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1 Reviewer 1
Overall, this manuscript is very much improved. Nevertheless, I do have some further com-
ments on both the substance and the presentation of the paper that I hope the authors and
editor will find useful.

We thank you for taking the time to review this new version and for recognizing the important
work that has been done. We are pleased that this new version is much clearer, and you will
find our answers to your questions below.

1.1 General comments
My primary concern continues to be about influence of the simulated responses to future
emissions on inferences about changes in the intensity and expected frequency of histori-
cal extreme temperature events when going from counterfactual to factual external forcing
conditions. This apparently occurs because of the way in which SSP driven simulations are
smoothed, which is performed in this case with B- splines, presumably still with the same,
very small number of knots used previously (details are not provided anywhere in the paper).

You are absolutely right to point out that the analyses performed are highly dependent on how
the counter-factual world is constructed, this partly explains the variability in results that can
occur between different studies. The World Weather Attribution (WWA), for example, typically
taking a 15-year moving average to smooth out global temperature and and they define their
counterfactual with a constant covariate, which takes as its value the current GMST minus the
observed change.

We also note that, after describing in detail in the supplementary material how the smoothing is
constructed, we completely forgot to give the exact parameters used in our study. Historically, in
the original paper by Ribes et al. (2020), the authors used a natural spline basis (in other words,
the knots are the 251 annual time steps), smoothed so as to have only 6 degrees of freedom.
This value was obtained by cross-validation on CMIP5 simulations (historical and RCP8.5, van
Vuuren et al., 2011; Taylor et al., 2012). This value was then retained in subsequent papers (see,
e.g., Robin and Ribes, 2020; Ribes et al., 2021). In this new work, we favored 𝐵-splines, with a
number of knots more in line with the number of degrees of freedom. We settled on 10 uniformly
distributed knots, this time with 8 degrees of freedom regardless of the scenario in order to better
represent the bell curve of SSP1-2.6. These parameters are easily modifiable in ANKIALE.

We have amended the supplementary material to incorporate the above elements.

This degree of smoothing understandably affects the shape of the forcing response function
during recent several decades of the historical period. The authors make this sensitivity appear
to go away by incorporating climate simulations under 4 different forcing scenarios into their
prior – but implicitly that means that they think that the resulting estimate of the response
to anthropogenic forcing in recent decades is closer to being correct than we would get, for
example, from simulations of the historical period that are extended only as far as the present
using a single SSP such as SSP2-4.5. I think the authors should give this problem more thought
and at minimum, discuss it more thoughtfully in the paper.
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We do not eliminate the sensitivity of the response to forcings; we remove what we consider
to be natural variability (the smoothing can be configured), and the use of several scenarios
only serves to ensure that the historical response (partly pre-2014) is the same regardless of
the scenario. Indeed, the period between 2014 and today no longer corresponds to any of the
scenarios used, but amounts to using the average of the four SSPs over this time interval. We
believe that this is not a problem, as the four scenarios are extremely close over this period
(especially when their uncertainty is taken into account, which we do).

We have added a discussion clarifying these points in the supplementary material in the
Sec. S.1.1.4 and S.1.3.1.

An additional concern is that I think the authors need to discuss the suitability of the GEV
model much more carefully than they do. The paper contains essentially no cautionary words
in this regard indicating to users of the ANKIALE package that they need to carefully jus-
tify their choice of extreme value distribution. In the paper, inferences are made based on
the annual maxim of three-day running averages of daily maximum temperature without any
concerns about whether the upper tail of the fitted distribution can adequately represent the
intensity and frequency of rare heat events. What evidence is there that this sampling ap-
proach (annual maxima of three-day running means) places us deeply enough within the “do-
main of convergence” of the GEV distribution to trust inferences about events that are outside
the support of the data and therefore very dependent on the assumption of tail stability that
is implicit in the approach that has been used? This is not a trivial issue that can simply be
brushed aside because (a) daily maximum temperature generally has a unimodal distribution
that is not all that far from being Gaussian (suggesting that convergence to the limiting GEV
distribution will be slow), (b) smoothing the daily maximum timeseries creates something that
is even closer to being Gaussian, and (c) doing so reduces the effective block length relative
to that for daily maximum temperature, which itself has an effective block length that is sub-
stantially less than a year (clearly, annual temperature maxima do not occur in winter). Note
that diagnosing the fit of the model within the support the observed annual maxima, as would
be the case when applying the Kolmogorov-Smirnov test, doesn’t help very much in provid-
ing confidence that the tail above the support of the data is well represented by the fitted
distribution.

