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Summary

Studying daily weather of the past can provide relevant insights into the decadal variability
of weather events and climate impacts that are not resolved in current climate reconstruc-
tions. While monthly to seasonal reconstructions have been evaluated for the past several
hundred years, the daily time scale has received little attention, mainly because the nec-
essary data sets are scarce.

In this thesis, a daily reconstruction of high-resolution (1x1 km2) temperature and precip-
itation fields from 1763 to 1960 is presented, that forms together with present-day fields
a 258-year-long gridded data set for Switzerland (Chapter 2). Further, reconstructions for
sea level pressure and temperature for several short periods in the late 18th and early 19th

century for Europe are presented (Sect. 1.3 and Appendix A). These data sets allow for
new analyses of daily weather and daily-based climate indices that were hitherto not possi-
ble. The meteorological fields were reconstructed using the Analogue Resampling Method
(ARM) to generate a first guess of the meteorological fields, and subsequently improved by
assimilating temperature and pressure observations and bias-correcting precipitation fields.
For Switzerland, cross-validation results of the temperature reconstruction show good skill
even for the very early periods before 1864, when observations were sparse. The recon-
struction skill for precipitation is lower than for temperature, but wet days frequencies
compare well to independent observations.

Based on this gridded data set, we calculated climate indices and two phenological phases to
evaluate spring weather over the 258-year-long period (Chapter 3). Although it receives less
attention than winter and summer, the spring season is important because adverse weather
conditions in spring delay plant growth, and late frosts can damage vegetation. Climate
and phenological indices impressively depict the warming of the recent decades compared to
the pre-industrial reference period 1871 to 1900. Cherry flowering, for example, advanced
by up to 20 days in the Swiss Plateau since the pre-industrial reference period. In the
258-year-long series, the spring of 1785 stands out of the reconstruction with a mean
temperature of only 4.10 ◦C and up to 30 days of frost registered in the Swiss Plateau.
Further data sets and historical sources confirm that this was a record-breaking cold spring,
with prolonged inversion conditions in the Swiss Plateau.

Among the ten warmest summer half years in Switzerland, only one summer from the
20th century remains, the summer of 1947 (Chapter 4). It still ranks as the fifth warmest
summer on record based on a time series for the Swiss Plateau since 1756. In some parts of



ii

Switzerland, precipitation deficits are still the lowest since 1864. The repeated occurrence
of blocking anticyclones led to a total of five heat waves in some parts of Switzerland
between May and September, contributing to the anomalously warm temperatures. The
warm and dry conditions had severe consequences such as extensive glacier ice loss, drying
out of lakes, and forest damage. If we compare the warm summers to their mean climatic
state, the summer of 1947 was indeed as extreme as 2003. However, the summer of 2022,
the second warmest summer on record, was a fairly normal summer compared to its mean
climate. Compared to the summer temperatures expected by the end of the century (2070
- 2099), the record summers of 1947, 2003, and 2022 would only be fairly normal summers
under an emissions reduction scenario (RCP2.6), and such summers would be exceptionally
cold if no emissions reductions are achieved (RCP8.5).
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Chapter 1

Introduction

1.1 The relevance of historical weather

Monthly to annual climate reconstructions have provided important insights into climate
variability and climate change over the past several hundred years. For example, they
have helped to understand the processes of the climate system and the mechanisms of
climate change, and have contributed to the study of past extreme events (Ljungqvist
et al., 2019; Luterbacher et al., 2004; Valler et al., 2022; Casty et al., 2005; Pauling et al.,
2006). However, in terms of impacts, often the extreme weather events that occur on
synoptic timescales have caused severe damage and are therefore relevant to society and
ecosystems (e.g. Stucki et al., 2015; Brönnimann et al., 2019). Recent events have been
studied extensively to understand the underlying mechanisms and to prevent future dam-
age, but studying historical events could further contribute to our understanding of past
and present weather. This is, however, often hampered because data sets do not extend
further back in time, they are too coarse, they do not cover a sufficient spatial scale, or they
do not represent an event adequately. For studying daily weather of the past at least 200
years, there are mainly two types of data available, the 20th century reanalysis, 20CRv3,
that covers a period from 1806 to 2015, but at a rather coarse resolution (0.75◦), and early
instrumental records dating back to the 18th, but only available at specific locations. More
insights can, however, be gained when spatio-temporally complete data is available.

Studying historical weather in a spatio-temporal comprehensive way is important for sev-
eral reasons. (1) Since extreme events are rare by nature, we can extend the sample of
events when considering also the 18th and 19th centuries. Improved data assimilation in
20th century reanalysis 20CRv3 resulted in a better representation and, thus, a better
understanding of the dynamics of the storm Ulysses (Hawkins et al., 2023). (2) Compar-
ing historical events with current events allows us to assess how extreme an event was,

1



1.2. Historical weather data 2

for example, when placing the hot summer of 1947 into its climatological context (Imfeld
et al., 2022b), or by comparing the occurrence of heat waves in the past with more recent
heat waves (e.g. Yule et al., 2023). (3) We can gain knowledge by assessing the climate-
related risk of past extreme events by running impact models, as it has been shown for
floods and crop losses in the cold summers of 1816 and 1817 (Brönnimann et al., 2019;
Flückiger et al., 2017; Rössler and Brönnimann, 2018). (4) Finally, daily data at a high
spatio-temporal resolution is needed to extend various applications further back in time,
such as hydrological modelling, snow pack modelling, and phenological modelling.

More than 75 years ago, the heat waves of the summer of 1947 and the prolonged drought
conditions between 1945 and 1952 caused significant ecosystem and societal impacts in
Switzerland (Imfeld et al., 2022a). But, the 18th and 19th centuries also saw their share of
extreme weather and climate. In Switzerland, a prominent example is the infamous "year
without a summer" in 1816 causing a famine, which has been studied in-depth concerning
its causes and impacts (e.g. Flückiger et al., 2017). Less is known about other events,
such as the warm summer of 1807, the cold spring in 1785 (Pappert et al., 2021), or the
multi-year cold and wet anomaly around 1770 (Collet, 2018).

In this thesis, we present continuous daily reconstructions of temperature and precipitation
fields for Switzerland covering a period from 1763 to 2020 (Chapt. 2), and some examples
of temperature and pressure reconstructions for Europe (Sect. 1.3). These reconstruc-
tions make it possible to study such historical events and contribute to gaining a first
understanding of their extent and impact (Chapt. 3).

1.2 Historical weather data

Historical observations are the key to studying past weather, and therefore the key to recon-
structing weather and assessing the impact of past weather events. With the establishment
of the national weather service in Switzerland in the 1860s, systematic measurements of
meteorological data with standard procedures were introduced (Hupfer, 2019). Since 1864,
a dense network of homogenized high-quality station data of temperature, precipitation,
and pressure has been available (Begert et al., 2005). Long time series are, however, also
available for the 18th and 19th centuries (e.g. for Basel, Bider et al., 1958), and any
other series exist in Switzerland, measured by dedicated societies and individuals inter-
ested in meteorology. In the project CHIMES (Swiss Early Instrumental Measurements
for Studying Decadal Climate Variability), these so-called early instrumental data have
been imaged, digitized, and quality controlled (Pfister et al., 2019; Brugnara et al., 2020),
and a dense network of observations for the 18th and 19th century is now digitally available
for Switzerland.
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When using early observations in climatological studies certain challenges have to be ad-
dressed and not all are easy to overcome. Here, we attempt to list some examples. The
historical instruments often had different scales and their measurements have to be con-
verted to today’s standard units. This is not always straightforward, for example, when it
is unclear what units have been used. Temperature measurements can suffer from exposure
to direct or scattered solar radiation and to precipitation creating biases in the data that
are difficult to correct (Wallis et al., 2023; Böhm et al., 2010). For air pressure, uncertain-
ties arise depending on the barometer construction, from unknown temperature corrections
of the pressure observations, and from missing temperature measurements representative
of the barometer temperature (Brugnara et al., 2020). Common to many observations are
also missing, vague, or inaccurate observation times, which complicate the calculation of
daily mean values, especially for temperature. Despite these challenges, overall, there is a
large amount of data that can be used to reconstruct and study historical weather on a
daily time scale over the past few hundred years.

1.3 Reconstructing historical daily weather

Different approaches have been used to reconstruct daily weather fields of the past 250
years (see e.g. Brönnimann, 2022). Some widely used daily data sets cover periods back to
the 19th century. The reanalysis 20CRv3, for example, covers a period from 1806 to 2015
at a resolution of about 0.75 ◦ latitude by longitude and is solely based on assimilating
pressure observations (Slivinski et al., 2019). 20CRv3 is valuable for studying past histor-
ical weather events since it is possible to study the entire atmospheric column, i.e. the
upper-level dynamics in the atmosphere as well as 2 m temperature and sea level pressure
fields (e.g. Yule et al., 2023; Meyer et al., 2022; Slivinski et al., 2021). A daily global
gridded temperature product is EUSTACE which covers a period since 1850, is based on
observational data only, and relies for its generation on geostatistical approaches (Rayner
et al., 2020). Other data sets cover smaller areas but have a higher spatial resolution. For
example, Devers et al. (2021) produced a high-resolution reanalysis of temperature and
precipitation based on the SCOPE climate reconstruction (Caillouet et al., 2019) start-
ing in 1890 for France. For the UK, Keller et al. (2015) interpolated daily and monthly
precipitation fields back to 1890 using a geostatistical approach.

A comparatively simple and computationally cheap approach for weather reconstruction is
the analogue resampling method (ARM). This method relies on the assumption that the
spatial patterns that can be observed in a reference period are stationary over time. Ana-
logue fields based on reference fields from present-day gridded products or climate models
have been widely used for annual, seasonal, and monthly time scales (Gómez-Navarro et al.,
2017; Franke et al., 2011; Zorita and von Storch, 1999). On a daily basis, Flückiger et al.
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Figure 1.1: Comparison of reconstruction methods for two days in the years 1785 and
1807. a) Reconstructed temperature and sea level pressure for 28th February 1785 with
ARM and data assimilation. b) hand-drawn sea level pressure maps by Kington (1988) for
28th February 1785. c) as in (a) but for the 13th July 1807 and d) temperature field from
20CRv3 with additional assimilation of temperature observations for the 13th July 1807.
Temperature observations entering the reconstructions in a,c, and d are shown as filled
circles.

(2017) used the ARM for studying the impacts of the cold and wet conditions in the "year
without a summer" in 1816. For Switzerland, Pfister et al. (2020) reconstructed daily
fields of precipitation and temperature back to 1864 using the ARM. Pappert et al. (2022)
showed that this method is also feasible for a larger region by reconstructing daily sea level
pressure and temperature fields for the very cold winter of 1788/89 in Europe. For such
early periods, gridded weather data are rarely available. Attempts to study the daily syn-
optic conditions of Europe for the years from 1781 to 1785 were made by Kington (1988)
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by hand drawing surface pressure maps based on observations and secondary information.
These maps have been used for many years, for example, as a basis for understanding the
Laki volcanic gaze over Europe (e.g. Thordarson and Self, 2003). While such maps help
gain a general understanding, objective methods that provide numerical fields are often
more valuable for further analysis. The ARM offers a simple way to reconstruct such fields.
Figure 1.1a and b compare the ARM-based 2 m temperature and sea level pressure recon-
struction with subsequent data assimilation to the hand-drawn map by Kington (1988).
Both fields depict a pronounced anticyclone on the 28th February of 1785 that led to very
cold conditions over Europe, but the extent of the anticyclone differs. Figure 1.1 c and d
compare the ARM-based 2 m temperature and sea level pressure reconstruction to a 2 m
temperature field from 20CRv3 with additional offline data assimilation for the 13th July
1807, a very hot day in the year 1807 (as in Brönnimann, 2022). The summer of 1807
has been described in many sources as very warm, as evidenced by the high temperatures
in Central Europe in both reconstructions. Both reconstructions for 1785 and 1807 were
produced as part of this thesis and based on the ERA5 reanalysis between 1950 and 2020
(Hersbach et al., 2020) and historical observations. The method follows mainly the de-
scription in Chapter 2 and Pappert et al. (2022) with analogue resampling and subsequent
data assimilation.

Also, artificial intelligence has been used for the reconstruction of past climate states across
several centuries for monthly-to-annual scales (Wegmann and Jaume-Santero, 2023; Jaume-
Santero et al., 2022). On the daily time scale, generative adversarial networks proved useful
for downscaling wind fields (Miralles et al., 2022) from 1961 to 2020 for Switzerland, but
similar methods have not yet been extended back to e.g. the early instrumental period.

In addition to the statistical methods, there are also numerical methods for the periods
for which fields from reanalyses are available as boundary conditions. Historical extreme
events, such as the snow-rich winter of 1916/17 and the severe foehn storm of 1925, have
been dynamically downscaled using the Weather Research and Forecasting (WRF) model
(Brugnara et al., 2017; Stucki et al., 2015). For both cases, reanalyses provided the initial
and lateral boundary conditions driving the regional, high-resolution model. Dynamical
downscaling can be improved when combining it with data assimilation (Stucki et al., in
preparation), but this requires careful work ahead. Early instrumental data, for example,
sometimes lack precise observation times, which complicates at what time step to assimilate
an observation. Both downscaling approaches produce high-resolution fields of the entire
atmosphere, but since they are computationally intensive only a few studies have covered
longer periods (e.g. Koenigseder et al., 2023).

Overall, different data set exists, or have been created within this thesis to study daily
weather since around the mid-18th century (Fig. 1.2). The Swiss reconstruction pro-
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vides high-resolution daily temperature and precipitation fields for Switzerland since 1763
(Chapt. 2). For Europe, several short reconstructions have been performed around the
1780s and in 1807 using the ARM (e.g. Pappert et al., 2022). Different events have been
downscaled with WRF relying on reanalyses as boundary conditions. The 20CRv3 re-
analysis itself is a valuable source for studying the daily weather between 1806 and 2015.
Further, there are long observational series at various locations in Europe. As an example,
the Swiss Plateau series based on early instrumental data from Bern and Zurich covers to-
gether with the data from the Swiss weather service a period from 1756 to present. Lastly,
daily weather types have been reconstructed by Schwander et al. (2017) since 1763 and
allow the study of synoptic conditions over Europe.

