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HIGHLIGHTS

e Accentuated increase of heat stress in
Switzerland under the moderate and
strong emission scenarios towards the
end of the century.

e High heat stress 3-5 times more
frequent for the strong emission sce-
nario compared to the mitigation
scenario.

e Climate analogs based on heat stress
spells largely depend on the emission
scenario.

o The inclusion of humidity narrows down
the localization of good climate analogs.
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GRAPHICAL ABSTRACT

Framework of the present study, which builds upon the CH2018 scenarios (scribbles for the products
were designed by zeichenfabrik.ch) and extends to climate analogs for heat stress. (Other illustrations
and photos are licensed under Creative Commons Zero, Public Domain Dedication).

Climate analogs
for heat st

ABSTRACT

Under hot conditions the human body is able to regulate its core temperature via sweat evaporation, but this
ability is reduced when air humidity is high. These conditions of high temperature and high humidity invoke
heat stress which is a major problem for humans, in particular for vulnerable groups of the population and people
under physical stress (e.g. heavy duty work without appropriate cooling systems). It is generally expected that
the frequency, duration and magnitude of such unfavorable conditions will increase with further climate
warming. In this respect, climate services play a crucial role by putting together climatological information and
adaptation solutions to reduce future heat stress. We here assess the recently developed CH2018 scenarios for
Switzerland (https://www.climate-scenarios.ch) in terms of heat stress conditions including their future pro-
jections. For this purpose, we characterize future extreme heat conditions with the use of climate analogs. By
doing so, we attempt to produce more accessible climate information which might foster the use and under-
standing of regional-scale climate scenarios.

Here heat stress is expressed through the Wet Bulb Temperature (TW), which is a relatively simple proxy for
heat stress on the human body and which depends non-linearly on temperature and humidity. It is assessed in
terms of single-day events and heat stress spells. Projections based on the CH2018 scenarios indicate increasing
heat stress over Switzerland, which is accentuated towards the end of the century. High heat stress conditions
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might be about 3-5 times more frequent for an emission scenario without mitigation (RCP 8.5) than for the
mitigation scenario (RCP 2.6) by the end of the 21st century. The projected increase of heat stress results in more
and longer heat stress spells, thus highlighting the importance of timely and precise prevention strategies in the
context of heat-health action plans. Spatial climate analogs based on heat stress spells in Switzerland greatly vary
depending on the emission scenario and are found in Central Europe under a mitigation scenario and in southern
Europe under unmitigated warming.

Practical implications

Climate service providers around the world are making large ef-
forts to produce national and regional climate change scenarios.
The vast amount of information produced is, however, very often
underexploited. This is, on the one hand, due to too complex
formats and technical requirements, on the other hand, it is due to
the diverse spectrum of stakeholder needs and challenging
communication. The projected numbers frequently provide too
little information for the general population and stakeholders and
some strategies are required to communicate climate scenarios in
a user-friendly manner. For this reason, the quality of climate
services relies both on a proper incorporation of a rigorous and
robust scientific assessment and a proper incorporation of user-
needs in an inter- and trans-disciplinary setting.

In the framework of the Swiss climate change scenarios CH2018
(CH2018, 2018, Fischer et al. 2022), a big step was made to
improve upon previous scenarios in terms of user-oriented climate
information, both qualitatively and quantitatively (see e.g.
CH2018 products in Fig. 1). Heat is considered as a primary
climate hazard in Switzerland. Accordingly, CH2018 made avail-
able a new dataset which, among others, includes metrics relevant
for heat-stress INDEX-LOCAL product in CH2018, 2018, Fischer
et al. 2022), to give support to decision-makers regarding heat-
related impacts, such as human well-being, occupational health,
labour productivity and heat-related effects on ecosystems. In this
work we add to the existing CH2018 products and further exploit
the INDEX-LOCAL dataset. More precisely, we examine heat stress
spells and propose climate analogs as a tool to identify places with
recently experienced heat stress conditions similar to the future
projections of the place of interest (Fig. 1). This way, climate
projections connect with personal experience and historical
climate situations, which is essential for the engagement of the
users and for establishing a bidirectional exchange between
products and impacted sectors.

Data availability

Data will be made available on request.

Introduction

Very high temperatures during the night and day greatly affect
human health and well-being. Heat exposure can raise the core body
temperature and thus cause heat-related illnesses (Petitti et al. 2016,
Mora et al. 2017) and impact labour productivity (Kjellstrom et al. 2009,
2018) and, consequently, the economic output (Garcia-Leon et al.
2021). The effect of temperature on the human body is enhanced by
other meteorological conditions, such as high relative humidity, expo-
sure to radiation or lack of wind. When the external temperature is high,
the only way for the body to stay at a healthy core temperature is
through the loss of heat via sweat evaporation. However, high external
air humidity and certain clothing (e.g., protective clothing worn in
particular jobs) limit sweat evaporation, forcing core body temperature
to rise (UNDP, 2016). Under such circumstances, the combination of
external heat exposure and internal heat production generated from

metabolic processes can provoke heat stress (Xiang et al., 2014). High
heat stress during single days is relevant for vulnerable groups of the
population, especially if people are not acclimatized (e.g., in late spring
or beginning of summer). However, the negative impacts of heat stress
become worse under prolonged periods of high heat exposure (Ciuha
et al., 2019). It has a cumulative effect since, for instance, people in
cities might not recover from the daytime heat at night due to the urban
heat island and might subsequently not be able to handle extreme heat
the following day (Perkins, 2015). Analyzing the evolution of such
conditions becomes crucial to protect population health and prevent
other heat-related impacts at different time-scales. In this work, we
additionally show how learning from meteorological heat warnings
might foster the use of climate change scenarios.