The question of whether a variable actually follows a given distribution is a classic problem in
statistics, made even more difficult in our context because the statistical model must correspond
to each of the climate models, the prior, and also the posterior (and therefore to the observa-
tions). This question, although only briefly touched upon in the article (we simply state that we
assume that the variable TX3x follows a GEV distribution), has been addressed in many previous
studies. For example:

• In the work of Robin and Ribes (2020), the choice of statistical model is studied to best fit
climate models in the case of a GEV distribution. The results are very mixed, showing that
the chosen model appears to be a compromise.

• In the work of Ribes et al. (2020), the normal distribution is used because a monthly average
is better represented by a Gaussian distribution.

• The WWA studies, based on the protocol in Philip et al. (2020), include the search for the most
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appropriate distribution. Annual maximum variables over 𝑛 days (with 𝑛 small) are generally
better represented by GEVs than normal distributions (the tail is too strong to be consistent
with the normal distribution, which drops to 0 much too quickly), see for example Pinto et al.
(2024), Zachariah et al. (2023), Barnes et al. (2023), and van Oldenborgh et al. (2019). Variables
averaged over longer periods are more Gaussian (Ciavarella et al., 2021).

With this in mind, several statistical models are offered in ANKIALE (currently, GEV, Gaussian,
and GEV adapted to minimums), and since the list cannot be exhaustive, adding a statistical
model is reasonably simple.

It should also be noted that the objective of our work here is not to choose a statistical model
(even though we give GEV as an example), but rather to focus on the inference method, which
can be adapted to different statistical models. The choice of GEV for TX3x is sufficiently val-
idated in the literature that we do not consider it necessary to include a warning with each
estimate we provide, particularly in Sec. 5.

A discussion along these lines has been added in the introduction of the Sec. 3.1 (Definition of the
statistical model), highlighting the importance of choosing the right statistical model. Several
new examples have been added to ANKIALE dealing with the normal distribution and the GEV
for minimums.

1.2 Detailed comments
10-13 This sentence needs some clarification because it presently seems to suggest that ERA5

extends to 2100!

We have rephrased it.

19 Not all “attribution studies” – what is being referred to here are extreme event attribu-
tion studies rather than long-term detection and attribution studies (sometimes called trend
attribution studies).

We have replaced "attribution studies" by "extreme event attribution studies".

29 Somewhere this paper needs to carefully discuss that assumption (see general comment 2
above).

A discussion has been added, see the response to the general comment 2.

33 “later” & “latter”

Thanks, corrected.

51 “progresses” & “progress”

Thanks, corrected.
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55 “This code is” & “This code was” (the rest of the sentence is in the past tense, so this should
also be in the past tense).

Thanks, corrected.

58 These numbers are presumably for a grid of a specific size (∼ 4000 points?). Other ap-
plications would have different computational requirements, so that should be mentioned I
think.

We also give the calculation time for a grid point, which in theory does not depend on the
size of the grid. In practice, a larger data set will take longer to load (or may not fit in memory
and may need to be split up, which ANKIALE allows), which may affect calculation times. We
have modified the text of the introduction to reflect this.

76 “weather forecasting models” & “a weather forecasting model” (ERA5 doesn’t use multiple
models).

Thanks, corrected.

78 Interpolated how? It would be good to at least give an indication of what is interpolated. I
assume that what is meant here is that 2m air temperature is estimated from surface (skin)
temperature and lower model level temperature.

