bars on the rhs
in each of the 4 station panels? It's obvious why it’s different for temperature, but not why it's
different for the return period labelling. Also, is that same figure available for BEST (to be put
in the supplementary material)?

Response to Referee #2 Comment 5

Thank you for the suggestions. We have modified the ticks for the panel on return periods, so
that they match across events. Readers will now have a better capacity to interpret the
likelihood of the events, while seeing how far it is from the distributions. Regarding the figure
with BEST, it is a good idea as well, we have done so.

Referee #2 Comment 6

Referee #2 (Remarks on code availability):

Two of my colleagues and | did take a look at the code and found it very well explained and
structured. Given that a massive amount of CMIP6 data need downloading before the scripts
can be run and tested, we did not have the time to do that. So | do not know whether this
counts as having reviewed the code, but i reckon it might, so i put 'yes'.

Response to Referee #2 Comment 6

Thank you very much for this feedback. For information, we will update the scripts on the
Zenodo & GitHub with all modifications brought in this review.



Response to Referee #3

Referee #3 Comment 1
| have been asked, if the findings of this paper, are technically robust, whether they would
have important implications for legal and/or regulatory actions.

This paper makes an important contribution to the growing literature on climate attribution.
There are now approximately 25 lawsuits pending in the courts in the United States, and a
small number in other countries, where climate attribution would be relevant. The suits typically
seek money damages from the fossil fuel majors for the costs of adaptation to climate change.
A few of these cases have been dismissed. The others were held up for years by various
jurisdictional questions. None of them has gotten to trial or even to discovery on the merits,
and thus to issue of attribution has not yet been litigated.

One of the pending cases was brought by the City and County of Honolulu against several
fossil fuel majors. The Hawaii Supreme Court ruled for the plaintiffs. The defendants have
asked the U.S. Supreme Court to take the case. The Supreme Court has asked the Solicitor
General of the U.S. for her views on whether they should take it; she has not yet responded.
This inquiry shows that the Supreme Court may be interested in taking the case. If they do
take the case, it is entirely possible that they will issue a ruling that has the effect of wiping out
all 25 of these cases. If that happens, this paper may be of little legal importance in the U.S.
However, if the Supreme Court refuses to take the case, or if it takes the case and affirms the
holding of the Hawaii Supreme Court, then this paper would be of great significance. | expect
that it would be cited by the plaintiffs in most or all of these cases. The defendants will then
try very hard to discredit it. Thus thorough technical peer review is especially important.

The paper is also relevant to international negotiations on the issue of loss and damage —
how much money should the developed countries pay the developing countries to compensate
them for their losses from climate change. There may be no judicial remedy to seek loss and
damage, and ultimately the developed countries (or some of them) may refuse to pay
significant amounts, but this paper will certainly be of interest to the negotiators from the
climate-vulnerable countries.

Response to Referee #3 Comment 1

We would like to thank you for your insightful perspective on this manuscript. We are aware
of the legal implications of our work, and are committed to ensure its scientific value.

The first point that we strived on was our scientific objectivity. We were worried that giving too
much voice on the application to climate litigation may be perceived in a court of law as a
biased article. Yet, our objective was and remains to provide robust scientific information, filling
in gaps in climate science, although it does provide resources as scientific evidence. Given
this perspective and a recommendation from Referee #2, we now explicitly acknowledge the
potential of this work as scientific evidence in the section Discussion as follows.

“These results are relevant not only in the scientific community but also for climate policy,
litigation and wider efforts concerning corporate accountability’®!!. Climate-related legal

proceedings are proliferating, with defendants seeking compensation for losses and damages

11,12

or requiring more ambitious climate actions from corporations and nations'"'*. However, the



scientific evidence backing the claims are often lagging behind the state of the art in climate
science, thus failing to adequately draw causality links'>. Although this work aims at filling in
scientific gaps, the results also fill in evidentiary gaps. This systematic attribution improves
the coverage in extreme events, thus reinforcing the potential of attribution science for climate
litigation™>'*. Furthermore, if the fact that fossil fuels are the main driver of climate change
has been unambiguously established"'%, as acknowledged by the carbon majors themselves!”
9" quantifying the causality from the emitters to the events provides important new resources
to assess legal responsibilities. Strengthening further the links between climate scientists, legal
scholars and practitioners will be beneficial to ensure that the overwhelming scientific
literature is correctly accounted for*’.”

The second point corresponds to the scientific robustness of this work. We fully agree that the
high potential of this paper would likely cause the defendants to attempt to dismiss the value
of this work. We had already strived on the quality of this work, as acknowledged by Referee
#2. We think that this process of peer review has improved further the robustness of this work,
thus reducing its risk of being discredited. Four Referees have provided feedbacks on this
manuscript, and all have been useful, from the very critical perspective of Referee #4 to the
very enthusiastic perspective of Referee #2.

All comments have given us excellent opportunities to improve the work on key aspects, and
limit the risks of defendants discrediting this paper. Referee #4 has been very critical even on
well-established methods heavily backed by scientific literature. However, Referee #1 pointed
out that the manuscript was not sufficiently clear on which existing methods or papers this
work builds on. Now, we clearly acknowledge former works, referencing which well-
established methods this paper builds on, how it differs and justifying why. We are convinced
that it will help the readers understand how this work fits in a broader context, but also of its
high scientific value. Referee #4 was also critical on the probability calculus: this part was
novel, and not correctly explained. We have reconsidered our approach, thanks to an expert
(Philippe Naveau) invited as co-author. We consider that the new version of this manuscript
is robust enough to stand the efforts at dismissing the conclusions of this paper.

As Referee #3 points out, the legal importance of this work depends not only on our work. If
the U.S. Supreme Court takes the case, and rules them out, then this work would be less
relevant for climate litigation in the U.S. Yet, lawsuits are flourishing not only in U.S. courts of
law, but also in other national or even international courts''?'. Nonetheless, while we would
support the use of this work as scientific evidence for climate litigation, its first and foremost
purpose is for science.



Response to Referee #4

Referee #4 General comment
The manuscript presents an analysis of 187 historical heatwaves from 2000-2022 and
attempts to attribute these events to carbon emitters and anthropogenic climate change. While
the topic is highly relevant and timely, the statistical methodologies employed raise several
critical issues, particularly concerning accuracy, rigor, and adherence to fundamental
principles of probability theory and extreme event attribution. In its current form, the
conclusions drawn from the analysis appear unreliable due to incorrect model assumptions
and flawed statistical methods.

For the reasons detailed below, | recommend rejecting the manuscript. A substantial revision

of the methodology and analyses is necessary before considering publication in any outlet,

especially a journal as prominent as Nature.