In a climate change context, heat stress is projected to continuously
increase towards the end of the century (Willett and Sherwood 2010,
Zhao et al. 2015, Knutson and Ploshay 2016, Coffel et al. 2018, Li et al.
2018, Matthews 2018), mainly as a direct consequence of the increase in
mean temperatures (Fischer and Schar, 2010). Heat stress constitutes an
important threat in densely populated areas, for instance, India,
Southeast Asia, the Arabian Gulf and the Sahel (Zhao et al. 2015, Pal and
Eltahir 2016, Rohini et al. 2016, Mora et al. 2017, Moda et al. 2019,
Suarez-Gutierrez et al. 2020). Also in Europe, temperature extremes and
heat stress are projected to increase towards the end of the 21st century,
as well as the duration and frequency of heat waves and warm spells
(Jacob et al. 2014, Horton et al. 2016, King and Karoly 2017, Senevir-
atne et al. 2021). The number of days with high heat stress risk might
become more frequent in large areas of the continent, including Central
and northern Europe, especially for people active in the sun (Casanueva
et al., 2020). Economic losses due to reduced labour productivity are
especially important in southern Europe (>50% of working hours lost in
some locations in Spain, Italy, Greece and Cyprus) and might range
between 5 and 20% in Lugano (Switzerland) under the strong emission
scenario by the end of the century (Casanueva et al., 2020).

The obvious importance of elevated heat stress as a main climate
hazard highlights the need for coordinated plans to develop mitigation
and adaptation actions based on scientifically sound science and the
interaction with users, stakeholders and policymakers. Reconciling
climate science with decision-makers is precisely the aim of climate
services (Buontempo et al., 2014). While national climate services
spread worldwide, the extensive use of climate information is still very
limited and some gaps in the information flow (e.g. an informative
categorizing of types of users) often remain (Skelton et al., 2019). In
light of this situation, the Swiss National Centre for Climate Services
(NCCS, https://www.nccs.admin.ch) coordinated the new climate
change scenarios for Switzerland (CH2018, 2018), https://www.climate
-scenarios.ch), which aim to improve upon its predecessor (CH2011,
2011) in terms of providing user-oriented information (e.g. through
user-tailored brochures) and scientific content (e.g. quantitative infor-
mation on extremes and transient datasets) (Skelton et al., 2019).
CH2018 made use of the largest collection of state-of-the-art regional
climate model ensemble from the EURO-CORDEX initiative (Jacob et al.
2014, Kotlarski et al. 2014) to produce probabilistic climate projections
at different spatial scales (as regional means, on a 2 km grid and at
localized stations) for a large set of variables and climate indices. Among
others, also future changes of heat stress conditions were analyzed for 83
Swiss locations (CH2018, 2018).

The aim of the present work is to refine and further tailor the
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CH2018-based projections of heat stress and to make them more useable
to users. First, we characterize projected changes of heat stress (single-
day events and heat stress spells) and, secondly, we use climate analogs,
based on the frequency and duration of heat stress spells, to interpret
and ease the dissemination of the climate change information. A climate
analog is defined as a place with a recent past climate similar to the
values expected at the place of interest in the future (Ford et al. 2010,
Dahinden et al. 2017, Matthews et al. 2017), in this case, with respect to
heat stress spells. Analog methodologies can provide a first approxi-
mation of opportunities and limitations when coping with climate
change and have a great potential in vulnerability research (Glantz
1991, Ford et al. 2010). At an individual level, the association of future
heat stress with past events across scales and places allows to connect
future changes with personal experience.

The paper is structured as follows: Data, methods and characteriza-
tion of different indices are described in Section 3, Results (Section 4)
comprise the evaluation of the methodology, the estimation of projected
changes and identification of climate analogs and the main conclusions
can be found in Section 5.

Material and methods
Heat stress index

A large number of heat stress indices exist that attempt to express
environmental heat exposure by one single value (see e.g. Blazejczyk
etal. 2012, Coccolo et al. 2016 for a review). A frequently applied index
that is also used in the present work is the Wet Bulb Temperature TW
(Sherwood and Huber 2010, Pal and Eltahir 2016). TW represents the
temperature of an air parcel if cooled at constant pressure until satura-
tion by the evaporation of water into it; at 100% relative humidity it
equals the air (dry bulb) temperature. TW can be measured by covering
a standard thermometer bulb with a wet cloth and ensuring full venti-
lation. Unlike more complex heat stress indices, such as the Wet Bulb
Globe Temperature (Lemke and Kjellstrom, 2012) or the Universal
Thermal Climate Index (Langner et al., 2014), TW can be easily derived
from temperature and humidity measurements alone by means of
thermodynamic equations (Davies-Jones, 2008) or, as in this work, by
the empirical formula derived by Stull (2011), using air temperature and
relative humidity, as implemented in the R package HeatStress (Casa-
nueva, 2019a).

