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This study provides a statistical analysis of summer temperature-based heat wave metrics in
several different types of observations and several different ensembles of climate models
(both multi-model and initial condition ensembles) in order to contextualize the 2018 heat
event in Sweden. | commend the authors for their thorough characterization of the event;
many aspects are evaluated including conditions in northern vs. southern Sweden, daily
average temperature, monthly and seasonally aggregated temperature, warm day indices, a
heatwave magnitude index, and a heatwave duration index. Authors find that the 2018 heat
event was noteworthy within the historical station record due to the number of
above-climatological-average days in the May-August season, rather than the magnitude of
the temperature anomalies on those above-average days. However, the station data used
has a summer correction applied to it before conclusions are made, and it is not clear how
this methodological choice influences results. - The summer correction does change the
results only marginally and does not affect the conclusions to draw from them. In the
manuscript we added in L118 “This adjustment does alter our results only marginally and
does not affect the conclusions we draw.”

Additionally, the large number of model simulations used in the second part of the study are
not described in sufficient detail. For instance, which models make up the CMIP5 ensemble
used in this study? - We have added a table to the supplement listing the CMIP5 models
used in this study, Table S1

What component versions are used in the CMIP5 vs. CMIP6 versions of EC-Earth? - We
use EC-EARTH v2.3
(https://view.es-doc.org/?renderMethod=id&project=cmip5&id=72138708-d53e-11df-938¢-00
163e9152a5&version=5&client=esdoc-search) and EC-EARTH v3.3.1
(https://explore.es-doc.org/cmip6/models/ec-earth-consortium/ec-earth3). The information
about EC-EARTH versions is now added to Table 2 (Table 1 is now a table about
observational data used in this study).

Certain models may have systematic biases that influence to what extent the 2018 Swedish
summer is considered exceptional; biases that would be useful to consider and discuss.
Because of methodological choices (different spatial resolutions and land masks, corrections
to observational datasets, assorted radiative forcing pathways), it is somewhat challenging to
interpret the comparisons between models and observations. - Yes, all those GCMs have
their systematic biases. We account for those by using percentile thresholds for index
calculations. If a model is systematically 1 K too warm in summer and assuming this bias is
stationary, it would not affect our analysis as we were looking at, e.g., warm days with
temperatures above the 95th percentile. This threshold is calculated for each ensemble
respectively. The same holds true for the analysis of temperature anomalies, as we did not
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compare the absolute values to the observations but calculated the anomalies for each
ensemble respectively. So, what we compare to observations is the change in anomalies
and the change for certain indices over time. Where the change again is calculated within
each ensembile.

When we looked into the mean temperature bias (difference to E-OBS), we found
EC-EARTH (KNMI ensemble), MPIGE, and CanESM with a cold bias for MJJA months,
ranging from -1 K to -0.2 K.

A full analysis on the various moments of biases of all GCM ensembles are out of scope for
this study and would rather be worth its own publication. We are aware of that limitation and
address it at the end of section 3 the following way:

“All models suffer from simulation biases. For summer temperatures all models show a
certain cold bias over northern Europe which range from -0.2 K to -1 K (not shown).
However, as the analysis is done for each ensemble separately and focussed on anomalies,
the impact of any systematic bias is reduced. ”

| believe addressing methodological inconsistencies and evaluating sensitivities to other
methodological choices (i.e., base period) would strengthen this paper considerably. General
thoughts: Clarity is also undermined by numerous inconsistencies in capitalization, spelling,
tense, and sentence structure. - \We have corrected all inconsistencies we found.

| have indicated several common issues below, but significant language editing should be
carried out before resubmission. Persistent blocking conditions are identified throughout the
study as the driver of the 2018 Swedish heatwave but are not systematically evaluated.
Assessing whether the models you evaluate are able to simulate these synoptic conditions
would strengthen the study by ensuring that the longer duration, higher intensity events seen
in the models originate from similar-to-observed weather patterns. - Thank you for the
remark. We add a brief discussion in the manuscript:

“All models suffer from simulation biases. For summer temperatures all models show a
certain cold bias over northern Europe which range from -0.2 K to -1 K (not shown).
However, as the analysis is done for each ensemble separately and focussed on anomalies,
the impact of any systematic bias is reduced.

