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Abstract

Even in the cool climate of Finland, severe heatwaves occur sporadically, having multiple impli-
cations on public health, forestry, fishery, agriculture, and reindeer husbandry, for instance. This study
assesses the occurrence and severity of > 3 -day heatwaves in Finland at the 0.5°C, 1.0°C, 1.5°C, and
2.0°C global warming levels above pre-industrial conditions, utilising bias-corrected daily-mean tempera-
ture data from 60 runs performed with 25 global climate models. The severity of a heatwave is measured
by the heatwave extremity index, consisting of the sum of exceedances above a fixed threshold of daily mean
temperature. Three alternative threshold temperatures, 20 °C, 24 °C and 28 °C, are considered.

A shift from the 0.5°C to 2.0°C global warming level is projected to result in an increase in the
mean annual number of heatwave days above 20°C from 1 to 5 in central Lapland and from 5 to 20 in
south-eastern Finland. Concurrently, the annual sum of the extremity index becomes 4 to 10 -fold. The
higher the threshold temperature, the larger is the growth in relative terms. At the 2.0°C global warming
level, heatwaves above 20 °C are experienced in southern Finland nearly every year and in the majority of
northern Lapland approximately every second year. Apart from Lapland, heatwaves occurring once in 10
(100) years at the 0.5 °C warming level will then have annual probabilities of 50 % (> 10%).

Even between the 1.5°C and 2.0 °C global warming levels, projected changes in heatwave charac-
teristics are substantial, especially for the most severe heatwaves. For example, in southern and central
Finland, a heatwave with an annual probability of 12 % to 13 % at the 1.5 °C warming level is projected to
substantially increase in likelihood under the 2.0 °C warming level, up to 19 % to 21 %.

The paper includes a literature review on potential impacts of the intensifying heatwaves.

Keywords: climate change; global climate models; bias correction; global warming levels; heatwave ex-

tremity index; return levels

1 Introduction

In Finland, global warming is projected to lead to a substantial increase in the sum-
mer temperatures; for example, if the medium-level Shared Socioeconomical Path SSP2-
4.5 greenhouse gas scenario (O’Neill et al., 2016) were realised, the mean temperatures of
June—August would rise by 3.3 °C (with an uncertainty interval of 1.2 °C to 5.3 °C) from
the period 1981-2010 to 2070-2099 (Ruosteenoja and Jylhd, 2021). It is evident that,
in tandem with the projected warming, heatwaves are becoming increasingly severe. The
purpose of the present work is to investigate future changes in heatwave characteristics by
utilising bias-corrected data from global climate model simulations.
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According to observations, the number and heat sum of hot days have already in-
creased statistically significantly in southern Finland (Aalto et al., 2023; Rantanen et al.,
2023). Seneviratne et al. (2021) and Wang et al. (2022) likewise report recent increases in
the frequency and intensity of heatwaves in multiple areas of the globe, including north-
ern Europe. According to Otto et al. (2012), as a consequence of the observed warming,
probabilities for the occurrence of a heat wave as extreme as that experienced in Russia in
2010 were approximately three times as large as it would have been in the climate of the
1960s.

In the future, projected changes in multiple heatwave indices tend to be larger in
southern than northern Europe, but the responses are far from negligible in the north as
well (Cardell et al., 2020; Ruosteenoja and Jylhd, 2023). For Finland, Ruosteenoja et
al. (2013) assessed that the number of hot days (with the daily mean temperature above
20°C) would become 3—4 -fold by the end of this century (period 2070-2099), compared
with the baseline period covering the last three decades of the 20™ century. However,
that analysis examined an obsolete greenhouse gas scenario that was stronger than what
is currently regarded as realistic. In Kim et al. (2018), in the 21%' century on average, the
number of hot days in Finland was projected to be approximately double as large as in the
20" century.

The present work constitutes a sequel to our previous research that examined >3-
day future heatwaves over the entire European continent (Ruosteenoja and Jylhd, 2023,
hereafter referred to RJ23). Nevertheless, even though the model data are the same, all
the findings presented here are completely fresh. This is so because, unlike in RJ23, we
now use fixed rather than percentage-based threshold temperatures for a hot day, i.e., the
daily mean temperatures of 20, 24 and 28 °C. The same thresholds have been employed
in many previous Finnish heatwave studies that analysed data from antecedent climate
model generations (e.g., Kim et al., 2018; Ruosteenoja et al., 2013). A fixed threshold
temperature is a rational choice when examining heatwave characteristics in a limited area
within which the climate does not vary too much, like Finland, Czechia (Kysely, 2010),
or Poland and Germany (Tomczyk and Bednorz, 2019). In contrast, in our previous study
covering the entire Europe (RJ23), we had to use percentile-based threshold temperatures,
because it was not possible to find a common threshold value that would be appropriate
both for the cool Finnish and hot Portuguese climate, for instance.

In this work, heatwaves are examined in modelled climates that correspond to the
global mean temperature increases of 0.5, 1.0, 1.5, and 2.0 °C relative to the pre-industrial
level. The two lowest warming levels represent global temperatures that prevailed in the
late 20" century and in the 2010s (RJ23), while the two highest ones are equivalent to
the more and less stringent targets of the Paris Agreement on Climate Change signed in
2015. This kind of approach is very generally used in the current scientific literature
(Seneviratne et al., 2021), since it aids to eliminate distractions caused by the models that
simulate unrealistically strong or weak global warming (e.g., Hausfather et al., 2022).
Accordingly, the influence of inter-model divergence in the global warming sensitivity is
removed, leaving only the differences in how the models allocate warming to the different
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seasons and regions of the globe.