It is well known that heat stress and heat exposure vary throughout
the day, and hence its impacts, for instance in terms of labour produc-
tivity (Kjellstrom et al., 2009). Sub-daily meteorological variables are,
however, not readily available for most of the climate model simula-
tions. Bearing this in mind, a sensitivity analysis to the use of daily
aggregated data (i.e. daily minimum, maximum or mean quantities) of
the input variables (air temperature and relative humidity) was carried
out to find the best approximation of the daily maximum TW that would
be associated with maximum heat stress. The analysis was based on
station observations that are available at hourly resolution and which
were aggregated to daily values to mimic climate model data at daily
resolution. Several combinations of temperature and humidity were
considered (e.g. daily mean temperature and relative humidity, daily
maximum temperature and minimum relative humidity, etc.) and
compared to the maximum TW obtained from hourly data (Fig. Al in the
Supplementary Material). The best approximation consisted of using
daily maximum temperature and relative humidity calculated from
daily maximum temperature and daily mean specific humidity (with low
variability along the day). The latter combination approximately mimics
daily minimum relative humidity which is often present at the time of
maximum temperature, i.e. at the time of maximum heat stress, but not
available from model data. Thus, the input variables needed from ob-
servations and climate simulations were daily maximum temperature
and daily mean specific humidity.

The highest TW values recorded on Earth are close to 35 °C, which is
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the theoretical limit of survivability for a fit human being (Sherwood
and Huber 2010, Buzan et al. 2015, Pal and Eltahir 2016). A TW of 35 °C
greatly reduces the possibility of evaporation at skin level to cool the
body, since the skin (usually at 35 °C or below) must be cooler than the
body core (around 37 °C) for metabolic heat to be conducted to it. Ac-
cording to Vecellio et al. 2022, the 35 °C threshold overestimates real-
world conditions and controlled experiments showed that critical wet-
bulb temperatures are 25-28 °C in hot-dry environments and
30-31 °C in warm-humid environments. In addition, lower thresholds
may also have other impacts on human beings. For instance, the safe
working time greatly decreases for people performing heavy work when
the wet bulb temperature is >30.8 °C (Liang et al., 2011). Those
thresholds are rarely reached in Switzerland, where the highest ever
recorded values reached 22-25.5 °C in low-lying stations. Furthermore,
a TW threshold of 22 °C would trigger the same amount of (level 3) heat
warnings based on the heat index (Burgstall et al., 2019).

Building upon CH2018, three heat-stress-derived indices (based on
daily maximum values of TW) were considered to describe single-day
heat stress: summer mean (TWmean) and maximum TW (TWx), and the
number of summer days with TW above 22 °C (TWg22), which accounts
for intense heat stress. Additionally, we characterized heat stress spells
as events with TW above 22 °C for at least three consecutive days, which
would roughly mimic heat warnings of level 3 “yellow” (out of 4 levels).
We analyzed both the heat spells frequency (number of events per year,
HSF) and duration (median length of all the individual events lasting 3
or more days, HSD, see Table 1).

Observational data

The observational reference considered in this work consists of the
automatic monitoring network provided and maintained by MeteoSwiss
(SwissMetNetl, SMN). We used a set of 83 stations with at least 83% of
data in the period 1981-2010 (i.e. 25 out of the 30 years; Fig. 2a) for the
variables of interest, namely daily maximum air temperature and daily
mean specific humidity. Note that directly measured variables are air
temperature, relative humidity and air pressure at station level and,
thus, specific humidity is derived from air pressure and vapour pressure
(the latter obtained from air temperature and relative humidity). Due to
the high amount of missing data in surface air pressure in many stations,
missing values were replaced by 1013.25 hPa, for which the TW Stull
equation holds. Hourly values of air temperature and relative humidity
were further considered for the sensitivity analysis described in Sect. 3.1
(Fig. Al in the Supplementary Material).

Model data and bias correction

Regional climate model (RCM) simulations from the CORDEX
initiative (Coordinated Regional Downscaling Experiment; Giorgi et al.

Table 1
Definition of the heat stress indices used in this work.
Code Definition Units
TWmean  Summer mean TW °C
TWx Summer maximum TW °C
TWg22 Number of summer days with TW > 22 °C days
HSF Heat spells frequency: number of heat stress spells per year (a -
heat spell occurs when TW > 22 °C for at least 3 consecutive
days)
HSD Heat spells duration: median length of all heat stress spellsina  days

30-year period (a heat spell occurs when TW > 22 °C for at least
3 consecutive days)

! https://www.meteoswiss.admin.ch/weather/measurement-systems,/land-
based-stations/automatic-measurement-network.html
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Fig. 1. Framework of the present study, which builds upon the CH2018 scenarios (scribbles for the products were designed by zeichenfabrik.ch) and extends to
climate analogs for heat stress. (Other illustrations and photos are licensed under Creative Commons Zero, Public Domain Dedication).

