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Memorable summers

Do you remember the summer of 2018? A dry phase began as early
as April and lasted until September. In many regions of Switzerland,
hardly more than 50 percent of the normal amount of precipitation
fell during this time. Rivers, even lakes, dried up, such as the Lac des
Brenets on the Swiss-French border (Fig. 1.1). At the same time, tem-
peratures remained consistently high, and it was the warmest summer
half-year since measurements began in 1864. In addition, a strong
heatwave struck Switzerland in late July/early August (Fig. 1.2).

Fig. 1.1: The dried-up Lac des Brenets on 18 September 2018 (© Key-
stone).

An event report by the Federal Office for the Environment highlights
the effects on agriculture and forests, water bodies and glaciers, health,
and air pollution. It soon became clear that this summer was only a
glimpse at summers to come, when in the fall of 2018 the new CH2018
climate scenarios for Switzerland, prepared by the Federal Office of
Meteorology and Climatology, MeteoSwiss, ETH Zurich, the University
of Bern, and ProClim, were presented to the public.2 However, the
summer of 2018 was not only extreme in Switzerland; almost the entire
northern hemisphere was affected: North America, Europe, and Asia.
This is unusual, and it shows the influence of man-made greenhouse
gases, without which such an event can no longer be explained.3
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Fig. 1.2: The urban heat island effect exacerbates the already unbear-
able heat. In the measurement network of the Geographical Institute
of the University of Bern, eight to nine tropical nights (nights when
the temperature does not fall below 20 °C) were recorded in the city
centre in the summer of 2018, while only zero to two were recorded
in the surrounding areas.’>

Yet the last similarly extreme summer occurred only three years earlier.
In 2015, Switzerland was also affected by drought and heat, gardens
turned brown, and the heat was intense.# Already then, the Federal
Office for the Environment prepared an event report, and compari-
sons were made with the record heat summer of 2003. Comparisons
have also been made, and continue to be made, with another event:
The heat and drought summer of 1947 (see box).

Exactly 75 years ago — some may still remember — Central Europe
was hit by a record heatwave. At many locations in Central Europe,
the temperature records of that summer® were only broken in 2003
or during the heatwaves of 2019. In Switzerland, too, some of the
records set in 1947 were held until 2003 (although it should be noted
that the measurements taken at that time were probably influenced
by radiation and were therefore possibly too high). At the same time,
the summer of 1947 was extremely dry in Switzerland,® just as dry as
in 2018. Furthermore, 1947 was only the most remarkable in a whole
series of dry summers around 1950. Agriculture was severely affected
by the drought of 1947.7 Forests suffered®2 and Alpine glaciers melt-
ed.'0 Rivers dried up (see box; Lac des Brenets also dried up in 1947),
with consequences for energy production and transport. Interestingly,
there were also warnings of climate change: of desertification trig-
gered by deforestation.!" Especially in Germany, which was still suffer-
ing from the consequences of the Second World War, the summer of
1947, had devastating effects. Impressive audio and visual documents
document the situation in Switzerland and Germany.'?

How do such dry summers come about? How does a heatwave devel-
op? What are the consequences for people and society, for agriculture
and forestry, for our glaciers? And what do we have to prepare for in
the future? This booklet provides answers to these questions.'3 Short
chapters on individual topics shed light on the processes, comparing
the summers of 2018, 2015, 2003, and 1947. At the same time, we
look at the increasing frequency and intensity of heat summers over
the past 150 years and venture a look into the future.

In the first chapter, the summer of 1947 is placed in the context of
available measurements since 1864. It is shown how exceptional-
ly warm and dry the summer of 1947 was and how it fits into the
summers of recent decades that have been strongly influenced by
man-made climate change. In the second chapter, we take a closer
look at atmospheric dynamics, the processes that lead to heatwaves,
and what it takes to develop a heatwave into a heat summer.'# On
a somewhat larger scale, the third chapter explains how the ocean
and large-scale atmospheric processes influence the occurrence of
heatwaves in Europe. In the fourth chapter, we consider how drought
and decreasing soil moisture can amplify heatwaves. We then turn
to the consequences of such extreme years for our natural environ-
ment. What are the consequences of extreme heat and drought for
agriculture, and how did the population suffer in 1947 compared to
today? What are the consequences of heat and drought for forests
and what influence do other factors have on the amount of damaged
wood caused by such extreme years? How did the heat translate into
melting glaciers? In the ninth chapter, we address how people suffer
directly from the heat and how this can be inferred from excess mor-
tality.!® Last but not least, we take a trip into the future: How often
will we experience such extreme summers as 1947, 2003, 2015, or
2018 in the future?

The booklet shows the consequences of hot and dry summers for
humans and nature — consequences that need to be managed. For
there is no doubt that the intensity and frequency of hot summers will
increase. The booklet also shows in an exemplary way that already 75
years ago very different areas of nature and society were affected:
Health, water management, agriculture, forests, and glaciers. All in



all, the summer of 1947 was one of the most momentous climate
events of the 20t century. We can learn from this event. One might
argue that the situation was quite different back then. The transition
to a post-war economy was still underway, the vulnerability of society
was much greater, and the dependence on agriculture stronger. This is
certainly true. However, it is precisely because of this that we can learn
lessons today. Even today and in the future, which will be shaped by
man-made climate change, there will be societies in vulnerable situa-
tions, in phases of political transition or economic dependence. There
are also more vulnerable people in our society whom we must protect
as best we can from the consequences of future heatwaves.

This booklet was only possible thanks to the spontaneous willingness
of the authors to contribute. The production of the booklet was sup-
ported by the Sebastiana Foundation, the Swiss Academy of Sciences
(the Atmospheric Chemistry and Physics commission and the Asso-
ciation Suisse de Géographie), and the Oeschger Centre for Climate
Research. The booklet is published simultaneously in three languages.

A film was also produced for the booklet, which is available on You-
tube: [www.giub.unibe.ch/1947]

Fig. 1.3: Front page of an article in the “Schweizer lllustrierte” of 27.
August 1947 about the consequences of “the great drought” in the
summer of 1947, especially for agriculture. Courtesy of the Ringier
Axel Springer Publishing House

Eyewitness accounts of the hot and dry sum-
mer of 1947

How should we imagine the summer of 19472 What consequences
did it have for people and animals? What was on people’s minds at
the time, how did they experience the summer? For this booklet, we
interviewed various people who experienced the summer of 1947.

“The drought began in April. But because it had been quite wet be-
fore, the grass didn‘t suffer much, and we could still make hay. Then
it got worse and worse,” recalls Rudolf Bachmann, who grew up as a
farmer’s son on the Bantiger. The drought was soon joined by other
difficulties: Cock chafer grubs damaged bushes and trees. There was
little fodder for the cattle and the slaughterhouses were full. The heat
was almost unbearable, and it lasted well into autumn.

“People were happy to ride bicycles, wore light clothes, and sought
cooling in the baths of Bern,” says Hulda Eggenberg. “At that time,
however, women’s and men’s compartments were still separate.” As
a dressmaker in an haute couture shop in Bern, a big problem for her
was not to sweat on her fingers.

“My father bought an American Goodridge garden hose in the sum-
mer of 1947. That was something special back then,” Christian Roth-
lisberger recounts. The 1947 vintage was a good one, he adds. It was
still praised long after, even though the quantity produced was small.

The hot summer of 1947 followed the years of privation during the
war. In Germany, therefore, the summer of 1947 had a particularly
dramatic impact. In Switzerland, the consequences were less severe.
However, it was followed by another year of privation, which was
soon followed by another year of drought in 1949. Several of the
people interviewed compared the summer of 1947 with that of 2018
—and thus agree with many of the scientific contributions in this issue.
The interviews conducted for this issue — about 1947 and other heat-
waves and other climate anomalies — are compiled in a film (see left).

Fig. 1.4: The dried-up Lac des Brenets in the summer of 1947 (Pascal
Huguenin, Pontarlier).


http://www.giub.unibe.ch/1947

The summer of 1947 in the context of climate change

The heat and drought in the summer half-year of 1947 were unique, especially in the context of that period. The occurrence of five heatwaves
from May to September, combined with a massive drought on the Central Plateau, is unprecedented in the measurement series to this day. 1947
s still one of the warmest summer half-years to date and is still the driest since 1864 in north-western Switzerland and the central Swiss plateau.
However, temperature and heat in the summer half-year have increased sharply in recent decades due to man-made climate change. A normal
summer half-year today is only slightly cooler than in 1947. Dry summers have also become noticeably more frequent in recent decades.

Climate change is in full swing. In Switzerland, the decade from 2011
to 2020 was already around 2.5°C warmer than the pre-industrial
period from 1871 to 1900.' The consequences are manifold: glaciers
are melting, there is less snow, precipitation and the hydrological cy-
cle are changing, mass movements are increasing and ecosystems are
in danger.” Here, we place the very exceptional summer half-year
194751819 in the light of the now almost 160 year long history of
continual measurements and in the light of the summer heat and
drought events of the last twenty years, which have been strongly
influenced by climate change.

Temperatures and heat

The time series of average summer temperatures across Switzerland
shows the impressive warming over the last 160 years (Fig. 2.1a).20
Today, summer half-years are usually more than 2 °C warmer than the
pre-industrial average from 1871 to 1900. Extreme summer half-years
are 2.5 to more than 3.5°C warmer. The warm phase at the end of
the 1940s is also noticeable in Fig. 2.1a. It is mainly characterised by
the three warm summer half-years in 1945, 1947, and 1949. While
1945 and 1949 were just under 2°C warmer than the pre-industrial
average, 1947 stands out with a deviation of 3°C. At that time, with
a mean of just under 12°C, it was around 1.2°C warmer than ever
before in the measurement period (in Geneva and Basel since at least
1753 and 1755 respectively) and thus an extremely rare event.19.21
After the heat summers of 201822 and 200323.24 1947 is still the third
warmest summer half-year. However, summer half-years today have
become massively warmer due to man-made climate change. For ex-
ample, there are twelve summer half-years after the year 2000 that
were warmer than 11°C, whereas this value was never reached in the
137 years from 1864 to 2000, except in 1947. An average summer
half-year today is only 0.8°C cooler than in 1947.

Low precipitation and drought

In 1947, the Swiss Plateau was also affected by an extreme lack of pre-
cipitation and a “regionally catastrophic” drought.”.'8.19.25 To place
the drought in context, we calculate an average precipitation value
for the Swiss Plateau from the four long, homogeneous measurement
series Basel/Binningen, Bern/Zollikofen, Genéve/Cointrin, and Zurich/
Fluntern. The series of Swiss Plateau precipitation in the summer half-
year is characterised by large year-to-year fluctuations (Fig. 2.1b). In
contrast to temperature, it shows no clear long-term trend. 1947 is
the summer half-year with the least precipitation in the 158-year se-
ries of measurements from 1864 to 2021, with only 52 percent of the
mean precipitation of the period from 1871 to 1900. The years 1865,
1870, 1911, and 1949 are also very low in precipitation, all with 63 to
65 percent of the pre-industrial precipitation total. The recent heat
summers of 2018 and 2003 were higher in precipitation, at 69 and 70
percent respectively.