The paper is structured as follows. Section 2 describes the model output data used
and processing of the data. Also, the heatwave indices are defined, with the key indica-
tor being the heatwave extremity index or the sum of exceedances above the threshold
temperature; this is a quantity analogous to the heat accumulation of the growing season.
Section 3 reports projected long-term mean changes in the heatwave indices, while the
anticipated occurrence of the most extreme discrete heat periods is discussed in Section 4.
The discussion Section 5 specifically compares differences in the heatwave characteristics
between the 1.5 °C and 2 °C global warming levels and considers some potential sources
of uncertainty in the analysis. As well, a literature review on potential societal and en-
vironmental impacts of the intensifying heatwaves is offered. The paper is finalised by
concluding remarks in Section 6.

2  Model data and analyses

In this section, only the key points of the analysis methods are described, so that one
is able to interpret the findings presented in the subsequent sections. For further technical
details, the reader is referred to Section 2 of RJ23.

2.1 Bias-adjusted model data

Heatwave projections were derived from 25 global climate models (GCMs) partici-
pating in Phase 6 of the Coupled Model Intercomparison Project (CMIP6, Eyring et al.,
2016), fulfilling the following conditions: (i) temperature data had to be available at the
daily-mean level and (ii) the model was regarded as at least reasonably capable to be used
for studying future climate changes in Finland in our previous studies (RJ23; Ruosteenoja,
2021; Ruosteenoja and Jylhd, 2021). Considering the parallel runs, 60 GCM runs were
utilised (Table 1 of RJ23). Data from historical GCM runs were explored by 2014 and
those corresponding to the SSP2-4.5 greenhouse-gas scenario thereafter.

Before the analyses, a bias correction was employed for the GCM output data. The
procedure (method M7; see Rdisdnen and Riity, 2013 and Ruosteenoja et al., 2016) forces
the simulated baseline-period means and temporal standard deviations of the daily mean
temperatures for each calendar month to match with the observational data (version 23 of
the E-OBS analysis, Haylock et al., 2008). The resulting correction coefficients were then
used to adjust the simulated future temperatures. An important advantage of the method
is that GCM-simulated changes in the mean temperature from the baseline period to the
future are not distorted. Simultaneously, the spatial resolution of the temperature data is
improved tremendously (RJ23, Figs. 1-2). The same bias correction method was used by
Kim et al. (2018) in their heatwave projection study.

Thanks to the bias correction, in all the adjusted model output datasets the global
mean temperature of the period 1977-1996 is virtually precisely 0.5 °C warmer than in
the pre-industrial era. This 20-year period will be used as a reference for the future pro-
jections.
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To explore the higher global warming levels, the point of time when the 20-year
running global mean temperature has increased by 1.0, 1.5, or 2.0 °C relative to the pre-
industrial era was searched from the bias-corrected GCM data. The time point diverges
among the various GCMs; for example, the two-degree warming level is reached, depend-
ing on the model, between 2026 and 2078 (RJ23, Table 1). The multi-model medians of
the crossing years are 2009 for the 1.0 °C, 2027 for the 1.5°C and 2044 for the 2.0°C
warming. In the study, the indices describing heatwave characteristics were calculated for
the 20-year period surrounding the crossing year. For example, if the year of crossing is
2045, the period studied is 2035-2054. In principle, the search for the periods represent-
ing the different warming levels was carried out in a similar way as in the recent IPCC
report (Seneviratne et al., 2021, Cross-Chapter Box 11.1), however, taking into account
the impact of the bias correction.

According to section 11.2.4 of Seneviratne et al. (2021), simulated changes in
temperature-related variables at a certain level of global warming have proved to be
approximately similar regardless of the greenhouse gas scenario that has led to this
warming level. Consequently, it is adequate to analyse data from the responses to a single
greenhouse-gas scenario (SSP2-4.5). Admittedly, using this forcing scenario involves the
limitation that 2.5 °C or higher global warming levels could not be explored since some
GCMs never reach so strong warming under SSP2-4.5.

2.2 Heatwave indices and analyses

As stated in the introduction, a hot day is defined here by considering the daily mean
temperature rather than the daily maximum. This approach has been followed in many
previous studies (e.g., Kim et al., 2018; Kollanus et al., 2021; Ouzeau et al., 2016; Sambou
et al.,2021), even though the maximum temperatures have been examined quite widely as
well (e.g., Lhotka et al., 2018; Tomczyk and Bednorz, 2019). The daily mean temperature
takes into account both the hotness of the day and high temperatures prevailing in the night.
The daytime heat is not that detrimental if the coolness of the night periodically provides
relief (Zhu et al., 2022, and references therein). For example, low night-time temperatures
act to cool buildings. Moreover, it is often possible to schedule commuting between home
and workplace as well as other outdoor activities to the morning and evening hours, thus
avoiding the impact of the highest temperatures that generally prevail in early afternoon.
In addition, daily maximum temperature data were not available from all the models, and
in some models the data proved to be unusable (Ruosteenoja, 2021). Accordingly, the
use of daily-mean temperatures enlarges the model ensemble analysed and improves the
robustness of the findings.

Correspondingly, a heatwave episode is a spell during which the threshold tempera-
ture (20 °C, 24 °C or 28 °C) is exceeded for at least 3 consecutive days. The 3-day mini-
mum length for a heatwave is commonly used in the literature (e.g., Cardell et al., 2020;
Kim et al., 2018; Lhotka et al., 2018; Sambou et al., 2021; Tomczyk and Bednorz, 2019).
The heatwave period is defined to continue until the daily mean temperature falls below
the threshold for at least two days. Hence, one day in between does not yet terminate
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the heatwave. The same definition was used in Baldwin et al. (2019), for instance. To
give an illustrative example, if the threshold temperature is first exceeded for 3 days, then
fallen below in one day but again exceeded for 2 days, the total length of the heatwave
event is 6 days. In RJ23, we explored alternative options, allowing either O or 2 break
days within the heatwave. Nonetheless, the related sensitivity experiments showed that
the impact of break days on the projected relative changes of the heatwave indices was
minor (Section 5.1 and Fig. 13 of RJ23).