In this thesis, these data sets are used to study different historical extreme events, such
as the cold and wet summer of 1770, the cold spring of 1785, and the warm summer of
1947 (marked as grey bars in Fig. 1.2). The data sets also allow other applications, such
as phenological modeling, which will be introduced in the next section.
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Weather types (Schwander et al. 2017 & Weusthoff 2011)

Swiss Plateau series (Brugnara et al. 2022)

20CRv3 (Slivinski et al. 2019)

MeteoSwiss (TabsD/RhiresD)Swiss recon (Imfeld et al. 2023) Swiss recon (Pfister et al. 2019)

European reconstructions ERA−5 (Hersbach et al. 2020)

WRF based on 20CR/v3 & ERA−20C

Figure 1.2: Overview of available historical daily data sets between the mid-18th century
and present. Each data set consists of different variables. For WRF, examples of downscale
events are shown, but the examples are not exclusive. Grey bars denote events that have
been studied in this thesis.

1.4 Phenological applications to study weather impacts

Meteorological variables are one of the main drivers of vegetation growth. Cold weather
delays crop growth, frost can destroy plant tissues, and droughts wither species. To study
the impacts of weather on vegetation, we can study the phenological stages of different
plants, i.e., when their bud bursts, when they flower, or when leaves unfold. Already in
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the 18th century, Réaumur (1735) proposed the simple growing degree days model to model
phenology. This model is still applied today though in modified versions. The growing
degree day model assumes that the occurrence of phenological phases is proportional to
the summation of daily temperatures (Fu et al., 2020). A variety of process-oriented mod-
els have been used to study the onset of phenological phases (e.g. Basler, 2016; Hufkens
et al., 2018; Meier and Bigler, 2023), differing in the functions describing the temperature
accumulation or by considering the daylength through a photoperiod term. Phenological
models need to be parameterized using observations. However, finding the optimal pa-
rameters is not straightforward because the parameters are often intercorrelated and local
minima of the model functions make it more difficult to find the optimal parameters. Gen-
eralized simulated annealing has been used for many years for optimization of the models
since it is straightforward to implement (Meier et al., 2018; Hufkens et al., 2018; Basler,
2016). However, Bayesian optimization algorithms have grown in popularity due to their
ability to estimate parameter uncertainty and assess model convergence, for example when
a model oscillates between local minima (Meier and Bigler, 2023; Fu et al., 2012).

Studying phenological phases based on historical weather data is, therefore, a simple way to
study the impacts of weather on e.g. vegetation since it does not involve running complex
models. Furthermore, reports on phenological phases are often found in historical sources
(e.g. Pfister et al., 2017) providing a suitable basis for comparison. In this thesis, we apply
phenological models to gain an idea of how the weather conditions in late winter and spring
affected the onset of phenological phases.

1.5 Outline and objectives of the thesis

The main objective of this thesis is to create a daily gridded data set of temperature and
precipitation for Switzerland that covers the period 1763 to 2020 and to evaluate decadal
variability in Swiss weather and historical extreme events based on this data set. The thesis
is structured into three main Chapters (2 to 4), Conclusions and Outlook in Chapter 5,
and an Appendix A.

In Chapter 2 the development of a 258-year-long data set of temperature and precipitation
for Switzerland since 1763 is described. This includes the input data used for the recon-
struction, the different development steps, the skill analyses, and a case study of a wet
and cold summer in Switzerland in 1770. With the development of the data set, several
questions can be tackled:

• Can we consistently reconstruct temperature and precipitation fields back to 1763
based on the available observational data?

• What are the skills of the reconstruction method for the early period when very few
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observations are available?

• Can we improve the precipitation reconstruction by using information on precipita-
tion occurrence?

Further, we used the data set to calculate climate indices and phenological phases to study
spring weather and climate across 258 years, which is described in Chapter 3. Spring
weather is relevant because, e.g. cold spells in spring can have a significant impact on
vegetation growth and delay vegetation onset. In this Chapter, we addressed the following
questions:

• How did climate and phenological indices change over the 258-year-long period?

• What extreme cases of spring weather have happened in the past, and how are they
represented in climate indices and phenological phases of our reconstruction

• Can we confirm these extreme cases of spring with historical sources?

During the writing of this thesis in 2022, a historical extreme event, the hot and dry
summer of 1947, had its 75th anniversary. This summer had been the warmest summer for
many years and remains the driest summer in certain regions of Switzerland, acting as a
harbinger of the more recent hot and dry summers. For this occasion, we created a booklet
and a movie about the causes and impacts of hot and dry summers in Switzerland, with a
specific focus on the summers of 1947, 2003, and 2018. As an addendum, we also wrote a
summary about the summer of 2022 placing it into context with past and future summers
(Imfeld et al., 2022a,b). A part of this booklet is presented in Chapter 4, Sections 4.3
and 4.4, including a contextualization of the summer of 1947 in the 258-year-long Swiss
reconstructions and the Swiss series of Bern and Zurich (Sect. 4.2). The booklet aims
at a general audience from different fields of research, and, thus, does not answer specific
research questions.

We highlight the Conclusions of the thesis and present further research questions based on
the results of this thesis in Chapter 5. In the Appendix A, we present an article on the
reconstruction of sea level pressure and temperature fields for the cold winter of 1788/89
based on the analog method, for which I contributed as a co-author (Pappert et al., 2022).
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Abstract

Climate reconstructions give insights in monthly and seasonal climate variability in the
past few hundred years. However, for understanding past extreme weather events and
for relating them to impacts, for example through crop yield simulations or hydrological
modelling, reconstructions on a weather timescale are needed. Here, we present a data set
of 258 years of daily temperature and precipitation fields for Switzerland from 1763 to 2020.
The data set was reconstructed with the analogue resampling method, which resamples
meteorological fields for a historical period based on the most similar day in a reference
period. These fields are subsequently improved with data assimilation for temperature and
bias correction for precipitation. Even for an early period prior to 1800 with scarce data
availability, we found good validation results for the temperature reconstruction especially
in the Swiss Plateau. For the precipitation reconstruction, skills are considerably lower,
which can be related to the few precipitation measurements available and the heterogeneous
nature of precipitation. By means of a case study of the wet and cold years from 1769 to
1772, which triggered widespread famine across Europe, we show that this data set allows
more detailed analyses than hitherto possible.
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2.1 Introduction

Reconstructions of atmospheric variables on monthly, seasonal, and annual timescales have
allowed the study of climate variability in the past few hundred years and helped to gain
relevant insights into long-term changes and variability (e.g. Luterbacher et al., 2004; Casty
et al., 2005, 2007; Dobrovolnỳ et al., 2010; Murphy et al., 2020; Valler et al., 2022). How-
ever, for various applications, such as assessing climate impacts, rather than the monthly
or seasonal variability, daily weather is more relevant (Brönnimann, 2022). Temperature
and precipitation fields on a daily timescale for past extreme events allow us to conduct
impact modelling, for example of crop yields (Flückiger et al., 2017), phenological stages
of specific species (Rutishauser et al., 2020), runoff (Rössler and Brönnimann, 2018), and
avalanche disposition (Brugnara et al., 2017; Pfister et al., 2020). Numerous historical
sources report past extreme weather events with severe impacts on society (e.g. Pfister
and Wanner, 2021) that could be better understood using daily weather fields. One exam-
ple that will be followed up in this article are the wet and cold anomalies in the late 18th

century in Europe that led to widespread famine (Collet, 2018).

In Europe, efforts have been undertaken to reconstruct meteorological fields dating back
to the 19th century. For example, Devers et al. (2021) created a high-resolution reanal-
ysis covering France for the period of 1870 to 2012. They assimilated daily temperature
and precipitation observations into the SCOPE climate reconstruction (Caillouet et al.,
2019) using an offline ensemble Kalman filter. When sufficient data are available, fields
can be reconstructed based on interpolation methods such as for the UK for daily precip-
itation fields dating back to 1890 (Keller et al., 2015). Single weather events have been
reconstructed by resampling present-day meteorological fields (Pappert et al., 2022; Flück-
iger et al., 2017) and by dynamically downscaling historical reanalysis data (e.g. Stucki
et al., 2015; Brugnara et al., 2017). Both reconstruction methods yielded insights into the
evolution and spatial extent of these past weather and climate events. Also, the use of doc-
umentary sources from weather diaries has been explored for reconstructing past weather
with different approaches (Harvey-Fishenden and Macdonald, 2021; Wang et al., 2021).
For Switzerland, Pfister et al. (2020) reconstructed daily temperature and precipitation
fields for 1864 to 2017 based on the analogue resampling method (ARM). This method
resamples meteorological fields for a historical period based on the most similar day in a
reference period. Subsequently, temperature measurements were assimilated onto the tem-
perature fields and quantile mapping was applied to correct for biases in the precipitation
fields. Both variables showed a very good reconstruction performance as illustrated by a
case study on the avalanche winter of 1887/88 (Pfister et al., 2020). The analogue method
has been widely used in climate and weather reconstruction (e.g. Schenk and Zorita, 2012;
Gómez-Navarro et al., 2017) with considerable skill.
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Weather recording peaked for the first time as early as around the late 18th century (Brön-
nimann et al., 2019). However, only a few attempts have been made to reconstruct weather
back to this time using quantitative data (e.g. Pappert et al., 2022). For this period, only
a few data records have so far been available because it is a tremendous amount of work
to find, image, digitize, quality check, and homogenize these data. For Switzerland, recent
data rescue projects made available a unique set of historical instrumental data before 1864,
the so-called early instrumental data (Brugnara et al., 2020b; Pfister et al., 2019). These
data make it possible to reconstruct temperature and precipitation fields for Switzerland
back to the mid-18th century.

Here, we present a new data set of daily temperature and precipitation fields for Switzer-
land with a higher resolution spanning 258 years. It consists of two subsets: (1) a new
reconstruction from 1763 to 1863 described in this article and (2) an update of the recon-
struction by Pfister et al. (2020) with a higher resolution of 1 km and spanning 1864 to
2020. Reconstructions were made with the analogue resampling method and subsequent
data assimilation for temperature and bias correction for precipitation. This data set al-
lows further applications to other fields, such as environmental impact studies and crop
yield modelling.

During the years 1769 to 1772, Europe suffered from one of the most severe famines of
the Little Ice Age (Collet, 2018; Pfister and Brázdil, 2006), which has been related to a
cultural crisis and a climatic wet-cold anomaly. We use this event to exemplarily calculate
climate indices that had an impact on crop growth in Switzerland and to compare these
to documentary data describing the event (Collet, 2018; Pfister and Brázdil, 2006).

The paper is structured as follows. Section 2 describes the data needed for the recon-
struction. Section 3 describes the reconstruction method and how we evaluate the recon-
struction skill. Section 4 shows and discusses these evaluation results and in Sect. 5 we
showcase the use of the reconstruction based on a case study. The conclusion is found in
Sect. 6. The data set is available online in PANGAEA (https://doi.pangaea.de/10.1594/
PANGAEA.950236) (Imfeld et al., 2022).

2.2 Data

2.2.1 Historical instrumental data

Systematic measurements of meteorological data in Switzerland only started in the 1860s
with the establishment of the national weather service (Hupfer, 2019; Begert et al., 2005).
To reconstruct weather in the late 18th and early 19th century we, therefore, relied on
data that have been rescued by various initiatives (Brugnara et al., 2020b; Pfister et al.,

https://doi.pangaea.de/10.1594/PANGAEA.950236
https://doi.pangaea.de/10.1594/PANGAEA.950236
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2019; Camuffo and Jones, 2002; Klein Tank et al., 2002; Füllemann et al., 2011; Brug-
nara et al., 2022). Such early instrumental data are challenging to work with because
common measurement standards had not yet been developed when the observations were
recorded. Difficulties with early instrumental data arise for example from the construction
of the ancient measurement devices, unknown measurement devices and liquids, inappro-
priate location of the devices, exposure to radiation, and missing or ambiguous observation
times (Brugnara et al., 2020b). For early temperature measurements, for example, unsta-
ble glasses contracting with age, differences in the expansion rate of the liquids in the
glass, and exposure to radiation or precipitation can create errors in the measurements
(Brugnara et al., 2020b; Winkler, 2006; Böhm et al., 2010). It was already recognized in
the 18th century that a thermometer needs to be sheltered from solar radiation (Pfister,
1988). However, even thermometers placed on north-facing walls, as was common after
1760, were still influenced by radiation (Böhm et al., 2010) and often showed warm biases.
Sources of errors for pressure measurements include device-related issues (Brugnara et al.,
2020a) but also the required temperature corrections due to the thermal expansion of the
liquid in the barometers. Temperature corrections can introduce errors in pressure mea-
surements when no attached thermometer is available, when temperature measurements
are not representative of the barometer, or when the corrections applied are unclear. The
manual measurements in our network were taken between two and eight times per day.
Calculating an arithmetic daily mean for temperature and pressure based on only a few
measurements a day or on varying measurement times introduces biases in daily means.
Also, observation times of early instrumental data can be ambiguous, for example when
the time is denoted as "morning" or "evening", and it is therefore not straightforward
to include these in a daily mean estimation. These above-described examples affect the
quality of the measurements used for the reconstruction, and corrections are often difficult.
The quality of early instrumental data thus has to be kept in mind when working with the
reconstruction.