2008; Jones 2010; Jacob et al. 2014; Kotlarski et al. 2014) were
considered to derive CH2018 climate change projections. The model
simulations (hereafter GCM-RCM chains) were performed by 6 RCMs
driven by 9 different global climate models (GCMs), at two horizontal
resolutions (0.11° and 0.44°, approximately 12 and 50 km) and covering
three Representative Concentration Pathways (RCP 2.6, RCP 4.5 and
RCP 8.5), which added up to 67 chains (see Table Al in the Supple-
mentary Material). These simulations are accessible via the Earth Sys-
tem Grid Federation (ESGF, https://esgf.llnl.gov/, extracted in May
2017). Herein, transient projections of TW from 1981 until 2099 were
obtained from daily maximum temperature and daily mean specific
humidity data at the closest grid boxes to the SMN stations (Sect. 3.2) for
each GCM-RCM chain. The reader is referred to S¢rland et al., 2020 for
more details on the construction of the CH2018 multi-model ensemble,
including the description of a time-shift-based pattern scaling approach
using global mean surface temperature of the driving GCM as control
parameter (Herger et al., 2015). The latter aided to obtain an equal
number of simulations for each scenario to ensure comparability. The
ensemble finally consisted of 20 GCM-RCM chains for RCP 2.6, RCP 4.5

and RCP 8.5 (green cells in Table A1l in the Supplementary Material).

Regional climate models are prone to systematic biases and, despite
the increased spatial resolution of the EURO-CORDEX RCMs, they
cannot represent local processes at finer scales than the grid spacing.
Empirical quantile mapping (QM, Déqué, 2007) was used as down-
scaling and bias correction method in CH2018 to overcome these two
limitations and bridge the gap between the regional and local scales. The
reader is referred to CH2018, 2018, Feigenwinter et al., 2018 and Kot-
larski 2019 for details on the QM implementation.

QM is a univariate bias correction method and in this work it was
applied independently to the daily maximum temperature and daily
mean specific humidity as simulated by the underlying EURO-CORDEX
RCMs. The TW is then calculated from the two bias-corrected compo-
nents, using the constant value of surface air pressure of 1013.25 hPa.
Herein, QM was calibrated between the EURO-CORDEX RCMs and the
SMN observations in the reference period 1981-2010. The correction
functions were then applied transiently for the period 1981-2099. Note
that years 2006-2010 from the projections were merged with the his-
torical runs to complete the calibration period. Some of the results are
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Ilustrative diagram for the identification of climate analogs based on heat spells. The central point represents the multi-model median projected value of frequency
(X-axis) and duration (Y-axis) of events at a target location (2.5 events/year and median length of 4 days in the example) and the whiskers represent the interquartile
range (IQR) of the model ensemble. The grey stars are the potential analogs; those within the range of the model ensemble IQR are considered good analogs (red
stars). (c) Reference station set for the analogs identification, from three different data sources (colors; see text). (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

presented for specific 30-year time slices for near-term (2020-2049),
mid-term (2045-2074) and long-term projections (2070-2099),
compared to the reference period (1981-2010). In the following, we
simply refer to them by their central years, i.e. 1995, 2035, 2060 and
2085, respectively.

Climate analogs

The impacts of climate change primarily manifest themselves at
regional and local scales. Therefore, regional- or country-specific ana-
lyses are required to inform decision makers. One straightforward
approach to interpret and communicate changes in climate at smaller
spatial scales is by means of climate analogs (Ford et al. 2010, Dahinden
et al. 2017 and references therein). This method consists of identifying a
place with a recent past climate similar to the projections of the place of
interest. The methodology has been applied to global climate models for
temperature and precipitation (Dahinden et al., 2017) and heat stress
analogs (Matthews et al., 2017). For instance, with 1.5 °C global
warming, Lagos (Nigeria) might experience heat stress levels similar to
Delhi (India) during the recent past reference climate (1979-2005) and

the closest analog for the climate of Shanghai (China) would be today’s
climate of Karachi (Pakistan) (Matthews et al., 2017). Climate analogs
were also assessed within CH2018, showing e.g. that the best tempera-
ture analogs for Swiss locations at increased future warming levels are
found in southern European locations (CH2018, 2018). Some web
tools>> have been similarly developed to find climate analogs or
“climate twins” for representative cities worldwide and in North
America building upon Bastin et al. 2019, Fitzpatrick and Dunn 2019.
Different criteria can be used to identify climate analogs, for
instance, mean quantities such as the mean annual cycle of temperature
and precipitation (Dahinden et al. 2017, CH2018, 2018) or frequency of
heat index above a specific threshold (Matthews et al., 2017). Here we
identify climate analogs based on the frequency and duration of heat
stress spells (see Sect. 3.1). Similarity was assessed by means of the
Euclidean distance between the multi-model median projected value of
HSD and HSF at the Swiss target location and the observed counterparts

2 https://fitzlab.shinyapps.io/cityapp/.
3 https://hoogel04.shinyapps.io/future_cities_app/.
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(see illustrative diagram in Fig. 2b). The reference dataset for the ana-
logs’ identification consisted of a large set of European stations
(approximately 1300 stations, see Fig. 2¢), which resulted from a com-
bination of the ECA&D (European Climate Assessment & Dataset; Klein
Tank et al. 2002) dataset, the GSOD dataset (Global Surface Summary of
the Day; Smith et al. 2011) and SMN data set (Sect.3.1) in Switzerland.
These data were also the observational reference for European-scale
climate change projections of heat stress derived by Casanueva et al.
2020. Selected (“good”) analogs were those European locations which
lay within the interquartile range of the full model ensemble (i.e. within
50% of the models), of both HSD and HSF (Fig. 2b), i.e. the criterion is
defined in a bi-variate way.