The 3-day minimum length of a heatwave can be justified by that the full realization
of damages, such as health issues, overheating of buildings and wilting of vegetation,
requires several hot days in a row. For example, Sohail et al. (2020) state that it is several-
day heatwaves rather than single hot days that act to increase morbidity. On the other hand,
a single cooler day does not yet allow the human bodies to recover (Baldwin et al., 2019)
or does not sufficiently cool the buildings (Ramamurthy et al., 2017), if the heatwave again
continues thereafter.

The main indices used here to characterise heatwave severity are the length of the
heatwave period and the heatwave extremity index EX. For EX, the following definition
is used: t

EX = Y} max (Tu,y(r) — T,0) , (2.1
t=t,
where T,y is the daily mean temperature and Tp the threshold temperature. 7, and 7. stand
for the onset and termination dates of the event. Accordingly, EX consists of the sum
of exceedings above the threshold temperature across the heatwave period, that is, EX
depends on both the length and warmth of the heat period. Indices identical or analogous
to EX have been widely used in the literature, albeit the names used for the index diverge
(for citations, see Section 2.3 of RJ23).

In the present work, the period with the highest EX is regarded as the most severe
heatwave of the year. In order to facilitate interpretation of the values of EX, Fig. 2.1 shows
the annual maximum observational EX above 20 °C for six summers with significant heat-
waves in Finland. In a hot summer, in southern Finland the maximum EX typically falls
on between 20 and 60 °C days, being mainly at most ~20 °C days in the north.

However, in 1972 an exceptionally intense period of heat was experienced in north-
ern Finland (Fig.2.1a). Near Ivalo, EX even amounted up to > 60°C days. In eastern
Lapland, the heat stressed reindeers severely, and they started collapse during the reindeer
separation, so that the animals had to be released from the enclosures (7Turunen et al.,
2016). Considering the entire Finland, the hot summer of 1972 caused approximately 800
extra human deaths (Ndyhd, 2005).

Even in southern Finland, the limit of 60 °C days has not been exceeded in wide
areas until the years 2010 and 2018. In the record-breaking summer of 2010, in south-
eastern Finland the maximum EX was locally higher than 80, on the Karelian Isthmus
(former territory of Finland) even > 140°C days (Fig.2.1d). This was just the summer
when central Russia experienced nearly an unimaginably intense heatwave episode; for
more information, see Barriopedro et al. (2011) and Fig. 3c of RJ23.
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Fig. 2.1: Heatwave extremity indices (unit °C days) derived from the E-OBS-analyses for six severe annual
maximum heat spells that occurred in Finland in (a) 1972, (b) 1988, (c) 2003, (d) 2010, (e) 2014 and (f)
2018. The threshold temperature is 20 °C.
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In examining the long-term mean changes, we shall show temporal averages of the
total annual number of heatwave days and the sum of EX over all the heatwave periods
of the year. Thereafter, we look at the annual probabilities for the occurrence of heatwave
events, separately for the three threshold temperatures. For studying the occurrence of
extreme heat episodes, we first concatenated bias-adjusted data of all the model runs to
create 1,200-year long time series (60 runs times 20 a/run) to represent each of the four
global warming levels. Such a large sample provides statistically reliable estimates for
the various heatwave indicators. Then, for each ‘year’ of the time series, we searched
for the heatwave with the largest EX. This maximum EX dataset was used to determine
various recurrence levels of EX (e.g., for the 10 and 100-year return periods) in the climate
of the baseline period (0.5 °C global warming level). Finally, it was investigated at what
likelihood those return levels were exceeded during a year at the 1.0°C, 1.5 °C, and 2.0°C
warming levels.

Owing to the bias correction, in the baseline-period climate temporal variations in
the 1,200-a time series purely reflect interannual variability in weather conditions. At the
1.0°C to 2.0 °C warming levels, fluctuations are induced by both interannual variability
and the divergent warming of the Finnish warm-season climate in the various GCMs.
Nevertheless, the entire sample of 1200 years represent a similar global warming level.

3 Long-term mean changes

To infer time-mean changes in the extremity index and the count of heatwave days,
we first calculated 20-year temporal means of the indices for each model run, then aver-
aged these over the parallel runs of the GCM and finally calculated multi-model means
from the parallel-run averages. All 25 GCMs were weighted equally.

The mean annual number of heatwave days at the four global warming levels is
shown in Fig. 3.1. In the baseline climate (0.5 °C global warming level), there is on average
less than one heatwave day per summer in the northernmost Finland and more than 5 days
in the southeast (Fig.3.1a). The geographical distribution is qualitatively similar to that
reported in Table 7 of Ruosteenoja et al. (2013), with more abundantly hot days in southern
Finland and the Eastern and Central Finland lake district than in Kainuu, Ostrobothnia,
and Lapland. At the 2.0 °C warming level, the number of heatwave days is projected to
increase to 1-5 in northern Lapland and to more than 20 in the southeast (Fig.3.1d). In
an absolute sense, the increase is largest in the areas where the count of heatwave days is
greatest in the baseline climate, but it is vice-versa when looking at the relative increase
(Fig.3.2).

The choice of the reference period affects the projected change substantially, es-
pecially on the relative increase. When comparing the 2.0 °C global warming level to the
0.5 °C level, the count of heatwave days approximately quadruples in southern and eastern
Finland and becomes up to 10-fold in north-western Lapland (Fig. 3.2c). When using the
1.0°C warming level representing the very recent past as a reference, the corresponding
ratio varies between <2 and 4 (Fig. 3.2d).