For the reconstruction from 1763 to 1863, we selected time series that showed sufficient
data quality (Brönnimann, 2020) and that cover at least 7 continuous years to keep the
reconstruction as spatially and temporally consistent as possible. However, the network
changes considerably throughout time (Fig. 2.1), and coverage is much sparser compared
to the network after 1864, which has been used for the reconstruction from 1864 to 2020
in Pfister et al. (2020) (Fig. 2.1d and e). At the start of the reconstruction period in 1763,
around 11 to 12 series are available (Fig. 2.1a), which then increases to around 30 series
(Fig. 2.1c). To increase the number of observations for this early period we also used time
series from nearby locations in Italy and Germany. In total, the reconstruction is based on
17 pressure series, 18 temperature series, and 6 precipitation and precipitation occurrence
series. Because only very few precipitation measurements were available, we also include
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precipitation occurrence as a variable that has been derived from weather notes. Figure
2.1f shows the evolution of monthly data availability, and Table 2.1 lists all time series
used for the reconstruction period 1763 to 1863.

Most of the instrumental data for the reconstruction were already available in modern
units, and their quality was checked on a subdaily basis (for details, see Brugnara et al.,
2020b). The data preparation necessary thus included the calculation of daily mean values,
pressure reduction where not available, additional quality control on daily means and the
homogenization of the time series.

To adjust the daily mean value based on only a few subdaily measurements, we subtracted
a correction according to the historical measurement times. These corrections were calcu-
lated for every month of the year separately based on the anomalies of the 10 min monthly
means from automatic weather stations for the period 1981 to 2010. If no weather stations
were available in the surrounding area, the corrections were calculated from the hourly 2
m temperature of the closest grid point from ERA5-Land (Muñoz-Sabater et al., 2021) of
1981 to 2010. The anomalies were calculated by subtracting the daily mean of each month
from the 10 min measurements. The final correction value was obtained by taking the
mean of the anomalies according to the closest measurement times. For pressure, the daily
mean correction was applied for all time series using the closest grid point from hourly
ERA5-Land surface pressure data for 1981 to 2010. If no observation times were available,
we tried to estimate the observation times by comparing the subdaily values to the daily
cycle derived from present-day measurements, which, however, can introduce additional
errors. For three time series, a temperature reduction in pressure was not conducted be-
cause no attached temperature measurements have been found. Therefore, we reduced
the pressure to 0◦ C based on the climatology of daily mean temperature data for the
period of 1850 to 1900 from the reanalysis 20CRv3 (Slivinski et al., 2019; Brugnara et al.,
2020b). For subdaily weather notes, every day containing at least one precipitation event
was transformed into a precipitation day. We did not convert descriptions such as dew and
rime to precipitation, because they were not available for all stations.

Further, we performed a standard quality control on the daily means of each time series as
implemented in Brugnara et al. (2019) and a spatial quality control using linear regression
between the nearby five stations (Estévez et al., 2018). Together with the standard quality
control, we flagged between 0 to 1.16 % of the values (with a mean of 0.12 %) depending on
the time series. For precipitation occurrence, we calculated the monthly wet-day frequency
for the series and excluded series that substantially deviated from other series or that
showed substantial visual breaks.

We homogenized the quality-controlled series using surface temperature, and pressure from
the closest grid point of the EKF400v2 reanalysis (Valler et al., 2022) as a reference series
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(see Sect. 2.4). Break point detection was performed with the penalized maximal t test
(Wang et al., 2007) and the penalized maximal F test (Wang, 2008), which are implemented
in Wang and Feng (2013). Only break points that were significant without metadata were
considered since only very few metadata are available. For Bern, Zurich, Basel, and Geneva
homogenized series were used which are based on various short series (Brugnara et al., 2022;
Brugnara, 2022).

As an independent evaluation of our reconstruction, we used seven temperature time series
and one time series of precipitation occurrence during 1763 and 1863 (see asterisks in
Fig. 2.1a and Table 2.2). The temperature time series were prepared following the same
approach as for the series used in the reconstruction itself, but no homogenization was
performed.

Figure 2.1: a-e) Station measurements as they are available for five different months from
1763 to 1960. The upper right numbers denote the example month and the total number of
measurements for this time step. Labeled stations are used in the ensemble Kalman fitting.
d and e) show the networks as used in Pfister et al. (2020). Asterisks in (a) denote locations
of independent measurements, which are used for an evaluation of the reconstruction. f)
Evolution of temperature, pressure, and precipitation measurements throughout the entire
period. Precipitation includes precipitation occurrence and precipitation measurements.
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2.2.2 Present-day instrumental data

For every historical time series, the analogue selection requires an equivalent series in the
reference period from 1961 to 2020. The long historical time series in Switzerland are
mainly found in large cities. These locations also have a measurement station in the Swiss
National Basic Climate Network (NBCN) (Füllemann et al., 2011; Begert et al., 2007).
Precipitation and temperature time series from this network are quality controlled and
homogenized by the Swiss Meteorological Service (Begert et al., 2005). For locations in
Switzerland, where no data from the NBCN are available, we extracted the closest grid
point from the daily temperature and precipitation fields (TabsD and RhiresD: for details
about data sets, see the next section), and for sea level pressure we used the European
EOBS data set v23.1 (Cornes et al., 2018). For time series in Germany and Italy, we
used daily ECA&D station data (Klein Tank et al., 2002) if available or also the closest
grid points from EOBS. To create time series of precipitation occurrences in the reference
period, we used individual thresholds between 0.1 and 1 mm for each series for a rainy
day. This is needed since the historical time series differ in how a wet day has been written
down. To be able to use the full reference period as an analogue pool, all series in the
reference period were gap filled by applying quantile mapping between the gridded data
set (mainly EOBS) and the non-missing data of the time series. This bias correction
is needed because a grid cell does not capture the local characteristics of a station and
may thus have systematic biases. We choose empirical quantile mapping that estimates
empirical cumulative distribution functions for the grid cell and station time series for 99
percentiles with a linear interpolation between the percentiles (Gudmundsson et al., 2012).
The quantile mapping was calculated for every day of the year individually including +/-
15 d around the target day because the biases between the grid and stations showed an
annual cycle. The same approach was used to extend the station data up to 2020 or back
to 1961 if they did not cover the full period from 1961 to 2020. Further, if it had not
been yet done, we homogenized the series with the closest homogenized NBCN stations
as a reference using the penalized maximal t test (Wang et al., 2007) and the penalized
maximal F test (Wang, 2008) as implemented in Wang and Feng (2013) for break point
detection. Table 1 summarizes the information on the reference stations.

2.2.3 Gridded data sets

The analogue fields are resampled from the two daily spatial data sets from MeteoSwiss for
temperature (TabsD) and precipitation (RhiresD) (MeteoSwiss, 2021b,a). These data sets
are available for the period from 1 January 1961 to 31 December 2020 at a resolution of
1x1 km2. The temperature fields represent the free-air temperature at 2 m above ground
and are interpolated from approximately 90 homogeneous long-term station series with
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a deterministic analysis method using nonlinear vertical temperature profiles and non-
Euclidean distance (Frei, 2014). The precipitation fields cover all hydrological catchments
that drain to locations within the Swiss border (MeteoSwiss, 2021a), i.e. also areas outside
Switzerland. For the reconstruction, we only use the area that is covered during the entire
60 years excluding catchments to the south of Valais. The precipitation fields are generated
using around 650 rain-gauge measurements within Switzerland and from neighbouring
countries. They are based on the spatially interpolated monthly mean precipitation of a
given day and spatial interpolations of relative anomalies (MeteoSwiss, 2021a).

2.2.4 Additional data sets

We want to restrict the selection of analogue days to days of similar weather. Therefore,
we used a reconstruction of daily weather types covering the period of 1763 to 2009 from
Schwander et al. (2017). This reconstruction is based on instrumental station records
across Europe and the weather type classification by Weusthoff (2011). The weather type
reconstruction also contains probabilities of the weather types for each day to account for
the uncertainty in the reconstruction. For the period after 2009, we used the weather types
provided by MeteoSwiss (Weusthoff, 2011).

The pre-processing steps of the gridded fields and observational data require additional
reanalysis data. We use the palaeo-reanalysis EKF400v2 (Valler et al., 2022) for the
homogenization of station data and for calculating a climatic offset between the reference
period and the historical period to account for the warming since the pre-industrial period.
This palaeo-reanalysis is based on atmosphere-only general circulation model simulations
and assimilates a variety of data, such as early instrumental temperature and pressure
data, documentary data, and tree-ring records. The reanalysis ERA5 (Hersbach et al.,
2020) was used to remove temperature trends in the reference period (see Sect. 3.1).

In addition, we use the two monthly reconstructed gridded data sets for Switzerland Tre-
cabsM1864 and RrecabsM1864, which cover the period of 1864 to 2020 and which have
been constructed with a focus on high temporal consistency (MeteoSwiss, 2021c).

2.3 Method

For the analogue reconstruction, we mainly followed the approach implemented in Pfister
et al. (2020). Some adaptations were necessary to reconstruct the early period from 1763
to 1863 because of the different network densities, and different data types and because the
data set extended further back in time. This adapted approach is described in the following
sections. The period of 1864 to 1960 was reconstructed as in Pfister et al. (2020) with the
exception that we removed the trend in the temperature data of the reference period
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(see Sect. 3.1), we changed the error covariance calculation of the observations for the
assimilation procedure (see Sect. 3.3), and we implemented a quantile mapping approach
considering the annual cycle of the precipitation bias (see Sect. 3.4). Figure 2.2 shows
all required steps for creating the final reconstruction, including the data preparation, the
reconstruction, and the cross-validation.

2.3.1 Pre-processing

Before the analogue selection, the observations had to be pre-processed to make the his-
torical observations comparable to the observations in the reference period from 1961 to
2020. Firstly, we removed the trend for the temperature data (observations and grids) in
the reference period to make it equally likely to choose days from warmer years of the 21st

century as analogues. To remove a trend representing average climatic changes and not
local climatic changes, we calculated a linear trend for the 2 m temperatures from the zonal
mean of the ERA5 reanalysis covering the period of 1961 to 2020 centred on 1991. For each
grid cell and station, the trend of the closest latitude was subtracted. Secondly, for the
analogue selection and for the resampling in the historical period before the year 1864, we
removed a climatic offset from the reference temperature observations and the grid because
the temperature data are warmer in the reference period than in the historical period of
1763 to 1863. A monthly transient offset was calculated based on the difference between
the zonal mean temperature of a 31-year window centred on the reconstructed year (e.g.
from 1748 to 1778 for the year 1763) and the zonal mean temperature in the reference
period of 1961 to 2003 considering land areas only. In this case, the reference period is
shorter, because the EKF400v2 reanalysis ends in 2003. This offset was then subtracted
from the data in the reference period (grid and observation) for every reconstructed day.
Further, the historical stations had to be homogeneous with respect to their reference sta-
tion. We performed a simple homogenization by calculating monthly differences between
the historical and the reference stations over the full available period with respect to the
closest grid points of the respective variable from the reanalysis EKF400v2 (Valler et al.,
2022). The resulting difference between these two series is subtracted from the historical
series to adjust them to EKF400v2. Lastly, we removed the seasonal cycle of temperature
by fitting the first two harmonics of the temperature time series for observations and grid
cells using least squares (see Pfister et al. (2020), for the equation).

2.3.2 Analogue reconstruction

The ARM samples meteorological fields for a historical period from the most similar days
in a reference period. The most similar days, called the analogue days, are the days with
the smallest differences calculated between the observational data in the historical period
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- quality control
- daily mean estimation
- homogenization

- quality control/gap filling
- homogenization
- detrending
- climate offset

Reference observations
1961 - 2020

Weather types
1961 - 2020

Calculation of analogue days

Resampling
Temperature grids

1961 - 2020
Precipitation grids

1961 - 2020

Cross-validationCross-validation

Final precipitation grids
1763 - 2020

Final temperature grids
1763 - 2020

Ensemble Kalman fitting Quantile mapping

- detrending
- climate offset

Historical observations
1763 - 1960

Figure 2.2: Schematic of temperature and precipitation reconstruction. Blue ellipses show
input data. The necessary data preparation steps are listed below the input data. Blue
rectangles show the final output data. Details on the individual steps are found in Chapter
3.

and observational data in the reference period. Our historical period starts in 1763 and
is limited at the lower end by the availability of reconstructed weather types (Schwander
et al., 2017). The reference period covers the period of the two gridded data sets TabsD
and RhiresD from 1961 to 2020. These gridded data are resampled to generate a first
reconstruction based on the best analogue day. To ensure that only physically plausible
analogue days were chosen, the analogue selection was constrained to days with a similar
weather type and days within the same season. All weather types with a cumulative
probability of 95 % for the target days were admitted to the analogue pool to account
for the uncertainty in the weather type reconstruction. This means we added up the
probabilities of the most likely weather types until they reached 95 % together. Weather
type probabilities were lower for the early days of the reconstruction in the 18th and
beginning at the 19th century. For individual days, probabilities were so low (e.g. for
1803-03-01) that all weather types were included in the analogue pool. But the days of
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the analogue pool were still constrained by the seasons. A season was defined based on a
moving window of +/- 60 d centred on the target day.

To reconstruct fields before 1864, we also used daily weather notes transformed into binary
values of precipitation occurrence. The distance metrics used to find the closest analogue
days in Pfister et al. (2020), i.e. the root mean squared error (RMSE), can however not
be applied to categorical data (i.e. precipitation occurrence). Instead, we used the Gower
distance, which allows for distances to be calculated for different variable types, such as
continuous and count data (Gower, 1971; Kuhn and Johnson, 2019). It is defined as the
average of partial distances across the variables (Eq. 2.1):

d(ij) =
1

k

k∑
k=1

d(i, j, k) (2.1)

The partial distances are calculated as a range-normalized Manhattan distance for the
quantitative variables temperature, pressure, and precipitation sum. For the binary vari-
able precipitation occurrence, the partial distances are calculated as follows. If xik = xjk,
then the partial distance is dijk = 0, and otherwise if xik is not equal to xjk, dijk = 1. We
used an unweighted Gower distance. Thus, the distance metric for precipitation occurrence
was either minimal (0) or maximal (1) which increased the weight of precipitation occur-
rence in the selection of the closest analogue. A first reconstruction was then obtained by
resampling the fields based on the analogue day with the closest distance. To update the
newer period from 1864 to 1960 we used the RMSE as a distance measure because a lot
more precipitation measurements were available (compared to the earlier period) and the
RMSE penalizes large errors. Changing the distance measure within the reconstruction
period could lead to inhomogeneities. However, evaluations with both measures showed
that the differences between the measures are small and the differences caused by the
network changes are much larger.