Results
Evaluation of the bias correction method

In a multivariate context, bias correction is typically done by
adjusting the input variables independently prior to the index calcula-
tion (see, e.g. Yang et al. 2015). This approach might lead to in-
consistencies in spatio-temporal fields and in inter-variable
relationships (Ehret et al., 2012), and more sophisticated multivariate
bias-correction methods have been introduced (Vrac and Friederichs,
2015). However, Wilcke et al. 2013 showed that the inter-variable de-
pendencies as represented by raw RCM data are approximately pre-
served by QM and are not strongly distorted. Furthermore, according to
Casanueva et al. (2019) the adjustment of the individual distributions of
temperature and humidity implicitly leads to a better representation of
the joint distribution of heat stress (wet bulb globe temperature in the
cited work). Here the QM performance in a multivariate context is
evaluated by comparing the observed and simulated TW distribution for
the reference period 1981-2010. Although no cross validation has been
applied (the same period, 1981-2010, is used for calibration and vali-
dation), this evaluation can be considered fair, since TW is not directly
targeted in the calibration of the QM but is derived from two indepen-
dently corrected variables (daily maximum temperature and daily mean
specific humidity). Fig. 3 shows quantile-quantile plots with the
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observed and simulated quantiles of TW before (black; i.e. raw RCM
data) and after the bias correction by QM (blue) of the input variables,
for a set of example Swiss locations and for one example climate model
chain. Large biases are found for the raw data, especially for the cases for
which the elevations of the model grid box and the station are very
different (note that no height correction has been applied to the raw
data). The correction of the two independent variables leads to a good
representation of the TW in the historical period. Similar conclusions
hold for other GCM-RCM chains.

Climate change projections of single-day heat stress

Observed values of summer mean (TWmean) and maximum (TWx)
wet bulb temperature in Switzerland are largest in Canton Ticino in the
Southern part of Switzerland, where they amount to 18-19 °C and
22-24 °C, respectively (Fig. 4, first row). High values of TWx are also
found at most of the non-mountainous stations (e.g. Basel, Geneva,
Zurich). The threshold of 22 °C is, on average, only exceeded in a few
locations. This threshold approximately corresponds to the observed
summer 98th percentile of TW in Zurich and Geneva and the 92nd
percentile in Lugano in the reference period. The largest frequencies are
found in the low-lying stations in Ticino (7 days in Lugano and 12 in
Magadino/Cadenazzo and Stabio).

At all stations the three TW-derived indices are projected to gradu-
ally increase until the end of the century (Fig. 4). For RCP 8.5, the
maximum wet bulb temperature TWx increases by 1 to 2 °C, 2 to 3.5 °C,
and 3 to 4.5 °C (multi-model median, depending upon the station) in the
three future periods, respectively. In Lugano, for instance, summer mean
and maximum TW are projected to reach 21-23 °C and 25-27 °C (multi-
model range), respectively, by 2085. Heat stress extremes, unlike tem-
perature extremes themselves, show an increase in the upper tail of the
distribution similar to the increase in the mean. This absence of ampli-
fication of the climate-change signal in the extreme tail of the distri-
bution may be caused by the role of humidity, since the slight decrease
in relative humidity (CH2018, 2018, Brouillet and Joussaume 2019)
might counteract the larger increase in extreme temperatures.

The projected number of summer days with TW > 22 °C (TWg22)
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Fig. 4. Observed values (first row, period 1981-2010) and climate-change projections (2nd—4th rows) for summer mean (TWmean) and maximum TW (TWx), and
the number of days with TW > 22 °C (TWg22) displaying the multi-model median after bias-correction (20 simulations, see Sect. 3.3) for the three 30-year future
periods (“2035” for 2020-2049, “2060” for 2045-2074 and “2085” for 2070-2099) and according to the RCP 8.5 scenario.

implies that, on average, more than one-third of summer days will
feature severe heat-stress conditions in many locations of the Swiss
Plateau (Zurich, Basel, Geneva) and in inner-alpine Alpine valleys (Sion,
Interlaken, Chur). The canton of Ticino in the South is the region with
the largest increases in TWg22, with increases of up to 15, 30, and 45
days in the three future periods, respectively. At mountainous stations,
TWg22 only slightly increases or does not change, since the threshold of
22 °C is hardly ever exceeded even in a warmer future climate (0-2
days). These results for TWg22 are qualitatively consistent with the
projections of summer days in Switzerland (CH2018, 2018).

Transient projections for summer maximum wet bulb temperature in
four example stations under RCP 8.5 (Fig. 5) show a continuous increase
until the end of the century and model uncertainty of about 3 to 4 °C. In
Zurich and Geneva the threshold of 22 °C was only exceeded in extreme
summers (e.g., 2003, 2010; black lines) in the past, but projected values
at these locations are well above that threshold from mid-century on-
ward. That implies that these four locations will experience elevated
heat stress conditions at least once every summer. Large interannual
variability remains in the future, as represented by an example simu-
lation depicted with a blue line.