Figure 3.3 gives an idea of how the total annual number of heatwave days increases
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Fig. 3.1: Mean annual number of heatwave days above the 20 °C threshold temperature (multi-model 20-
year averages) in Finland and its adjacent areas under the global warming levels of (a) 0.5°C, (b) 1.0°C,
(¢c) 1.5°Cand (d) 2.0°C.
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Fig. 3.2: Projected changes in the average number of heatwave days from the (a) 0.5°C and (b) 1.0°C
global warming level to the 2.0 °C level and the corresponding ratios of the heatwave-day number at the

2.0°C level to that at the (c) 0.5 °C and (d) 1.0 °C level. For definitions, see the caption of Fig. 3.1.
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Fig. 3.3: The 20-year mean total annual number of heatwave days under the global warming levels of 0.5 °C
(blue), 1.0°C (green), 1.5 °C (yellow) and 2.0 °C (red) at 61.125°N, 26.125°E (close to Heinola) using the
threshold temperature of (a) 20 °C, (b) 24 °C and (c) 28 °C. Coloured bars depict multi-model means and
error bars the interval between the second-lowest and second-highest GCM, nominally defining the 6 to
94 % uncertainty interval.
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at a single position in southern Finland. The average number of heatwave days is pre-
sented for all three threshold temperatures and considering both the multi-model means
and uncertainty intervals reflecting inter-model scatter. As expected, heatwave days mono-
tonically become more common as a function of global warming. The absolute increase
is the largest for the 20 °C but the relative increase for the 28 °C threshold temperature
(Fig.3.3). For the lowest threshold temperature, the increase is nearly linearly propor-
tional to global warming, but for the higher thresholds, the increase tends to accelerate as
the global warming proceeds.

Furthermore, Fig. 3.3 reveals that there is considerable divergence among the pro-
jections produced by the various GCMs, although the global mean temperature increase
between periods is identical. In relative terms, the differences are largest when examining
the highest threshold temperature. Such very intense heatwaves are infrequent, and their
occurrence 1s thus strongly affected by stochastic factors. Reasons behind the inter-model
scatter are discussed in more detail in Section 5.2.

The time-mean annual sum of the heatwave extremity index increases in northern
Lapland from less than 2 °C days under the 0.5 °C warming level to 5 °C to 10 °C days at
the 2.0 °C level and in the southeast, from about 10 to 50 °C days (Fig. 3.4). So, for this
measure as well, the absolute increase is largest in the areas where the baseline values are
highest (Fig. 3.5a-b). Conversely, the relative increase is largest in the north, where the
total annual EX becomes up to 15 or 3-fold, depending on whether the late-20" century
or the recent past climate is used as the reference (Fig. 3.5¢—d).

It is noteworthy that, in a relative sense, EX increases more rapidly than the num-
ber of heatwave days (compare Figs. 3.5¢c—d and 3.2c—d). This is so because EX will be
enhanced not only by the lengthening but also by the higher temperatures of the heatwave
periods, which act to increase temperature exceedances relative to the threshold tempera-
ture in Eq. (2.1).

To obtain a deeper insight into the projected changes of EX, Table 3.1 shows the total
annual sum of EX under different warming levels at three positions, located (i) in southern
Finland near the town of Heinola, (ii) in Ostrobothnia near Oulu, and (iii) in the northern
Finnish Lapland near Ivalo. All three threshold temperatures and both the multi-model
means and inter-model scatter are considered. In analogy to the count of heatwave days
(Fig. 3.3), the total extremity index increases unambiguously as the global climate warms,
in such a way that the absolute increase is smallest but the relative increase largest for the
highest threshold temperatures (Table 3.1). Even so, inter-model divergence is substantial.
For example, according to the lower end of the uncertainty range, at the two northernmost
points there would occur no heatwaves above 24 °C or 28 °C at any of the four warming
levels examined. Conversely, if the upper end of the range were realised, at the 2.0°C
level even heatwaves above the 28 °C threshold (that are unprecedented up to now) would
occur at all three positions.

A somewhat peculiar finding in Table 3.1 is that the long-term mean of EX above
28 °C is larger in northern Lapland than at the Ostrobothnian point. One reason behind this
finding may be that the temporal standard deviation of summer daily-mean temperatures
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Fig. 3.4: Mean annual sum of the extremity index EX over all the heatwave spells of the year (multi-model
20-year averages; threshold temperature 20°C) under the global warming levels of (a) 0.5°C, (b) 1.0°C,
(c) 1.5°C and (d) 2.0 °C. Unit °C days.
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Fig. 3.5: Projected changes (in °C days) in the average total annual heatwave extremity index from the
(a) 0.5°C and (b) 1.0°C global warming level to the 2.0 °C level and the corresponding ratios of the index
at the 2.0 °C level to that at the (c) 0.5 °C and (d) 1.0 °C level. For definitions, see the caption of Fig. 3.4.



60 Kimmo Ruosteenoja and Kirsti Jylhd

Table 3.1: Temporally averaged total annual heatwave extremity index EX (unit °C days) under four levels
of global warming (0.5°C, 1.0°C, 1.5°C, and 2.0 °C) at three grid points: 61.125°N, 26.125°E (southern),
65.125°N, 25.625°E (central/Ostrobothnian) and 68.625°N, 27.625°E (northern). The multi-model mean
index value is given first, followed by the 6 % to 94 % uncertainty interval reflecting inter-model divergence
in parentheses. The estimates are shown separately for three threshold temperatures: (a) 20 °C, (b) 24 °C,
and (c) 28 °C. Unit: degree days.