Response to Referee #4 General comment

We would like to thank Referee #4 for offering their perspective. We believe that the very

critical comments have been instrumental in improving the manuscript. Referee #4 criticized

two aspects of the analysis, namely the link to the carbon majors and the extreme event
attribution (EEA) itself.

- Inresponse to Referee #4’s comments, we have realized that there were imprecisions in
the presentation of our approach that have contributed to misunderstandings of the actual
approach in our work. We would like to apologize that these unclarities on our side have
led to confusion and have revised our approach to increase clarity and transparency. In
the process of revising our approach, we have invited a world leading expert on extreme
events, statistics of climate change, and probabilistic modelling, Philippe Naveau, to the
author team, to assist with improving our approach. We are confident that the outcome
has the necessary scientific quality to be published in a journal such as Nature, while
remaining accessible to a large audience.

- Fundamentally, we note that our work is based on very well-established methods, in
particular the probabilistic approach employed by the World Weather Attribution (WWA).
Listing all the articles using this approach would be hard??, but as a non-exhaustive list,
we can mention the following articles in the Nature portfolio>®23-32 in the Science
portfolio®*3*, in various journals of high quality’3>°4, as well as many other journals, even
in other fields such as the Lancet>®. Referee #1 has rightfully pointed out that this
manuscript did not sufficiently detail which approaches it builds on, how it differs, and
justify why. We have now clearly referenced and explained these aspects in the
manuscript. We would also like to point out that Referee #2 praises our analysis for its
quality and the use of a state-of-the-art approach.

Referee #4 Comment 1

1. Attribution of heatwaves to carbon majors

Response to Referee #4 Comment 1

In the former version of the manuscript, the objective of this part was to justify the existence
of the decomposition into a sum of terms, explain that the exact calculation of each term isn’t
feasible, and thus propose an approximation. However, the explanation was not rigorous and
clear enough, which led to several misunderstandings.

In the new version of this manuscript, we provide a more rigorous definition of the problem,
explain that this problem can be approximated in a Gaussian case, but that the use of



Generalized Extreme Value (GEV) distribution hinders our case. Thus, we propose an
approximation. While an analytical demonstration of the approximation remains very
challenging, we verified numerically the validity of this approximation for each heatwave.
This section has been entirely moved from the Methods to the Supplementary Information, so
that we can use figures to showcase our approach.

Referee #4 Comment 1.1, part a

(1.1) The treatment of events and probability is very not rigorous. What is the probability space
S under consideration? What is its associated o-algebra B?

Response to Referee #4 Comment 1.1, part a

Due to the broad audience, we had decided to avoid introducing concepts unfamiliar to the
vast majority of readers, such as a o-algebra. However, following this recommendation, we
have explicated that it is here a Borel g-algebra on the reals, as detailed in the Supplementary
Information.

Referee #4 Comment 1.1, part b

(1.1) The definitions of R and N as factual and counterfactual conditions, respectively, are
imprecise. In probability theory, if N represents “world that might have been” conditions that
never happened, P(N) should be 0, while P(R) = 1, as the factual conditions did occur. The
assumption of P(N)/P(R) = 1 (see Line 176 of the Supplementary Material) (Line 176 of the
Supplementary Material) is inconsistent with basic probability principles.

Response to Referee #4 Comment 1.1, part b

We acknowledge that we did not explain well the technical setup. The Earth system can
produce different climatological distribution under different forcings, say A and B. Even if
P(A and B) = 0, this does neither imply that P(Event|A) = 0 nor P(Event|B) = 1 (or vice-
versa). Similarly, although an individual cannot be a smoker and a non-smoker at the same
time, the probability of having lung disease given the individual does not smoke is not zero.
So, we did not explain that factual and counterfactual are conditional features of our system.
To avoid confusion, we remove this discussion in the new version, and we refer to Hannart et
al. (2016)® for a detailed explanation of counterfactual theory in climate sciences.

Referee #4 Comment 1.2

(1.2) In probability theory, if we have two events N and R in a probability space (S, B) such
that N c R, then any occurrence s € N will satisfy s € R, which means R must happen when
N happens.

However, by definition, the counterfactual/unperturbed conditions N cannot happen
simultaneously with the factual conditions R, which is the basis principle of extreme event
attribution or causal inference. That is to say, R N N = @, which directly contradicts Equation
(2) on Line 373.

Response to Referee #4 Comment 1.2

We apologize for causing this severe misunderstanding. The conditions described with N and
R were meant to describe drivers of climate change. On one hand, R corresponds to a factual
scenario, with both natural and all anthropogenic drivers affecting the Earth system thus the
probability of the heatwave. On the other hand, N corresponds to a counterfactual scenario,
with only natural drivers, thus with a different probability of the heatwave. Thus, while R is
occurring, all drivers occur, including the natural ones that are entailed by N.

This part is now removed to avoid any confusion in this section.



Referee #4 Comment 1.3

(1.3) A union of two events E; U E, indicates either E; or E, happens, not requiring both events
to happen at the same time. However, for the factual conditions R to occur, all anthropogenic
activities, including 0 and E;, i =1,..,n. Therefore, should co-occur. Thus, the correct
formulation of R should involve intersections:

Response to Referee #4 Comment 1.3

N, R, 0 and E; are not events, but are drivers. Sorry for having created this confusion.

This part is now removed to prevent misunderstandings.

Referee #4 Comment 1.4

(1.4) To derive 6PRy g, the Equation (12) in the Supplementary Material requires simulating
and computing [...]. Considering there are carbon n = 122 majors under consideration in this
paper, running the OSCARv3.3 driven by 2122 —1 different counterfactual scenarios is
computationally infeasible. The authors should clarify how they managed this massive
computational burden.

Response to Referee #4 Comment 1.4

Referee #4 is right in pointing out that it is not feasible to calculate that many counterfactual
scenarios. This is why we had introduced an approximation, but that was insufficiently
explained. The well-established method to calculate contributions to global warming is to use
perturbations®”%”. This method proposes to calculate not all combinations, but only the factual
scenario and as many counterfactual scenarios as there are contributors, and to deduce their
contributions as the difference between factual and counterfactuals. We agree that this
method remains an approximation, although it has been shown to provide highly satisfying
results®’-57.

Acknowledging the high non-linearities in the probabilities, we had proposed an improved
approximation, described L394-404 in the original manuscript. The principle is to average the
traditional term obtained by removing one contributor to a new term obtained by adding just a
single contributor to a counterfactual without them. In the new version of the manuscript, this
approximation is explained in more details in the Supplementary Information. We show that
this new improved approximation leads to better results. We acknowledge that for a single
case of all 187 events, the approximation is shown not to be good enough, which is why we
have removed this event from the analysis. This case is explicity mentioned in the
supplementary information.