It is known that GCMs have difficulties to capture many aspects of blocking (e.g., Davini and
D’Andrea, 2016 ; Dawson and Palmer, 2016). Studies on atmospheric blocking
representation in the GCMs used here, agree on an underestimation of blocking frequency
mostly in winter, but also in summer (EC-EARTH: Hartung et al. (2017); CMIP5: Woolings et
al. (2018), Masato et al. (2013), Dunn-Sigouin and Son (2013); MPI-GE: Maher et al. (2019),
Muller et al. (2017); CanESM: Schaller et al. (2018), Brunner et al. (2017)).

Increasing horizontal and vertical resolution of GCMs can strongly improve the ability to
capture atmospheric blockings (Hartung et al. (2017), Jung et al. (2012)). However a positive
effect of increased resolution could not be confirmed for summer blockings (Schiemann et
al., 2017). Sousa et al. (2018) found that the frequency of summer blocking (23% of the
days, and only 9% over Scandinavia) is less than of winter blocking (35% of the days). The
small sample size of summer blockings over northern Europe handicap statistical analysis,
hence the amount of references on that topic is low.

For this study we focus on the advantage of large ensembles that increase the sample size
for statistical evaluation of high temperature events. ”



This would begin to address the question of whether global climate models are able to
realistically simulate Swedish heat events. Specific comments:

L10 and throughout: There are several inconsistencies with the presence and absence of
hyphens (i.e., long-lasting vs. long lasting, MPI-GE vs. MPIGE). - Corrected.

L11: A comma is missing in the list. - Added.
L13: the whole of Sweden? - Corrected

L15: What heatwave indicators are used? - The heatwave indicators are listed in section 2.3,
We find such a list does not fit in the abstract and suggest to just add “five” before heat wave
indicators, to indicate that we look at multiple and that they are too many to list.

L22 and throughout: Sentences of this structure (dependent clause before independent
clause) need a comma separating the two clauses. - \We changed that sentence to: “For all
indices evaluated, we find that probabilities of a summer like in 2018 have increased from
relatively low values in the pre-industrial (1861-1890, one ensemble) as well as the recent
past (1951-1980, all five ensembles) to the most recent decades (1989-2018). “ And edited
similar sentences according to your suggestion.

L23: Identifying the models by ‘1861-90’ and ‘“1951-80’ time ranges is unclear at this point.
Are 1861 and 1951 start years of different models? What are the ranges indicating in this
case? - See above. We hope changing the sentence in that way makes our statement more
clear. One ensemble with pre-industrial data showing an increase in probability for summers
like 2018. All five ensembles (of which four start 1951) show an increase in this probability
from 1951 to 2018.

L40: and rather than ; - we changed the punctuation marks from twice “;” to “,” and “, and”.
The sentence reads now: “The hot and dry conditions in summer 2018 in Sweden were
associated with severe consequences for people and the environment including: health
problems and excessive mortality rate among people (Astrém et al. 2019), water shortages
with adverse implications for arable land and pastures (Buras et al. 2019) including lack of
forage, and unusual large areas affected by forest fires (Krikken et al. 2019).”

L47: References to support this statement would be useful. - It is not clear to us which
statement is meant. L47 reads: “As a consequence of global warming, heat waves have
become more frequent and intense (e.g. SREX 2012; IPCC 2018; Sippel et al 2020).” Which
already includes the reference to IPCC 2018 and Sippel et al. 2020.

L51-52: Variability on what time scales? What is the time scale of a warm period? - We
decided to remove that sentence as in this study we won’t discuss the different natures of
heat-waves.

L59: Large year-to-year variability of what? - Meant is the large year-to-year variability of
heat wave occurrence over Scandinavia. However, we removed that sentence.



L66: ‘Leach et al.’ is missing the year. - Year added.

L75-76: What does “to what extent . . . may have changed” refer to? Duration? Intensity?
Frequency? - The two sentences before read now like: “Different aspects of heat-wave
characteristics; including number of heat events, total number of warm days, total number of
consecutive days and heat-wave intensity, are assessed. In a next step we investigate the
likelihood of such a summer to have occurred in history using five large global climate model
ensembles, some of which are covering a period since 1860, and others starting in the
second half of the 20th century, up to 2018. “ And give an indication that we are investigating
the duration (total number of warm days, total number of consecutive warm days), the
intensity (heat wave intensity (HWMI)) as well as the frequency (number of heat events) of
heat-waves occurring. That together we sum up as “extent” of a heat-wave. The change
refers to the analysis of different periods in the past and present.