(a) Threshold temperature 20 °C

Grid point 0.5°C 1.0°C 1.5°C 2.0°C

Southern | 11.0 (6.8-15.7) 23.6 (13.8-33.7) 36.8 (25.8-49.1) 49.9 (35.8-68.4)
Central 42 (1.7-8.7) 104 (5.1-15.7) 17.1 (11.4-27.9) 25.0 (14.2-38.4)
Northern 26(09-55) 54(1.7-10.4) 8.9(2.8-18.7) 13.4(4.6-23.8)

(b) Threshold temperature 24 °C

Grid point 0.5°C 1.0°C 1.5°C 2.0°C

Southern | 0.42 (0.00-1.36) 1.42 (0.08-3.51) 2.93(0.44-6.58) 4.78 (1.00-9.31)
Central 0.07 (0.00-0.29) 0.35 (0.00-1.07) 0.76 (0.00-2.63) 1.50 (0.00-3.68)
Northern | 0.10 (0.00-0.34) 0.36 (0.00-1.48) 0.74 (0.00-3.28) 1.05 (0.00-2.32)

(c) Threshold temperature 28 °C

Grid point 0.5°C 1.0°C 1.5°C 2.0°C

Southern | 0.01 (0.00-0.03) 0.04 (0.00-0.12) 0.08 (0.00-0.46) 0.17 (0.00-0.59)
Central 0.00 (0.00-0.00) 0.00 (0.00-0.00) 0.00 (0.00-0.00) 0.02 (0.00-0.11)
Northern | 0.00 (0.00-0.00) 0.02 (0.00-0.09) 0.03 (0.00-0.14) 0.03 (0.00-0.17)

is larger in Lapland than elsewhere in Finland (Fig. 1b of RJ23), which acts to produce
occasional very high daily-mean temperatures in the bias-corrected GCM output data. A
deeper examination of this topic is beyond the scope of the present study.

In RJ23, we likewise studied differences between the multi-model means and me-
dians of both the above-discussed heatwave indices. However, as can be seen in Fig. 6 of
that paper, differences between the two statistics proved to be negligible.

In interpreting Figs. 3.1-3.5 and Table 3.1, it is important to keep in mind that, ac-
cording to the definition applied in the present work, the minimum length of a heatwave
episode is 3 days. Consequently, for example, 0.1 very extreme heatwave days per summer
on average at the 2.0 °C warming level (red column on the right in Fig. 3.3c) does not in-
dicate that there should be approximately one day with the mean temperature above 28 °C
in every tenth year. Rather, this figure refers to a 3-day extremely hot period that tends to
occur, on average, once in 30 years (or a longer period even less frequently). Moreover,
even if the projected EX in Table 3.1 is equal to zero, this does not rule out the potential
occurrence of single very hot days that do not constitute three-day sequences. In fact, the
28 °C daily-mean temperature was exceeded in places in eastern Finland in the late July
of 2010 (Hutila, 2010).

In addition to the intensity of heatwaves, RJ23 explored the time of year of their
occurrence. In central Europe, the average mid-point date of the most intense heatwave of
the year was delayed by about one week (Fig. 9 of RJ23). In northern Europe, by contrast,
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changes in the timing were fairly small, 0—4 days.

4 Probabilities for the occurrence of heatwaves with different intensities

4.1 Proportion of years with heatwaves

Figure 4.1 shows probabilities for the occurrence of at least one >3-day heatwave
in a year at the 1.0 and 2.0 °C global warming levels, separately for the three thresh-
old temperatures. At the 1.0 °C warming level, moderately hot periods (above the 20 °C
threshold temperature) occur in northern Lapland north of 67°N in 10-40 % of all sum-
mers, in south-eastern Finland in 8 summers out of 10. At the 2.0 °C warming level, the
corresponding likelihoods are 20-60 % in the north and 90-95 % in the south and east,
indicating that in the latter area heatwaves would be experienced nearly every year.

Severe heatwave episodes above the 24 °C threshold temperature occur in southern
and eastern Finland in the simulated recent past climate (1.0°C warming level) 1-2
times/decade but in the warmed climate (2.0°C warming level) 2—4 times/decade
(Figs.4.1b and e). At the latter warming level, such heatwaves are experienced
approximately once a decade as far as in central Lapland.

Very extreme heatwaves, i.e., the daily-mean temperatures exceeding 28 °C in >3
consecutive days, are very unlikely to occur in the current climate, with annual probabil-
ities of ~0.5 % in the southeast and virtually zero in the north (Fig.4.1c). However, at
the 2.0 °C warming level the annual probability of their occurrence would amount to more
than 2 % in the south (Fig. 4.1f).

4.2 Changes in the frequency of extreme heatwaves

As stated in Section 2, we first determined the 4-100 year return levels of the
strongest annual heatwave for the 0.5 °C global warming level, and these return-level
values were then employed to assess probabilities for such heatwaves at higher warm-
ing levels. Owing to the large size of the sample, 1,200 modelled years, the recurrence
levels could be retrieved directly from the frequency distributions. Finally, we estimated
probabilities for the extremity index being higher than a fixed level, 60 °C days.