Referee #4 Comment 1.5

(1.5) Clear communication of causal assumptions and the interpretation of conclusions is
essential in climate change detection and attribution studies. Attribution results based on Earth
System Models (ESMs) are inherently subject to structural uncertainties, and their reliability
depends heavily on the model’s ability to accurately simulate the relevant variables of interest
(Wehner, 2023).

Response to Referee #4 Comment 1.5

We agree that Earth System Models (ESMs) have inherent uncertainties, and more
importantly different regional performances. This is a prominent issue for extreme storms as
shown in Wehner, 2023%, and although still applicable®®, is less problematic for heatwaves’
2. This is precisely the reason why the protocol of WWA includes both observations and
models, but restricts analysis to validated models, using the best available observations (or



observation-derived estimates) as a reference. Specifically and following this protocol, we
select the ESMs based on their ability in reproducing the regional seasonality as well as the
parameters of the trained statistical distributions, using ERA5 as a benchmark. Together, this
ensures that the seasonal dynamics of temperature as well as the variability and tail behavior
of an extreme event index, in our case mean temperatures during heatwaves, are adequately
captured for a given analysis region. Overall, we are adequately selecting the ESMs
appropriate for each event. Referee #1 had an insightful comment on L308, and we encourage
Referee #4 to check our answer. Additionally, more details are provided in the protocol of
WWAS7,

For instance, in the case of the June 26—-29, 2021 Pacific Northwest (PNW) heatwave, Bercos-

Hickey et al. (2022) employed ensembles of regional climate models, including the Weather

Research and Forecasting (WRF) model and the International Centre for Theoretical Physics

Regional Climate Model (RegCM 4.9.5). These simulations, initialized on June 22, 2021, used

historical boundary conditions from the Global Forecast System (GFS) analysis and ran

continuously through July 2, 2021. Despite the use of regional models specifically designed to
capture localized climate dynamics, the highest temperatures simulated by WRF were still
approximately ~1 °C lower than observed in the PNW.

Given this, it raises doubts as to whether a reduced-complexity global ESM like OSCARv3.3

can adequately reproduce the intensity of all 187 heatwave events analyzed in the study.

Indeed, previous research has shown that global climate models frequently underestimate the

intensity of extreme heat events (see e.g., Stott et al., 2016), further questioning the

robustness of the model-based conclusions in this paper.

We apologize for any confusion that we may have caused, but it seems that you

misunderstood the method presented in this paper. OSCARv3.3 does not calculate the

intensity of the heatwaves but rather provides the Global Mean Surface Temperature (GMST).

OSCAR is a climate emulator like MAGICC, HECTOR or FalR, and thus does not have the

capacity to emulate heatwaves. Instead, our method is in two steps:

- Apply the well-established approach of the WWA that combines observations and
selected ESMs for the attribution analysis, providing us with statistical models driven by
GMST.

- Then, OSCAR calculates contributions to GMST from the carbon majors, that we
combined to the statistical models. In the original manuscript, it was described on L161-
169 & 323-363. However, we have expanded this part to provide a clearer and more
comprehensive understanding.

Regarding the uncertainties & model biases in OSCAR, the model is run with observational

constraints (see Methods). Furthermore, the statistical model is always established/fitted

based on the original GMST from ERA5 and ESMs, respectively, to ensure consistency. Using
reduced-complexity ESMs to assess contributions to global warming is a well-established
approach®-%’ and as discussed in the next section, using the approach of WWA to link GMST
and heatwaves is also a well-established approach’?27374 We hope that these clarifications
make it clear how we establish the full chain from carbon major to individual extreme events.

Referee #4 Comment 2

2. Attribution of heatwaves to climate change

To study the effect of anthropogenic climate change on the intensity of a certain heatwave
event, the authors took a spatial average of the daily temperature within the impact region of



the heatwave to obtain an annual time series. Then they assumed the spatially-averaged
temperatures subject to a Generalized Extreme Value Distribution (GEV) distribution.

They claimed that this type of analysis applied individually to 187 different heatwave events is
systematic, which | can hardly agree with. Also, their practice violates the classic Extreme
Value Theory (EVT), and also the inclusion of Global mean temperature (GMT) as a covariate
in the location parameter of the GEV distribution is somewhat naive.

Response to Referee #4 Comment 2

As previously mentioned, we are surprised by the unequivocal dismissal of well-established
attribution methods, which have proven their potential in a very large number of publications??,
including articles in various high-level journals such as Nature and other'2623-54,

Further improving this method following your suggestions would always come with drawbacks
as we explain further below®® "5, and we also explain how such modifications would come at
the cost of inadequately addressing our research question. We discuss why a GEV remains a
correct approximation, why we choose the GMST covariate, and rebut the other points in the
corresponding comments.

Referee #4 Comment 2.1 part a

(2.1) For the GEV assumptions (1) to hold, one has to work with block maxima with a block
size n — oo, which is why Statisticians usually fit GEV distributions to annual maixma or
seasonal maixma. Also, it is important to make sure that the observations within a block
{v1, ..., Y, } all subject to the same distribution. Considering the daily temperature in a year has
autocorrelation and seasonality among days, the records are not identically distributed. The
authors must conduct a GEV goodness-of-fit test to their spatially-averaged records because
the GEV assumptions have all been seriously violated.

Response to Referee #4 Comment 2.1, part a

We acknowledge that using a GEV for heatwaves is an “assumption”, or rather an
approximation. As Referee #4 mentions, annual/seasonal maxima are fitted by a GEV, but
this remains an approximation because of the finite block size. As approximations, GEV or
any type of distributions should be only viewed as possible candidates to fit the data at hand.
Because statisticians are widely using a GEV as acknowledged by Referee #4, it should not
be an issue for us either.

The essential statistical question is to determine if the distribution of interest, here the GEV,
may provide (or not) an adequate fit to your data, especially for large values. To settle this
point, we compared different distribution types, and the GEV outperforms the others. The
demonstration is provided at the end of this response. If the editor thinks that it is needed, it
could be added to the Supplementary Information of this manuscript.

Referee #4 then refers to the temporal correlations. We remark that the points of our sample
are annual values, e.g. the average over June 26-30 in every year for the Pacific Northwest
Heatwave of 2021. There are low interannual correlations between such events, except in
some situations in the tropics due to ENSO. Furthermore, we acknowledge that we are not
using a block maxima over the period, but the average. There is a plethora of metrics for
heatwaves’®, and we have chosen this one as a middle-ground. Additionally, epidemiological
studies often rely on mean temperatures’’’°. Event-averaged temperatures have already
been employed by a very large number of attribution studies, such as 7227374,

While using a GEV was already heavily backed by the scientific literature on EEA, we had
already discussed this part in the Supplementary Information L53-89. To summarize, we
tested for each heatwave which distribution led to the best results in terms of Bayesian



Information Criteria. We conserve this section, which shows that the GEV is indeed the best
approximation.