L98: What does “used to complement of correct” mean? - This is a typo. Correct it says: “For
stations with missing data, mostly in the first decades, and for stations where
inhomogeneities have been identified (following Alexandersson and Moberg (1997) and
Moberg and Alexandersson (1997)), data from surrounding stations have been used to
complement or correct the temperature series.”

L110: Wouldn’t these adjustments affect your analysis in fundamental ways? - In addition to
using data that are adjusted both before 1859 (for a supposed bias due to poorly protected
thermometers, in the early instrumental period, EIP) and after 1870 (for the urban warming
trend), we repeated the analysis of the Stockholm record without these adjustments. We find
that the results are only marginally affected by the choice of variant. The characteristics of
May-August season in 2018 is as outstanding regardless which variant of Stockholm data
was used. We mention that now in the manuscript too in L118: “This adjustment does alter
our results only marginally and does not affect the conclusions we draw.”

L126: from 2006 onward, - changed accordingly.

L131: Can you comment on differences between the RCP and SSP forcing scenarios used?
As | understand it, RCP8.5 and SSP585 are similar but not interchangeable. - Yes, correct.
RCPs and SSPs are not the same, obviously. RCPs are four climate pathways defined by
radiative forcing at the end of the century. Whereas SSPs are five socioeconomic
development trajectories defined in terms of challenges to adaptation and mitigation and are
not matched to reference RCPs. SSP5 is the conservative trajectory with continued fossil
fuel usage. Meinshausen et al. (in review 2019) write “The SSP5-8.5 marks the upper edge
of the SSP scenario spectrum with a high reference scenario in a high fossil-fuel
development world throughout the 21st century”. The “8.5” in the name “SSP5-8.5” refers to
the approximated radiative forcing in 2100 and would be about the same as in RCP 8.5.

It is correct that SSP5-8.5 and RCP 8.5 do not provide the same forcing, but SSP5-8.5 is the
one closest to RCP 8.5. In particular in the beginning of the scenario period the differences
are neglectable as they are much lower than the model variability. We use only the years up
to 2018.



In the manuscript we add the following sentence to clarify: “Though SSP5-8.5 is not identical
to RCP 8.5 forcing, it is the trajectory which is closest to RCP 8.5 pathway (Meinshausen et
al., in review 2019).”

L140: Does “pooled” mean seasonally averaged? - With pooled we mean that we group,
e.g., the four months May, June, July, August together, that we consider all four months
together in one analysis. It is not a seasonal average. We edited the sentence to make this
more clear: “To assess the average temperature for the summer season we use monthly
mean temperatures for four individual summer months (May, June, July, and August)
separately and for two summer seasons (JJA, MJJA; not averaged).”

L142: “were” is inconsistent with the “is” in the prior paragraph. Either present or past tense
should be used consistently throughout the methods section. - We corrected the tense in the
method section and the whole manuscript.

L154: Is this threshold the threshold stated above? - Yes, it is defined in L145 and equation
1.

L182: How is the diurnal mean temperature computed? - The diurnal mean temperature in
Stockholm is calculated as described in Moberg et al. (2002), which has been referenced to in
L107, when the dataset was introduced in the text.

The number of observations per day and the timepoints of the day when temperatures were
observed have changed several times since the start in 1756. Moberg et al. (2002) presented an
attempt to estimate diurnal mean temperatures that always should account for the observation
scheme.

After 1859, the calculation method is the same as the ones that SMHI has used for all stations in
its station network (explained in Swedish at the SMHI web site:
https://www.smhi.se/kunskapsbanken/meteorologi/hur-beraknas-medeltemperatur-1.3923).
Since 1947 the following formula is used, Tm=(aT07+bT13+cT19+dTx+eTn)/100, where T07,
T13, T19 are the temperature observations at UTC 06, 12, 18 and Tx and Tn are the diurnal max
and min temperature. Thus, the diurnal mean temperature is a weighted average of temperatures
calculated at three fixed timepoints and the daily Tx and Tn. The weights a,b,c,d,e are determined
for different longitudes and thus differ among sites in the SMHI network. Moberg et al. (2002)
use the same weights for their Stockholm record as SMHI uses for data from the same station.

L188 and throughout: You switch between northern and Northern, southern and Southern,
etc. | think the lower case monikers (as you have used here) are correct. For cardinal
direction, capitals should be used. - Thank you for pointing that out. We edited the
manuscript and followed the explanation given here
https://dictionary.cambridge.org/de/grammatik/britisch-grammatik/east-or-eastern-north-or-n
orthern.