Results for RCP 2.6 and RCP 4.5 (Figs. A2 and A3 in the Supple-
mentary Material) indicate similar regional patterns to RCP 8.5 until
mid-century, also with the largest increases of heat stress in Canton
Ticino and at stations in the lowlands. For RCP 2.6, the projected values

for the late 21st century scarcely differ from the mid-century values,
reaching 19-20 °C and 23-24 °C for mean and maximum TW in Lugano,
respectively. Summer mean and maximum TW are projected to reach
20-21 °C and 24-25 °C by 2085 for RCP 4.5. TWg22 differs substantially
between RCP 2.6 and RCP 8.5 in magnitude and spatial extent, with such
conditions occurring about 3 to 5 times more frequently for RCP 8.5.
Specifically, differences between RCP 2.6 and RCP 8.5 in projected
TWg22 are depicted in Fig. 6, including multi-model uncertainty, for the
four example stations. A considerable increase of TWg22 is evident by
2035 compared to the reference period regardless of the emission sce-
nario. Whereas projected TWg22 remains similar over time under RCP
2.6, a large increase is projected under RCP 8.5 by 2085 at the four
stations accompanied with a widening of the uncertainty range. One
third (half) of summer days might experience intense heat stress in
Basel, Zurich and Geneva (Lugano) under the strong emission scenario
in an average summer by 2085.

Future extension of the heat stress season

Previous results show the increase of heat stress (mean, maximum
and exceedance of the 22 °C threshold) for the standard summer season,
i.e. from June to August (JJA). However, in a climate change context,
summers are projected to be longer lasting in the Northern Hemisphere
as a consequence of global warming (Lin and Wang et al. 2022). During
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Fig. 6. Observed (red stars) and simulated (bars) values of TWg22 for RCP 2.6 (left) and RCP 8.5 (right) at four example stations. Values are multi-year means over
30-year periods centered in 1995 (1981-2010), 2035 (2020-2049), 2060 (2045-2074) and 2085 (2070-2099). The grey (colored) bars depict results for the his-
torical (future) bias-corrected simulations. The height of the bars represents the multi-model ensemble median and the whiskers indicate the 5-95% model range
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references to colour in this figure legend, the reader is referred to the web version of this article.)

1952-2011, summer length extended at an average rate of 4.2 days
every 10 years in the Northern Hemisphere (Wang et al. 2021). By the
end of the 21st century, summers might last around one month more for
a medium emission scenario and up to two months more for the stron-
gest emission scenario relative to 1961-2014, on average, in the
Northern Hemisphere (Lin and Wang, 2022).

Bearing all the above in mind, we estimated the increase in TWg22

when May and September are additionally considered (Fig. A5 in the
Supplementary Material). We found that Canton Ticino might reach TW
above 22 °C beyond JJA by mid-century (up to 2 days more for RCP 4.5
and 5 days more for RCP 8.5, values represent multi-model ensemble
median) and can rise by 5 to 7 days by 2085 for RCP 8.5, with the highest
values reached in Magadino and Grono with increases of approximately
8 and 12 days, respectively. The threshold might be also surpassed in
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May and September in some other lowland stations of Switzerland by the
end of the century and RCP8.5 (3-5 more days depending on the sta-
tion). The annual cycle of TWg22 reveals that, under RCP 8.5 (Fig. 7),
the threshold may be easily exceeded in September by the end of the
century in lowland stations and from mid-century onwards in Ticino.
Multi-model spread can be quite large for peak months (around 6 to 7
days in July) and similar or slightly smaller for September. Still, multi-
model ensemble median values for September are slightly above
observed values in July, when maximum values occur. Under RCP 2.6
(Fig. A6 in the Supplementary Material), very few exceedances occur
beyond JJA and the annual cycle suffers little variations from 2060 to
2085. Some days with TW above 22 °C might occur in September in
Ticino either by 2060 or 2085 under RCP 4.5, where the multi-model
spread overlaps to a large extent (Fig. A7 in the Supplementary
Material).

In the following, full years are considered for the calculation of heat
stress spells, to account for the future extension of the summer season
and avoid cutting spells off.

Projected heat stress spells

Climate projections of heat stress spells (three or more days with TW
> 22 °C) are analyzed in terms of the frequency (HSF) and duration
(HSD) of the events. Results for HSF (Fig. 8, upper panel) are aligned

Climate Services 30 (2023) 100372

with those for TWg22 (Sect.4.2), with a pronounced increase towards
the end of the century under RCP 8.5. The number of events might
amount, on average, to 4-6 events per year under RCP 8.5 by 2085 in the
four locations, which is about five times more than by 1995. This could
be even worse for specific years. The increase is especially relevant for
Basel and Geneva, where there is less than 1 event in present climate, on
average. Under RCP 2.6, up to 2 events are projected in Basel and
Geneva and up to 3.5 events in Lugano by the end of the 21st century.
Despite the lower number of projected events under RCP 2.6, this rep-
resents an approximate doubling of the average frequency in present
climate.