2.3.3 Data assimilation for temperature fields

In a next step, the resampled temperature fields were improved by assimilating the avail-
able temperature measurements using ensemble Kalman fitting. This is an offline data
assimilation approach, where the analysis is not passed to the next time step i.e. every
time step is handled individually (Bhend et al., 2012; Valler et al., 2022). Data assimila-
tion tries to find an optimal representation of the true atmospheric state between the best
guess of an atmospheric field (our best analogue field) and the observations by minimizing
a cost function (Franke et al., 2017). In the case of normally distributed errors, this cost
function can be minimized with a Kalman filter. The best estimate of a true atmospheric
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state, the analysis xa, is given by Eq. (2.2):

xa = xb + P bHT (HP bHT +R)−1(y −Hxb) (2.2)

where xb refers to the best estimate (the resampled analogue fields), P b is the model error
covariance matrix calculated from the 50 best analogues for each target day, H extracts
the observations from the model space, and R is the observation error covariance matrix.
The second part on the right-hand side of Eq. (2.2), P bHT (HP bHT + R), is referred to
as the Kalman gain K. To account for a bias in the covariance analysis, we used the
ensemble square root filter as proposed by Whitaker and Hamill (2002) and updated the
ensemble mean and the anomaly from the ensemble mean, individually yielding to separate
equations Eq. (3) and (4).

x̄a = x̄b +K(ȳ −Hx̄b) (2.3)

x′a = x′b + K̃(y′ −Hx′b) with y′ = 0 (2.4)

The Kalman gain for the mean K and anomaly K̃ were then calculated as follows.

K = P bHT (HP bHT +R)−1 (2.5)

K̃ = P bHT ((
√

HP bHT +R)
−1
)T × (

√
HP bHT +R +

√
R)−1 (2.6)

Often localization of the background error covariance matrix P b is used in data assimilation
to avoid spurious error covariance. Testing different types of distance-, altitude-, and
correlation-adjusted localization as proposed by Devers et al. (2021) did not improve results
in our rather small area. Therefore, we did not apply localization.

We estimated the observation error covariance assuming that there is a linear relationship
with distance between the variance of the differences in neighbouring observations as pro-
posed by Wartenburger et al. (2013). The error covariance was estimated individually for
the three periods 1763 to 1863, 1864 to 1960, and 1961 to 2020. As was expected, errors in
the last period of 1961 to 2020 were smaller, and thus the skill of the cross-validation was
overestimated. Due to the few available measurements within Switzerland in the period
of 1763 to 1863, we also assimilated the temperature data from Hohenpeissenberg, Torino,
Milano, and Rovereto. To do this, the observations from the best analogue days of the
stations outside Switzerland (and therefore outside our grid) were added to the background
xb, and, subsequently, the H operator was adjusted and P b was calculated including these
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observations. The observation errors for these stations outside Switzerland were calculated
as described above. For the years after 1864, only stations with correlation values above
0.975 are used for assimilation (see named stations in Fig. 1d and e). Before assimilating
the observations we removed a monthly bias calculated between the observation and the
closest grid points from the observations because the observations are biased with respect
to the model grid.

2.3.4 Quantile mapping for precipitation fields

Despite using the same grids, precipitation biases occurred in the analogue-based recon-
struction because precipitation measurements are very scarce and unevenly distributed
across the area, leading to systematic biases in areas with no precipitation observations.
To correct for these biases, we apply empirical quantile mapping calibrated between the
reconstruction in the reference period and the original data set (RhiresD) for every grid
cell (Gudmundsson et al., 2012; Feigenwinter et al., 2018; Rajczak et al., 2016). Correction
factors were estimated for the 1st to 99th percentile using a linear interpolation between
the percentiles. A wet-day threshold was set to 0.1 mm. Because quantile mapping showed
seasonal biases of up to 1 mm per day in southern Switzerland, when the quantile mapping
was estimated for the entire year, we calculated it in 15 d steps throughout the year based
on a 91 d window centered around these 15 d. This yielded a total of 24 steps, which was
a compromise between making a bias correction for every day of the year individually and
doing the bias correction only for the four seasons. Because the biases in the precipitation
reconstruction changed considerably based on the station network, quantile mapping was
computed for the different networks (see Fig. 2.1) and then applied to the historical re-
construction depending on what network the historical period corresponded to best. Note
that Fig. 2.1 only shows three examples of networks for the period before 1864. Quan-
tile mapping was conducted for six different set-ups based on the station combinations
occurring most often.

2.3.5 Evaluation

To evaluate the skill of the reconstructions, we (1) performed a cross-validation in the
reference period of 1961 to 2020 and (2) compared the reconstructed fields with time series
in the early period that have not been used for the reconstruction. For the cross-validation,
we reconstructed the temperature and precipitation fields for the reference period of 1961
to 2020. For every day, the best analogue days were calculated by leaving out -/+ 5
d around the target day. The reconstructed fields were then compared to the original
fields using five standard measures. We calculated the root mean squared error (RMSE),
Pearson correlation, mean bias, and the mean squared error skill score (MSESS) on the de-
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seasonalized temperature anomalies. For the MSESS, we used climatology as a reference,
which is 0 in the case of anomalies. For precipitation, we used the Spearman correlation,
RMSE, mean bias, and the Brier score (Wilks, 2011). We used the Brier score to evaluate
how well the reconstruction assigns wet and dry days. Therefore, instead of probabilities,
the Brier score was calculated for wet and dry days, using 0.1 mm as a threshold. The Brier
score returns the percentage of days that are wrongly assigned to wet or dry days. To assess
the temporal persistence of the reconstruction on the day-to-day timescales in more detail,
we performed two additional analyses. For temperature, we calculated the autocorrelation
at a 1-20 d lag for all networks and compared these values to the autocorrelation in the
original grid TabsD. For precipitation, we used two persistence indices suggested by Moon
et al. (2019) to assess the mean persistence characteristics of precipitation and compared
these to the persistence calculated with the original RhiresD grid.

Because the station network changes heavily over time, we performed the cross-validation
for the different network set-ups shown in Fig. 2.1. The evaluation is done individually
for every grid cell, i.e. evaluating the reconstruction in time. For the network shown in
Fig.2.1c, we also compared the original and reconstructed grids area-wise by calculating
the above-mentioned measures in space and for two different altitude levels from 0 to 1000
m a.s.l. and from 1000 to 2000 m a.s.l. for an area in Central Switzerland between 7.4
and 9.1◦ E and 46.5 and 47.3◦ N. This gives insights, into how well the spatial structure is
reproduced. The final reconstruction is, however, run on all available data.

For an independent evaluation, we compare the reconstruction with station data from seven
entirely independent temperature series in the period of 1763 to 1863 (see Table 2.2) based
on the same measures as described above. The mean bias was not calculated for series
with seasonality removed but for the absolute temperature series. At the location of Bern,
the precipitation reconstruction was compared to an independent series based on the Brier
score and to monthly wet-day frequencies of the observation and the closest grid cell of the
reconstruction. Furthermore, we explore the representation of the long-term variability by
comparing our reconstructions to other data sets covering the same or similar periods.

2.4 Results and discussion

2.4.1 Cross-validation during reference period

Cross-validation results for de-seasonalized temperature anomalies using the network as in
Fig. 1c (i.e. a dense network for the historical period) show correlation values between
0.67 and 0.99 and an average of 0.92 and 0.95 (Fig. 2.3a to e) for all seasons and the
annual evaluation. All periods show a spatial pattern with the highest correlations in the
Swiss Plateau, lower values in the Alpine region, and the lowest in the Canton of Ticino.
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The winter months (December to February) show the lowest correlation values, especially
in the Alpine region, followed by autumn (SON) and spring (MAM). These spatial and
seasonal differences are also present in the RMSE and MSESS evaluation (Fig. 2.3f to o).
RMSEs range between 0.45 and 3.82◦ C, with an average of 1.04 to 1.59◦ C for all time
aggregations. In winter, the errors are largest in the very south and east of Switzerland
and in the Jura. MSESS values range between 0.34 and 0.98. The lowest values are found
in the valleys Ticino, especially around Lago Maggiore in winter and autumn. Mean biases
range between -0.34 and +0.08◦ C (Fig. 2.3p to t). In winter, pronounced cold biases are
present in the Alpine region, southern Switzerland, and the Jura. This is also the case
for autumn, but biases are smaller. In spring, the largest cold biases are mainly found in
the Alps but not in the Ticino, whereas in summer, biases range only between -0.06 and
+0.08◦ C.

Spatial correlations do not show large differences in their performance with respect to the
different deciles of the area mean for summer and winter and both altitude groups (Fig.2.4a
and b). In winter, RMSEs are larger for the coldest and the warmest days, while days in
the middle of the distribution show lower errors. At altitudes above 1000 m a.s.l. in
particular, the warmest days show larger RMSEs. In summer, cold days have low RMSEs,
and the RMSEs increase with increasing temperatures. This effect is more pronounced
for the higher-altitude group. The mean bias in the low-altitude group (below 1000 m
a.s.l.) does not show differences in the deciles. However, for the higher altitude group, the
very cold days are too warm in the reconstruction and the very warm days are too cold.
In summer, such an effect is not visible, but the spread of the mean bias distribution is
generally larger for warm days than cold days.

Cross-validation results of the different networks, however, vary considerably. The network
with only 11 measurements (Fig. 2.1a) has the lowest correlations, with values ranging
between 0.58 and 0.99 for winter and 0.64 and 0.99 for summer (Fig. 2.5a and b). In
the winter months in particular, this network performed worse with respect to correlation,
RMSE, and MSESS. In summer, differences between networks are much smaller (Fig.
2.5b). The increase in observations in 1864 showed much better performance for all metrics,
however, the change in the network from 41 observations to 108 did not lead to substantial
improvements in the reconstructions. The spatial analyses of all five networks are shown
in Figure A.1 in Appendix A for the annual evaluation.

Further, the persistence of day-to-day temperature variability is slightly underestimated
in the reconstructions compared to the original grid (Appendix, Fig. A.3) with differences
in the autocorrelations reaching up to 0.15 for the sparse networks. In the alpine areas
in particular, autocorrelation at lags of up to 10 d is lower than in the original grid.
This can be related to the network density and set-up. The sparser networks have lower
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autocorrelation values in the areas with very few observations.

These spatial and seasonal differences may be related to the sparse and unevenly distributed
station network and the seasonal meteorological situations typical of Switzerland. In the
winter half year (October to March) during calm flow situations, radiation fog and lifted
fog (i.e. low stratus clouds) are a frequent phenomenon in the Swiss Plateau (Scherrer and
Appenzeller, 2014). Such situations block direct radiation, leading to significantly lower
temperatures below the cloud layer. Because temperature data were mainly available in
the Swiss Plateau below this inversion layer, a day that is too cool for the Alpine area may
be selected as an analogue day and the temperature assimilation may be too cold because
to the Alpine inversion layer is not well captured. An evaluation of fog days showed these
large biases for the Alpine area (not shown). This is confirmed by the biases seen in Figure
2.3k-o and would also lead to lower correlations and MSESS and larger RMSE. The overall
better performance in summer compared to winter for all networks (Fig. 2.5a and b) can
also be related to such badly captured inversion layers, which are not present in summer
months. For a reconstruction of monthly temperature, Isotta et al. (2019) found that the
magnitude of the warm anomalies in the areas above the inversion is not reproduced if only
a few stations are available in the Alpine regions. For the network with only 11 stations
(Fig. 2.1a), the temperature bias in winter is actually smaller compared to the network
with 21 and 32 measurements (Fig. 2.1b and c). Network 2 and 3 already contain the
German station in Hohenpeissenberg at an altitude of 995 m a.s.l. and they also have more
stations in the Swiss Plateau. An inversion layer captured wrongly because of the station
distribution may also cause a larger bias.

The cross-validation of the precipitation reconstruction shows a lower performance com-
pared to de-seasonalized temperature (Fig. 2.5 and 2.6). Spearman correlations range
between 0.39 and almost 1 for all seasons and the annual evaluation considering the net-
work with 32 measurements (Fig. 2.5c). The Alpine region does not stand out in as
pronounced a way for the temperature validation. However, southern Switzerland, the Ti-
cino, and the southern Grison valleys do have correlation values of only 0.35. In contrast
with temperature, correlations are generally higher for winter than for summer months.
RMSE ranges between 3.09 and 26.89 and is highest during the summer months in the
Ticino. The Brier score is close to 0 around the locations, where precipitation occurrence is
registered and decreases with distance. As for the other metrics, especially in the summer
months, the southern Ticino and southern Grison have very low values. The mean bias in
all seasons is close to 0, because we conducted quantile mapping taking into account the
annual cycle of precipitation differences between the reconstruction and the original data
set (Fig. 2.5p to t).

With respect to the intensity of events in winter, days with more precipitation on an
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Figure 2.3: Cross-validation results of a network of 32 stations as in Fig. 1c for temperature
anomalies during 1961-2020 for the four seasons (DJF, MAM, JJA, SON) and annually.
a-e) Pearson correlation, f-j) RMSE, k-o) MSESS, and p-t) mean bias.

area-wide basis show higher correlations than days with less precipitation (Fig. 2.4c). In
summer, spatial correlations do not vary in the median with respect to the area average
intensity; however, the spread of the correlation increases for days with higher total precip-
itation. As is to be expected, the RMSE increases with increasing intensity of a rainy day.
In summer in particular, the RMSE can reach very high values for the strongest events.
For higher altitudes, the values are even larger. These high values come from an under-
estimation of the strong precipitation events in both winter and summer, which is shown
in the lowest row. Despite the bias correction, extreme precipitation is underestimated in
the reconstruction by a median up to 10 mm.