However, drought is more than a lack of precipitation. Since evaporat-
ing water is no longer available to vegetation, increasing evaporation
plays a decisive role in water availability and the manifestation of a
drought.22 A simple measure that takes evaporation into account is
the climatological water balance (precipitation minus potential evap-
oration, Fig. 2.1c). With an average water deficit of 330mm, 1947 is
clearly the driest summer half-year in the 158-year measurement se-
ries. At first glance, the water balance series is similar to the precipita-
tion series, but there are important differences. The low-precipitation
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Fig. 2.1: a) Development of Swiss temperature (deviation in °C)%0,
b) of Central Plateau precipitation (deviation in percent) and c) of the
climatological water balance (precipitation minus potential evapora-
tion) in the Central Plateau (in millimetres of water) in the summer
half-year (April to September) since 1864. The deviations (a and b)
refer to the pre-industrial average from 1871 to 1900. The five or
six warmest/lowest precipitation/driest summer half-years are marked
respectively. The black curve shows the smoothed development (20-
year Gaussian filter). Central Plateau: an average of four stations (see
text). Data: MeteoSwiss

years of the last decades move up in the water balance ranking, while
earlier years lose ground. The hot summers of 2018 and 2003, for
example, are among the three driest, with a water deficit of around
260mm, while the low-precipitation summer half-years of 1911 and
1870 (ranked 3 and 4) no longer make it into the driest five. Since the
year 2000, dry summer half-years have become more frequent: in sev-
en years, a water deficit of more than 100mm was recorded. Further
studies show that over the last forty years, slightly decreasing precip-
itation and increasing evaporation have contributed to the observed
accumulation of dry summer half-years in roughly equal measure.2%



Regional characteristics of heat and drought

In terms of mean temperature, 1947 is the third warmest summer half-
year after 2018 and 2003. Can it also keep up with the hottest sum-
mers in recent times in terms of heat? For this purpose, we look at the
frequency of the heat in the form of the number of hot days (Fig. 2.2a)
at the four stations Basel/Binningen, Bern/Zollikofen, Genéve/Cointrin,
and Zurich/Fluntern. With 26 to 43 hot days, depending on the station,
most of 1947 can keep up with the recent heat summers or even ex-
ceed them in some cases. Only Genéve/Cointrin, with 50 hot days in
2003, registered significantly more hot days than in 1947, where 34
hot days were recorded. A similar picture emerges for heat intensity.
The 1947 values between 33.9 and 36.2°C were only significantly ex-
ceeded in 2003 at all stations and in 2015 in Genéve/Cointrin. How-
ever, further studies show that long-lasting heatwaves have become
significantly more frequent in recent decades.?! For example, ten-day
heatwaves with a mean daily maximum temperature of 30°C or more
in western Switzerland now follow each other at short intervals of one
to two years. Other regions also witness an increasing frequency of
long heatwaves.

Drought can vary greatly from region to region. This is shown by the
evaluation of the water balance at the four stations on the Central Pla-
teau individually (Fig. 2.2b). In Basel/Binningen a water deficit of over
460 mm was recorded in 1947. In Bern/Zollikofen and Ztirich/Fluntern,
likewise, 1947 is the driest summer half-year to date, with deficits of
330 and 285mm, respectively. In Genéve/Cointrin, in contrast, 1947
is only the fourth driest summer half-year. In parts of eastern Swit-
zerland, 2018 was significantly drier than 1947.22 In 1947, drought
particularly affected north-western Switzerland and the central Swiss
Plateau (see also Fig. 2.1), where 1947 is still the driest summer half-
year since systematic measurements began in 1864.

Number of hot days
days == 1947 ==2003 ==12015 a

The exceptional summer half-year of 1947

The summer half-year of 1947 was characterised by “much sunshine,
high temperatures, little cloud cover, and precipitation”.'® There was a
remarkable sequence — unique in the instrumental record since 1864 — of
five heatwaves, spread over the whole summer half-year (see Fig. 2.3).
The first occurred from the end of May to the beginning of June. A short
second one followed at the end of June. The third, hottest and longest
heatwave of 14 days lasted from 22 July to 4 August and reached a
mean daily maximum temperature of 35.0°C for the example of Basel.
In mid-August, there was a fourth heatwave lasting about eight days,
followed by a fifth heatwave lasting nine days from 11 September. For
the summer half-year, there was a heat surplus of 2.5 to 3.5°C in places
compared to the pre-industrial average of 1871 to 1900, with the largest
deviations in the western and central parts of Switzerland.

In addition to the warmth, the summer half-year of 1947 was char-
acterised by a marked lack of precipitation on the northern side of
the Alps.'819.27. On the Central Plateau, only 300 to 400mm of pre-
cipitation fell from April to September (Fig. 2.4), which corresponds
to about half the usual amount of precipitation. In a band from Lake
Neuchatel to Schaffhausen precipitation was less than 300mm, in the
Basel region even only around 200mm.28 The lack of precipitation,
combined with the high temperatures, led to a pronounced drought
“of great rarity and impressiveness”. The consequences included mas-
sive failures in agriculture?>:28 (see p. 16), water shortages at the mu-
nicipal water suppliers, and losses in electricity production.’® In the
following chapter we will analyse this weather situation and why it led
to heat and drought.
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Fig. 2.2: a) number of hot days for the five pronounced heat sum-
mer half-years 1947 (red), 2003 (dark blue), 2015 (blue), 2018 (medi-
um blue), and 2020 (light blue), and b) climatological water balance
(precipitation minus potential evaporation in millimetres) for the five
very dry summer half-years 1865 (dark blue), 1947 (red), 1949 (blue),
2003 (medium blue) and 2018 (light blue) at the four stations Ziirich/
Fluntern (ZH), Basel/Binningen (BS), Bern/Zollikofen (BE) and Geneve/
Cointrin (GE).
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Fig. 2.3: The five distinct heatwaves from May to September 1947
using the example of the Basel/Binningen station. The temperatures
of the days with a daily maximum temperature greater than or equal
to 30°C are marked in red.
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Fig. 2.4: Reconstructed precipitation maps for the summer half-year
194729 Deviations from the 1981 to 2010 mean are shown in percent
(colours), as well as the isolines of the precipitation amounts 300 and
400mm (bold black lines).



Atmospheric dynamics: From a hot air parcel to a very hot summer

In this article, we shed light on the formation of heatwaves on various spatial and temporal scales. Starting with an individual air parcel, we
discuss how an air parcel changes its temperature, in which weather systems heatwaves develop, and how individual heatwaves can evolve into
an entire extreme summer. In addition, we summarise the most important synoptic features of the summer 1947.

How does air change its temperature?

Our journey through the spatial and temporal scales of heatwaves be-
gins with an individual air parcel, for example, the air that was locat-
ed about 100 metres above Bern at 2p.m. on August 13, 2003, and
was around 30°C warm at that time. To understand how this air par-
cel could become so warm, we can examine the air parcels’ path on
its journey through the atmosphere. This path is called “trajectory.”
Along its trajectory, an air parcels’ temperature changes on the one
hand due to pressure changes resulting from sinking (i.e., subsiding) or
ascending motion, which results in compression or expansion of the
air parcel (so-called “adiabatic” temperature changes). On the other
hand, its temperature is affected by radiation, turbulence, or phase
transformations of water (e.g. condensation of water vapour), which
are referred to as “diabatic” temperature changes.

Figures 1a and b show this interplay of adiabatic and diabatic process-
es along the trajectory of the air parcel located over Bern at 2p.m.
on August 13, 2003 (colored trajectory in Fig. 3.1). On August 3, this
air parcel was still at a pressure level of 600hPa (about 4500m a.s.l.)
over the Atlantic and then subsided to 800hPa over the eastern At-
lantic and England until August 8. During this process, the air parcel
warmed by 20°C, whereby periods of strong subsidence were also as-
sociated with strong temperature increases (Fig. 3.1b). During the last
three days prior to the arrival in Bern, the air parcel was located near
the ground in the lowermost kilometre of the atmosphere. During this
time, the temperature evolution decoupled from the pressure evolu-
tion, as diabatic processes started to strongly influence the tempera-
ture and the air parcel hardly moved vertically anymore. The jagged
pattern in Figure 1b shows the classical diurnal cycle in temperature,
arising from diabatic heating during the day and diabatic cooling at
night by radiation, sensible heat fluxes, and turbulence.

During heatwaves in Central Europe, the near-surface air is heated both
by subsidence and by diabatic processes.3931 Contrary to common no-
tions, this heatwave air mostly approaches Central Europe from north-
west to northeast and only in rare cases from the climatologically warm-
er southerly regions.3' This is illustrated exemplarily by the trajectories
of the air parcels that reached Bern between August 6 and 13, 2003,
which mainly approached Switzerland from northeast and which were
located over the Atlantic Ocean a few days before (Fig. 3.1a). In cases
when air masses from southerly regions approach Central Europe, they
usually ascend over the colder air in Central Europe and therefore often
do not reach the surface at all. However, the relative importance of
compression, diabatic processes, and the simple horizontal transport of
warm air for heatwaves is still a subject of active research.

Synoptic scale - weather systems and heatwaves

Whether and where heatwaves develop is related to the synoptic-scale
circulation (i.e., the large-scale circulation over several thousand kilo-
metres) in the middle and upper troposphere (5000—12000m a.s.l.).
At these heights is the jet stream, a band of strong westerly winds
that undulates from west to east. These waves of the jet stream, the
so-called “Rossby waves”, steer and modulate the occurrence of high-
and low-pressure areas and thereby determine to a large extent how
the surface temperature changes. This relationship is illustrated in Fig.
3.2a—c, which show the jet stream at 300hPa (wind vectors), surface
temperature anomalies, and sea level pressure for three days at 12 UTC
during the summer of 1947. The largest positive temperature anomalies
in Western Europe at all time steps are found in the central and eastern
part of a “ridge”, which is the region where the jet stream describes
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Fig. 3.1: 3) Trajectories of the air parcels arriving in Bern from 6 to 13 Au-
gust 2003 at about 100m above ground (in grey).#6:47 The trajectory of
the air parcel with an arrival time of 2 p.m. local time on 13 August (the
hottest day of the summer in Bern) is coloured by its pressure. b) Evolu-
tion of pressure (blue) and temperature (red) in air parcel A. Grey and or-
ange shading in (b) indicate periods during which temperature changes
in air parcel A were primarily adiabatic and diabatic, respectively.

a poleward deflection. The negative temperature anomalies further
east, however, are located below a “trough”, i.e., below an equator-
ward deflection of the jet stream. Positive temperature anomalies occur
in the central and eastern part of the ridge because there the air is
descending near the surface and the middle troposphere and thereby
heated adiabatically. This adiabatic warming leads to cloud-free skies, as
cloud droplets and ice crystals evaporate or melt and sublimate during
subsidence. The descending of the air thus also leads to stronger solar
radiation, which diabatically warms the air near the surface.32

If a ridge is located over a region for a particularly long time, this typ-
ically favours the development of heatwaves, since the air near the
surface can warm up over several days.31-34 This often happens when
the Rossby waves reach a particularly large amplitude (i.e., extension in
a north-south direction), thereby reduce their phase speed and deform
strongly3> (this process is called Rossby wave breaking). Such ridges
can remain stationary for days and sometimes even weeks (in these
cases they are called "blocks” or “blocking high-pressure systems”),
and shift the normal west-east propagation of low-pressure systems to
the north or south.3® In central and northern Europe, heatwaves occur
mainly in association with blocks.32 Also, during the heatwaves in the
summer of 1947, several blocking high-pressure systems were located
over Europe, however at different positions (green lines in Fig. 3.2a—0).