The duration of the heat stress spells (Fig. 8, lower panel) ranges
between three and four days in present climate at all four stations. HSD
is projected to only slightly change under RCP 2.6, with no change (Basel
and Geneva) or a maximum increase of 1 day (Zurich and Lugano),
according to the multi-model median. The uncertainty range might
imply + 1 day in Basel, Geneva and Lugano by the end of the century,
whereas a larger uncertainty is found for Zurich (up to 6 days). Under
RCP 8.5, HSD might increase by one (Basel and Geneva) or two (Zurich
and Lugano) days by 2085, according to the multi-model median. These
results represent a duration of approximately 4-6 days in Basel, Zurich
and Geneva and 6-8 days in Lugano by the end of the century. Modeled
HSD and HSF show good agreement with the observed counterparts in
the historical period (see grey bars and red stars in Fig. 8), except for
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Fig. 7. Annual cycle of TWg22 (days) in six example stations (three stations in the second row are in Canton Ticino). Black lines depict the observations and coloured
bands illustrate future conditions (yellow for 2045-2074, green for 2070-2099) under RCP 8.5 (shading indicates 5-95% model range and lines multi-model
ensemble median). Results for RCP 2.6 and RCP 4.5 can be found in the Supplementary Material (Figs. A6, A7). (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)



A. Casanueva et al.

5 7 Basel Jzurich
o 6 _
>
g 54 :
j%2}
£ o ]
g 34 1
o
2 2 | —
=)
- R
z %
04 %
1995 2035 2060 2085 1995 2035 2060 2085
5 7 eneva “JLugano
o 6 _
>
8 54 R
j%2}
£ o ]
3 34 1 I I
o
1L
E 1 iy ¥
ER i
0 i
1995 2035 2060 2085 1995 2035 2060 2085
" 10 1gasel Jzurich
g 97 7
s 87 ]
5 77 7
5 7 ]
£ s : ]
bl g 1] gl
k=l
g 3 l
g 2 1
2 1 .
04 J
1995 2035 2060 2085 1995 2035 2060 2085
" 18 Geneva TLugano
2 9+ i
s 87 ]
5 77 7
c 6 -
2 54 _
S 4 t T I I i I I I pi
=]
g 3 *
£ 24 1
2 1 .
04 J
1995 2035 2060 2085 1995 2035 2060 2085

Climate Services 30 (2023) 100372

- 7 IBasel Jzurich
o 64 a
>
g 54 I R
ﬂ I
g 47 b
>
i) o B
S)
P 7 - |
E I I
z
o 4%
1995 2035 2060 2085 1995 2035 2060 2085
7 - _
H] Geneva Lugano
[ 6 - - I
>
g 54 I R I
82
g 47 b
3 3 I 1 I
S)
g 27 | 1
E 1 ¥
2 I T
04 _
1995 2035 2060 2085 1995 2035 2060 2085
10 q .
@ 9_B.a\sel _|Zurich
5 8] ]
5 7 ]
c 6 -
5 - 1
@
RN R
g 3 *
g 27 )
= 14 1
04 i
1995 2035 2060 2085 1995 2035 2060 2085
" 1g:Geneva JLugano
2 i
5 8] ]
5 g‘ 1 I
° _ i
5 I
g 5] 1 ] I
3 4t -
g 3 *
2] ]
s 14 1
04 i

1995 2035 2060 2085 1995 2035 2060 2085

Fig. 8. AsFig. 6, but for the frequency (HSF, upper panels) and duration of heat stress spells (HSD, lower panels). Results for RCP 4.5 are found in the Supplementary

Material (Fig. A4).

HSD in Lugano which is slightly overestimated by most models.

Climate analogs based on heat stress

We use climate analogs to provide a first approximation of places
with a recent past climate similar to the future projections at the Swiss
target stations in terms of number and duration of heat stress spells
(Sect. 3.4). The locations of the analogs largely depend on the emission
scenario (Fig. 9), but a distinct spatial pattern becomes apparent. Ana-
logs under RCP 2.6 are found in Central Europe (with best analogs for
Basel, Geneva and Lugano along the French coast -e.g. in Bordeaux and
Montpellier areas-, eastern Hungary or the Black Sea, c.f. Fig. A8 in the
Supplementary Material), whereas analogs under RCP 8.5 are markedly
shifted southwards, mainly found in southeastern Spain (e.g. Alicante,
Murcia) and Italy (e.g. in Veneto and Puglia regions and Sicily). Geneva
and Lugano present the southernmost analogs, aligned with the largest
values of TWg22 (Fig. 6) and HSF and HSD (Fig. 8). The degree of
similarity comprises the agreement in terms of the two components of
the heat stress spells (HSF and HSD, see Sect. 3.4). Thus, the analogs’
quality relies on specific criteria, here the robustness of the projections
for the given indices. HSD presents larger multi-model uncertainty than
HSF, especially in Zurich, Geneva and Lugano for RCP 8.5 (Fig. A8 in the
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Supplementary Material). Despite this, the distribution of good analogs
(Fig. 9) is coherent with hotter and more humid places.

Although the identification of climate analogs is simply done
considering climatological statistics and does not involve physical
mechanisms or atmospheric flows, TW includes the combination of two
variables (air temperature and relative humidity) which might have
some advantages with respect to temperature alone. For illustrative
purposes, heat spells are defined as three or more consecutive days with
daily maximum temperature above 33 °C (MeteoSwiss, 2021), i.e.
leaving out the effect of humidity. The duration and frequency of such
events are obtained similarly to the previous HSD and HSF. While the
meridional gradient of the climate analogs under the two RCPs is still
noticeable, the uncertainty (interquartile range of the multi-model
ensemble) is larger for heat spells based on temperature (Fig. A9 in
the Supplementary Material), leading to larger uncertainty in the
localization of good analogs (Fig. 10) since many more stations lie
within the good analogs range. The uncertainty is so large that in some
cases good analogs under RCP 2.6 are located further south than under
RCP 8.5 (e.g. Zurich or Geneva). Interestingly, unlike the similar TW-
analogs found for Basel and Geneva, substantial differences between
the two locations are noticeable when only maximum temperature is
considered.
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Fig. 9. Climate analogs based on heat stress spells for four example stations (Basel, Zurich, Geneva and Lugano, depicted in black in each panel) under RCP 2.6 (blue
dots) and RCP 8.5 (orange dots) by 2070-2099. The best (closest) five analogs are marked from 1 to 5 (see more details in Fig. A8 in the Supplementary Material).
Lighter colours represent further good analogs in the respective RCPs. See Sect. 3.4 for details in the analogs detection. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