The source of our sentence is the ERA5 documentation, which says that 2m temperature is cal-
culated by interpolating between the lowest model level and the Earth’s surface, taking account of
the atmospheric conditions without further details. The key point for us here is that we wanted
to draw attention to why ERA5, particularly in terms of extremes, can differ significantly from
observations (and especially EOBS).

We added the additional elements to this sentence and sourced it directly.

79 “spatializing”?? There is no such word in English. I assume that you mean, “by spatially
interpolating”.

Thanks, corrected.

82 “a global coverage” & “global coverage”

Thanks, corrected.

92 “Change is this average temperature” & “Changes in these spatially averaged tempera-
tures”. Note that there are many more minor editorial issues like this that can easily be
corrected through careful proof reading, perhaps by enlisting the help of a colleague who is
a native English speaker.

Thanks, corrected.

109 It would be helpful if the methods section, or perhaps an appendix, could provide details
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about the splines that are used and how the spline coefficients are estimated. They play a
central role in the construction of the prior distribution, so it seems important to provide
that information.

The supplementary material contains all the equations and methods used to find the spline
coefficients. In particular, we show how this problem can be rewriten as a least squares prob-
lem.

121 While ERA5 is of high quality, I think it is debatable whether it can be considered equiv-
alent to (i.e., exchangeable with) in situ observations.

It is true, so we have replaced by the word "similar". Note that Sec. 2.1 already contains a
discussion urging caution against confusing observations with reanalyses.

161 While the notation is much improved, it is still not entirely clear what some symbols are
meant to represent. For example, exactly what is 𝑋 0 and what does 𝑋𝑁 represent when a
subscript is not present?

The 𝑡 was missing for 𝑋𝑁
𝑡 , this has been corrected. The term 𝑋0 is a constant, while 𝑋𝑁

𝑡 is
the response to natural forcings. This allows us to write the response to forcings as the sum
of the natural and anthropogenic response 𝑋𝐴

𝑡 , modulo a constant 𝑋0.

167 In equation (5), what is the time range for 𝑡? You refer to SSP’s, which implicitly indicates
that 𝑡 takes values from 2015 onwards, but I don’t think that’s what is intended. Some further
adjustment of notation is presumably needed to distinguish between things estimated from
historical simulations and their SSP driven extensions in the period beyond 2014.

Indeed, notations with SSP give the impression that we are only using the future part, whereas
we are using both the historical data and the SSP scenario simultaneously (meaning that the
time axis spans from 1850 to 2100). We have clarified the text by explicitly stating that the
historical scenario is being used at this stage. Ideally, we would have a HIST+SSP notation,
but we believe that this would significantly reduce readability.

211-212 See general comment 2 above – I don’t think we can be as confident in this assump-
tion as you indicate here.

A discussion has been added in the supplementary material, and we clarified the text in the
Sec. 3.1, see our response to the general comment 2.

253-254 (positive shape parameter): I think it could be argued that this is physically implau-
sible – which begs the question of whether physical understanding should play a role in
constraining GEV parameter estimates to remain negative.

Even if we agree on the principle, the assumption of physical implausibility is not necessarily
sufficient to force a negative shape. For example, precipitation is physically limited (absurdly,
it cannot rain more than all the water available in the atmosphere), but the value is so large
that the shape becomes positive in this case. An approach such as that of Noyelle et al. (2026),
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which imposes a bound calculated on physical variables, allows the shape to be forced to a
negative value. A perspective is to integrate this type of approach, which has yet to be tested.

255-260 If there is no evidence that 𝜎1 differs from zero, wouldn’t it be better to simplify the
model by assuming that 𝜎1 = 0?

Indeed, the posterior shows that 𝜎1 is very close to 0. Unfortunately, this is not the case
throughout the procedure, where some climate models show a 𝜎1 significantly different from
0 (Robin and Ribes, 2020). We are therefore forced to retain the hypothesis of 𝜎1 ≠ 0.