From a heatwave to a very hot summer

Individual heatwaves are thus strongly related to particular synop-
tic-scale weather systems, but how do individual heatwaves become
an entire extremely hot summer? Answering this question in detail is
difficult because at any location of the globe only very few seasonal
heat extremes occurred since weather data have been collected con-
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and blocks (green lines). The three crosses indicate the times for which maps are shown in the left column. The data are from the reanalysis 20crv3.4°

tinuously and reliably. However, it is clear that the duration and tem-
poral organisation of heatwaves (and the weather systems responsible
for them) play a key role. During the extremely hot summers of 2003
and 2018 in Europe, as well as 2010 in western Russia, several but also
particularly long-lasting heatwaves occurred,37-41 which were associ-
ated with long-lasting blocks, especially during the summer of 2010
in western Russia.#942 Such a long-lasting block is typically repeatedly
re-enforced by ridges that form to the west of the block and are ab-
sorbed by the block.3%:43.44 |n addition, it is known that the recurrent

A summer with many blocks over Europe

Between May and September 1947 several, as well as unusually
strong heatwaves occurred in succession. The temperature anomalies
averaged between 35°N and 65°N (Fig. 3.2d) were almost continu-
ously strongly positive between May and September and interrupted
only by short episodes with average temperatures. Blocks were re-
peatedly present over Europe throughout the summer — depending on
the area, their frequency in the summer of 1947 was up to three times
greater than the average for these months in the period 1931-1960
(Fig. 3.3a; the term “frequency” here refers to the fraction of the
1947 summer during which blocks occurred at each grid point). The
frequent blocking situations in 1947 can be explained by the fact that
a resemblant large-scale flow patterns with a ridge over Europe (Fig.
3.2a - ¢) established in a recurrent manner. The recurrence of similar
flow patterns had led to a particularly large number of different blocks,
depending on the region up to four blocks more than in the average
of the years 1931-1960 (Fig. 3.3b), which corresponds roughly to a
doubling of the number of blocks compared to climatology. This in-
dicates that especially the temporal organisation of these blocks (i.e.,

formation of ridges in the same location (even without a block) can
lead to particularly long-lasting heatwaves.#> The temporally clustered
occurrence of blocks and ridges is influenced by so-called telecon-
nections, climatic connections between widely separated areas. These
modulate the triggering, propagation, and breaking of Rossby waves,
thus influencing the frequency of midlatitude blocks and ridges (see
p. 12). Heat summers over land also usually occur in conjunction with
drought whereby heat and drought mutually reinforce each other
through land-atmosphere feedbacks.

their recurrence in a relatively short period) may have played a pivotal
role in generating the extremely hot summer of 1947.
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Large-scale and oceanic factors of heatwaves in Central Europe

Oceans and the large-scale atmospheric circulation have a significant influence on European heatwaves and the associated weather systems.
Both anomalously cold and anomalously warm sea surface temperatures in the North Atlantic are related to the occurrence of heatwaves in Cen-
tral Europe. In the following article, we discuss how these sea surface temperatures and the upper tropospheric atmospheric circulation influence

the occurrence of heatwaves in Central Europe.

Atmospheric-Oceanic interaction

How do changes in sea surface temperature affect the atmosphere?
Experiments with climate models show that a negative sea surface
temperature anomaly (colder sea surface temperatures than usu-
al) leads to a positive pressure anomaly, i.e., a high-pressure area in
the overlying lower troposphere. At the same time, a negative pres-
sure anomaly, i.e., a low-pressure area, develops in the upper trop-
osphere (7000—12000m a.s.l.).>% However, this general reaction of
the atmosphere is modified in the mid-latitudes by the storm activity.
Storm activity refers to the westerly wind circulation prevailing in the
mid-latitudes and the low-pressure areas that move from west to east.
Theoretical studies show that due to this storm activity, an altitude-in-
dependent and stationary low-pressure area forms downstream, i.e.,
east of the cold sea temperatures (Fig. 4.1a).5" In the case of a nega-
tive sea surface temperature anomaly in the northern North Atlantic, a
stationary low-pressure area forms off the British Isles. In this low-pres-
sure area, cold air from the polar regions is transported southward on
its western flank, supporting the negative sea surface temperature
anomaly (Fig. 4.1b). Thus, we see a self-reinforcing interaction. A ridge
of high-pressure forms to the east of the low-pressure area. Thus, this
process represents one way in which high-pressure ridges form over
Europe, which can then trigger heatwaves in Central Europe.>2 How
heatwaves can form in high-pressure ridges is further described on
page 10. A case study of the 2015 heatwave identified a strong neg-
ative sea surface temperature anomaly in the northern North Atlantic
as a key driver, but similar negative temperature anomalies associated
with heatwaves also occur in other years.>3 The authors find a strong
negative sea surface temperature anomaly in the North Atlantic influ-
encing the atmospheric circulation such that the strong wind band in
the middle and upper troposphere (5000—12000m a.s.l.) becomes
fixed, allowing a ridge of high pressure to form over Europe.

Another process described in the literature is the link between the
Atlantic Multi-decadal Variability (AMV), a sea surface temperature
variation in the North Atlantic, and heatwaves in Europe.>* Multi-dec-
adal variation here refers to a fluctuation in sea surface temperature
that persists over several decades. In this case, the authors consid-
ered the sea surface temperature in the central-western North Atlan-
tic to be important, rather than that in the northern North Atlantic.
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Fig. 4.2: Heatwave days over Europe (climatology 1850-1900) and
Atlantic Multidecadal Variability index®® (both rolling average over
10 years). The temperature data are from the reanalysis 20crv3.49

They describe a relationship between warmer-than-usual sea surface
temperatures (a positive AMV anomaly) and an increased number of
heatwave days over Central Europe (Fig. 4.2). This positive sea surface
temperature anomaly in the northwest Atlantic causes heat flux from
the ocean to the atmosphere, resulting in a negative pressure anom-
aly east of the heat source. The negative pressure anomaly can then
trigger the process described above, leading to heat and drought in
Central Europe. Figure 4.3 confirms this relationship statistically, that
is, we see a positive correlation of sea surface temperature in the cen-
tral-western North Atlantic with heatwave days over Europe, while a
negative correlation is found northeast of it.

Thus, we see that both processes described, one starting from a sea
surface temperature anomaly in the northern North Atlantic and one
in the central-western North Atlantic, can lead to heatwaves and
droughts. However, the statistical analyses also show that we cannot
determine which of the processes plays the dominant role.

Influence of sea ice cover

In addition to the influence of the sea surface temperature, the de-
crease of the sea ice cover and the snow cover of Eurasia is also asso-
ciated with an increase of heatwaves in Europe.>® A weakening of the
meridional, i.e., the north-south temperature gradient in the North
Atlantic and over Eurasia is found to be responsible for a decrease
in the storm activity in the mid-latitudes and a stronger meander-
ing of the strong wind band in the middle and upper troposphere
(5000-12000m a.s.l.). A decrease in storm activity means that fewer
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Fig. 4.1: Schematics: a) influence of a negative sea surface temperature anomaly on the vertical air pressure distribution and b) horizontal dis-
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rope (between 10°W to 40°E, 30 to 75°N) and sea surface tempera-
ture (May—September). Sea surface temperatures are from HadISST.60

low-pressure areas pass over Europe. The decrease of storm activity
and the stronger meandering of the strong wind band lead to a more
frequent occurrence of blocks, the second phenomenon, which is re-
lated to heatwaves (see p. 10).

Amplification mechanisms in the upper troposphere

Another process that may favour the formation of heatwaves in Eu-
rope is based on an amplification mechanism in the upper tropo-
sphere, where the jet stream is located.>® This mechanism considers
a specific fraction of atmospheric waves, namely the stationary plan-
etary waves in the upper troposphere (7000—12000m a.s.l.). These
waves span the entire globe in a sequence of high- and low-pressure
areas and usually have only a weak amplitude (i.e., a high-pressure
area is only weakly pronounced). Under certain conditions, this sta-
tionary part of the atmospheric waves can be trapped in the wave-
guide of the mid-latitudes, which leads to resonance and thus to
amplification of the waves (i.e., amplification of the high-pressure
area). A waveguide can be thought of as a west-east oriented band,
which guides the movement of individual waves from west to east.
This amplification mechanism was examined concerning European
heatwaves and it played an important role in the heatwave in 2018.57
In particular, the division of the jet stream in the upper troposphere
(7000-12000m.a.s.l.) into a northern and southern part is impor-
tant for trapping the waves in the midlatitude waveguide and thus
for amplifying the waves.>8 This was also the case in the 2018 heat-
wave, where a stationary high-pressure area had formed over Europe
through this amplification process.>?

A cold North Atlantic in the summer of 1947

The summer of 1947 was characterised by a strong cooling of the
North Atlantic Ocean (Fig. 4.4). This cooling is comparable to the sit-
uation in 2015 in its strength of about 1.5°C, in its position, and its
extent (Fig. 4.5).23 The cooling, in turn, appears to be related to a
low-pressure area that was located downstreams of it (see Fig. 3.2).
This similarity to 2015 suggests that the atmospheric-oceanic inter-
action described above must have played an important role in the
formation of the heat summer in 1947 as well. The 1940s were also
characterised by a positive phase of AMV (Fig. 4.2), which may also
have contributed to increased drought and heat over Europe, as de-
scribed above.
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Fig. 4.4: Sea surface temperature anomaly for the summer months
of 1947 (May—September) compared to the 1931—1960 mean. Sea
surface temperatures are from HadlSST.®0
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How drought-heat interactions drive hot summers in Europe

The summer heatwaves in 1947 in Switzerland were accompanied by a prolonged drought period that affected Central Europe from around
1945 to the early 1950s.° This concurrence of severe drought and heat also characterises the more recently experienced European summer heat-
waves of 2003 and 2018 that were associated with devastating impacts on society, ecosystems, and the economy, such as heat-related deaths
and losses in crop production.67-63 This concurrence of droughts and heat will be explored in the following chapter.