Not only is the use of the GEV distribution already heavily backed by the scientific literature
on EEA, and justified in following paragraphs, but it was also already further discussed in the
Supplementary Information L53-89. Specifically, we tested for each heatwave which
distribution led to the best results in terms of Bayesian Information Criteria. We keep this
section unchanged, which shows that the GEV is indeed the best approximation.

Statistically, the point raised by the referee is very interesting. Basically, it boils down to the
following question. Do extremes from sums (or equivalently averages) of GEV distributed
block maxima better fitted by a GEV or by a Gaussian random variable? \We have compared
the two fits for our dataset and the GEV appears to outperform the normal distribution. One
can wonder if this is specific to this dataset or if this finding® is more general, i.e. a probability
argument can be invoked.

In the case of extreme temperatures, most studies point towards the assumption that the
shape GEV parameter ¢ of annual daily maxima of temperatures is negative. So, we will
mathematically treat this case?. In this setup, the statistical literature is sparse and we need to
develop our own reasoning here to answer the question at hand. To simplify notations?, we
assume that X; and X, are standardized GEV (0,1, &) with ¢ < 0 and we are interested by the
upper behaviour of the sum X; + X,. As GEV distributed random variables, we have

PX;>x)=P(X,>x)=1—exp (—H_g(x))
where H_E represents the survival of generalized Pareto (GPD) distribution family
H:(x) =P(X >x)=(1+ Ex)ll/g,with a, = max(0,a)

Hence, for large x near the upper bound —1/¢, we can write

P(Xy > x) = P(X; > x) ~ He(x) (1
And, hence, the exceedance above u (i.e., given that X; > u, computes the excess of X; — u)
denoted

Xl(”) = [X; —ulX; > u]
can be approximated by a GPD distribution with scale parameter (1 + éu) and shape
parameter ¢. This simply means that exceedances of GEV random variables behave as GPD
in the upper tail (a well-known result in extreme value theory). Coming back to our question of
the upper tail behavior of the sum of two GEV random variables, we can then write, for any
2b > x > b with b = —1/¢ the upper bound of X; andu =x — b > 0,
P(Xy+ X, >x) = P(X; + X, > x| min(Xy, X,) > x — b)P(min(X, X,) > x — b), see footnote*
= P((Xl —w+ X, —u)>x— 2u| min(X,,X,) > x — b)P(min(Xl,Xz) > u)
=~ P (Xfu) + Xgu) > 2b — x)P(min(Xl,Xz) >u),asx —2u=2b—xforu=b—x

In a nutshell, this allows us to rephrase our question in terms of the sum of two GPD random
variables. Recently, Richards and Tawn (2022)*" studies this question in function of the
dependence between X and X Their theorem 1 applied to X™ + X with 5, = 0, = 1 +
éu = (2b — x)/b for negative ¢ gives that:

1 This has also been noticed in other applied D&A studies.

2 The case ¢ > 0 needs a different treatment as heavy and bounded tails are different.

3 The same reasoning can be applied for X; + --- + X, with X; = u + ¢GEV (0,1, &)

4 Note that min(X;, X;) > x — b implies X; + X; > x, as X; + X, = min(X, X,) + max(X,, X,), and
max(X, X,) < b



T aTaw
Where K represents a positive normalizing constant and n characterizes the extremal
dependence between X; and X,. In particular, this later feature with n means that
P(min(X,X,) > v) is proportional to H/(v) for large v. It follows, as b = —1/& and u = x —
b, that

-1
ng -1
P(X +X3" > 2b —x) ~ K < S (2b- x)) = K27

-1

P(Xy + X, > x) = K278 P(min(X,,X,) > x — b) =~ CHY/"(x — b) )
To sump up, by combining this tail equivalence GEV and GPD tails and leveraging Richards
and Tawn 2022)%', we have deduced that the upper tail of the sum of two dependent GEV
distributed random variables is driven by Equation (2). This equation corresponds to a GPD
tail, or equivalently via (1) to a GEV tail. This indicates that we should not be surprised to have
an adequate fit for extremes generated by the two sum of GEV distributed random variables.
Compared to a Gaussian fit, one has to recall Mill’s ratio of a standard normal random variable

Z that states
¢(2) 1 < ZZ>
PZ>z)——= exp| ——
( ) P\ 2

where ¢ (.) represents the standard normal pdf. This ratio is not an appropriate approximation
of (2). This gives us a theoretical reason that may explain why GEV distribution appears to
outperform Gaussian fit for extremes from sums of block maxima in our study.

Concerning our manuscript, we think that the mathematical arguments presented here are not
adapted to a journal like Nature and, instead, they should be presented in a statistical journal
where detailed computations, proofs and simulations could be given. But, if the editor thinks
that they are needed, we could add them in the supplementary material.

Referee #4 Comment 2.1, part b

The practice of averaging temperatures across large regions during heatwave events
obscures the true extremity of localized heatwaves and ignores spatial heterogeneity. For
example, the 2021 Pacific Northwest heatwave affected diverse regions, including British
Columbia, Washington, and Oregon, each with its own distinct topography and climatology.
Simply averaging temperatures across such a large domain overlooks important local
variations in heatwave intensity and the specific drivers behind the extremes in each
subregion.

Response to Referee #4 Comment 2.1, part b

Working with average temperatures across large regions is common in EEA”?27374 Besides,
the regions that we are using are based on EM-DAT and hence correspond to areas with
reported impacts, and hence not large boxes centered on events as usually conducted by EEA
studies. We argue that this results in a more impact-oriented heatwave representation. Finally,
we point out that, as initially explained in the Supplementary Information L44-45, we average
over each grid point within the boundaries specified by EM-DAT to obtain a heat indicator
(average temperature) tailored to affected regions. One could argue that, e.g., by severely
restricting our analysis to areas with the most anomalous temperatures, we focus on the part
of heatwaves that are most extreme which is not necessarily congruent with the most affected
areas (due to spatially inhomogeneous population). As a last remark, we would like to point
out that the purpose is to assess the influence of climate change on a heatwave, in other
words how global warming affected a regional event. While local features would modulate the



local effect of global warming, the objective remains to establish a link that holds for regional
averages and the respective timescale of each event.

Referee #4 Comment 2.2

(2.2) The authors conducted 187 individual analyses, which hardly constitutes a systematic

study because they ignore spatial-temporal dependence. Recent advances in statistical

modeling allow for interpolating the GEV distributions between locations without spatial
averaging, and also improving the analysis at individual stations by “borrowing strength”

across stations while incorporating useful meteorological and topological covariates (see e.g.,

Cooley et al., 2007; Risser et al., 2019; Russell et al., 2020; Zhang et al., 2024). The authors

would benefit from adopting these more sophisticated methods.