As an illustrative example, estimates of the 10- and 100-year return levels of the
annual maximum EX above the 20 °C threshold temperature under the 0.5 °C warming
level are shown in Fig.4.2. As expected, the return-level values are highest in the south
and southeast and smallest in the north. For example, the 100-year recurrence level ranges
from about 20 °C days in northern Lapland to 60 °C days in the southeast; in elevated fell
areas in the furthest north, the values are still lower. It can be seen that the very intense
historical heatwave experienced in Lapland in 1972 (Fig. 2.1a) far exceeded even the 100-
year return level estimate. Nevertheless, it should be recalled that the bias-correction
algorithm employed in the present work does not adjust the skewness of the frequency
distribution. Consequently, in the model output data, potential biases in the skewness of
daily-mean temperatures may influence the occurrence of extremely high temperatures.
In the south, the 100-year baseline-period return level (40-60 °C days) was not widely
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Fig. 4.1: Probabilities (in %) for the occurrence of at least a single three-day period with the daily mean tem-
perature exceeding (a, d) 20 °C, (b, ) 24 °C and (c, f) 28 °C in a year under the (a—c) 1.0 °C and (d—f) 2.0°C
global warming levels. Probabilities have been derived from the concatenated multi-model datasets.
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Fig. 4.2: Return levels for the extremity index of the most intense heatwave of the year (above the 20°C
threshold temperature; unit °C days) under the 0.5 °C global warming level, derived from the concatenated
multi-model frequency distribution: (a) 10-year and (b) 100-year return level.

exceeded until 2003, 2010, and 2018 (Figs. 2.1c, d and f), but in those years climate had
already warmed considerably compared to the baseline conditions.

The occurrence of severe heatwave events at the various levels of global warming,
considering the different baseline-period return levels, are shown in Fig. 4.3. The three grid
points examined are the same as in Table 3.1, lying close to Heinola, Oulu, and Ivalo. In
the course of global warming, the probabilities tend to increase drastically. For example, in
southern Finland such a heatwave that occurs on average once in 10 years in the baseline-
period climate has an annual probability of approximately 37 % at the 1.5-degree warming
level and 51 % at the 2-degree level. In the region of Oulu, the probabilities are nearly the
same, but in the very north somewhat lower (28 % and 40 %). Correspondingly, the annual
probabilities of an historical once-in-100 year heatwave at the 2.0 °C warming level are
9-15 %.

The above-stated probabilities indicate that very rare heatwaves (e.g., with a 100-
year recurrence period in the baseline climate) become, in relative terms, increasingly
frequent more rapidly than the fairly common ones (e.g., with a 10 year recurrence period);
this inference is consistent with the findings of Seneviratne et al. (2021). Moreover, the
probabilities of occurrence tend to increase more pronouncedly in the south than north.
An analogous spatial distribution is apparent at the entire European level as well (Fig. 12
of RJ23), and potential reasons for the phenomenon are discussed in Section 6.1 of that



64 Kimmo Ruosteenoja and Kirsti Jylhd

(A) 61.1°N, 26.1°E (B) 65.1°N, 25.6°E
i?100 TR SE100
< 90q49— 10 A ~ 901
Y ool 204 S 80
15— 50 A 1
4 4
B 7049 100 A 2 & 70
g /o/ £
60- 60
(& Q
S S /
O 504 / /»Q O 501 /O/ //.
Lo Lo
S 401 S 40
£ 301 / 5l / /
5 5 o /./
2 20 2 20
S 101 c/ R 9 1o; c/ 0
14 14
o o
o4 . . ; 04 : . ;
05 1 15 2 05 i 15 2
GLOBAL WARMING LEVEL (°C) GLOBAL WARMING LEVEL (°C)

(C) 68.6°N, 27.6°E

o
o

907
80

701
60 0

" T
g o

201

101 e/‘_://O/O

05 1 15 2
GLOBAL WARMING LEVEL (°C)

PROBABILITY OF OCCURRENCE (%)

o

Fig. 4.3: Probabilities (in %) for the occurrence of an annual maximum heatwave (above the 20°C threshold
temperature) with the extremity index higher than that occurring once in 4, 10, 20, 50 or 100 years (see
the legend in panel (a)) in the baseline climate (0.5 °C global warming) as a function of the level of global
warming. The probabilities are shown for three positions: (a) 61.125°N, 26.125°E, (b) 65.125°N, 25.625°E,
and (c) 68.625°N, 27.625°E.



Heatwave projections for Finland at different levels of global warming 65

paper.

Furthermore, Fig.4.3 reveals that warming realised by the present has already af-
fected the likelihoods of severe heatwaves considerably. To give some examples, at the
1.0 °C global warming level, the probability of a baseline-period once-in-4-year heatwave
has nearly doubled, and 50-year heatwaves have become 2-3 times as likely. Indeed, three
of the six major historical heatwaves depicted in Fig.2.1 have occurred since 2010. Ad-
mittedly, within the fairly short observational time span, the occurrence of hot summers is
significantly affected by random inter-annual variations in the weather conditions.

In the observed historical climate of Finland, heatwaves with EX > 60°C days can
be regarded as extreme. In the south, this limit has been exceeded in a few years, mainly
in 2010 and 2018, and in the north only in a small area in 1972 (Fig. 2.1). Table 4.1 shows
that warming taken place by the present (the 1.0 °C warming level) has already enhanced
the likelihood of such extreme heatwaves substantially, and they are further projected to
be much more frequent in the future. In the region of Oulu, for instance, the probability
increases 4.5-fold under the 1.5 °C and 12-fold under the 2.0 °C warming level, compared
with the 1.0 °C warming level. In the north, heatwaves of that intensity are projected to
be fairly rare even at the 2.0 °C global warming. This again emphasises the severity of the
heat spell that occurred in Lapland in 1972.

Table 4.1: Annual probabilities (in %) for the occurrence of at least a single heatwave event with the extrem-
ity index EX > 60°C days under four levels of global warming (0.5 °C, 1.0°C, 1.5°C, and 2.0 °C) at three
grid points: 61.125°N, 26.125°E (southern), 65.125°N, 25.625°E (central/Ostrobothnian) and 68.625°N,
27.625°E (northern). The threshold temperature used for a hot day is 20 °C.