Processes for the development of heatwaves

In Europe and the mid-latitudes, summer heatwaves are generally
driven by atmospheric circulation anomalies, particularly stationary
high-pressure systems (see p. 10), and can be reinforced by land-at-
mosphere feedbacks often related to the drying of the soils.6.67 Soil
moisture, the water content stored in the soil, can essentially affect
the climate via the surface energy balance describing incoming and
outgoing radiation at the surface. The net radiation at the surface can
be described as the sum of the sensible heat flux, the latent heat flux,
and the ground heat flux. The sensible heat flux describes the energy
we can feel as temperature, whereas the latent heat flux describes the
energy needed for the evaporation of water from the surface and the
transpiration by plants and is also called evapotranspiration. Dry soils
can lead to reduced latent heat flux, increased heating of the surface,
warming and drying of the air, fewer clouds, and precipitation (Fig.
5.1). Regions can be characterised by dry, wet, and transitional soil
moisture regimes, depending on the fraction of net radiation that is
used for evapotranspiration called evaporative fraction.68.69

In the dry regime (e.g., desert regions) the soil moisture content is
below the wilting point. Plants can thus no longer extract water from
the soil and the evaporation is zero. Evapotranspiration is sensitive to
soil moisture, but very small, as soils are dry. Such a regime is called
a soil moisture-limited regime. In the transitional regime, the energy
partitioning is sensitive to the soil moisture content and evaporation
strongly depends on the availability of soil moisture. Therefore, re-
gions in a transitional regime are hot spots for soil moisture-atmos-
phere feedbacks (see next section). Typical regions in the transitional
regime are equatorial Africa and India. In the wet regime, the soil
moisture content is above a critical soil moisture value; there is enough
water available. Thus, net radiation controls evapotranspiration, and
the regime is energy limited. Central and northern Europe including
Switzerland are typically in a wet regime.68.70.71 However, during the
spring and summer months, these regions can enter a transitional re-
gime where soil moisture-atmosphere feedbacks can be present.”’

Soil moisture-atmosphere feedbacks

Soil moisture-atmosphere feedbacks can intensify summer heatwaves
in Europe.5972 A decrease in soil moisture reduces the latent heat
flux or evapotranspiration (Fig. 5.1 black arrow centre). Consequently,
more energy is available for sensible heating which leads to an in-
crease in near-surface temperatures (red arrows, top). The rising tem-
perature increases the atmospheric water demand since warmer air
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Fig. 5.1: Positive soil moisture-temperature feedback (red) and posi-
tive soil moisture-precipitation feedback (blue) (adapted).’

14

can retain around 7 percent more water vapour per degree of warm-
ing (according to the Clausius-Clapeyron equation). This results in an
increase in latent heat flux (red arrows, right) and an enhancement of
the initial drying of the soils (red arrows, bottom) This feedback loop
is called positive soil moisture-temperature feedback.

Soil moisture can also affect precipitation (Fig. 5.1, blue arrows). A
decrease in soil moisture decreases the latent heat flux (Fig. 5.1 ar-
row centre). This can lead to a decrease in clouds and precipitation
(blue arrows, top) and enhance the drying of the soils (blue arrows,
bottom). This can be summarised as positive soil moisture-precipi-
tation feedback. Such a positive coupling between latent heat flux
and precipitation can be generally found in observations and climate
model simulations on daily to monthly time scales.”3-77 The soil mois-
ture-precipitation feedback can ultimately also influence hot tempera-
tures as a precipitation deficit can be associated with a decrease in soil
moisture which, in turn, can enhance sensible heat flux and near-sur-
face temperature. Given that soil moisture is subject to change in a
warming climate, this will influence future changes in hot extremes.

Future heatwaves

Climate projections suggest that European summer heatwaves will
become longer, more frequent, and more severe during the 215t cen-
tury with global warming.64.72.78-80 Soil moisture-atmosphere feed-
backs substantially contribute to this projected increase in tempera-
ture extremes in the mid-latitudes.67.81.82 pProjections show that the
temperature on the hottest days of the year will increase by more
than 9°C in Central Europe at the end of the 215t century under a
business-as-usual high-emission scenario with soil moisture feedbacks
(Fig. 5.2a), whereas the warming is only around 5°C for model simu-
lations where soil moisture-temperature feedbacks are inhibited (Fig.
5.2b).83 Soil moisture temperature-feedbacks can contribute up to 75
percent of the amplified warming of the hot extremes beyond global
mean temperature.83

Thus, particularly in Europe, hot summers that are associated with
severe droughts are projected to become more likely in a warming
climate.82:84 Also for Switzerland, climate model simulations project
hotter and drier summers, with less precipitation and evapotranspira-
tion and drier soils.2 The number and temperatures on the hot days
are projected to increase particularly in the densely populated urban
areas at low elevations (see p. 24).

Exceptionally hot and dry summers 2003 and 2018

Switzerland experienced exceptionally hot and dry summers in re-
cent decades, whereas 2003 ranked the hottest summer and 2018
the third hottest since 1864.2 The 2003 summer heatwave represents
one of the most severe natural disasters in Europe, with the num-
ber of excess deaths reaching tens of thousands and drastic losses to
agricultural production.®:8> The period from 1 to 13 August 2003
was the most extreme heat period in Switzerland since measurements
started in 1864.23 It was caused by a persistent atmospheric blocking
over central and southern Europe38.85.86 and preceded by a precipi-
tation deficit in spring.37 The stable weather with clear-sky conditions
and strong radiative forcing in June and the heat accumulation in the
boundary layer over several days enhanced the soil moisture deple-
tion.87 Thus soil moisture-atmosphere feedbacks significantly con-
tributed to the hot temperatures observed during the 2003 summer
heatwave.%®
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In 2018 large parts of the mid-latitudes in the Northern Hemisphere
concurrently experienced record-breaking heat extremes in spring
and summer (May—August) associated with severe impacts (Fig. 5.3).3
These concurrent heat events were unprecedented in terms of the to-
tal area affected by hot extremes for that period and would most cer-
tainly not have occurred without human-induced global warming. In
central and northern Europe the 2018 summer was exceptionally hot
and dry, and associated with forest fires in Scandinavia, heat stress,
and agricultural production loss.88:89 |t has been very uncommon for
the typically wet regime in northern Europe that soil moisture-temper-
ature feedbacks amplify the warming.8°

Thus, the 2018 summer highlights again the important role of soil
moisture-atmosphere feedbacks for summer heatwaves. These un-
precedented events may provide a foretaste of future heatwaves in
Switzerland, given that the concurrence of drought and heat is pro-
jected to increase with higher levels of warming.?°
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Fig. 5.3: Reported 2018 heat-related impacts in newspaper articles (adapted).3



Impact of the drought years 1947, 2003, and 2018 on agriculture

Droughts in the years 1947, 2003, and 2018 had severe impacts on grassland and livestock production. In arable farming, all three years showed
both positive and negative yield anomalies, as the exact timing of the drought determines the impact on various crops. Overall, the Swiss pop-
ulation was much more affected by the 1947 drought than in recent extreme years because food security was substantially lower at that time.

Climatic constraints on crop production

In crop production, annual variations in yields are primarily determined
by varying weather conditions during growing cycles. For a crop to
achieve its highest possible yield, weather conditions must match the
temperature and moisture demands of a certain crop during each
growing season. Constraints from frost, drought, heat, radiation, and
excessively low growing temperatures should be avoided. Hence, crop
planting is routinely done such that the seasonal patterns of temper-
ature and precipitation, on average and from experience, best suit
the crop-specific needs. However, given the variability of weather, it
is all but impossible to prevent certain climatic factors from having a
yield-limiting effect in specific years. Thus, annual weather variability
leads to varying yields of different crops, and climate variability and
extremes can have diverse effects on specific crops.

Drought as a limiting factor

With only 300mm in six months, less than 50 percent of the normal
amount of water was available to vegetation in 1947. After a very
wet March 1947, i.e., with a clear water surplus (Fig. 6.1), large pre-
cipitation deficits were recorded from April onwards. Coupled with
above-average temperatures, this led to a long drought period (see p.
9). In northeastern Switzerland, the drought reached its first peak in
June. In August, water balance deficits of 100mm or more occurred
throughout the Central Swiss Plateau, and it was not until October
that this period of extreme drought ended.? The drought led to sig-
nificant yield losses, as it persisted throughout the entire growing
season in 1947. Lower yields were particularly evident in grassland
farming, and grain yields were also below average in 1947 (Fig. 6.2).
A similar pattern of yield anomalies was also observed for the extreme
years 2003 and 2018, albeit with differences between crop species.
This is explained in more detail below.

Shortage of forage

In grassland farming, the yield from the second cut of grass was par-
ticularly reduced in 1947. National yields were 10—13 percent below
the 1920-1950 average, while yields of the first cut were less affected
by adverse weather conditions (5-9 percent below the 1920-1950
average). Opportunities for imports were limited because drought
conditions prevailed throughout Europe.28:93 In addition, the political
and economic situation in the postwar period was precarious.'® The
shortage of forage led to emergency slaughter in 1947: The statistics
indicate an increase in the slaughter of horses by 55 percent and of
cows by 18 percent. In turn, the emergency slaughter eventually led
to shortages of milk and butter, which had to be met with ration-
ing and imports.'8:28.94 Thys, national import volumes for butter in
1947 were almost twice the long-term average and import volumes
for condensed milk were even 16 times higher than the average. To
alleviate the hardship that had arisen, the federal government granted
farmers in the drought areas exceptional aid based on a credit of 40
million francs.9>

In the extreme years of 2003 and 2018, yield losses in grassland
farming were similar or even higher, but shortages of forage were
largely compensated for by imports.?6 Border levies were temporarily
reduced in 2003 to facilitate imports.?? Irregularities indicating emer-
gency slaughter are not evident from the statistics for these years.

Timing of drought period is crucial

In arable farming, yields of late crops were markedly affected by dras-
tic drops in 1947. For autumn beets, usually sown between July and
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Fig. 6.1: Temporal and spatial evolution of the drought period in 1947
for areas below 1200m a.s.l. Shown is the monthly water balance
(sum of precipitation minus sum of potential evaporation, in mm).
Calculations are based on spatial analyses by the Federal Office of
Meteorology and Climatology (MeteoSwiss).’0
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August, mean national yields were 47 percent below the average for
the years 1920 to 1950. Similarly, yields of rutabagas, sown in June,
were 24 percent below the long-term average.?4 Fodder beet yields
were only slightly reduced (-7 percent). This slighter reduction com-
pared to turnips and autumn beets can be explained by the earlier
growing season of fodder beets. These were sown around April and
could still benefit from abundant rainfall in March 1947. Similar effects
of drought on fodder beet yields were also evident in 2003 and 2018
(-5 percent and —16 percent, respectively; Fig. 6.2).