284 This appears to be a notation failure (the note given here seems to end in tautology).

In the formula 𝐼 F𝑡=2019 = 𝐼 F2019, the term on the left is the value of the function 𝐼 F𝑡 , while the term
on the right is the value of the intensity of the event, defined from the data. It is obviously
intentional that 𝐼 F𝑡 is equal to 𝐼 F2019 in 2019, but technically these two objects are constructed
differently.

The explanation has been added to the text.

290-291 See general comment 1 above – this seems to be an artefact of an implementation
choice (i.e., a subjective decision about how to represent the estimated response to external
forcing) rather than something that should be expected “in theory”.

If by "artefact of implementation" you mean "choice of statistical model" (spline, separate
inference of scenarios rather than simultaneous), then we are actually saying the same thing.
It is indeed theoretical statistical choices that lead to different results, where physical theory
would suggest that they should be the same (the counterfactual and historical parts of the
simulations).

We have reformulated.

292-299 This seems inadequate as a discussion of Fig. 4 (which consists of 30(!) figure panels).
Also, it is not obvious to me what is being shown in these figures. The ordinate is labelled,
but not the abscissa, and no distinction is made between the individual forcing results. Each
panel seems to have many superposed QQ plots (in both red and blue), with no obvious way
to distinguish between the individual QQ plots that are shown within an individual panel.
In panel (a1) for example, there appear to be 6 red QQ plots, but there are only 4 different
SSP scenarios. As you can see, I’m confused by this figure. Better labelling, a more complete
caption, and further synthesis of the figure in the text would all help.

There are indeed 6 QQ plots per colour, as these are QQ plots between scenarios. As there are
4 scenarios, this gives 4 × (4 − 1)/2 = 6 QQ plots.

We have modified the figure caption to better describe the axes (as this is a quantile-quantile
plot, the 𝑥 and 𝑦 axes are in fact the same, and given in the first column). We have also made it
clearer that the four scenarios are shown in the same colour, with blue and red distinguishing
between an approach where the scenarios are analysed simultaneously or independently. The
text has also been modified accordingly.
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307-309 This is unclear, perhaps because the French verb “résumer” is used assuming that
the English verb “resume” has the same meaning. In English, to resume something means
to continue an activity (such as talking) after having paused that activity; it does not mean
to summarize, as in French. To add confusion, however, there is a noun in English (resume
– pronounced “resumé”) that refers to a document like a CV that summarizes a person’s
career.

There may be a problem with the English, but that’s not the issue here. Here, “to resume”
means that we are going to redo two attributions for two specific events (the median and the
99.9% quantile). We have reworded it.

393-395 This seems a limitation given that many extreme events of interest, such as heat
events, have large spatial extent.

Events that have a spatial structure are generally analyzed by taking the average or maximum
value for the area in question, which produces one (or more) time series that can also be
analyzed by ANKIALE. We therefore do not really see this as a limitation.

396-401 I think the language in this paragraph could be tightened up and made more precise.
What is being discussed here are estimated changes in the intensity of extreme events. A
general reference to “increasing extremes” could mean the intensity of extreme events with
a given probability of recurrence, but I think most often it would be interpreted by the public
as meaning that “extreme events” (however defined) are becoming more frequent. Of course,
the two are linked, but the discussion here is specifically about the parameters that control
intensity.

That’s right, thank you for pointing that out. We have reworded it.

410 “return periods” & “estimated return periods” . See also the general comment 2 above
about extrapolation into the tail. Uncertainty in the estimated recurrence frequency events
with intensities that lie above the support of the distribution under counterfactual conditions
would be affected by large sampling uncertainty and also by large (and unknown) extreme
value model uncertainty.

Although we understand the limitations inherent in choosing a statistical model (see our
response to your general comment), we would like to point out that we attach crucial im-
portance to calculating uncertainty (and therefore confidence intervals), particularly the un-
certainty of global, regional, and local change. Perspective elements (such as estimating the
upper limit of temperatures, including counterfactuals) would undoubtedly improve these
estimates, but this is beyond the scope of our article.