Differences between the networks are substantial for summer and winter (Fig. 2.5c and d),
but the performance is generally better in winter than in summer. The sparsest network
has a median correlation of 0.68, which increases considerably when stations are added.
For the two networks after 1864 however, no more substantial changes occur. RMSEs are
between 3.09 and 29.45 mm for the three networks of the early period and between 1.72
and 12.74 mm afterwards in winter. For the summer season, they are almost twice as large.
For the annual evaluation of precipitation, the spatial analyses of all networks are shown
in Figure A.2 in Appendix A.

Also, the persistence of dry and wet spells is underestimated in the reconstructions, al-
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Figure 2.4: Spatial evaluation of the reconstruction ordered according to the deciles of the
area mean between 7.4 and 9.1◦ E and 46.5 and 47.3◦ N for the original data set. a-b) DJF
and JJA temperature evaluation with removed seasonality for Pearson correlation, RMSE,
and mean bias. c-d) DJF and JJA precipitation evaluation for Spearman correlation,
RMSE, and mean bias. Blue values show all grid cells below 1000 m a.s.l.; grey values
show grid cells above 1000 m a.s.l.. The boxes range from the first to the third quartile and
whiskers extend to 1.5 times the interquartile range outside the box.

though only slightly and with regional differences (Appendix Fig. A.4). The fraction of
dry (wet) days followed by dry (wet) days is up to 0.14 smaller in the reconstruction com-
pared to the original data. The underestimation of the wet-days persistence is largest in
the Ticino and for the sparse networks, indicating that wet spells are less well captured.
For the dry-day persistence, no spatial pattern is visible. A lower persistence for both wet
and dry days in the reconstruction can be expected since the analogue resampling does
not consider temporal information.

The lower performance of the precipitation reconstruction can be expected, since pre-
cipitation is a much more heterogeneous variable than temperature on a daily timescale
impeding daily reconstruction, especially when only very few precipitation data are avail-
able. The performance differences in the reconstruction between winter and summer can
be related to the type of precipitation occurring in these seasons. In summer, precipitation
can be convective and very local, while in winter, precipitation is often stratiform, cov-
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Figure 2.5: Cross-validation results for the five networks shown in Figure 1 for temperature
anomalies during 1961-2020 a) in winter (DJF) and b) summer (JJA), showing Pearson
correlation, RMSE, and mean bias, and for precipitation c) in winter (DJF) and d) summer
(JJA), showing Spearman correlation, RMSE, and Brier score.

ering larger areas. This stratiform precipitation is easier to reconstruct. The Brier score
decreases faster around the stations in summer than in winter. The poor performance with
large RMSEs in the Ticino and the south-eastern Grison valley may come from convective
or orographic precipitation not being captured at all in the precipitation data covering
only northern Switzerland. But intense precipitation events are also difficult to capture in
northern Switzerland (Fig. 2.4c and d). In contrast with Pfister et al. (2020), the mean
bias of the uppermost percentile (Fig. 2.4c and d, lowest row) is on average negative;
i.e. the reconstructed values are too low compared to the original. This may be because
very few precipitation measurements enter the reconstruction, and thus days with high
precipitation are not selected from the analogue pool.

The cross-validation results give us an impression of the performance of our reconstruction.
However, they have some limitations. The cross-validation was performed based on station
data in the reference period. These measurement data have a much higher quality than
what we know from early instrumental data (see Sect 2.1). Further, our analogue pool
covers the same period as our reconstruction period. Therefore, it covers the same longer-
scale variabilities but not necessarily in the same way as they occur in the early period
between 1763 and 1863. With respect to temperature, we calculated an offset in order to
account for the climatic change between the 18th century and the late 20th and early 21th

centuries. This offset is based on a state-of-the-art data set but may not be accurate for the
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Figure 2.6: Cross-validation results of a network of 31 stations as in Figure 1c for precipi-
tation during 1961-2020 for the four seasons (DJF, MAM, JJA, SON) and annually. a-e)
Spearman correlation, f-j) RMSE, k-o) Brier score, p-t) mean bias. The RhiresD data set
also contains the northern catchments in addition to Switzerland .

small and topographically heterogeneous area of Switzerland, thus adding an additional
source of errors to the reconstruction.

2.4.2 Evaluation with independent data

A comparison with independent observations allowed us to assess the performance of the
reconstruction in the reconstructed period itself, but the quality of the observations has
to be considered. Temperature observations with removed seasonality in Aarau, Fribourg,
Herisau, and Tegerfelden show Pearson correlations mostly above 0.85 (Fig. 2.7a-d). Nufe-
nen, Bellinzona, and Luzern show considerably lower values. The same pattern is also seen
for the MSESS. RMSEs range between 1 and 4◦ C. Again, Aarau, Fribourg, Herisau, and
Tegerfelden have the smallest errors. The mean bias based on absolute values is mostly
between -2 and 2◦ C for Fribourg, Herisau, and Tegerfelden. For Bellinzona, Luzern, and
Nufenen, the reconstruction shows colder values than the observations in all seasons.

Fribourg, Herisau, Tegerfelden, and Aarau are all located in areas with a high station
density (see Fig. 2.1). This contributes to the better performance of the reconstruction in
these areas, but their good agreement confirms that for the Swiss Plateau our reconstruc-
tion provides useful results. Nufenen and Bellinzona show the lowest correlation values
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and the largest biases. For Bellinzona, Brönnimann and Brugnara (2022) showed that the
subdaily measurements in July are considerably warmer than what is expected from the
daily cycle representative of this area, most likely because of radiative biases. This would
explain the fact that the reconstruction is colder than the observations, which is especially
pronounced in summer (Fig. 2.7e). Furthermore, Bellinzona lies in an area with no nearby
observations used in the reconstruction. Due to this we would expect cold mean biases
for winter as seen in the cross-validation but not for summer (Fig. 2.3). For Nufenen, the
closest grid cell in the reconstruction corresponds to an altitude of 1866 m a.s.l., whereas
the village Nufenen, where the measurements were taken, is at 1580 m a.s.l. Thus, 300 m
of altitudinal difference can explain the large negative biases found between observation
and reconstruction.

For precipitation, a comparison with independent observations is only possible for a series
of precipitation occurrence in Bern between 1807 and 1818. Based on the cross-validation,
we can expect a Brier score of between 0.15 and 0.2 (i.e. up to 20 % of the days are
wrongly assigned to a wet or dry day) for this location and the respective network. The
Brier-score between the closest grid cell in Bern and the precipitation occurrence series from
weather notes yields 0.24, and is thus, higher than the cross-validation results. However,
we compare a station measurement with a grid cell (of 1x1 km) covering a slightly different
scale. Also, precipitation occurrence may have a problem with accounting for nighttime
precipitation correctly for the exact day of the weather notes. The gridded data are a
daily sum between 06:00 in the morning and 06:00 the next day, while this may not be
entirely clear for the weather notes. Figure 2.7f shows precipitation occurrence for a dry
(1811) and a very wet year (1816). Long-lasting dry spells such as in March and April
1811 are captured by the reconstruction, as well as the overall wet summer of 1816, but
for individual days, reconstructions deviate from observations. This is also seen in the
comparison of the monthly wet-day frequency from the reconstruction and observation
(Fig. 2.7g), which agree well overall (Pearson correlation of 0.84).

2.4.3 Assessment of long-term variability

The 258-year-long reconstructions should reproduce daily weather and long-term variability
in temperature and precipitation over Switzerland. We assess this long-term variability by
comparing the field mean of our data set to other data sets covering the same or similar
periods (Valler et al., 2022; Casty et al., 2005; Brugnara et al., 2022; MeteoSwiss, 2021c).
These data sets consist either of only observations, statistical reconstructions based on
proxy data and observations, or reanalyses. The data sets are not independent from the
Swiss reconstruction since they rely on the same or similar input data and they are also
not independent from each other. For details about the input data refer to the references.
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The annual temperature anomalies with respect to the 1871 to 1900 climatology agree well
in all data sets for the reconstruction period from 1864 to 2020 (Fig. 2.8a). This period
has good coverage of temperature data with high quality, and, thus, a good agreement
can be expected. Only the reconstruction by Casty et al. (2005) (hereafter referred to as
Casty) is colder in the first half of the 20th century. Also, the data sets with a lower spatial
resolution (EKF400v2, Casty) do not capture the steep warming at the end of the 20th

century. Before 1864, deviations between the data sets are larger. The annual mean of
the Swiss reconstruction is up to 0.5 ◦ C warmer than EKF400v2 and the Swiss Plateau
series before 1800. The temperature differences are larger in winter than in summer (not
shown). There are several reasons this might lead to the warmer temperatures in the Swiss
reconstruction. EKF400v2 is used for homogenization and for calculating an offset between
the reference period and the historical period. This offset might be too small especially in
winter, since EKF400v2 is colder than the Swiss data in winter in the reference period.

The agreement between the precipitation reconstructions is much lower (Fig. 2.8b). After
1864, all data sets reproduce similar patterns, but with different magnitudes. Differences in
the anomalies reach up to 3 % when comparing our reconstruction to RrecabsM1864 (Me-
teoSwiss, 2021c). Before 1864, differences among the data sets are considerable. Whereas
the reconstruction of Casty partly agrees in terms of the direction of the signal with the
Swiss reconstruction, EKF400v2 does not agree at all. Also, the Swiss reconstruction is
on average drier before 1864 compared to the period after 1864. The smoothed time series
only shows periods (around 1770 and 1850) with wetter conditions than the average from
1871 to 1900. Since very little information on absolute precipitation enters the reconstruc-
tion and the bias correction might not fully correct the dry bias, too dry a reconstruction
can be expected. However, individual years, such as 1816, the "year without a summer"
(e.g. Luterbacher and Pfister, 2015), and the wet summer of 1770 (see next section), do
show large positive precipitation anomalies (Fig. 2.8b and Fig. A.5d). The precipitation
reconstruction, therefore, needs to be used with care. Also, note that the main aim of the
reconstruction was to create daily fields rather than creating a reconstruction with good
long-term consistency. This needs to be considered when using the data set.
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Figure 2.7: Evaluation of the closest grid point from the reconstruction and the observations
for values with removed seasonality. a) Pearson correlation, b) RMSE, c) MSESS, and d)
mean bias. Each box shows the four seasons and annual values on the top x axis and the
different locations on the y axis. Locations are marked with an asterisk in Fig. 1a. e)
Time series of two observations in Fribourg and Bellinzona and the closest grid points of
the reconstruction for the year 1831. f) Wet days for the observations from weather notes
in Bern and reconstruction for 2 years 1811 and 1816. A wet day is marked with a blue
bar and a missing observation is marked with a grey bar. Green bars show the days that
are correctly assigned to wet and dry. g) Comparison of the monthly wet-day frequency for
the period of 1807 to 1818 for the data from f).
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Figure 2.8: a) Long-term evolution of annual temperature anomalies in different data sets.
b) Long-term evolution of annual precipitation anomalies as a percentage deviation from
the mean. The time series are smoothed with a Gaussian filter (sigma = 3 years). Grey
dots show reconstructed annual anomalies. All anomalies are calculated with respect to the
1871-1900 climatology for each data set. The time series either represent the field means
(Trecabs/Rrecabs, Swiss reconstruction) or the closest grid point of the data set. The Swiss
Plateau time series is based on the Bern and Zurich series as described in (Brugnara et al.,
2022).
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2.5 Case study: the European famine years 1770 to 1772

During the years 1770 to 1772 central Europe was hit by a severe famine which was
considered one of the most devastating socio-ecological extreme events of the Little Ice
Age. According to Collet (2018), the famine may have been of a similar magnitude to
the famines of the 1315s and 1570s, causing hundreds of thousands of deaths. The crisis
was related to long-lasting wet and cold conditions between 1769 and 1772 from France to
Ukraine and Switzerland to Scandinavia. It hit a society with low coping capacities, and
a very high cereal dependence beyond mere consumption; cereals were the key staple food
but also served as a means of payment and taxation. This "cereal society" in Europe was
highly vulnerable to adverse weather conditions, especially during the summer months. In
the Czech Republic, around 10 % of the population died due to consecutive crop failures
in the third year of the famine from 1771 to 1772 (Pfister and Brázdil, 2006). In contrast,
for Switzerland, Pfister and Brázdil (2006) demonstrated that despite a loss of harvest,
the famine was less severe due to a low social vulnerability by contemporary standards,
effective interventions by the state, and the climate anomaly affecting only two harvests.

Collet (2018) summarized data from societal and natural archives describing the climate
anomaly across Europe. According to him, the devastating impacts of the adverse weather
were related to its length rather than its intensity. In fact, it has not been shown to be an
outstanding climate anomaly with respect to magnitudes of temperature and precipitation
anomalies in climate reconstructions (Luterbacher et al., 2004; PAGES2kConsortium, 2013;
Pauling et al., 2006). A composite of 1769 to 1771 from the old world drought atlas shows
however very wet conditions mainly for a limited area of south-eastern Germany, northern
Austria, and the western Czech Republic (Cook et al., 2015).

For Switzerland, we summarized documentary sources that reported the wet and cold
weather conditions and related impacts for the summer half year of 1770 (Table 2.3). These
reports include, for example, late snowfall, continuous snow cover, rain and flood impacts,
and poor harvests. With our reconstructed daily fields, we tried to confirm the long-lasting
wet and cold conditions described. However, the lack of precipitation observations in the
reconstruction in particular has to be kept in mind.
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The area mean of the Swiss reconstruction does indeed show monthly precipitation anoma-
lies (with respect to the 1763 to 1812 climatology) which are constantly above average for
a period from 1769 to the end of 1771 (Fig. 2.9a). Two other data sets EKF400v2, (Valler
et al., 2022) and Casty (Casty et al., 2005), show peaks in 1770 and 1771 but not the
persistent positive precipitation anomalies. Note that we use a 12-month running mean
for the time series shown and that we select the closest grid cells in EKF400v2 and Casty.
Thus, the data are not representative of exactly the same area. Temperature anomalies
are negative, especially for the first half year of 1770 but also for the beginning of 1771
(Fig. 2.9b). For temperature, the three data sets agree well, which is not the case for
precipitation. For precipitation, however, the data sets agree better starting in the 19th

century (not shown).