In contrast, the yield of potatoes was 13 percent above the long-term
average, the same as national corn yields (14 percent above the long-
term average). Given the pronounced climatic anomalies in 1947,
these positive yield anomalies are surprising for crops with relatively
high water demands. Interestingly, a similar trend is evident for the
extreme year of 2018, albeit to a lower extent (+2-5 percent yield).
This suggests that the timing of the onset of drought is crucial in the
context of the cropping cycle, as does the spatial spread of drought
and heat. Early crops, such as potatoes or corn, were probably able to
benefit from the soil water supply stemming from abundant precipi-
tation in March. A similar effect can be assumed for 2018 when the
water deficit between May and June was rather low. In contrast, the
drought set in earlier in 2003, and it lasted throughout the entire sum-
mer, resulting in substantial yield losses in potato and corn cultivation.

The yield losses in cereal production were comparably low in 1947
(-8 percent for winter wheat). However, the cultivation of cereals was
an essential pillar of food supplies for the country’s population. Most
of the arable land at that time was used for the cultivation of cereals.
Hence, a yield loss of 8 percent in the case of winter wheat represent-
ed a significant shortfall. In comparison, yield losses for winter wheat
in 2003 were slightly higher in percentage terms (=10 percent), but
this reduction relates to a much higher yield level. The higher yields
in recent decades were achieved through extensive mechanisation of
farming practices, improved variety breeding®®, and increased use of
mineral fertilizers4. Over the period 1990 to 2020, yields of major
arable crops were twice to more than three times higher than in the
period 1920 to 1950 levels. It is interesting to see that the yields of
winter cereals in 2018 were less decimated compared to summer ce-
reals. This can be explained by the fact that the extreme drought in
2018 started later, at a time when winter cereals had already matured
but summer cereals were still in the grain filling phase.

Yield losses in a social context

Our comparison of social impacts from yield losses illustrates the
large influence of socioeconomic factors on the resilience of the food
system to climatic extremes.93 Yield losses were in a similar range in
the three extreme years considered. However, the Swiss population
was affected by the extreme weather conditions and their impact on
agricultural productivity much more severely in 1947 than in 2003
or 2018. This is due to the developments that led to massive yield
increases during the 1950s to the 1970s; even the reduced yields in
2003 were far above the level of the average yields between 1920
and 1950. In addition, the high level of political stability within Europe
today also had a stabilising influence on food security.

Potato harvest 1947

Early maturity may have had a substantial influence on the positive
yield anomaly for potatoes in 1947, as yields for early varieties in some
drought-affected cantons such as Basel, Schaffhausen, and Aargau
were slightly higher than yields for late varieties. The overall share of
medium-early varieties such as “Bintje” was high in Switzerland at
that time.2? In addition, moisture-favouring fungal diseases such as
late blight generally played a major yield-limiting role in potato pro-
duction during the 1940s, aseffective pesticides were not available at
the time. In this respect, the drier conditions in 1947 may have been
associated with lower disease pressure and therefore lower yield re-
ductions. As a result of the “cultivation battle” initiated by the Federal
Councillor Friedrich Traugott Wahlen in 1940, the area under pota-
to cultivation in 1947 was at almost 70000ha. This is much larger
than today (11000ha in 2020).99.100 Thus, it is also conceivable that
the area under potato cultivation at that time extended to higher,
fundamentally cooler locations. In these locations, the above-average
temperatures in the summer of 1947 could have had a positive effect
on potato yields, while precipitation deficits were less limiting there.

Potatoes (late varieties)
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Effects of the 1947 and 2018 droughts on Swiss forests

Summer droughts can lead to significant forest damage. For example, the 2018 summer drought occurred after the severe winter storm “Bur-
glind” and was followed by the warm years of 2019 and 2020. This cascade of extreme events caused massive damage across Switzerland,
especially from bark beetle infestations. Here, we show why such damage occurs and how it relates to 1947.

Forest damage of the drought year 1947 was vividly described in re-
ports and articles at that time. However, the damages are difficult to
quantify overall, since drought not only leads to immediate damage
but also incites medium-term dieback processes. Such dieback pro-
cesses can affect individual branches of a tree or even entire trees.
In contrast, damage from windthrow can be quantified very well be-
cause it occurs within a short and well-defined period.192.103 Never-
theless, there are comparable data on the extent of forest damage
as a result of the drought in 1947 versus 2018; this is in terms of
bark beetle infestation. Direct damage to forests includes the death of
branches, crowns, and entire trees. Indirectly, drought leads to more
extensive damage from bark beetle infestations or forest fires, among
others. In the following, we take a closer look at the specific forest
damages in 1947 and attempt to compare them to the forest damag-
es in the dry year 2018. The year 1947 was considered exceptional for
many forests in Switzerland. This can also be seen in the fact that the
first forest chronicle was published in the “Schweizerische Zeitschrift
flr Forstwesen” in the following year'%4. The aim was to record im-
portant forest events systematically. Obviously, one was aware of the
historical significance of the 1947 drought.

Leaf senescence, death of branches and trees

Various sources report the specific effects that the 1947 drought had
on Swiss forests. In very dry locations, leaf senescence, which typically
occurs in fall, was observed throughout the country as early as the be-
ginning of August.'%% There are also numerous reports of local forest
damage. In the lower areas of the Canton of Basel-Land, the forest
was discoloured on the south- and west-facing slopes and on gravel
soils as early as the beginning of August. Hornbeams also withered
in early August. On the permeable riparian soils of the Birs and Rhine
rivers, the crowns of hornbeams, birches, oaks, maples, and willows
were largely bare.'05 In the fall of 1947, entire groups of oaks and
birches were dead there, while beech trees died less frequently.196 In
Heiligholz, hundreds of spruces withered, and on higher elevations
(so-called Tafeljura), young stands of fir and isolated stands of 5 to
10-year-old firs withered widely. Drought damage was also report-
ed from the Rhine area in northern parts of the Cantons of Zurich
and Schaffhausen and the Jura slopes on Lake Biel.96 In the fall of
1947, numerous bare trees, especially sessile oak, beech, and maple,
were conspicuous in forest stands. Spruce trees held up better than fir
trees. While no major damage was observed in the oak forests on the
southern slopes of the Jura Mountains from Biel westward to Saint-
Blaise on Lake Neuchatel, dead oaks and snowball-leaved maples, and
more rarely firs, spruces, and beeches, repeatedly stood out. In gener-
al, more damage was observed on young trees than on old ones.106
The drought also led to the death of young spruce stands between
Saint-Blaise and Le Landeron, hardwood crops in lower areas of the
Canton of Bern, crops in plant nurseries, and planted hardwoods in
clearings in the Canton of Zurich.'94 Figure 7.1 shows a map of the
reported damage (mainly agriculture) at that time.197

Bark beetle infestation of firs and spruces

Bark beetles reproduce under the bark of fir and spruce trees. To do
this, they bore holes through the bark. This is difficult in healthy trees
because the bark is infused with resin. During prolonged drought,
trees produce less resin and are therefore more vulnerable. This can
lead to the mass reproduction of bark beetles. Winter storms also
affect bark beetle reproduction. They can damage or weaken trees
over a wide area, making it easier for bark beetles to bore through dry,
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Fig. 7.1: The areas affected by drought in Switzerland, published on
August 27 August 1947, “Schweizer Illustrierte Zeitung”.

damaged bark. After forest damage from winter storms occurred in
several Swiss Cantons in 1946,'03 bark beetles multiplied in the warm
weather of the following year. Among others, the crooked-toothed
fir bark beetle appeared. An initial proliferation spurt of this beetle
was observed as early as 1945, which was also a dry year, but seems
to have been tied back by the wet conditions of 1946. The bark bee-
tles multiplied even more rapidly in the summer of 1947. Throughout
Switzerland, about 340000m3 of beetle wood and 173000m3 of
dry wood accrued by 1949 because of the 1947 drought.'08 Since
1800, the bark beetle calamity of 1944—1950 was the largest ever
observed.109

Forest fires

Increased drought also leads to an increased risk of forest fire. In the
summer of 1947, a total of 75ha of forest burned in two places in
the Bedretto Valley (Canton of Ticino), and an unusually high number
of fires were reported in the Canton of Valais, but all were quickly
extinguished.'%4 In the Canton of Graubiinden, a large fire destroyed
about 170ha of forest near Tschlin.10 The forest fires described for
the dry year 1947, however, were substantially smaller than the large
forest fire on the southern slope of Calanda, which occurred in 1943
(in terms of the area of damaged forests; about 800ha).""! They were
also smaller than the 300ha of forest that burned down above Leuk
(Canton of Valais) during the heatwave in the summer of 2003.112
This is arguably because the summer drought of 1947 was less pro-
nounced in the central Alpine valleys than in the central Swiss Plateau
and in northern Switzerland (see p. 8).

Comparison of reported forest damages

How does the damage to trees and forests reported for the 1947
drought year compare to the recent 2018 drought year? The records
by the various reporters compare well with the damage characteristics
of the 2018 summer drought.8113.114 Al| of the symptoms of trees re-
ported for 1947 — from bark cracking to premature leaf discoloration,
leaf fall, branch mortality in tree crowns, and death of mature and
young trees — were also noted in 2018 and subsequent years (Fig. 7.2).
The rapid proliferation of insects, especially bark beetles, as a result
of prolonged warmth'> was also presented correctly for the 1947
case.'® However, the spatial distribution of the damage from the two
events differs. In 1947, the low-lying areas in the Central Plateau, the
Jura, and the north of Switzerland suffered the most (Fig. 7.1). In 2018,
some areas in Eastern Switzerland (Walensee area from the Linth river



Fig. 7.2: A forest stand in summer 2020 with partially or completely
dead beech trees in Hemishofen SH. The mortality was triggered by
the summer drought in 2018. Image: Ulrich Wasem.

to the Seez valley, the upper Rhine valley) and the low-lying areas
of the Valais were additionally affected.!” In 2018, leaf senescence
partly started in mid-July — in 1947 it was early August. In 1947 and
the years before, damage from several storms occurred locally in the
drought-affected areas (for example, in the Canton of Neuchétel).''8 In
contrast, in 2018, one severe winter storm (“Burglind”) swept through
the Central Plateau and the Pre-Alps. It resulted in 1.3 million m3 of
windthrow'? in Switzerland, and it represented the fourth largest
storm-damage event since nationwide records began in 1865.120 As
a consequence, the combined effects of this storm, the 2018 summer
drought, and the mass reproduction of bark beetles resulted in huge
amounts of damaged wood in 2019 and 2020. It was on the order of
1.5 million m3, significantly exceeding those from 1947.11% However,
it must be considered that timber stocks have increased considerably
since World War 11.193.121 Around 1947, forest stands were on average
not only less densely stocked (live trees measured in m3/ha), but also
the tree species composition and forest structures did not correspond
to today’s conditions. In many forests, the proportion of conifer was
higher compared to a natural tree species composition and compared
to today. This is because conifer had been planted on a large scale in
the 19t and 20t centuries.'?2 These artificial stands proved to be sus-
ceptible to drought, depending on the location. While natural regen-
eration predominates today, artificial regeneration was widespread in
1947. Accordingly, many plant nurseries and reforestation plots were
severely affected by drought. In large parts of the Swiss Central Pla-
teau, the summer drought of 1947 was the most prominent drought
year of the 20t century, exceeding even the drought of 2018. How-
ever, the summer drought of 1947 affected much smaller areas than
that of 2018, which also reached record levels in western Switzerland
and the central Alps.