Response to Referee #4 Comment 2.2

For the sake of clarity, the term “systematic” characterizes here the fact that the EEA has been

applied over all reported heatwaves, as opposed to individual analyses. The “ignorance” of

spatial-temporal dependence does not affect the systematic characteristic of this work. As
explained above, temporal dependence is correctly accounted for, and spatial averaging over
the region of the events is here again a well-established element of EEA.

We would like to thank Referee #4 for suggesting these “more sophisticated methods”. While

they do account for fine spatial-temporal heatwave structures, as requested in your comments

(2.1), (2.2) and (2.3), these approaches are not applicable here, and hence do not serve the

purpose of this manuscript.

- Missing weather stations: some regions analyzed here have too few weather stations,
justifying the use of reanalysis datasets to enable a more consistent analysis. This issue
hinders the use of such methods for such regions.

- Modelling of covariates by ESMs: following the statistical model of Zhang et al, 20248°
with 6 covariates including urbanization would require using either only observations, or
calculating all required covariates with ESMs as well. The resolutions of ESMs would not
be adapted to calculate covariates like the urbanization. This issue reduces the
applicability of such methods to model data. We would also need to assess the
contributions of carbon majors to the other covariates, but this is not feasible.

- Different objectives: the studies that you suggest are indeed very interesting contributions
to EEA, showing how local features modulate the influence of climate change on extreme
events. Yet, our objective remains the traditional objective of EEA, that is to say the
average impact of climate change over the region of the event. As such, relying on more
sophisticated statistical models does not add value to our analysis, especially considering
the added parametric uncertainty and arguably unnecessary model complexity given our
objective.

- Weakness of such models: because these statistical models rely heavily on weather
stations, only observations can be used, recorded over a relatively short time. On the
contrary, models are meant to provide additional lines of evidence for an improved
confidence in the results. We remind that short records affect the robustness of EEA,
especially for highly improbable events such as the 2021 PNW heatwave®”.

Referee #4 Comment 2.3

(2.3) Including GMT as a covariate in the GEV model for the location parameter is problematic.
While changes in GMT are partially attributable to anthropogenic climate change, they also
reflect multiannual natural variability (e.g., ENSO, NAO, MJO, etc.) within the climate system.



Furthermore, using GMT as the sole covariate oversimplifies the complex drivers of
heatwaves, which can involve various meteorological factors such as atmospheric blocking
patterns, solar radiation, and cloud cover. For instance, the southeast and central United
States have experienced a “global warming hole” with negative or insignificant temperature
trends (see e.g., Mascioli et al., 2017), which contradicts the assumption that rising GMT is
universally linked to increases in heatwave intensity. A more nuanced approach, accounting
for both anthropogenic and natural climate variability, is needed.

Response to Referee #4 Comment 2.3

This comment is a continuation of the former comment on the use of more sophisticated
models, with more covariates. We acknowledge that the Earth system is more complex than
simple statistical models, that the local temperatures every year will be affected through large
scale oscillations, by local effects such as albedo and aerosols, by the local water budget, etc.
However, the purpose of this attribution analysis, like the majority of others, remains to assess
how climate change has affected an event, thus the overall forcing. This is why we deal with
natural variability driven by large scale oscillations following the WWA protocol, ie with
smoothed GMST. There are indeed cases where climate change causes multiple local
evolutions that compensate, leading to “warming holes”. In these cases, this would yield a
near-zero slope parameter in the location function dependent on GMST, consequently event
probabilities and intensities hardly change for more or less global warming, and so this also
doesn’t distort the overall result. There would not be strong evolutions in frequency/intensity
of the heatwaves, and a low link with GMST. To summarize, it is not a contradiction, this is
simply acknowledging that sometimes, somewhere, climate change may not contribute to the
heatwaves. Given the overwhelming scientific literature on the topic, we are confident that this
well-established method does fit the purpose of this study.
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- Clarifications regarding the definitions of the events, following Referee 1’s suggestions.

- Addition of goodness-of-fit tests for all events, following Referee 3’s recommendations.
All but 9 heatwaves had sufficient performance, while the 9 others were removed from
analysis.

- Addition of non-linear Granger-causality tests, building on Referee 3’s recommendations.
For all but 3 heatwaves, GMST is Granger-causally related to the respective heatwave
indicator. The 3 other events were removed from analysis.

- Addition of 2023 heatwaves to the manuscript. A recent update to the Carbon Majors
database enabled an extension of the analysis from initially 187 to 226 heatwaves (not
counting those removed through the aforementioned tests).

- Clarifications in the structure of the Methods and in the Supplementary Information for
better navigation by the reader.
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Response to Referee #1

Referee #1 Comment 1

The article conducts a systematic event attribution of 187 historical heatwaves, and attributes
the effects to individual carbon majors. This is my second review of the article and | thank that
authors for considering all my comments and find the current version much improved,
particularly regarding where this present paper relates to existing literature.

Response to Referee #1 Comment 1

We want to thank Referee #1 for this perspective on our modifications. We will do our best to
integrate all ensuing comments.

Referee #1 Comment 2

The major remaining concern | have regards the event definition. What exactly are the black
dots on figure 1? From reading the text and caption my understanding is that they are Tmax
averaged over the region and period of the event — with one value per year. | find this quite a
strange choice and do not understand why have you chosen this definition rather than say
annual maximum values averaged over the length of the event which | think are the more
typical and robust approaches?

Indeed, the studies that you compare to for the Pacific NW event use annual maximum Tmax
(TXx) and a 5-year block maximum of annual maximum seven-day running mean air
temperature.

Could you clarify and justify your choice of approach, particularly given that you are using a
GEV fit which as | understand it is only applicable to fit to distributions of extreme values. The
choice of how to define an event is a key part of event attribution so | think this point needs
more detail in the main text.

Response to Referee #1 Comment 2

Thank you for raising this concern. We fully agree that the definition of the indicator is a crucial
step in the process of Extreme Event Attribution. Our choice of indicator is based on the
reporting of the heatwave to EM-DAT. For instance, the Pacific NW event has been reported
separately to EM-DAT for both Canada and the USA. In panel b of Figure 1, we show the
reporting on the USA. According to the reporting to EM-DAT, the heatwave occurred over the
26-30.06.2021. Based on this reporting, we calculate the average over this period. We agree
that other indicators are possible: the maximum of the daily maximum, the maximum of the
daily average, the maximum of a running average, and many others’. Our choice is motivated
by the relevance of the definition for the impacts perceived by the population, which is one of
the approaches proposed by the World Weather Attribution (see section 3.5 of the protocol?).
For instance, using daily average accounts for the cooling over night, while daily maximum
doesn’t. Using average over the period of the heatwave rather than the maximum over the
period provides insights on how sustained was the heatwave. Both aspects matter for impacts.
We acknowledge that this justification was lacking, and we have modified the manuscript (L95-
101) accordingly:

Here, the heatwave is defined using the exact spatial characterization in the EM-DAT database,
as it represents how the disaster was experienced by the local populations® (Figure 1b). Daily
temperatures are averaged over this period and region for every year of available
observations**. While many indicators could be used to characterize the heatwave', the choice



of the average over the period is motivated by its relevance for the reported impact rather than
its meteorological rarity (see Supplementary Information).