Note that here we present climate analogs in terms of heat stress
(either temperature alone or based on TW), and that it is important to
bear in mind that other aspects of climate, such as precipitation and
seasonality, will differ between these analog locations. Other aspects of
climate might change as climate changes in non-analogous ways or may
be both non-analogous and also unchanging. Thus, users should be
warned to avoid misinterpretations.

Summary and conclusions

The present work exploits and extends the CH2018 Swiss climate
scenarios to evaluate the representation of heat stress conditions and to
derive their future changes. For this purpose, we make use of relevant
thresholds to characterize extreme heat conditions and to identify
climate analogs. By doing so, we attempt to produce more applicable
and more illustrative climate information which might foster the use and
understanding of climate scenarios. Heat stress is expressed in terms of
the wet bulb temperature and a set of derived metrics, considering
single-day features and spells.

The results show a continuous increase of summer mean and
maximum heat stress during the 21st century under the moderate (RCP
4.5) and strong (RCP 8.5) emission scenarios, which is accentuated to-
wards the end of the century. High heat stress conditions (TWg22) are
also projected to occur more often, with a 3-5 times stronger increase in
terms of frequencies for the RCP 8.5 emission scenario compared to the
RCP 2.6 mitigation scenario by the end of the 21st century. These results
rely on the standard definition of summer (from June to August), but the
heat stress season might potentially extend to neighbouring months in
the future. This is particularly relevant in Canton Ticino from mid-
century onwards under RCP 4.5 and RCP 8.5 and in other lowland sta-
tions by the end of the century for RCP 8.5, where we found that TWg22
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in September could be slightly above observed values in July, when
maximum values occur. These findings highlight the need to assess
changes in extreme events beyond the typical definition of seasons,
which can be especially relevant from an impacts and adaptation
perspective.

Due to the cumulative effect of heat stress, the temporal sequence of
days with intense heat stress is further assessed. The models represent
the median duration and frequency of heat stress spells (events with TW
above 22 °C for at least three days) fairly well in present climate, except
for an overestimation of the duration in Lugano in the South of
Switzerland. Under future climate change, the duration of the events
changes only little but comes with a large model spread, whereas the
frequency of heat stress spells shows more pronounced changes. The
number of events might increase from 1 (or less) in present day climate
to 4-6 events per year by the end of the century under RCP 8.5 in four
representative low-lying cities. Despite a less accentuated increase
under RCP 2.6, Basel, Geneva and Lugano might experience 2 to 3
events. Note that the selected stations are not located in city centers, but
in their surroundings. It should therefore be assumed that heat stress is
substantially higher within cities due to the urban heat island effect
(Burgstall et al., 2021), which leads to an amplification of urban heat
stress particularly pronounced during heatwaves (Fischer et al., 2012).

Climate analogs based on heat stress spells largely depend on the
emission scenario considered. They can be found in Central Europe
(with best analogs along the French coast or the Black Sea) under RCP
2.6 and they are markedly shifted southwards under RCP 8.5. This
meridional shift should not be interpreted as a positive consequence of
climate change, since even small changes can be detrimental to the
health of elderly people and labour-intensive workers.

We acknowledge that climate analogs should be used with caution.
Yet this methodology presents a first approximation to the identification



A. Casanueva et al.

Climate Services 30 (2023) 100372

Good analogs for Basel
ERIT

Good analogs for Zurich
XTI

ORCP85 @RCP26

Fig. 10. As Fig. 9 But for heat spells defined as three or more consecutive days with maximum temperature above 33 °C by 2070-2099.

of similar climates and might help to recognize opportunities and limi-
tations when coping with climate change (Glantz 1991, Ford et al.
2010). Despite the limitations, they can nevertheless be instrumental in
the illustration and communication of future climates in a very intuitive
way. In this work, climate analogs present two innovative aspects, 1)
they are based on heat stress and 2) they are identified based on the
duration and frequency of spells. Despite being a purely statistical
approach, the first aspect allows to find analogs which are more feasible
than temperature-only analogs from a thermo-physiological point of
view. The second aspect emphasizes the cumulative feature of heat
stress, which is especially relevant during early-summer heat waves for
less acclimatized population (e.g. Central Europe). Furthermore, the
comparison of heat stress indices with temperature indices reveals that
the inclusion of humidity narrows down the localization of good ana-
logs. This uncertainty reduction indicates that a multi-variate approach
helps in characterizing the future climate using current measurements.
The projected increase of heat stress results in more frequent and
extended occurrences of situations roughly connected to current heat
warnings, thus highlighting the importance of timely and precise pre-
vention strategies in the context of heat-health action plans. This work
pursues the improvement of climate services by means of linking
meteorological heat warnings to climate projections and producing
more understandable climate projections through climate analogs.
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