In summary, forest damage was severe in both 1947 and 2018, but
the amounts of damaged wood were massively higher in 2018 and
subsequent years. The differences in volume can be explained on the
one hand by the higher average wood stock per area today, and on
the other hand by bark beetle damage, which was promoted by the
winter storm Burglind and multiple warm summers. Should the fre-
quency of compound dry spells and winter storms increase in the fu-
ture, it is to be expected that a drought comparable to 1947 or 2018
could have large impacts on forests on repeated occasions.

Bark beetle control in western Switzerland

The Canton of Neuchatel reported about 15000m3 of timber that
was highly infested by bark beetles in 1948 and another 6000 m?3 in
1949. Mainly fir (about 60 percent) was affected, and spruce to a less-
er extent.'23 The situation was even more dire around Lake Biel, where
many hectares of drought wood accumulated in fir stands in 1947
already: An area of 40ha had to be completely cleared, and only 10 to
50 percent of the stocking remained on another area of 60ha. From
1947 to 1950, about 50000 m3 of infested wood accumulated in the
Seeland between La Neuveville and Lengnau. As a result, the cutting
of timber had to be stopped until 1954, and the price of timber in the
region fell by 10 francs per unit due to the oversupply.’'® A few 100
men were employed to combat bark beetle gradation (Fig. 7.3).

Fig. 7.3: Workers in the Eschenberqg forest near Winterthur peeling fir
trees infested by the bark beetle and burning the bark in the summer
of 1947 (Winterthur Libraries, Winterthur Collection).



The extreme melting of alpine glaciers in 1947

Hot and dry summers like 1947 have an immediate impact on alpine glaciers. The glacier mass balance as a direct climatic climate signal is
correspondingly negative in such weather situations. In the last twenty years, there has been an accumulation of such “glacier-unfavourable”

condlitions.

Glaciers as sensitive climate indicators

Glaciers are ideal climate indicators, as they clearly reflect past weath-
er patterns. The observed warming in the Alps since the end of the
Little Ice Age around 1850 has been accompanied by a considerable
melting of all Alpine glaciers.’?4 However, glaciers are complex and
dynamic systems, as they are influenced by a variety of factors that
can only be approximated by close observation. To investigate the re-
lationship between climate and glacier behaviour, two different types
of observation can be considered: the glacier mass balance as a direct
signal of climate change, and the change in glacier length, which can
be perceived visually at the glacier tongue by everyone but is an indi-
rect, delayed, and enhanced climate signal. Both variables are ideally
measured every year.

The mass balance describes how much mass a glacier gains or loses
over the course of a year. For the mass balance of the glaciers in the
Alps, the weather conditions from May to September are particularly
decisive. Ablation, i.e., the melting of snow and ice, is stronger the
more frequently warm and sunny conditions occur and the longer they
last. In addition, precipitation conditions play an important role in the
winter season. Increased snowfall leads to greater accumulation, i.e., a
stronger increase in glacier mass. This causes new ice to form in higher
and thus colder regions of the glacier, the ice is then transported to
lower and warmer regions, where ice loss occurs through melting.

The mass balance signal however arrives at the glacier tongue with
a certain delay. This is referred to as the response time that a glacier
needs until it has found a new state of equilibrium after a climate
change — by advancing or retreating. The response time depends to
a large extent on the area of the glacier and should not be confused
with the reaction time of the glacier tongue to a climatic change. This
observable change in glacier length can be two to three times shorter
than the response time.'2>

Available glacier mass balance data

Glaciological mass balance data for Central Europe show (Fig. 8.1) that
the most negative value of the annual balance since the beginning of
measurements was reached in 1946/47. Other years with very nega-
tive annual mass balances were 1921, 1950, 2003, 2015, and 2017,
and the most negative summer balance was reached in 2003. The
years 1947, 1950, 2012, 2015, and 2018 were also characterised by
very negative summer balances. For the selected region, the annual
balance is primarily determined by the summer balance. The exception
is 2018, which has the third most negative summer balance, but a less
negative annual balance due to stronger winter precipitation (more
positive winter balance). The curves also show that the mean winter
balance has changed little, while the summer balances have become
significantly more negative over the past forty years. However, in the
database of the World Glacier Monitoring Service (WGMS), there are
only five glaciers with glaciological mass balance series dating back
to 1947. Three of these glaciers are in the Alps (Silvretta, Claridenfirn,
Grosser Aletsch). Figure 8.2 shows four of these time series. One of
the most detailed mass balance series exists for Storglacidaren (Swedish
Lapland) since 1945/46. The mass balance for this glacier was also neg-
ative in 1947, which corresponds well with elevated temperatures (not
shown) and many blocked high-pressure systems (see p. 10). Looking
at the individual time series of the three Alpine glaciers, one can see
that the year 1947 clearly stands out but does not always represent the
absolute most negative value. It should also be noted that these three
observational series are based on only a few stake measurements.
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Fig. 8.1: Annual glaciological mass balances (in metre water equiv-
alent) for the Central European region are shown together with the
corresponding number of glaciers with available observations.’?4 The
most negative annual balance was registered in the hydrological year
1946/47; the most negative summer balance occurred in 2003. Note
the low number of observations in the early time.

Glacier length data

In contrast to the glacier mass balance, measurements of glacier length
have been abundant since the 19t century.'26 Moreover, for particu-
larly well-documented glaciers, reconstructions based primarily on his-
torical sources provide information on length changes back to the 16t
century.'?’ Figure 8.3 shows length changes for selected glaciers in
the Western and Central Alps. However, since glacier length change
is an indirect, delayed, and integrated climate signal, the effects of
individual weather periods (e.g., years with particularly negative mass
balance) cannot be determined directly. For certain glaciers, however,
increased melting of the glacier tongue can nevertheless be observed
in these negative mass balance years, for example at the Rhone glacier.

Consequences of extreme weather situations on glaciers

High air temperature and significantly increased insolation were the
effective factors that caused excessive melting of firn and ice in the
summer of 1947. Precipitation fell not as snow but as rain, even at
high altitudes. Haefeli and Kasser estimated the loss of ice and firn in
the entire Swiss Alpine region in the hydrological year 1946/47 at 3.4
billion m3.128 M. Huss calculated a maximum ice loss of 5.9km?3 for the
entire Alps in 1947.12° H. Hoinkes also noted a maximum number of
sunshine hours during an ablation period in 1947 (followed by 1950).
This period of extreme glacier melt was associated with weak atmos-
pheric circulation; high pressure prevailed for a total of 65 days.!3°

It is also crucial how long the glacier surface remains covered by fresh
snow in late spring, as this prevents ablation of the underlying ice. The
brighter fresh snow is better able to reflect radiation (higher albedo), and
the ice is shielded from the incoming radiation. The opposite situation
(compared to 1947) probably occurred several times in the years 1812 to
1817, when snowfall occurred repeatedly at shorter intervals and the ice
together with part of the firn remained shielded from solar radiation for
a longer time, in extreme cases for an entire summer. As a result, most
Alpine glaciers advanced very strongly and rapidly at that time.'3'

Glaciers perform a natural storage function by releasing water, espe-
cially during hot droughts, thus providing a supply of water when it
is most needed. With the disappearance of glaciers, this important
balancing function will be increasingly lost in the near future.'32
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Fig. 8.2: Glaciological mass balance series for glaciers whose meas-
urement series go back at least to 1947: Storglacidren, Silvretta Gla-
cier, Claridenfirn, Great Aletsch Glacier (data: GLAMOS 1881-2021;
WGMS 2021).

Cumulative length changes [m] 1947 2003
0 i }

— Mer de Glace
= Bossons Glacier
2000 — Great Aletsch Glacier
~ — Lower Grindelwald Glacier
Upper Grindelwald Glacier
— Unteraar Glacier }
=3000 — Rhone Glacier : LN\
— Silvretta Glacier E\
1800 1850 1900 1950 2000
Fig. 8.3: Length changes of selected glaciers in the Western and

Central Alps based on measurements'24.126 or reconstructions (recon-
structed values: Nussbaumer, ZumbUhi).

1947, a “catastrophic year” for the glaciers

We get an interesting insight into the effects of the hydrological year
1946/47 from the glacier reports of that time. P.-L. Mercanton writes
in “Variations périodiques des glaciers des Alpes suisses”'? that the
hydrological year 1946/47 brought only about three-quarters of the
normal precipitation (snow) in winter and the following summer sea-
son was much warmer than usual. This led to intense ablation, which
not only made the mass accumulation from the previous winter fade
but also a good portion of the reserves from previous years. Particu-
larly negative values were measured at the Claridenfirn (2900m a.s.l.)
and Silvretta glacier (3010m a.s.l.). Discharges in 1947 were also con-
siderable and of exceptional duration. In mid-September, the Rhone
at Gletsch had run-off as in mid-summer. According to Mercanton,
these exceptional conditions led to a resurgence of interest among
glacier observers.

The intense melting of the Rhone glacier (Fig. 8.4) led to disastrous
consequences: On the evening of August 9, 1947, an ice dam held
back the meltwater; after this ice dam broke, meltwater and ice
chunks erupted. Alarmed by the roaring, the people of Belvédére
were able to warn the station in Gletsch by telephone to evacuate
people. Of the 100 glaciers surveyed in the Swiss Alps in 1947, none
were advancing, two were stationary, and 98 were retreating.'®

In the Eastern Alps, people considered the year a “catastrophic year”
for the glaciers. Here, too, the glaciers had almost no accumulation
areas left in the summer of 1947. In the Silvretta region, the glaciers
became completely snow-free by the beginning of September. The
summer of 1947 brought a maximum of surface melting, the firn line
moved up to above the upper limit of the accumulation areas and
the firn and ice cover of the slopes above the bergschrund melted
away in many cases. Many ridges completely lost their snow coverage
and were covered with bare ice only, something that even the oldest
mountain guides had never experienced.’33

Fig. 8.4: The tongue of the Rhone glacier on September 16, 1947,
photographed by P.-L. Mercanton.
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Excess mortality during extreme heatwaves in Switzerland

Heat is an important driver of mortality and morbidity in Switzerland: The risk of mortality increases by 16 percent during heat periods in the
main Swiss cities,’34 and hospitalizations due to mental disorders increase during heatwaves. However, little is known about the health impacts
of historical heat events before 2003, such as the heatwave in 1947. To remedy this, we estimate the excess mortality for eight Swiss cities and
assess the health impacts during recent (2003, 2015, 2018) and the historical 1947 heatwaves.