Crop failure mainly relates to adverse weather conditions during the growing seasons. To
track these adverse weather conditions, we exemplarily have a look at the summer half
year 1770. Several sources report on abundant snowfall for the month of April 1770 (Table
2.3) which may have delayed the start of the growing season. Days with snowfall were
calculated using a threshold of 2◦ C for daily mean temperature and 1 mm for precipita-
tion as it has been derived by Zubler et al. (2014). Optimal temperature thresholds for
distinguishing snow from rain, however, depend heavily on the relative humidity of the
air, which we do not have as a parameter for the historical time period, and they depend
on the season (Jennings et al., 2018; Kienzle, 2008). Large parts of Switzerland show an
above-average number of days with snowfall with respect to the 1763 to 1812 April cli-
matology (Fig. 2.10a). In the pre-Alps and the Jura, up to 12 d more snowfall occurred
than on average. For the surrounding hills of Bern and Gurzelen, for which historical
sources reported snowfall, up to 3 snowfall days more occurred than usual, which, in rela-
tive terms, is almost a doubling with respect to the April climatology. In lower elevation
areas in the Swiss Plateau, low-elevation mountain valleys, and the Ticino no snow days
were registered in the reconstruction. For example, for Basel, weather notes by d’Annone
(Brönnimann and Brugnara, 2020a) note snowfall for 4 d, but from our reconstruction no
snowfall can be inferred. However, using daily data for snow detection is difficult, as the
threshold for snow to occur may be reached at some point during the day, whereas it is
not reached based on the daily mean; this is particularly the case in spring. Indeed, daily
temperature values in Basel by d’Annone never reached values below 2.5◦ C. However,
the early morning measurements, for example, reached 1.6 and 1.9◦ C on the days when
snowfall was reported.

Crops require a certain amount of accumulated heat to reach their different phenological
stages. The growing degree day (GDD) index can be used to express the heat accumulation
needed until a phenological stage is reached (Wypych et al., 2017). The index is calculated
as the sum of daily mean temperature above a certain threshold of daily mean temperature
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(e.g. Bonhomme, 2000). Here, we set this threshold to 5◦ C. At a GDD of 1000◦ C, various
cereals, such as oat, barley and wheat, reach their seed-filling phase (Miller et al., 2001).
In the summer of 1770, a GDD of 1000 ◦ C was reached around 15 da later in the Swiss
Plateau than what would be expected on average for the period from 1763 to 1812. For
higher-altitude locations, it was even reached up to 30 d later. This growth stage was
therefore delayed by around half a month in the year 1770 (Fig. 2.10a). However, the
weather conditions at later stages are also relevant for plant development and harvest.
In the summer half year of 1770, the number of cold days was increased, which can be
seen in the anomaly of a cold-day index, i.e. the number of days below the 20th quantile
calculated for each day of the year. It shows above-average cold days ranging from +5 to
+30 d (Fig. 2.10b) mainly for the area north of the Alps. In southern Switzerland, this
was less pronounced, and only between 0 and 10 more cold days were registered.

Historical sources also reported wet conditions throughout the summer, for example for
Lake Constance and the Rhine Valley (see Table 2.3, Paffrath (1915) and Walser (1731)).
For the summer season from April to September 1770, in most of northern Switzerland
above-average wet days were recorded with areas reaching up to 125 % wet days compared
to the climatology of 1763 to 1812 (Fig.2.10c). In the very south of southern Switzerland,
an above-average number of wet days was also recorded, although some areas also show
an around average number of wet days. These values thus confirm the reports of wetter
than usual weather.

However, if we compare the summer of 1770 to the summer of 1816 in our reconstruction,
which is known as "the year without a summer" because of its very wet and cold conditions
(Flückiger et al., 2017; Luterbacher and Pfister, 2015), these anomalies become small (see
Appendix, Fig. A.5). In 1816, a GDD of 1000 was reached in the Swiss Plateau on
average 20 to 25 d later. The area where a GDD of 1000 is never reached is much larger,
meaning that some cereals never fully developed. Up to 50 more cold days were registered
during the summer of 1816, and wet days increased to up to 150 % compared to the
1763 to 1812 climatology. The summer of 1816 was, therefore, considerably more extreme.
Our reconstruction might also be more accurate for the summer of 1816, particularly for
precipitation, as up to four precipitation/precipitation occurrence time series and also
considerably more temperature measurements were available in 1816.

With the reconstruction, we are nevertheless able to reproduce the wet and cold weather
during 1769 to 1771 in Switzerland, which caused severe famines in parts of central Europe.
Studies showed that, based on such gridded data sets, crop yields (Flückiger et al., 2017),
for example, can be simulated. Such follow-up studies could also be applied to quantita-
tively reproduce crop losses for this famine for Switzerland based on the reconstruction
presented here, or even for the all of Europe.
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Figure 2.9: a) Area mean of monthly precipitation anomalies with respect to the monthly
1763 to 1812 means for the precipitation reconstruction (coloured bars); lines show the
closest grid point of EKF400v2 (dashed) and of the reconstruction from Casty (solid). b)
Area mean of monthly temperature anomalies with respect to 1763 to 1812 for the tem-
perature reconstruction; lines show the closest grid point of EKF400v2 (dashed) and the
reconstruction from Casty (solid). All values are a mean over a 12-month window.

Figure 2.10: a) Anomaly of the number of days with snowfall for April 1770. Black dots de-
note areas where abundant snowfall was reported in historical sources. b) Anomaly in days
for the year 1770 when the threshold of 1000 GDDs was reached. Light-grey areas denote
values where no climatology of a 1000 GDD threshold was calculated because the threshold
was reached in less than 75 % of the years between 1763 and 1812. Dark grey denotes areas
where the threshold of 1000 GDDs was not reached in the year 1770. c) Anomaly of the
number of cold days (days below the 20th percentile of daily mean temperature) for April
to September 1770. d) Wet-day anomaly in percentage for April to September 1770. All
anomalies are calculated with respect to the 1763 to 1812 climatology.
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2.6 Conclusion

In this study, we present a reconstruction of 258 years of high-resolution daily tempera-
ture and precipitation fields for Switzerland covering the period of 1763 to 2020. The data
set is available in the open-access repository PANGAEA (https://doi.pangaea.de/10.1594/
PANGAEA.950236) (Imfeld et al., 2022). Meteorological fields were resampled based on
the most similar days in a reference period calculated from station measurements. The
resampled temperature fields were further improved with data assimilation and the resam-
pled precipitation fields were bias corrected with quantile mapping. Extending a daily
reconstruction for Switzerland as far back as the end of the 18th century was possible be-
cause of the data rescue efforts of CHIMES and follow-up projects (Brugnara et al., 2020b;
Pfister et al., 2019; Brugnara et al., 2022).

Despite the considerable decrease in observations before 1864, the reconstruction still shows
good results. Pearson correlations from a cross-validation of de-seasonalized temperature
are between 0.58 and 0.99 and RMSEs are as high as 5◦ C including the very sparse network
set-ups. Because very few or no station observations are available for the Alps and the
south side of the Alps, the performance is considerably reduced in these regions. Cross-
validation results for precipitation show lower performance than for temperature because
few precipitation data were available and because precipitation is highly heterogeneous
in space. The use of weather notes transformed to precipitation occurrence, however,
increased the Spearman correlation and Brier score, especially around the measurement
locations, but it decreased rapidly with increasing distance from the observations.

The validation with independent station data confirmed the better reconstruction skills
for temperature for stations in the Plateau region and worse results for stations in the
Alps. A comparison with an independent time series of precipitation occurrence showed
that around 76 % of the days are assigned to wet or dry days correctly and that the
reconstruction was able to reproduce the monthly wet-day frequencies, indicating that the
few observations of precipitation occurrence helped to reconstruct the monthly signal.

However, several limitations have to be considered, when working with the data set. The
results of the cross-validation cannot be used directly to infer the reconstruction skill in
the historical period because the data quality differs and data gaps in the historical period
have not been filled. Early instrumental data are a valuable source of information on
daily weather in the 17th, 18th, and 19th centuries, but they come with uncertainties that
are often hard to correct. A reconstruction based on such data inherits these errors and
uncertainties. Also, the method assumes that our analogue pool represents the weather
of the previous 200 years, but the 60 years of our analogue pool may not cover enough
extreme events, which we are thus not able to reconstruct. Furthermore, the lack of

https://doi.pangaea.de/10.1594/PANGAEA.950236
https://doi.pangaea.de/10.1594/PANGAEA.950236
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stations south of the Alps and in the Alps considerably lowers the reconstruction quality
in these areas. Reconstruction errors were large in the south of Switzerland especially for
precipitation, because the Alps act as a climatological barrier. Measurements would be
needed to create a valid reconstruction for this area. Lastly, the changes in the network
introduce inhomogeneities that need to be considered when working with long-term data.

Nevertheless, our case study on the famine years 1769 to 1772 shows that the wet and cold
weather described in various documentary sources is reproduced in the reconstruction.
The summer of 1770 was, for example, wetter and cooler than average, but it did not by
far reach the wet and cold conditions of the summer of 1816 in Switzerland. The new
reconstruction also opens up options of studying similar events in more detail, for example
by feeding the reconstructed fields into crop models or hydrological models.

Further improvements in the data set could be obtained by incorporating more and better-
corrected data. In particular, the long time series such as they have been created for Bern,
Basel, Geneva, and Zurich (Brugnara et al., 2022) are very valuable. Despite being very
tedious work, the precipitation reconstruction could profit substantially if more weather
notes were digitized. Other reconstruction approaches have been and are being explored
that could also contribute to improved reconstructions, for example machine learning tech-
niques and data assimilation for precipitation as well as methods including temporal in-
formation in the reconstruction. Furthermore, for some applications, not only daily mean
temperature but also minimum and maximum temperature, and sunshine duration are
needed and could be reconstructed in a similar manner since gridded data for a reference
period are available.
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Code availability

The code for the data preparation and the temperature and precipitation reconstruction
is available in the Supplement.
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are referenced in the sources of the article.
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Appendix

Figure A.1: Cross-validation results of all networks shown in Figure 1a-e with 11, 21, 32,
43, and 108 time series used for reconstructing the temperature fields. The cross-validation
results are based on annual de-seasonalized temperature anomalies during 1961-2020. a-e)
Pearson correlation, f-j) RMSE, k-o) MSESS, and p-t) mean bias.
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Figure A.2: Cross-validation results of all networks shown in Figure 1a-e with 11, 21,
32, 43, and 108 time series used for reconstructing the precipitation fields. The cross-
validation results are based on annual daily precipitation during 1961-2020. a-e) Spearman
correlation, f-j) RMSE, k-o) Brier score, and p-t) mean bias. The RhiresD data set also
contains the northern catchments that drain into Switzerland.
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Figure A.3: a-e) Differences between the area mean autocorrelation of the original grid and
the reconstructed grid for the five different networks and for five regions of Switzerland.
f) Autocorrelation at lag day 1 to 20 for the original grid and for five regions covering
Switzerland. The analysis is performed on the cross-validation results for the period of
1961 to 2020. See Fig. 2.1 for the network set-ups. The regions correspond to the major
regions used for the national climate scenarios (NCCS, 2018).

Figure A.4: a-e) Differences in the fraction of wet days followed by wet days for the cross-
validations of the five networks (see Fig. 2.1) compared to the original data set (cross-
validation minus original). f-j) Same but for the fraction of dry days followed by dry days.
A wet day is defined as a day above 0.1 mm. The fractions are calculated across the entire
cross-validation period of 1961 to 2020.
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Figure A.5: a) Anomaly of the number of days with snowfall for April 1816. b) Anomaly
in days for the year 1816 when the threshold of 1000 GDDs was reached. Light-grey areas
denote values where no climatology of a 1000 GDD threshold was calculated because the
threshold was reached in less than 75% of the years between 1763 and 1812. Dark grey
denotes areas where the threshold of 1000 GDDs was not reached in the year 1816. c)
Anomaly of the number of cold days (days below the 20th percentile of daily mean tem-
perature) for April to September 1816. d) Wet-day anomaly in percentage for April to
September 1816. For comparison with the summer of 1770, all anomalies are calculated
with respect to the 1763 to 1812 climatology, which does not include the year 1816. Note
that the colour scales are different from Fig. 2.10.
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Abstract

Historical sources report manifold on hazardous past climate and weather events that had
considerable impacts on society. Studying changes in the occurrence or mechanisms behind
such events is, however, hampered by a lack of spatially and temporally complete weather
data. Especially, the spring season has received less attention in comparison to summer and
winter, but is nevertheless relevant since weather conditions in spring can delay vegetation
and create substantial damage due to for example late frost events. For Switzerland, we
created a daily high-resolution (1x1 km2) reconstruction of temperature and precipitation
fields from 1763 to 1960, that forms together with present-day meteorological fields a 258-
year-long gridded data set. With this data set, we study changes in longer-term climate
and historical weather events based on climate and phenological indices focusing on the
spring season.