We have replaced "return times" by "estimated return times".

421 Sentence formulation needs work. A weaker estimated intensification is noted in an area
where the opposite might be expected (due to Arctic amplification related processes), but the
wording seems to suggest that the estimated intensification might nevertheless be greater
than expected (even if the estimates are smaller than elsewhere).
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It would appear that the Arctic amplification phenomenon affects higher latitudes, and rather
the average. We can see, for example, in Fig. 4 of Zhang et al. (2024) the change in intensity in
TX1x, and the changes are indeed very strong over Greenland, but consistent with our results
for Europe.

We have also reproduced Fig. S8 for three random grid points in Northern Europe in Fig. RR.1,
and we find no errors in the inference, even though in the case of Iceland there is clearly a
homogeneity issue in ERA5.

427 Why “strange”?

We changed “which may seem strange” to “which appears to show breaks.”

434 Again, see general comment 2. The KS test might not indicate a problem, but I think
visual inspection of the plots for Paris in Fig. S8 would suggest otherwise. It seems evident
that the evolution of, say, the intensity of the 2-year event in ERA5 at the Paris location,
does not follow the evolution of its intensity in the inferred (posterior) distributions – the
intensity in ERA5 seems to increase more rapidly over the period since 1970 than inferred.

We regret to disagree with your interpretation of Fig. S8. For a draw of (𝜇𝑡 , 𝜎𝑡 , 𝜉0), a KS test
is performed between the residuals.

𝑅𝑡 ∶=
𝑇 𝑜
𝑡 − 𝜇𝑡

𝜎𝑡

and the law GEV(0.1, 𝜉0). This process is repeated 1000 times, giving 1000 𝑝-values. If there
were a significant disagreement in the median between 𝑇 𝑜

𝑡 and the GEV(𝜇𝑡 , 𝜎𝑡 , 𝜉0) distribu-
tion, this would result in a significant difference between the empirical median of 𝑅𝑡 and the
theoretical value from the GEV(0, 1, 𝜉0) distribution. Ultimately, the difference between the
empirical and theoretical CDFs would be significant, and therefore so would the KS test (since
it is the maximum of the absolute values of the differences). Even though it is true that the
KS test is rather conservative and tends (especially for small samples) not to reject the hy-
pothesis of equality, we believe that the 1000 draws reinforce the credibility of the test (99%
non-rejection). We also checked using a Cramer-Von Mises test, and obtained similar results.

469 The discussion is this section is rosy and positive, envisioning further extensions and
applications that could be pursued, but there is nothing here in the way of cautionary words,
which I think is a shortcoming that should be corrected.

A new paragraph has been added to the conclusions to put our results and choices into per-
spective in relation to other studies.
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2 Reviewer 2
Firstly may I commend and thank the authors for efforts they have made to make the paper
more readable and accessible to a wider audience and for the much improved notation too.
Reading the new draft was so much easier and enjoyable even.

We thank you for taking the time to review this new version and for recognizing the important
work that has been done. We are pleased that this new version is much clearer, and you will
find our answers to your questions below.

2.1 General comments
The only major pushback I would have is that while the authors have made considerable efforts
to put their work into context in the introduction they still fail to do this with their results. This
is most notable with other attributions studies such as Vautard et al. (2020) which seems a bit
odd given the overlap in authors. For example their estimated return periods seem to be way
smaller (more frequent) than those presented here for the same locations (fig 6b) even when
considering your lower bounds (S6b). But also a other studies are returning numbers much
more frequent for the recent hot events, particularly Northern Europe and the UK. Similarly
there are other studies that calculate climate change terms for EV parameters (your 𝜇1 & 𝜎1

and Fig 5b & 5d ) e.g Brown et al. (2014) - yes they look at TX1x rather than TX3x and use
regional models but one would expect the impact on EV parameters not to be that different.
And you also mention the use of regional models in your Perspectives (section 6) as something
that would be useful to do - it would be good to acknowledge that this has already been done
at least to some degree.