The impact of heat on health has gained public attention since excep-
tionally warm summers have become more frequent in the last dec
ades. In addition to the record-breaking 2003 European heatwave,
four out of the six summers between 2015 and 2021 in Switzerland
are considered the warmest summers since the start of the registra-
tions in 1864 (see p. 9). The associated heatwaves events resulted in a
substantial death toll, with for example 6.9 percent and 5.4 percent of
extra deaths during the two hot summers of 2003 and 2015 in Swit-
zerland, and 2.4 percent in hospital admissions in the latter.135-137

The heatwaves affected populations with diverse demographic char-
acteristics and social contexts: What is the role of potential adaptation
mechanisms and acclimatisation, changes in demographic exposure
and climate? To find some answers, we quantify the all-cause excess
mortality during the heatwave of 1947 and compare it to the excess
mortality caused by the more recent heatwaves in 2003, 2015, and
2018 in the eight largest Swiss cities (Basel, Bern, Geneva, Lausanne,
Lucerne, St. Gallen, Winterthur, and Zurich) in the Swiss Midland, an
area that represents a large part of the Swiss population.

Quantify the excess mortality during heatwave periods

Estimation of excess mortality is a well-established approach to assess
the health impact of external factors during specific periods such as
seasonal infectious diseases (e.g., influenza, COVID-19) or environ-
mental stressors such as heat, or more specifically heatwave events.
The term excess mortality refers to the number or percentage of ob-
served deaths beyond the mortality burden we would expect during
a specific period according to past trends. This expected mortality is
calculated from statistical models based on the seasonal and long-
term patterns of past observations.

For our purposes, the all-cause mortality records for the period be-
tween 1999 and 2018 are obtained from the Swiss Federal Statistical
Office (FSO). Deaths from non-residents and deaths occurring outside
of Switzerland are excluded. For the period between 1941 and 1960,
we use transcribed historical all-cause mortality records on a weekly
level from the “Bulletin des Eidgendssischen Gesundheitsamtes”.!38
These do not include stillbirths but apply to both the resident and
non-resident population. The quality of these historical vital statistics
is assessed to be very good in the literature.!39

We then calculate the weekly excess mortality as the difference be-
tween the observed and the expected mortality for each event (sum-
mer period from May to September) and city. The expected number
of deaths in each week is estimated using quasi-Poisson regression
models, fitted to the observed mortality data in each city and for two
different subperiods: 1941-1960 and 1999-2018. This is to avoid any
bias from the use of two different data sources. Although the data
refers to the same cities, we are unsure whether there were systematic
differences in the registration of deaths. Time trends are adjusted for
with a linear function of time and a trigonometric polynomial of sine
and cosine terms (1-year period), as used in previous assessments.

Results are expressed as excess mortality fraction (percentage) and
calculated as excess number of deaths divided by the total number of
observed deaths in each week (and multiplied by 100). This relative
measure of impact allows a better comparison between the subperi-
ods (1941-1960 and 1999-2018), heatwave episodes, and cities, as
it does not reflect differences in the size of the population or length of
the study period (i.e., different heatwaves). We summarise the weekly
excess mortality as the average across the whole summer period (de-
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fined as “Summer excess mortality”), and across the weeks of each
heatwave (defined as “Heatwave excess mortality”). We consider a
common period of a heatwave for all cities based on the episodes at
a national extent. This was the case in the weeks 22 July — 4 August
and 12 —21 August 1947°, 1 — 13 August 200334, 1 -7 July, and 16 —
24 July 201579, 30 July — 8 August 201840, Note that the estimated
excess mortality represents an indirect measure of supposed exposure
to heat; this is because in the first place, the excess reflects an all-
cause deviation from an expected level of mortality. Furthermore, the
estimates do not include measures of uncertainty.

Comparison of the excess mortality during the heatwaves

As shown in Table 9.1, the heatwave in the summer of 1947 was
particularly harmful for the population in Lucerne and Basel, where
excess mortality during the weeks of the heatwave was above 30
percent, followed by Bern and St. Gallen with values of 20 percent
or more. The heatwave shock in these areas was also very high. In
Lucerne, for instance, excess mortality during the heatwave weeks
was approximately six times higher than during the whole summer.
This indicates the impact of the 1947 heatwave events. In contrast, we
see little or no impact in Lausanne, Geneva, Winterthur, and Zurich
(heatwave excess mortality below 10 percent).

1947 2003 2015 2018

HW | Summer | HW | Summer | HW | Summer | HW | Summer

Basel 32,8 12,3 66,0 13,1 40,1 9,3 40,7 -0,5
Bern 23,2 4,8 74 1,5 34,8 2,5 31,3 12,1
Geneva 57 6,2 421 11,8 12,6 3.9 13,3 0,3
Lausanne 7,0 2,1 25,0 11 3,0 -6,1 10,6 9,2

Lucerne 38,5 6,0 27,9 3,0 25,6 9,4 7,9 3,2
St. Gallen | 19,7 -4,6 =77 -2,0 15,7 0,3 8,4 -3,6

Winterthur | 8,2 1,8 21,4 14,5 -4,0 1,0 1.9 -9.4
Zurich -4,9 2,1 15,8 8,1 211 51 42,9 6,5

Table 9.1: City-specific excess mortality percentage in summers 1947,
2003, 2015, and 2018. Estimates are reported as the average heat-
wave excess mortality ("HW”) and the average summer excess mor-
tality (“Summer”).

In comparison, the impact of the 2003 heatwave was substantially
larger in almost all cities (Fig. 9.1), with excess mortality values of up
to 20 percent or more in Lausanne, Lucerne, Winterthur, and Zurich,
and of 40 to over 60 percent in Geneva and Basel. The heatwave of
2015 resulted in overall lower excess mortality compared to 2003, and
slightly higher compared to 1947. Finally, excess mortality estimates
for the 2018 heatwave are similar to the 2015 heatwave in Basel, Bern,
and Geneva, and Zurich had a larger death toll.

Overall, the population of the city of Basel was largely affected in all
heatwave episodes assessed, while each heatwave impacted differ-
ently on the other cities. For example, heatwaves in 1947 affected
the city of Lucerne the most, while considerably smaller values are
estimated for the more recent heatwaves. The excess mortality during
heatwave episodes increased with time in Zurich. Conversely, Geneva
was most affected during the 2003 heatwave and much less dur-
ing the two more recent heatwaves. These diverse spatio-temporal
patterns could have been driven by two factors, among others: The
first is the complex orography and heterogeneous climate in Switzer-
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Fig. 9.1: Weekly excess mortality (percent) in the cities of Basel, Bern,
Geneva, Lausanne, Lucerne, St. Gallen, Winterthur, and Zurich in the
summers (May—September) of 1947, 2003, 2015, and 2018. The capi-
tal letter “H” indlicates the weeks when the heatwave occurred.

land, which led to differing maximum temperatures and lengths of
the heatwave for each location and event — as reported in previous
assessments.”9134.140,141 The second is the diverse characteristics of
the population across cities and over time, including demographic
structures, socioeconomic and cultural features — which have been
previously identified as risk factors for heat-related mortality.'42

We do not find clear temporal patterns, which would point to a po-
tential adaptation of the population; this contrasts with recent assess-
ments.138 However, excess mortality during the heatwaves after 2003
was overall slightly lower, despite the accelerated warming over the
last decades. This is particularly true for Geneva and Lausanne. A na-

tionwide public health plan was implemented after 2003, and a few
Cantons implemented additional measures, including Geneva, Ticino,
Vaud, Valais, and Fribourg.'#! This would suggest that the implemen-
tation of these additional policies to protect the population from heat
(e.g., by introducing warning alerts during heatwave episodes) was
efficient in reducing health impacts in the events after 2003.

In addition, we consider that the comparability of the estimates be-
tween cities and mainly between the more recent and the 1947 heat-
wave might be affected by the different demographic structures of the
population. According to the Human Mortality Database, 9 percent of
the Swiss population were aged 65 or older in 1947, in contrast to
2003, when this proportion had increased to 16 percent. Because old
age groups are most vulnerable to heat, and given current trends in
ageing, the burden in recent heatwaves could be mostly driven by the
high proportion of the old population today compared to the 1940s.

Such burdens could still grow in the future. Today, heat is considered
as one of the deadliest environmental hazards with severe impacts on
public health and economic activities.'#3-14> Climate change is already
amplifying these impacts due to the increase in the frequency and
severity of heat extremes. It is expected that the impacts on public
health will further increase exponentially as warming progresses. This
calls for effective adaptation measures.'®.147 which were, of course,
not readily available in 1947.

Fig. 9.2: People bathing in the Dolder swimming pool, Comet.
Photo AG, Zurich, 1947.
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Summer heat and drought: an excursion into Switzerland’s climate

future

Climate scenarios on a global and regional scale show that the warming already observed will continue in the future. Its extent will be determined
by future anthropogenic green house gas emissions. Even if the 2-degree target of the Paris agreement on climate protection was reached, tem-
peratures in Switzerland will continue to rise at least until the middle of the century. Conditions as in the summer of 1947 are thus about to be-
come more and more likely and, under certain circumstances, will become the norm. Based on a fictitious future extreme summer, we show what
conditions we will have to expect in Switzerland in the future if efforts to reduce greenhouse gas emissions worldwide will not be successful.

Global and european climate scenarios

The summer of 1947 was an extreme event at the time of its oc
currence, but it is already far less exceptional today due to ongoing
climate change and the warming observed to date (see p. 9). Since
pre-industrial times, mean temperatures in Switzerland have risen by
around 2°C,'7 and recent decades have seen an increased occurrence
of summer droughts.26 There is widespread agreement that these cli-
matic changes do not represent natural variability, but are caused by
human activities and the continued emission of greenhouse gases.'48
This human influence will also continue to affect our climate in the
future.

The decisive factors for the extent of climate change by the end of
the 215t century are the total amount of greenhouse gases emitted in
the future as well as the effectiveness of natural and engineered sinks
that can remove some of the emitted greenhouse gases from the at-
mosphere. Significant and rapid reductions in human emissions could
limit the increase in global mean temperature to 2°C and possibly
even to 1.5°C compared to pre-industrial times. This is the goal set by
the international community in the Paris Climate Agreement of 2015.
However, the climate protection measures currently announced by in-
dividual countries (as of January 2022) will probably not be sufficient
to achieve this goal.1?