Additionally, we have also detailed further this aspect in the relevant section of Supplementary
Information (L62-67):

In particular, this choice is motivated by its relevance for the reported impact rather than its
meteorological rarity. Heatwaves impact local populations not only through daily maximum
temperatures, but also through lack of cooling over nights, which can be estimated using daily
average temperatures. Sustaining high temperatures over time modify as well the impact of a
heatwave, justifying the use of averages over the period of the heatwave rather than its peak.

Referee #1 Comment 3

Lines 97-101: “Using the sole” would be clearer as “using only”. The sentence following this
seems a bit repetitive in terms of phrasing and it would be good to rewrite this.

Response to Referee #1 Comment 3

Thanks for this comment. We have modified the manuscript as follows (L110-115):

Using only ERA5, the Pacific Northwest heatwave of 2021 over the USA had climate change
increasing its intensity by 4.4 °C compared to 1850-1900, with a 95% confidence interval from
2.2 to 6.8 °C. Adding all other datasets relevant for the region decreases the influence of
climate change to a change in intensity of the Pacific Northwest heatwave of 2021 over the
USAof 3.1°C (1.4t05.1).

Referee #1 Comment 4

Line 139. What does “best” mean in this context?

Response to Referee #1 Comment 4

Thank you for pointing this out. In this context, it means “median” estimate when accounting
for uncertainties. We have replaced “best” with “median” in two instances, L155-156:

With reference to 1850-1900, the median estimates for the changes in intensity range across
events from +0.3 °C to +3.1 °C.

And L166-168

However, the median estimates show that climate change has made 55 heatwaves out of 213
(26%) at least 10,000 times more likely, which is to say virtually impossible without
anthropogenic influence.



Response to Referee #2

Referee #2 Comment 1
| finally managed to go through all the referee comments and responses, with apologies for
the delay in doing so.

| am impressed by the rigour and detailedness of the responses by the author team. Also,
having read the critical review of Referee #4, | can absolutely understand why the authors
challenged the decision to reject the manuscript. | have to say, most of their (the referee’s)
points were either based in misunderstandings or a general unwillingness to accept standard
methods in EEA. In particular some of the comments made on the event definition by referee
#4 border on straw man arguments. | admire the calm and considered response by the authors
and the massive amount of extra work they invested to address their critique exhaustively.

The other two referee comments were addressed with equal care. Needless to say, my initial
points of criticism have all been addressed and are now appropriately amended in the
manuscript. Very well done! Therefore, | happily accept the paper as is and wholeheartedly
recommend publication in Nature.

Response to Referee #2 Comment 1

I and the co-authors would like to sincerely and deeply thank Referee #2 for this positive
feedback and support. Of course, should any new point arise, we will gladly account for them.



Response to Referee #5

Referee #5 Comment 1
Dear authors,

| have been asked to assess your replies to the now-absent referee #4 (R4). Upon reading
the comments from the previous R4 and enough of the manuscript to grasp the core of your
motivation, methods, and results, my overall feeling is that R4 was overly (and unnecessarily)
critical of your manuscript and statistical methodology. | would agree with R4 that the methods
used here are not necessarily state-of-the-art in the statistics literature; however, | also agree
with the authors that some balance between sophistication and practicality/reproducibility is
needed for large-scale studies such as this one. Ultimately, | think you have graciously revised
your manuscript in light of R4 feedback while respectfully standing your ground in areas where
R4 was (in my opinion) unreasonable.

Response to Referee #5 Comment 1

We would like to thank you for this pondered review of this manuscript and the replies.

Referee #5 Comment 2
1. R4 Comment 2.1(a)

Here, R4 was asking about the appropriateness of using GEV theory for analyzing block
maxima from finite data while extrapolating very far into the upper tail (in some cases, to
>10,000-year events). They correctly raise the point that the measurements from which you
take a block maximum (daily T within a year) are definitively neither independent nor identically
distributed. R4 then asks you to conduct goodness-of-fit tests to ensure appropriateness of
the GEV. In your revision, the Supplementary Information now states:

“Besides this GEV model, we have also tested three other distributions with linear and non-
linear evolutions of the parameters: Gaussian, skew normal and generalized Pareto. Overall,
our comparisons assessed through quantile-quantile plots clearly indicate that the GEV
performs the best among the four distributions, especially in terms of upper tail behaviours.”

While it is nice to know that the GEV provides the *best* fit from among the other candidates,
this does not imply that the GEV does indeed provide a *good* or *appropriate* fit to the data
(while the GEV may be best, it could still provide a poor, albeit relatively good, fit).

Related, in the Supplementary Materials you also state:

“The choice of including or not the event when estimating the statistical model has been
extensively discussed, although no final consensus was reached7,16,17. The results
presented in this paper have been obtained by estimating with the event, to prevent removing
points from the observational record. To ensure numerical convergence, a minimum
probability of 10e-9 was set for each point of the full sample. It implies that the attributed events
under factual conditions will not have return periods higher than a billion years, which we
consider long enough.”

| concur that there is no final consensus on whether the event of interest should be considered



in- or out-of-sample for the analysis. However, whether or not it is included can have major
implications for the associated return periods and probabilities. As you probably know, this
issue reared its ugly head in the PNW heatwave. Philip et al. (2022) directly found that treating
the 2021 temperature as out-of-sample yielded an infinite return interval for the event; hence,
they elected to include the event in their analysis to yield a finite return interval (and, therefore,
very different return intervals with and without the event of interest). Bercos-Hickey et al.
(2022) directly looked at goodness-of-fit and found that for many of the stations considered
the GEV distribution did *not* provide a good fit to the data when the 2021 measurement was
included, but when it was excluded, the GEV distribution was acceptable.

In my opinion, you need to consider this goodness-of-fit question more formally, particularly
since (1) you include the heatwave events as in-sample and (2) you use the GEV fits to
extrapolate far into the upper right tail. I'd suggest something along the lines of what was done
in Bercos-Hickey et al. (2022); also, Risser et al. (2025)
https://doi.org/10.1016/j.wace.2025.100743 propose methods for conducting these checks
(see their Section 3.1 and also Section 2.2.5 of the supporting information).

Response to Referee #5 Comment 2

Thank you very much for this insightful comment. Indeed, the fit of a non-stationary GEV
remains a statistical model, that requires an adequate validation, even if well-established.
Although we had shown that it was the best one, we acknowledge the need to show its
goodness-of-fit.