Grid point | 0.5°C  1.0°C  1.5°C 2.0°C

Southern 1.1 2.9 8.1 13.5
Central 0.1 0.4 1.8 4.7
Northern 0.1 0.1 0.5 1.5

5 Discussion

5.1 Global warming of 1.5°C or 2.0 °C — are there pronounced differences?

The aim of the Paris Agreement on Climate Change was to restrict global warm-
ing to either 1.5°C or 2.0 °C relative to the pre-industrial climate. The present findings
indicate that both warming levels entail a substantial strengthening in the average and ex-
treme heatwaves. Nevertheless, in particular when studying the occurrence of the most
extreme heatwaves, there is a great jump from the 1.5 °C to the 2.0 °C climate. To pro-
vide an example, at the northern (Ivalo) grid point the long-term mean total annual EX
above 20 °C increases from 2.6 °C days at the 0.5 °C warming level to 13.4 °C days by
the 2.0 °C level (the best estimate or multi-model mean in Table 3.1a), and 42 % of this
increase materialises between the 1.5 and 2.0 °C levels. The corresponding proportions for
the Ostrobothnian and southern point with the 24 °C threshold temperature are 52 % and
42 %, respectively (Table 3.1b). Accordingly, when we study heatwaves that are severe
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relative to the local climate, about a half of the projected total increase in the mean annual
heatwave burden is realised between the 1.5 and 2.0 °C global warming levels.

Furthermore, there are major differences in the annual likelihood of occurrence of
intense heatwaves between these two warming levels. According to Fig. 4.3a—-b, heatwaves
occurring once in 50 a at the 0.5 °C warming level have annual probabilities of 12—13 %
at the 1.5 °C warming level and 19-21 % at the 2.0 °C level. Thus, the incidence becomes
more than 1.6-fold between these two warming levels. Correspondingly, the likelihood
of heatwaves with EX > 60 °C days approximately triples between the 1.5 °C and 2.0°C
global warming levels at the northernmost points and becomes 1.7-fold at the southern
point (Table 4.1).

To conclude, considerable differences in the heatwave characteristics are projected
between the 1.5 °C and 2 °C global warming levels, both in the time-mean extremity index
and the frequency of severe heatwaves. This disparity is largest for the most extreme
heatwave events.

5.2 Factors of uncertainty

The bias correction method applied in this work is fairly simple, adjusting the tem-
poral mean and standard deviation of simulated daily-mean temperatures to be consistent
with the observational E-OBS analysis, but ignoring potential biases in the skewness and
higher moments of the temperature frequency distribution. If some another bias adjust-
ment method, examples of which are given in Rdisdnen and Rdty (2013), for instance,
were used, it might have some impact on the findings. Even so, the present correction
method involves the great advantage that modelled changes in the mean temperature are
not distorted. In any bias-correction method, problems may emerge at those coastal grid
points which consist of land in the observational analysis but are treated as sea in some
GCMs, or vice versa. This is so because air temperatures tend to vary less intensively in
coastal than inland regions.

A trivial source of uncertainty is constituted by inter-model differences and the se-
lection of models. Especially for the very intense heatwaves, differences among the pro-
jections produced by the various GCMs tend to be large (Fig.3.3 and Table 3.1). This
may partly be a sampling issue, since very extreme heatwaves are infrequent, and their
occurrence is thus strongly affected by stochastic factors. Moreover, the simulated warm-
ing of Northern-European summers diverges among the GCMs, despite the use of fixed
global warming levels. For example, considering the Ostrobothnian grid point (65.125°N,
25.625°E) examined in Tables 3.1 and 4.1, the 25-GCM mean temperature increase in
June-August from the 0.5 to 2.0 °C global warming level is 2.5 °C, while the uncertainty
interval defined by the GCMs simulating the second-lowest and second-highest warming
is 1.8 to 3.3 °C. Other potential influencing factors are inter-model differences in the shape
of the frequency distribution of daily mean temperatures and the temporal autocorrelation
of temperature, which affects the clustering of hot days; these two statistical features are
not adjusted by the bias correction algorithm. For example, any model deficiencies in
describing clusters of hot days due to over- or underestimation of the persistence of high-
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pressure systems affect the occurrence of simulated heatwaves.

In Section 2.4 of RJ23, time-mean heatwave indices in the baseline climate derived
from the bias-corrected GCM data and the E-OBS analyses were compared with one an-
other, and the compatibility was found to be at least reasonable; this was especially true
when looking at the 25-GCM means. This is mainly attributed to the bias correction,
which forces the model-simulated climate to match with observations.

For other potential sources of uncertainty in the heatwave projections, the reader is
referred to the discussion presented in Section 6.2 of RJ23.

5.3 Implications of heatwaves

Here, some selected impacts of severe heatwaves are mainly discussed from the
perspective of Finland and other northern European areas.

In the future, preparedness to respond to heatwaves is becoming increasingly impor-
tant within social welfare and heat care services (Curtis et al., 2017; Kollanus et al., 2023;
Rapeli and Mussalo-Rauhamaa, 2022). In particular, prolonged periods with high temper-
atures cause multiple issues for health. For example, the heatwave experienced in Russia in
2010 killed approximately 55,000 people (Barriopedro et al., 2011). The impacts of heat
are felt even in cool climates, elderly population being especially susceptible (Kollanus
et al., 2021; Ruuhela et al., 2018, 2017). For example, heatwaves act to increase deaths
due to respiratory diseases, renal diseases, mental and behavioural disorders, diseases of
the nervous system and cardiovascular diseases, including heart attacks (Kollanus et al.,
2021). Heatwaves likewise affect morbidity: a relationship has been found between the
heatwaves and hospital admissions due to respiratory diseases, albeit the statistical signifi-
cance of this connection depends on the age of patients, type of disease and characteristics
of the heatwave event (Sohail et al., 2020).