Global climate models are used to estimate the influence of human
greenhouse gas emissions on the global climate. These are complex
mathematical-physical representations of the climate system and in-
clude all key climate processes in the atmosphere, ocean, and at the
land surface. The models use prescribed specific future pathways of
human greenhouse gas emissions, based on which they simulate cli-
matic changes. Since the results depend on the chosen emission path-
way on time scales of several decades, they are referred to as climate
scenarios or climate projections — this is in contrast to weather and
climate forecasts with their shorter prediction periods. However, due
to the enormous computing power required by global climate models,
their spatial resolution of 100 to 150km is usually too coarse to repre-
sent regional features of the climate. This is especially true for complex
terrain such as the Alpine region. Therefore, regional climate models
are often used, which do not cover the entire globe but only a specific
region and can thus be operated with a higher spatial resolution of
a few kilometres.'®0 At their boundaries, these models obtain their
information on the large-scale atmospheric state from global climate
simulations.

Figure 10.1 shows the projected summer temperature and precipi-
tation change over Europe until the end of the century assuming a
business-as-usual scenario without global climate protection efforts
(Representative Concentration Pathway RCP8.5). The analysis is based
on a large number of regional climate simulations of the EURO-COR-
DEX initiative.’>1152 Over almost all of Europe, a further increase in
summer temperature of more than 3°C compared to the 1981-2010
reference period is expected (Fig. 10.1a). An even stronger warm-
ing of 5°C or more is expected over southern Europe. This strong
warming in the southern part of Europe encompasses also the Alpine
region and Switzerland. The reasons for this so-called Mediterrane-
an amplification are not fully understood but are probably linked to
changes in the vertical profile of atmospheric temperature.1>3.154 This
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Fig. 10.1: a) Expected change of summer temperature and b) summer
precipitation (June—August) over Europe until the end of the century
compared to the reference period 1981-2010 for a scenario without
climate protection (RCP8.5). Shown is the median of the EURO-COR-
DEX model ensemble.’".752 Dotted areas in the right figure indicate
grid cells where 90 percent or more of all models agree on the direc-
tion of precipitation change.?

amplification is also at least partly responsible for the marked summer
drying signal expected for central and southern Europe (Fig. 10.1b).
The Alpine region and Switzerland are also affected by a decrease of
summer precipitation, while a slight increase in summer precipitation
is expected for large parts of northern Europe.

Climate scenarios for Switzerland

What do these regional climate projections look like for Switzerland?
This question is answered in detail in the current “CH2018 Climate
Scenarios for Switzerland”.2155 They are the official reference sce-
narios and an important basis for the Swiss adaptation strategy.>®
The scenarios were developed by a research consortium led by Mete-
oSwiss and ETH Zurich and under the umbrella of the National Centre
for Climate Services (NCCS). To further increase the spatial detail of
the EURO-CORDEX scenarios and correct for systematic model errors,
a statistical downscaling and error correction procedure was applied,
and the model projections were downscaled to a high-resolution
2-kilometre grid for Switzerland and to individual station locations.’>?

Consistent with the European projections, we expect further sum-
mer warming (Fig. 10.2a). Depending on the emissions scenario,
this warming will amount to about 5°C (scenario without climate
protection, RCP8.5) or about 1.3°C (scenario with climate protec
tion, RCP2.6) by the end of the 215t century, with some considerable
model uncertainty around these central estimates. In the optimistic
emission scenario RCP2.6, which would most likely be ensured with
the achievement of the Paris 2-degree target, it appears that further
warming would in principle only occur until mid-century, and mean
summer temperatures would subsequently remain at a relative-
ly stable level. The projected development of summer precipitation
amounts is somewhat less clear (Fig. 10.2b). In the climate protection
scenario (RCP2.6), only slight decreases are expected by the end of
the century (about —4 percent). However, if greenhouse gas emissions



remain unabated (RCP8.5), a significant decrease of summer precip-
itation is projected for the mid-century and beyond (about -21 per-
cent). The probability of occurrence of a hot and dry summer similar
to 1947 is therefore likely to increase significantly in the future and
become the norm, at least in a scenario without climate protection.

The mean changes described will have an impact on many down-
stream systems and indicators. As an example, Figure 10.4 shows
the spatial distribution of the number of hot days in the observa-
tions of the reference period 1981-2010 as well as towards the end
of the century for a scenario with and without climate protection.
A hot day is defined as a day with a maximum temperature above
30°C and is usually associated with a noticeable heat load for the
human body. In the climate of the reference period, hot days occur
in the Swiss Plateau, in the Geneva region, in Ticino, and in warm
valleys on average no more than 15 times per year (Fig. 10.4a). By the
end of the century, the frequency of occurrence will increase signif-
icantly in both scenarios and will also include regions that have not
yet been affected. In a scenario with climate protection (Fig. 10.4b),
more than twenty hot days are expected in the southern regions
and warm valleys, and the phenomenon of hot days will extend into
the area of the northern foothills of the Alps. Even stronger changes
are expected for a scenario without climate protection (Fig. 10.4¢):
Here, more than thirty hot days per year and in some cases even up
to sixty hot days per year are to be expected in large parts of Switzer-
land towards the end of the century. A strong heat load will also be-
come apparent in the northern Alpine region or the tributary valleys.

An extreme summer of the future

What might an extremely hot and dry summer, like the summer of
1947, look like in the future? And what would its consequences be?
A master thesis (ETH Zurich and MeteoSwiss)!>® addressed these
guestions based on the “CH2018 climate scenarios for Switzerland”.
For this purpose, a future, fictitious “summer 2090 was identified,
which was defined to be similarly extreme with respect to the sum-
mer mean temperature expected towards the end of the century over
Switzerland as the summers 1947 or 2003 were in their respective
prevailing summer climates. A scenario without climate protection
(RCP8.5)was assumed. This future summer thus was simulated by one

Summer temperature Switzerland Deviation from the normal period 1981-2010 @
Deviation [°C]

The summer of 1947 in a climate of the future

The summer of 1947 was considered exceptionally warm at that time.
Since then, however, the climate has warmed considerably, and it will
continue to warm in the coming decades. How normal will a summer
like 1947 become in a future climate? To answer this question, we
compare the mean temperature of the summer half-years 1947, 2003,
and 2018 with the expected climate at the end of the 215t century. We
determine the Swiss mean temperature for the CH2018-scenarios as
a weighted average of 19 stations.2? We approximate the distribution
of projected summer half-year temperatures with a normal distribu-
tion for each climate model simulation. Because the trend in the data
has not been removed, the year-to-year variability may be somewhat
too high, that is, the range of the distribution may be somewhat too
large. We calculate the mean future temperature of a summer half-
year over the thirty years 2070—2099 and for both projections.

Figure 10.3 shows that a summer half-year will be warmer than 11°C
towards the end of the century in most cases, regardless of the as-
sumed emissions scenario. The expected Swiss mean temperature for
the summer half-year and all climate model simulations is 11.8 °C with
RCP2.6 and 15.2°C with RCP8.5. Thus, summer half-years warmer
than 1947 will be very common at the end of the century, even un-
der a scenario with climate protection. Without climate protection,
significantly warmer summers than 1947, 2003, and 2018 are to be
expected: A summer like 1947 would then even be exceptionally cold
and would only occur very rarely. If, on the other hand, climate pro-
tection measures are partially implemented (RCP4.5), the summers of
2003 and 2018 would then roughly correspond to an average future
summer.

In a period of merely 150 years, the significance of the summer of
1947 is about to change fundamentally. If it was still an exceptionally
warm event at that time, it is expected that the summer temperature
observed in 1947 will often be exceeded by the end of the 215t cen-
tury. Without climate protection measures taken, 1947 would even
become an exceptionally cool summer in a future climate.

UL DU U U S UL

1880 1900 1920 1940 1960 1980 2000 2020 2040 2060 2080 2100
Summer precipitation Deviation from the normal period 1981-2010 b
%)&)/iation [%]

— Observations

= 30-year running mean

100 Scenario with climate protection (RCP2.6)
Scenario without climate protection (RCP8.5)

1880 1900 1920 1940 1960 1980 2000 2020 2040 2060 2080 2100
Fig. 10.2: Previously observed and projected future development of
summer mean temperature (top) and summer precipitation (bottom;
June—August in each case) over the area of Switzerland. The coloured
areas show the model uncertainty range for a scenario with climate

protection (RCP2.6, blue) and a scenario without climate protection
(RCP8.5, red).?
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Fig. 10.3: Distribution of summer half-year (April-September) tem-
perature for the late century period (2070—2099). A normal distribu-
tion was fitted for each climate model simulation (thin coloured lines).
The trend in the data was not removed. The coloured vertical lines
show the mean over all summer half-year temperatures of the respec-
tive RCP. Also shown are the observed temperatures for the summer
half-years of 1947 (12.0°C), 2003 (12.6 °C), and 2018 (12.8 °C). For all
data, the Swiss average temperature was determined.20
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Fig. 10.4: Spatial distribution of the mean number of hot days (days with maximum temperature >30°C) per year in a) observations of the
reference period 1981-2010 and towards the end of the century, in b) a scenario with climate protection (RCP2.6), and in ¢) a scenario without

climate protection (RCP8.5).2

of the underlying EURO-CORDEX model chains, statistically error-cor-
rected, and downscaled to a finer spatial resolution within CH2018.

It is shown that the future extreme “summer 2090" will significant-
ly exceed the temperature and precipitation conditions of the year
1947 (Fig. 10.5). Summer mean temperatures above 20°C will prevail
over larger parts of Switzerland. Even in high-altitude regions of the
Alps, the mean temperature rarely drops below 10°C, and parts of
the Swiss Plateau and western Switzerland show values above 25°C
(Fig. 10.5b). Over the whole of Switzerland, the “summer 2090"
will more than 5°C warmer than the summer of 1947, and differ-
ences of even more than 7°C are found for some parts (Fig. 10.5¢).
Also, the summer drought will be again much more pronounced in
2090 than in 1947. Almost all of Switzerland shows mean monthly
precipitation amounts of less than 100mm (Fig. 10.5, bottom row).
Compared to the summer of 1947, which was already very dry at

Summer 1947

«Summer 2090»
Scenario without climat protection (RCP8.5)

Summer temperature
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Summer precipitation
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that time, this means a further reduction of precipitation amounts
by more than 40 percent in most regions, in southern and western
Switzerland even by more than 60 percent in some cases (Fig. 10.5).

This example illustrates the extreme conditions to which Switzerland’s
summer climate is heading without global climate protection efforts
and gives an idea of the necessary efforts in climate adaptation. Even
if water bodies may still provide short-term cooling during future sum-
mer heatwaves (Fig. 10.6), planning long-term measures to deal with
the changes is pressing. Climate protection and climate adaptation
are of outstanding importance also for a country with a comparatively
moderate climate like Switzerland.

Difference
«2090»—-1947

\ .
~100-80 60 40 20 0 20 40 60 80 100 %

Fig. 10.5: Spatial distribution of summer mean temperature (top) and summer precipitation (bottom,; June—August in each case) a) for the year
1947 as well as b) for a future extreme summer “2090" in a scenario without climate protection (RCP8.5) and ¢) difference “summer 2090”

minus summer 1947158
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Fig. 10.6: The Rhine in Basel will continue to provide cooling during
the even hotter summer months (© Shutterstock).
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