We have followed the method from Risser et al, 2025 that you recommend for every heatwave
and every dataset that we use for the attribution analysis®. More precisely, we have projected
the sample onto a GEV(0,1,¢), deduced its observed quantiles for comparison to the
theoretical quantiles of this GEV. Importantly, we flag that all parameters (location, scale and
shape) of the non-stationary distribution have uncertainty, hence a range both in the quantiles
of the sample and a range in the theoretical quantiles. In Figure 1 of this Response to the
Referees, we illustrate this process with the QQ-plot for the PNW 2021 heatwave with the
ERAS dataset. Although the median of the quantiles of the sample seem slightly too low then
slightly too high, the identity line remains always within the uncertainty range.

—— Identity line
Range in thecretical quantiles due to uncertainty in shape
t Quantiles of sample, with range from uncertainty in location & scale

Quantile of sample

-2 -1 2 3

UTheoretical q;antile
Figure 1: quantiles-quantiles plot for the PNW 2021 heatwave based on ERA5 data.
Following Risser et al, 2025, we have then counted how often the quantiles of the sample not
consistent with the theoretical quantiles. Importantly, we focused on the quantiles above the


https://doi.org/10.1016/j.wace.2025.100743

median to ensure the consistency for heatwaves. For every heatwave, we have then analyzed
whether the conditional distributions trained for the datasets used for analysis had less than
5% of their sample outside the confidence band. These results are summarized in Figure 2,
with boxplots representing the spread over the datasets. Out of the 226 heatwaves, we remove
the 9 heatwaves for which more than half of the goodness-of-fit is above the threshold at 5%.
We notice that 8 out of 9 removed events occurred in India, the last one being a heatwave in
Japan in 2019. We ignore why 8 out of the 14 heatwaves in India had lower performances,
the 6 others had overall satisfying goodness-of-fits. After careful search, we could not pinpoint
any specific reason, whether year, season, duration, region or intensity of the heatwave.
Further research would be needed to identify potential reasons, for instance through the
regional drivers of these specific events, but it would be in a different paper.
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All analyzed heatwaves

These results have been added in a new section in Supplementary Information. In the main
text, these tests are now mentioned to justify that several heatwaves are removed from the
whole analysis (L132-140):

Additional tests are conducted to assess the adequacy of the method for each event. The
goodness-of-fit is assessed, validating 217 out of the 226 heatwaves, while the remaining 9 are
removed from the ensuing analysis. [...] All details on these tests are provided in
Supplementary information.

For information, one of the discarded events was shown in panel (d) of Figure 1 and now
Figure S4. This Indian heatwave was replaced with another Indian heatwave. Besides, all the
analysis in the manuscript has been modified to account for the removal of these events,

Referee #5 Comment 3

2. R4 Comment 1.5

| think the reviewer is asking about something else here, but | concur with the overall sentiment
regarding the importance of clearly stated causal assumptions. | find your approach for
isolating the carbon majors (averaging the ABO and AON fits) both novel and interesting, and
Figure S2 is compelling. However, particularly for the observational data sources, what you



are doing (regressing one time series on another with GEV errors) is still subject to problems
associated with hidden covariates (i.e., you find correlation and not causation). In some ways,
your approach could be framed as Granger causality (Granger, 1969
https://doi.org/10.2307/1912791; see also Risser et al., 2025 https://doi.org/10.1088/2752-
5295/add046), although the nonstationarity of both the covariates and response variables are
problematic. Whether you are inferring causation or correlation will be very important if the
results are ever to be used in court for loss and damages! Therefore, | think you need to be
*very* clear about the nature of the attribution statements you’re making, and what sort of
causality is implied.
Response to Referee #5 Comment 3
We would like to thank you for this judicious comment. We acknowledge that the method of
non-stationary distributions relies on correlations. Even if there is strong physical basis for
causation, there may be additional effects, e.g. hidden covariates as you mention. Given that
this manuscript aims at quantifying the causal chain, we have implemented Granger causality
for all heatwaves to assess whether the evolution of GMST does Granger-cause the evolution
of T, the indicator for the heatwave. The paragraphs that follows are only a summary of the
work conducted, full details on the technical implementation and results are provided in a new
section in Supplementary Information.

- Ourfirst approach relies on the sources that you provided®’, with Granger-causation used
classical differentiating variables. In other words, this test was assessing whether
interannual variability in GMST can predict the interannual variability in T. We could reject
the null hypothesis only for about 1/4 of the cases, i.e. proving that there is indeed
causality. However, this classical approach removes the trends from GMST and T, which
are essential information.

- Our second approach relies on a generalization introduced in Granger and Newbold,
19748. This method introduces the effects of trends, thus testing whether short and long-
term evolutions of GMST may predict the evolutions of T. With this more sophisticated
test, we could show that the evolutions of GMST was causing the evolutions of T in about
2/3 of the cases. However, as pointed out in Risser et al, 20257, the non-linearity of the
Earth system represents a limit for Granger-causality.

- Our third approach relies on a non-linear Granger-causality framework based on machine
learning®'°. Using Random Forest models, we show that 214/217 of the heatwaves have
the median of their test below 0.05. Two other events have 0.06, the last one has 0.11.
We decide to remove these three events from the ensuing analysis, to guarantee that we
have proven causation.



https://doi.org/10.2307/1912791;
https://doi.org/10.1088/2752-5295/add046
https://doi.org/10.1088/2752-5295/add046
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While all details are provided in Supplementary Information, we summarized these findings in
the Main Text (L134-140) as follows:
Furthermore, although there are strong physical justifications that GMST has a causal link to
the heatwave>!12, this statistical model does not necessarily imply statistical causation. Thus
we also infer the non-linear Granger causality”'’. For 214 out of the 217 heatwaves, we prove
with more than 95% certainty that GMST is Granger-causing the indicator of the heatwave.
The 3 other events are removed from the ensuing analysis. [...] All details on these tests are
provided in Supplementary information.
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Referee report on Nature-2024-07-15234:
“Systematic attribution of heatwaves to the emissions of
carbon majors”

The manuscript presents an analysis of 187 historical heatwaves from 2000-2022 and
attempts to attribute these events to carbon emitters and anthropogenic climate change.
While the topic is highly relevant and timely, the statistical methodologies employed raise
several critical issues, particularly concerning accuracy, rigor, and adherence to fundamen-
tal principles of probability theory and extreme event attribution. In its current form, the
conclusions drawn from the analysis appear unreliable due to incorrect model assumptions
and flawed statistical methods.

For the reasons detailed below, I recommend rejecting the manuscript. A substantial
revision of the methodology and analyses is necessary before considering publication in any
outlet, especially a journal as prominent as Nature.