It is particularly difficult to compare parameter values directly. In the study you mention, the
statistical model is certainly a GEV, but

• The external forcing used is not the same: in the studies you mention, it is global temperature,
whereas we use regional temperature, which impacts 𝜇1 and 𝜎1.

• The inference approach can also be very different (observations and models separately, or
mixed using bias correction).

• The variable itself is not the same (TX1x vs. TX3x).

• We use 10 more years of observed data than a study such as Brown et al. (2014).

• We use simulations from CMIP6 and no CMIP5 as in Brown et al. (2014).

• Different constructions of the counterfactual for attribution studies.

All these differences lead to estimated parameters that may be different, and different values
for return periods.

We have added a paragraph describing these elements in the conclusion.

I think it would be much better for the Paris results of S8 column 1 to be placed in the main
text, perhaps as part of Figure 3.
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We wondered whether this figure would be better placed in the main text, but we decided that
seven figures were already enough. Hence, we preferred to leave it in the appendix because it
illustrates a very specific phenomenon of spatial discontinuity.

Line 419: "which are supposed to be records (and therefore rare), are becoming the norm".
Surely we as a community need to be moving away from such terminology. The whole point
of your work is to show that the climate is warming and thus we should expect records to be
broken - it is now normal and expected for records to be broken, it is not exceptional. Perhaps
there was a time when this was a useful communication tool but surely that has now passed.
Now it looks more like headline grabbing and scare mongering. It is my view that record
breaking is no longer a useful metric or tool and we need to move to a risk based perspective,
that is quantification of risk, which this paper does admirably and which the "record braking"
trope does a disservice to.

We agree, we deleted the sentence.

2.2 Minor
399 "generally constant across the map" - well this is a matter of perspective and more a

feature of the colour scale. The UK being 1 and Spain 2 seems rather big to me in terms
of actual changes in temperature being double in Spain what it is un the UK and other
more northerly regions. Also with Fig 5b it looks like all numbers are positive so it is a
bit of a waste having a diverging colour scale. A colour scale more like 5a might be more
appropriate.

It is true that constant is somewhat exaggerated; we based this statement on an average value
of 𝜇1 ∼ 1.14 ± 0.3, but in reality 95% of the values are in the range 0.6 – 1.7, with min/max
values of 0.2 – 2.7.

We narrowed the color bar to the interval [−2, 2], while keeping the colormap (which is de-
signed to also highlight the sign, which is always positive here). We also adapted the text.

Fig 5d could the scale be narrower please as it does not really show anything at the moment.

The scale is chosen here to show the absence of signal on 𝜎𝑡 after observational constraint.
We could use a smaller scale, but we would only see noise with values 𝜎1 ∼ 0.008 ± 0.03.

We have added the value in the text.

Fig 6c There seems to be a slight "cubism" in the shades of red. Is this an artifact of the
printing or does this mean something?

The slight cubism that we can see at the end is the remainder of the signal from the GCMs
cells that may remain. It may be stronger or weaker depending on spatial variability and
quality of the observations.

494 - "their uncertainties are lower" - I think this misses the point. The uncertainty in fu-
ture climate (given a forcing scenario) comes from a lack of understanding in the physical
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processes that produce the various feedbacks. Using well defined forcings does not mitigate
these uncertainties, it just ignores them and will thus be misleading.

We agree, we deleted the sentence.
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Figures

Figure R.1: Comparison between observations and the inferred GEV distribution for three grid points (one
per column). The first 4 lines (representing, in order, the 4 scenarios SSP1-2.6 to SSP5-8.5) show ERA5 (black
dots), the maximum value of ERA5 (black dotted line), as well as the following return levels: 2, 5, 10, 30,
50, 100, and 1000 years. The fifth line shows the histogram of the 𝑝-values of the KS-test of 1000 samples
compared to ERA5. The probability indicates the number of tests where the 𝑝-value is greater than 5%
(threshold where we do not reject that the observations follow the inferred GEV law).
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