According to Ruuhela et al. (2017), additional mortality caused by high temperatures
has decreased over the past half century, which suggests that at least in countries with a
cool climate, it might be possible to adapt oneself to the increasing heat. On the other
hand, urbanization and the accompanied urban heat island (UHI) effect (Ramamurthy et
al., 2017) may notably contribute to the heat-related health issues. In the city of Helsinki,
modelled mortality attributable to the heatwaves in 2003, 2010, 2014, and 2018 (Fig. 2.1)
appeared to be about 2.5 times as large as that in the surrounding rural regions (Ruuhela
et al., 2021). A review of UHI studies in Finland did not reveal any notable long-term
changes in their intensity (Drebs et al., 2023).

Even in the recent past climate of Finland, approximately corresponding to the
global warming level of 1.0 °C, buildings without efficient active or passive cooling sys-
tem are at a risk of overheating during prolonged heatwaves, and the risk of uncomfortably
high indoor temperatures is growing with continuing warming (Velashjerdi Farahani et al.,
2021). In buildings equipped with cooling devices, the consumption of cooling energy will
increase. Model simulations of the performance of a typical office building indicate that
about 50 % extra electricity was consumed for cooling in the very hot summer of 2018,
compared with the consumption in the weather conditions of an average current-climate
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warm season (Velashjerdi Farahani et al., 2022). In analogous extreme weather condi-
tions around the year 2050, near the anticipated time of the global warming of 2.0 °C, the
consumption would further approximately double compared to that in 2018.

In nuclear power plants, heatwaves belong to such external events that have to be
taken into consideration in order to ensure an safe and uninterrupted operation of the
plants in the changing climate (Jylhd et al., 2018; Kopytko and Perkins, 2011; Unger et al.,
2021). Unprecedently high air temperatures might endanger a safe shutdown of the plants.
Besides, heatwaves tend to warm up seas and the inland watersheds that act as sources
of cooling water for the plants. Thus, unusually high water temperatures may force the
companies to reduce the nuclear power generation in order to comply with the local en-
vironmental water permit conditions; such a situation occurred in Finland in the summers
of 2010, 2018, and 2021 (Fortum, 2021). As well, elevated water temperatures during
heatwave periods have resulted in nuclear power unavailability in Sweden and France, for
instance (Schneider et al., 2021).

For boreal forests, high temperature extremes, and particularly droughts that are
typically associated with the heatwave events, constitute a severe climate-change induced
risk (Vendildinen et al., 2020). Especially, the growth of spruce trees is anticipated to
decelerate (Hayatgheibi et al., 2021). Weather conditions favouring wildfires tend to get
more severe and frequent (Backman et al., 2021; Krikken et al., 2021).

For spring cereals, a heatwave occurring in early summer in the critical phase of
growth, in conjunction with abundant light, can impede the formation of grains and re-
duce the yield (Peltonen-Sainio et al., 2015, 2016). Both process-based ecophysiological
modelling (7ao et al., 2017) and chamber experiments (Ingvordsen et al., 2018) have em-
phasised the need for developing new cereal varieties that are resilient to future heatwaves
in the northern European conditions with lengthening growing seasons and elevated con-
centrations of carbon dioxide.

In addition to humans and plants, severe heatwaves stress many animals, e.g., dairy
cows (Ahmed et al., 2022) and reindeers (Rasmus et al., 2022; Turunen et al., 2016).
Heatwave-like temperatures tend to impair the cognitive abilities of bumblebees (Gérard
et al., 2022). Increasing water temperatures in the sea (Goebeler et al., 2022) and inland
watersheds affect various fish species divergently; e.g., pikeperches benefit (Lappalainen
et al., 2009) while cool water fishes such as salmons and trouts suffer (Clews et al., 2010).

Evidently, the examples discussed above will have multiple adverse financial im-
plications. On the other hand, heatwaves, when not too prolonged and intense, can also
entail positive impacts, e.g., for summer recreation and tourism in Finland. Because the
projected changes in extreme summer temperatures are more pronounced in southern Eu-
rope than in the north (RJ23), the relative attractiveness of northern Europe for summer
outdoor leisure activities may increase. However, tourists have been found to tolerate even
very high temperatures, while rainy weather is decidedly not preferred (Koutroulis et al.,
2018, and references therein). Besides, the vulnerability of summer tourism to climate
change does not only depend on future climatic conditions but also on the local adaptive
capacity of tourism industry.
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6 Concluding remarks

In this work, heatwave projections for varying levels of global warming have been
derived from a large ensemble of GCM simulations. Before carrying out the actual analy-
ses, modelled daily-mean temperature data have been corrected from biases in the monthly
means and temporal standard deviation.

The recent climate change, from the 0.5 °C to 1.0 °C global warming level, has al-
ready made severe heatwaves in Finland much more frequent. As global warming in-
evitably continues in the coming decades (/PCC, 2021), heatwaves are projected to be-
come even more frequent and severe. Even under a very optimistic scenario, the Earth
will warm at least 1.5 °C compared to the pre-industrial era, but this would require very
drastic reductions in the emissions of greenhouse gases. Thus, it is necessary to prepare
oneself for a 2.0 °C global warming at a minimum. The findings presented in this paper in-
dicate that this would lead to a much more severe heatwave burden than the more stringent
1.5 °C global warming target, also in the cool climate of Finland. For example, the annual
likelihood of very intense heatwaves increases by 50-80 %. As summarised in Section
5.3, the projected intense heatwaves would entail severe issues for public health, forestry,
fishery, agriculture, reindeer husbandry and many other sectors of society.
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