Climate and phenological indices show few changes in the mean during the first 200 years,
but climate change signals clearly emerge in all indices in the most recent period. We
evaluate the climate and phenological indices for three cases of extreme spring weather
conditions, an unusually warm spring, two late frost events, and three cold springs. Warm
springs are much more frequent in the 21st century, but also in 1862 a very warm and early
spring occurred. Spring temperatures, however, do not agree on how anomalously warm
the spring was when comparing the Swiss reconstruction with reanalyses that extend back
to 1868. The three springs of 1785, 1837, and 1853, were particularly cold with historical
sources reporting for example prolonged lake freezing and abundant snowfall. Whereas
the springs of 1837 and 1853 were characterized by cold and wet conditions, in the spring
of 1785 wet days were below average, and, in particular, in the Swiss Plateau, frost days
reached an all-time maximum. Such inversion conditions are confirmed by mostly north-
easterly and high pressure weather types and historical sources describing prolonged Bise
conditions. Studying such historical events is valuable since similar atmospheric condi-
tions can also nowadays lead to cold springs affecting vegetation growth and agricultural
production.
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3.1 Introduction

Studies of long-term climate variability often focus on the summer or winter season. How-
ever, climate in spring is equally important, for example, for plant growth, and may have
far reaching impacts. Cold spells in spring can delay crop growth considerably, late frost
events can destroy harvests, and spring snowfall may put trees at risk. Moreover, late beech
leaf unfolding may prolong the spring wildfire season as sunlight penetrates to the ground
and dries the litter layer. Studying such adverse weather conditions in spring requires
daily data, from which targeted climate indices can be calculated. Studies have evaluated
changes in climate indices over the last few decades (e.g. Brown et al., 2010; Domínguez-
Castro et al., 2020; Zhang et al., 2011), also focusing specifically on spring conditions, such
as changes in late frost occurrence and safety margins of plants (e.g. Wypych et al., 2017;
Vitasse et al., 2018). Only very few studies, however, extended analyses of daily-based
climate indices across several centuries because the temporally complete daily data that
is needed is scarcely available (Brugnara et al., 2022; Parker et al., 1992; Diodato et al.,
2020). In particular from a historical perspective evaluating daily-based indices, such as
the occurrence of frost days or the occurrence of the last frost day in spring can be relevant
as they are often reported in historical documents (Zhang et al., 2011; Pfister et al., 2017).
Studying historical weather conditions in spring may also contribute to our understanding
of adverse spring weather since it extends the sample of extreme events.

For Switzerland, we created a daily high-resolution (1x1 km2) reconstruction of tempera-
ture and precipitation fields from 1763 to 1960 (Imfeld et al., 2023), that forms together
with present-day meteorological fields a 258-year-long gridded data (MeteoSwiss, 2021a,b).
This data set allows us to calculate impact-relevant climate and phenological indices for
the 258-year-long period and to study longer-term climate and past extreme springs since
1763. A dense network of phenological observations exists in Switzerland starting in 1951
(Auchmann et al., 2018; Brugnara et al., 2020a), but for earlier periods, historical pheno-
logical observations are sparse. Thus, we used numerical approaches to model phenology
from the gridded daily meteorological data.

This article is organized as follows. In Sect. 2, we describe the meteorological data used
to calculate climate and phenological indices. In Sect. 3, we describe the calculation of
the climate indices and the phenological application. In Sect. 4, we describe the long-
term changes in the climate and phenological indices, and analyze these indices for three
different extreme spring cases, a warm spring, two frost events, and three cold springs.
These results are discussed in Sect. 5. In Sect. 6, we conclude our article.



3.2. Data 68

3.2 Data

3.2.1 Meteorological data

For the calculation of climate and phenological indices, we used a reconstruction of 258
years of daily mean temperature and daily precipitation sums for Switzerland covering a
period from 2 January 1763 to 31 December 2020 with a resolution of 1 km (Imfeld et al.,
2023). For precipitation, the gridded dataset also covers catchment areas outside Switzer-
land. These meteorological fields were reconstructed with the analog resampling method,
quantile mapping, and data assimilation. The analog resampling and data assimilation
are performed using a large number of instrumental measurement series from Switzerland
and neighbouring regions. The data sets consist of two main sub-periods with different
reconstruction skills due to the availability and quality of the input data. From 1763 to
1864, the reconstruction shows good skills for daily temperature with correlations on aver-
age between 0.80 and 0.96 (calculated from the anomalies of a climatological annual cycle)
and root mean squared errors on average between 1 and 2.6 ◦C depending on the input
station network and season. For precipitation, the reconstruction skill for the period from
1763 to 1864 is considerably lower with correlations on average between 0.6 and 0.8 and
root mean squared errors between 6 and 10 mm depending on station network and season.
However, the number of monthly wet days compares well to independent observations. Af-
ter 1864, reconstruction skills are much improved across Switzerland for both temperature
and precipitation data. Despite the drawbacks in the early period, we used this novel data
set, since it is the first one offering daily data at a high spatial resolution. A detailed
description of the reconstruction is found in Imfeld et al. (2023).

3.2.2 Reanalyses and weather types

In addition, we used the station-based daily temperature time series for the Swiss Plateau
derived from the series of Bern and Zurich (Brugnara et al., 2022), further denoted as
the "Swiss series", the reanalysis 20CRv3 starting in 1807 (Slivinski et al., 2019), and the
Modern Era Reanalysis ModE-RA (Valler et al., in review) to calculate the same indices.
Note that these data sets are not fully independent of the Swiss reconstruction since they
all rely partly on the same input data. From the reanalysis 20CRv3, we selected out of
the four closest grid cells, the cell that correlates well and had a low bias compare to the
Swiss Plateau area mean value. For ModE-RA, we used the grid cell in the northwest of
Switzerland because it had a low biases in comparison to the Swiss Plateau area mean.
20CRv3 assimilates pressure observations from Hohenpeissenberg, Torino, and Geneva,
which are also used in the Swiss reconstruction (Imfeld et al., 2023), whereas ModE-RA
assimilates pressure, temperature, and wet days, but on a monthly resolution. 20CRv3
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and ModE-RA were further used to analyze similar atmospheric conditions during the
extreme spring examples. To evaluate the occurrence of weather types, we considered the
reconstruction of Schwander et al. (2017) starting in 1763.

3.3 Methods

3.3.1 Climate indices

We selected eight different climate indices for daily mean temperature and precipitation
(Tab. 3.1, upper row) which have been suggested by the Expert Team on Climate Change
Detection and Indices (ETCCDI) (e.g. Zhang et al., 2011). They are not exclusively based
on spring weather, i.e. some are influenced already by winter temperatures, but they
generally relate to conditions in spring. Because only daily mean temperature is available
for the period since 1763, we adjusted the indices to daily mean temperature. A frost
day was defined as a day with a daily mean temperature below 0 ◦C. Such a day is thus
colder than what is normally considered a frost day. The warm and cold spell indices were
calculated for the 10th and 90th percentile thresholds in the reference period of 1871 to
1900 for daily mean temperature and not minimum and maximum temperature. Snowfall
days were calculated according to Zubler et al. (2014) using a threshold of at least 1 mm
for precipitation and less than 2 ◦C for daily mean temperature. Further, we calculated
the growing season start based on the first 6 d with daily mean temperature above 5 ◦C in
a year. The growing season length index, which is based on the growing season start, has
been criticized for a high inter-annual variability related to the fact that the index operates
on synoptic time scales (Cornes et al., 2019), rather than representing the conditions within
a whole season. Thus, we also used the growing degree days index that can be seen as a
starting point for spring vegetation based on different thresholds (Wypych et al., 2017).

All indices were calculated for the entire available period from 1763 to 2020 and for the
months of March to May for aggregated indices. Long-term changes in the indices were
discussed based on 30-year mean values for eight climatological periods from 1781 to 1810,
1811 to 1840, 1841 to 1870, 1871 to 1900, 1901 to 1930, 1931 to 1960, 1961 to 1990, and
1991 to 2020. Anomalies are shown as a deviation from the pre-industrial reference period
of 1871 to 1900 as it is defined in Begert et al. (2019). For the calculation of indices
based on the Swiss Plateau series (Brugnara et al., 2022), the entire year/season was set
to missing for growing season start and growing degree days if a missing value occurred.
For aggregated indices (e.g. frost days, wet days), a value was set to missing if more than
10 % of the values in an aggregation period were missing. Further definitions can be found
in Table 3.1.

All calculated indices for a monthly, seasonal, and annual time aggregation for the period
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1763 to 2020 are published at the open-access repository PANGAEA (Imfeld et al., in
review).

Table 3.1: Climate and phenological indices. The phenological model descriptions are found
in Appendix 3.6

Climate index (Abbr.) Definition Units

Growing season start (GSS) First day of at least 6 d with daily mean day-of-year
temperature > 5 ◦C

Growing degree days (GDD) Accumulated temperature > 5 ◦C reaching day-of-year
200 GDD

Frost days (FD) Number of frost days with daily mean days
temperature ≤ 0 ◦C

Last frost day (LFD) Last day of the first half of the year with day-of-year
daily mean temperature ≤ 0 ◦C

Cold spell index (CSDI) Number of 5 consecutive days with daily days
mean temperature > 20th percentile

Warm spell index (WSDI) Number of 5 consecutive days with daily days
mean temperature < 80th percentile

Wet days (WD) Number of days with daily precipitation days
≥ 1 mm

Snowfall days (SD) Number of days with daily mean temperature days
< 2 ◦C and daily precipitation sum ≥ 1 mm

Phenological index Description and scientific name Model

Cherry full flowering Prunus avium - flowering (50 %) PTT
Beech leaf unfolding Fagus sylvatica - leaf unfolding (50 %) TT
Frost index Accumulated temperature below 0 ◦C -

after phenological phase

3.3.2 Phenological application

To study the impacts of past weather on the spring vegetation, we calculated the cherry
full flowering and beech leaf unfolding day-of-year from daily mean temperature data.
Cherry flowering occurs around mid April in the Swiss Plateau and can thus serve as
a good indication for the state of the spring vegetation. Beech leaf unfolding occurs
around the beginning of May in the Swiss Plateau and is thus representative of later
spring vegetation. The phenological phases refer to the day of the year when 50 % of
the cherry tree is blooming, resp. 50 % of the beech leafs are unfolding. We used the
phenological observations of the Swiss phenological network (SPN) between 1951 and 2020
for calibrating and reconstructing the phenological phases during the 258-year long period.
Only series with a quality class of at least 3 were used leading to a total of 68 (56) time
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series for cherry flowering (beech leaf unfolding) with record lengths between 35 and 71
years distributed across Switzerland (Auchmann et al., 2018; Brugnara et al., 2020a). For
cherry full flowering only grid cells below 1600 m a.s.l. where considered because the
observational network only includes observations below this altitude.

The cherry full flowering time was estimated using a photo thermal time model (PTT)
as implemented in the phenor R package (Hufkens et al., 2018) for which 3 parameters
needed to be calibrated (Appendix 3.6, Eq. 3.1 and Eq. 3.2). Beech leaf unfolding was
estimated using a thermal time model (TT) which also is based on 3 parameters but no
term accounting for daylength, i.e. photoperiod (Appendix 3.6, Eq. 3.1 and Eq. 3.3). The
model parameters were calibrated with a Markov Chain Monte Carlo differential evolution
sampler with snooker update (Ter Braak and Vrugt, 2008; Hartig et al., 2023) and run with
18000 iteration across 3 chains. Bayesian model calibration has been shown to perform
well for the calibration of phenological models (e.g. Meier and Bigler, 2023; Fu et al., 2012)
and it further allows for assessing the uncertainty and convergence of model parameters.
For the prior distributions of the parameters a uniform distribution with pre-set bounds
as defined in Hufkens et al. (2018) were used. The model calibration converged with a
potential scale reduction factors of 1.02 or below (Gelman and Rubin, 1992). Figure A.1
in Appendix A shows the trace of the calibrated parameters for the 6000 iterations and the
marginal densities thereof. Figure A.2b shows the root mean square error from a cross-
validation based on station data. We added both phenological phases to the provided
indices on PANGAEA (Imfeld et al., in review), but in the following only discuss cherry
full flowering.

For comparing the phenological reconstructions to independent historical observations, we
used the time series for full flowering of cherry in Liestal (Canton of Baselland) starting in
1894 (Defila and Clot, 2001) and a composite time series of cherry flowering from different
historical sources representative of the Swiss Plateau by (Rutishauser et al., 2003; Burgdorf
et al., 2023).

The cherry full flowering was further used to study the frost occurrence after flowering
that could cause damage to trees. A frost index was calculated following Lhotka and
Brönnimann (2020) by accumulating daily mean temperature below 0 ◦C from the onset
of cherry flowering (minus 3 d) until the 30th June. This yielded an estimate of the area
affected by late frost and the intensity of the frost occurring.
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3.4 Results

3.4.1 Longterm changes in climate and phenological indices

Most climate indices showed few differences in their climatological mean in the first five
periods from 1781 to 1900 (Fig. 3.1). The Swiss climatological reference period from 1871
to 1900 showed slightly colder conditions in some of the indices compared to the earlier
periods. Growing degree days were up to 5 d earlier in the Swiss Plateau in the periods
between 1781 to 1870 compared to the 1871 to 1900 period, up to 4 frost days less were
registered in these periods, and up to 8 warm spell days more. Figure A.3 in Appendix B
shows the anomalies of the seven periods with respect to the pre-industrial mean period
from 1871 to 1900 (Begert et al., 2019).

Figure 3.1: 30-year climatological mean for climate indices for the eight periods between
1781 to 2020. a) Growing season start, b) growing degree days, c) last frost day, d) frost
days, e) warm spell duration index, f) cold spell duration index, g) snowfall days, h) wet
days, and i) cherry full flowering day-of-year. Light grey areas depict areas, where the
indices was not reached in more than 75 % of the years in a period or we did not calculate
the index because the grid cells are above 1600 m a.s.l. (last row).
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Warmer conditions emerged in all indices for the three periods from 1931 onward. The
1931 to 1960 period showed earlier growing season start and earlier growing degree days
compared to the period from 1961 to 1900, but few differences in frost days, last frost
days, and warm and cold spells. Very clear differences emerged in the last period of 1991
to 2020 (Fig. 3.1, last column). Across Switzerland, the growing season started up to 24 d
earlier than in the pre-industrial period 1871 to 1900. The 200 GDD was reached up to 25
d earlier, and the last frost days occurred up to 25 d earlier compared to the pre-industrial
period 1871 to 1900. Warm spell days increased by up to 20 d, whereas cold spell days
decreased by up to 10 d. P values from the comparison of the climatological mean and
the pre-industrial mean with a Student’s t test show that for most indices the last period
significantly differs at a 0.05 confidence level (not shown).