L192-193: Are results sensitive to your choice of the climatological period? - The number of
days with temperatures above a certain percentile is certainly affected to some extent by the
choice of climatological period. However, for Figure 1 where we use the long Stockholm record it
is possible to use a very long period to define the percentile. This has both the advantage of
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including a long time period well before the industrial era and also increasing the sample size
which causes the curve of daily percentile to be much smoother and with fewer irregularities.

It is more relevant to look at how sensitive the results are to the choice of variant of the
Stockholm temperature series. Thus, in addition to using data that are adjusted both before 1859
(for a supposed bias due to poorly protected thermometers, in the early instrumental period, EIP)
and after 1870 (for the urban warming trend), we repeated the analysis of the Stockholm record
without these adjustments. We find that the results are only marginally affected by the choice of
variant. But in all cases, 2018 stands out as remarkable as it has about 35%, or slightly more,
days above the 95th percentile in the MJJA season, while the year on the second place has just
a little above 20% of the days being warmer than the long-term 95th percentile.

L198-199, 201: Because the figures you are mentioning here are not a part of this paper, it is
confusing to list them as Fig. 5 and 10 etc. - We are referring to figures in a reference paper,
and want to guide the reader to the relevant figures we compare our results with. We
suggest therefore to continue to mention the figures in the sentence, but we try to be more
clear by writing it this way: “Hoy et al. (2020; Fig. 5) also show that Stockholm time series
peaks at 2018 for 9 out of 10 of their analysed heat-wave indicators (Fig. 5 and 10 in Hoy et
al. (2020)).”.

L201: What does a heatwave intensity of 65 K mean? - Meant is the index called HW95,
analysed in the study by Hoy et al. 2020.

We write now: “An example is hot days (HD) with maximum temperature above 30° C which
was observed with 8 days over the previous record (18 days) as well as the heat-wave
duration with 22 days compared to 11 days previous record and a heat heat-wave intensity
(HW_95, sum of daily excess maximum temperatures >P95) of 65 K compared to 35 K'in
1975 (Hoy et al. 2020 Fig. 7). “

L206: The two opening clauses are repetitive. - We write now: “Zooming out to the larger
scale by exploring the observed monthly data over Sweden, we note that the long-term
MJJA 2018 average was 2.8 K above the 1981-2010 mean.”

L288-289: The legend of Figure 3B seems to cover some of the data. - Thank you for
pointing that out. It is true, the peak in the early 1860s reaches about 33 days and is covered
by the legend box. We adjusted the position of the legend accordingly.

L391: Can these 1 in 20 and 1 in 100 statistics also be discussed in the results section? -
The 1in 20 and 1 in 100 are used here in the conclusions to summarize the presentation in
the result section where we consistently use the 95™ and 99" percentiles in the text. As we
have chosen not to calculate exact return values for the various indices we have decided to
keep these commonly used percentiles in the result section and consequently have not
made any changes in the text.

L400: To occur in models? - We changed the sentence to: “Despite this, we still find such
summers also to occur in models in the pre-industrial climate, although with a lower
probability.”



Figure S1: Models and observations appear to have different spatial coverage; are results
affected by this? It tends to be standard in model intercomparisons to re-grid models to a
common grid. - It is correct that the models and observations come with different spatial
resolution. As the re-gridding adds more uncertainties to the data and as we are calculating
all analysis in this study on regional averages (Northern Sweden, Southern Sweden), we
decided to not re-grid the data. By re-gridding data from a coarse grid to a finer grid we don’t
really add information. If we would upscale all data to the coarsest grid instead we would
lose the details given by the higher resolved climate data.

Figure 2: The color differences corresponding to percentiles in the bars above the panels are
difficult to see. Can you describe the kernel density fit used in more detail as well? - We edit
the caption which reads now:

“Probability distributions for monthly average temperature anomalies, calculated for
1861-1890 (dashed) and 1989-2018 (solid) against 1981-2010 for the Southern half of
Sweden, for the months of May, June, July, and August, and seasonally pooled for JJA and
MJJA. The bars in the upper part of each panel are a guide to compare the positions of
percentiles for each ensemble and period. The opacity of the bars indicates in steps the .9,
.95, .99, and 1 percentile ranges marked on the uppermost bar. Ensemble distributions are a
kernel density fit, whereas the histogram for EOBS is based on actual data. The observed
year 2018 for respective months/season is indicated by the vertical dotted black line.”

For each ensemble we pooled together all ensemble members and calculated the kernel
density estimate with a gaussian fit to gain a smooth curve.
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