1 Attribution of heatwaves to carbon majors

The core equation used to attribute heatwaves to the emissions of carbon majors is Equation
(2) on Line 373:
R=Nuou (] E,

i=1,...,n

where R denotes the factual conditions, N is the unperturbed conditions (i.e., pre-industrial/
counterfactual conditions), E;, i = 1,...,n denote the activities of all carbon emission en-
tities considered, and O denotes all other anthropogenic effects. However, this equation
suffers from critical logical flaws and violates the basic principles of set theory and proba-
bility theory:

(1) The treatment of events and probability is very not rigorous. What is the probability
space S under consideration? What is its associated o-algebra B?

The definitions of R and N as factual and counterfactual conditions, respectively, are
imprecise. In probability theory, if N represents “world that might have been” condi-
tions that never happened, P(N) should be 0, while P(R) = 1, as the factual conditions

DY) — 1 (see Line 176 of the Supplementary Material)

did occur. The assumption of PR



(Line 176 of the Supplementary Material) is inconsistent with basic probability princi-
ples.

In probability theory, if we have two events N and R in a probability space (S, B) such
that N C R, then any occurrence s € N will satisfy s € R, which means R must
happen when N happens.

However, by definition, the counterfactual /unperturbed conditions N cannot happen
simultaneously with the factual conditions R, which is the basis principle of extreme
event attribution or causal inference. That is to say, RN N = (), which directly
contradicts Equation (2) on Line 373.

A union of two events F; U F5 indicates either F; or Ey happens, not requiring both
events to happen at the same time. However, for the factual conditions R to occur, all
anthropogenic activities, including O and E;, + = 1,...,n. Therefore, should co-occur.
Thus, the correct formulation of R should involve intersections:

i=1,...,n

To derive 0 PRx g,, the Equation (12) in the Supplementary Material requires simulat-
ing and computing

P(X | Ry), where R]:ﬂEZ‘, Ic{1,...,n+2}.

i€l

That is, one needs to run an earth system model (ESM) 2" — 1 times (which is equal to
the number of subsets for {1,...,n}) to evaluate the probabilities P(X | R;) under all
index sets. Considering there are n = 122 carbon majors under consideration in this
paper, running the OSCARv3.3 driven by 2!?2 — 1 different counterfactual scenarios is
computationally infeasible. The authors should clarify how they managed this massive
computational burden.

Clear communication of causal assumptions and the interpretation of conclusions is
essential in climate change detection and attribution studies. Attribution results based
on Earth System Models (ESMs) are inherently subject to structural uncertainties,
and their reliability depends heavily on the model’s ability to accurately simulate the
relevant variables of interest (Wehner, 2023).

For instance, in the case of the June 26-29, 2021 Pacific Northwest (PNW) heatwave,
Bercos-Hickey et al. (2022) employed ensembles of regional climate models, including
the Weather Research and Forecasting (WRF') model and the International Centre for
Theoretical Physics Regional Climate Model (RegCM 4.9.5). These simulations, ini-
tialized on June 22, 2021, used historical boundary conditions from the Global Forecast
System (GFS) analysis and ran continuously through July 2, 2021. Despite the use of
regional models specifically designed to capture localized climate dynamics, the highest

2



temperatures simulated by WRF were still approximately ~ 1° C lower than observed
in the PNW.

Given this, it raises doubts as to whether a reduced-complexity global ESM like OS-
CARv3.3 can adequately reproduce the intensity of all 187 heatwave events analyzed in
the study. Indeed, previous research has shown that global climate models frequently
underestimate the intensity of extreme heat events (see e.g., Stott et al., 2016), further
questioning the robustness of the model-based conclusions in this paper.

2 Attribution of heatwaves to climate change

To study the effect of anthropogenic climate change on the intensity of a certain heatwave
event, the authors took a spatial average of the daily temperature within the impact region
of the heatwave to obtain an annual time series. Then they assumed the spatially-averaged
temperatures subject to a Generalized Extreme Value Distribution (GEV) distribution.

They claimed that this type of analysis applied individually to 187 different heatwave
events is systematic, which I can hardly agree with. Also, their practice violates the classic
Extreme Value Theory (EVT), and also the inclusion of Global mean temperature (GMT)
as a covariate in the location parameter of the GEV distribution is somewhat naive.

1. The univariate EVT states that given a sequence of independent random variables
Y1,Ys, ... with common distribution F', and let M,, = max{Yy,...,Y,,}, there exist
sequences of constants a,, > 0 and b,, € R such that

M, —b
S 4 7 asn — oo, (1)
an

where Z is a non-degenerate random variable that has a GEV distribution and N

denotes convergence in distribution. See Coles (2001) for an introductory exposition.

For the GEV assumptions (1) to hold, one has to work with block maxima with a
block size n — oo, which is why Statisticians usually fit GEV distributions to annual
maixma or seasonal maixma. Also, it is important to make sure that the observations
within a block {Y7,...,Y,} all subject to the same distribution. Considering the daily
temperature in a year has autocorrelation and seasonality among days, the records
are not identically distributed. The authors must conduct a GEV goodness-of-fit
test to their spatially-averaged records because the GEV assumptions have all been
seriously violated.

The practice of averaging temperatures across large regions during heatwave events
obscures the true extremity of localized heatwaves and ignores spatial heterogeneity.
For example, the 2021 Pacific Northwest heatwave affected diverse regions, including
British Columbia, Washington, and Oregon, each with its own distinct topography
and climatology. Simply averaging temperatures across such a large domain overlooks
important local variations in heatwave intensity and the specific drivers behind the
extremes in each subregion.



2. The authors conducted 187 individual analyses, which hardly constitutes a system-
atic study because they ignore spatial-temporal dependence. Recent advances in
statistical modeling allow for interpolating the GEV distributions between locations
without spatial averaging, and also improving the analysis at individual stations by
“borrowing strength” across stations while incorporating useful meteorological and
topological covariates (see e.g., Cooley et al., 2007; Risser et al., 2019; Russell et al.,
2020; Zhang et al., 2024). The authors would benefit from adopting these more
sophisticated methods.

3. Including GMT as a covariate in the GEV model for the location parameter is prob-
lematic. While changes in GMT are partially attributable to anthropogenic climate
change, they also reflect multiannual natural variability (e.g., ENSO, NAO, MJO,
etc.) within the climate system. Furthermore, using GMT as the sole covariate over-
simplifies the complex drivers of heatwaves, which can involve various meteorological
factors such as atmospheric blocking patterns, solar radiation, and cloud cover. For
instance, the southeast and central United States have experienced a “global warming
hole” with negative or insignificant temperature trends (see e.g., Mascioli et al., 2017),
which contradicts the assumption that rising GMT is universally linked to increases
in heatwave intensity. A more nuanced approach, accounting for both anthropogenic
and natural climate variability, is needed.
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