For the precipitation-related indices snowfall days and wet days, differences only ranged
between -5 to +5 d throughout all periods (Fig. 3.1 and A.3g and h). The first two periods
showed a north-south precipitation difference compared to the pre-industrial mean, which is
likely an artifact of the dataset due to the lack of precipitation data before 1864 in southern
Switzerland. The 1931 to 1960 period showed fewer snowfall days and wet days than the
pre-industrial reference period. This period also included a prolonged episode of warm and
dry years between 1945 to 1952 in Switzerland and Western Europe (Imfeld et al., 2022).
The period from 1961 to 1990 showed no differences in snowfall days compared to the pre-
industrial period, whereas the 1991 to 2020 period showed up to 5 d fewer snowfall days.
Similarly, wet days did not show any difference in the 1961 to 1990 period, whereas they
decreased in the last period. For snowfall days, the differences in the mean value became
significant at a 0.05 level for the last period compared to the pre-industrial reference period
(not shown).

Based on our reconstruction, cherry flowering occurred on average between mid and end of
April in the Swiss Plateau during the pre-industrial period from 1871 to 1900 (Fig. 3.1 i).
The flowering phase did not show considerable changes in the mean in the first five periods
until 1930. Changes become apparent in the period of 1931 to 1960 at higher locations,
and much more pronounced again in 1991 to 2020 with between 5 and 15 d earlier than
in the pre-industrial reference period (see also Appendix Fig. A.3). The Student’s t test
showed significant differences at a level of 0.05 in parts of Switzerland already in the 1931
to 1960 period (not shown).

Time series for the area-mean of the Swiss Plateau region (Swiss recon), for the 20CRv3
reanalysis, the merged time series from Zurich and Bern (Swiss series), and the ensemble
mean of ModE-RA depict a steep trend of the indices in the late 1980s for daily mean
temperature and GDD (Fig. 3.2a and b). 20CRv3 shows lower temperatures, e.g. leading
to later GDD, in the period from 1806 to around 1835, which is also a period where few
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Figure 3.2: a) Mean temperature, b) growing degree days, c) number of frost days, d) cherry
flowering in Liestal for the reconstruction and the observations of Liestal (Defila and Clot,
2001), and f) mean cherry flowering in the Swiss Plateau for the reconstruction and the
composite series of Rutishauser et al. (2003). Note that for the Swiss series, NA values
are removed. The time series of the Swiss gridded reconstruction set cover the area of
the Swiss Plateau. ModE-RA shows the ensemble mean, and the minimum and maximum
member. 20CRv3 shows the ensemble mean and the spread.

observations were assimilated into 20CRv3 (Slivinski et al., 2021, 2019). ModE-RA agrees
well with the Swiss reconstruction and the Swiss series in the 18th and 19th century, whereas
it is on average colder than the other data sets in the 20th century. Notably cold springs
in the time series are 1785, which also showed a much higher number of frost days in
the Swiss Plateau than any other year, and 1837, which is together with 1785 the coldest
spring in the 258-year-long time series. On the other hand, several springs showed quite
high temperatures, comparable to the beginning of the 21st century. The most prominent
among these is the spring of 1862.

The trend towards earlier flowering is also seen in the cherry flowering time series, with
much earlier dates after 1989. For the cherry tree in Liestal, the Pearson correlation be-
tween the reconstruction and the observation was 0.85, but the reconstruction showed a
mean bias of 7.36 d (Fig. 3.2d). For the composite cherry flowering from Rutishauser
et al. (2003), Pearson correlation was 0.67 and the mean bias 2.97 d (Fig. 3.2e). Despite
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the biases between the reconstruction and the historical observations, the phenological
reconstruction reproduced the overall variability throughout the years. Thus, the recon-
struction offers an estimate to study cherry flowering in the past across Switzerland. The
earliest flowering occurred in 2017 (4th April), which was related to a damaging frost event
in Switzerland (Vitasse and Rebetez, 2018). The latest flowering happened in 1785 (15th

May), followed by 1853 (12th May), and other late years with cherry flowering between 9
and 10 of May were for example 1770 (a prolonged cold and wet period; see Collet 2018
and Imfeld et al. 2023), 1817 (after the year without a summer; see Flückiger et al. 2017),
1808, 1932, and 1837.

3.4.2 Examples of extreme springs

Based on these climate and phenological indices, we studied three examples of extreme
spring conditions, that may affect for example vegetation growth in spring. Namely, we
considered the early warm spring in 1862, the occurrence of late frost events in 1873 and
1957, and the three years 1785, 1837, and 1853 with especially cold springs and late cherry
flowering. In addition to the presented indices, we analyzed atmospheric variables for
illustration of the weather conditions during the extreme spring cases, and we qualitatively
evaluated historical sources reporting the weather conditions and weather-related impacts.

3.4.2.1 The warm spring in 1862

Very warm springs considerably increased after the 1980s (Fig. 3.2a). However, also in the
late 18th and early 19th century several warm springs with high daily mean temperature
and for example, early reach of 200 GDD occurred (Fig. 3.2). The spring of 1862 in
particular, stands out with a mean temperature of 10.4 ◦C between March and May in
the Swiss Plateau and based on the gridded reconstruction. It ranks as the third warmest
spring since 1763 after the two warmest springs 2011 (11 ◦C) and 2007 (10.9 ◦C). With
respect to the climatological period 1841 to 1870, 1862 was exceptionally warm with an
anomaly of 2.9 ◦C for the Swiss Plateau area mean. In contrast, the second (1841) and
third (1846) warmest springs in the 1841 to 1870 period showed less pronounced anomalies
of 1.8 and 1.1 ◦C. The warmest spring in 2011 had an anomaly of only 1.8◦C with respect
to its mean climate from 1991 to 2020. We also considered the Swiss series of Bern and
Zurich (Brugnara et al., 2022) and 2 m temperature from 20CRv3 (Slivinski et al., 2019).
In the Swiss series, the spring of 1862 ranks seventh with a mean temperature of 10.09 ◦C
between March and May. It had an anomaly of 2.8 ◦C considering the mean of the period
from 1841 to 1870, whereas 2011 it had an anomaly of 1.8 ◦C considering its mean climate
from 1991 to 2020. Thus, the anomalies were very similar and the spring of 1862 seemed
to be unusually warm for this period. In 20CRv3, the anomaly of the spring 1862 was
lower with 1.9 ◦C with respect to the 1841 to 1870 period. Across all years, the spring of
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Figure 3.3: Anomalies of mean seasonal temperature, warm spell duration index, wet days,
snowfall days, and cherry flowering date for the two warm springs of a) 1862 and b) 2011.
All anomalies are calculated with respect to March to May for the period 1871 to 1900.

Figure 3.4: a) Geopotential height field (gpm) at the 500 hPa level (contours) and its
anomalies (shading) for the March to May mean in 1862 and 2011. b) The period during
and after a cold air outbreak in April 1862. Anomalies are calculated with respect to 1871
to 1900. Yellow lines show the blocking frequencies (0.05 and 0.1) across all time steps
and all members. The data is from 20CRv3 (Slivinski et al., 2019).

1862 only ranks 17th in 20CRv3. In contrast, in ModE-RA, which ends in 2008, the spring
of 1862 showed the highest temperature across the period from 1763 to 2008 and had an
anomaly of 2.6 ◦C concerning the 1841 to 1870 mean. The spring of 2007 was the second
warmest, but 2011 is missing for comparison. The number of assimilated observations in
ModE-RA, however, gradually reduces towards the 21st century affecting the temperature
analysis (Valler et al., in review).

For both, the warmest spring of 2011 and the warm pre-industrial spring of 1862, climate
indices showed above-average temperatures and an above-average number of warm spell
days across the entire Switzerland, though much more pronounced in 2011 (Fig. 3.3). Both
springs showed mostly fewer wet days and fewer snowfall days than on average between
1871 and 1900. Cherry flowering was in certain areas up to 24 d advanced, in particular
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at higher altitudes.

Over eastern Europe, 20CRv3 showed only a very weak positive geopotential height anomaly
at the 500 hPa level for the mean of the spring months March to May 1862 (Fig. 3.4a).
For the spring of 2011, a more pronounced positive geopotential height anomaly at the 500
hPa level was present over western Europe indicating that Switzerland was affected by the
warmer and drier conditions (Fig. 3.4b). In the spring of 1862, a cold anomaly in mid-April
interrupted the warm weather (Fig. 3.4c) leading to frost and snowfall over Switzerland,
but, for example, for Aarau as mentioned above no reports on vegetation damage were
found (Zschokke, 1865). After the cold spell, a pronounced ridge established again over
Western Europe leading to the warm spring weather (Fig. 3.4d). In ModE-RA, for which
1862 is the warmest spring in the 1763 to 2008 period, the geopotential height field of
March to May was comparable to 20CRv3. Still, the respective temperature anomalies
were more pronounced than in 20CRv3 (see e.g. Fig. 3.2 and anomalies in the text above)
(Appendix, Fig. A.4).

Historical sources indeed reported an unusual early snow-free period in spring 1862 in
Ursern, a valley in the Canton of Uri (Ambühl, 1961). Already very early in the year the
Gotthard was passed by carriage and not sled (Zschokke, 1865) which could point to warm
weather leading to early snow-melting, but also to less snowfall in the months before. For
Aarau, Theodor Zschokke reported unusual advances in the vegetation, for example, a
start of the cherry flowering as early as the 6th of April. In our reconstruction the cherry
flowering happened on the 8th April in Aarau and on average on the 11th April in the Swiss
Plateau. The snowfall and frost that occurred in mid-April did not lead to damage in
lower-lying areas (Zschokke, 1865). An official weather report from the weather service for
the year 1862, however, did not mention an unusually warm spring (MeteoSwiss, 2016),
but more qualitative sources describing the spring weather might be available.

3.4.2.2 The late frost events in 1873 and 1957

Combining the cherry flowering reconstruction with climate indices allows us to look at
climate events that affected vegetation directly, such as the occurrence of late frost in
spring that can lead to considerable damage to vegetation. Two events stand out when
considering the affected area and the intensity of the frost events. In 1873, frost conditions
after the cherry flowering affected large parts of Switzerland, however, the temperature
did not fall much below 0 ◦C (daily mean temperature). The frost index based on the
accumulated negative temperature reached at most -6 ◦C in the Swiss Plateau (Fig. 3.5a).
The last frost day occurred between the 26th and 28th of April across northern Switzerland,
which is more than half a month later than it occurred on average between 1871 and 1900.
In contrast, cherry trees reached their full bloom up to 10 d early. In the spring of 1957,
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Figure 3.5: Two frost events causing damage to fruit trees in Switzerland. Temperature
anomaly in March with respect to 1871 to 1900, frost index, last frost day, and day of
cherry flowering for the two events of a) 1873 and b) 1957. The vertical purple lines
indicate areas where frost (cherry flowering) occurred 15 d later (earlier) than the 1871 to
1900 average. The dark grey area denotes grid cells above 1600 m a.s.l.

a frost event occurred with very low temperatures, but the affected area was smaller (Fig.
3.5b). The frost index showed much higher values but affected only areas above 800 m
a.s.l. For these areas, the last frost days, which occurred between the 6th and 8th of May,
were also more than half a month later than between 1871 and 1900, and the cherry tree
flowering was considerably earlier.

For both springs, March was characterized by average or above-average temperature con-
ditions across Central Europe, though more pronounced for March 1957 (Fig. 3.5a). These
high temperatures in March might have led to an early start of the cherry flowering. In
March 1873, temperature anomalies were positive, but the geopotential field shows a more
zonal configuration. On the 26th of April 1873, a large trough extended over Switzerland
from the Northeast leading to the temperature drop. In 1957, temperatures reached their
lowest values on the 8th May when a large trough was located above Switzerland.

For both events, damage caused by the late frost events was reported. In 1873, frost dam-
age was reported for Sursee, Marschlins, Bad-Ragaz, and Appenzell-Innerrhoden, whereas
many locations registered snowfall during the 26th to 28th April leading to further damage
to the vegetation (Tab. 3.2). For the frost event of 1957, the Swiss farmer association
calculated a reduction of yield in pear and apple trees of 75 % and for cherries of 44 %
compared to the six preceding years indicating considerable loss in harvests (Tab. 3.2).
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Figure 3.6: a) 2 m temperature anomalies and geopotential height fields at the 500 hPa level
for March of 1873 and 1957. b) Daily 2 m temperature anomalies and daily geopotential
height field of the coldest day during the late frost in Bern. Anomalies are calculated with
respect to 1871 to 1900. The boundaries of Switzerland are marked in red. The data is
from 20CRv3 (Slivinski et al., 2019).

3.4.2.3 The cold springs of 1785, 1837, and 1853

The three springs, 1785, 1837, and 1853 registered the lowest temperatures of the entire
time series of 258 years and lie below the 1% quantile of all springs temperatures. Their
mean temperature in the Swiss Plateau from March to May reached only between 4.1 to
5.1 ◦C (Fig. 3.2) which is up to 3 ◦C degrees colder than the 1871 to 1900 average (Fig.
3.7). In the Swiss series, the coldest spring was in 1837 with a mean temperature of only
3.8 ◦C and an anomaly of -3.4 ◦C followed by 1785 with a mean temperature of 4.1 ◦C
and 1853 with a mean temperature of 5.1 ◦C. In 20CRv3, the spring of 1837 ranks the
coldest with an anomaly of -4.0 ◦C with respect to 1871 to 1900, but 1785 is not available.
In ModE-RA, the coldest spring was registered in 1837, followed by 1785, 1970, and 1853
with anomalies between -2.24 and -1.84 ◦C with respect to 1871 to 1900.

Indices show, that during the three springs, the cherry flowering was up to 20 d later than
the average of 1871 to 1900, and up to 30 more frost days were registered (Fig. 3.7).
Snowfall day anomalies were positive in the spring of 1837 and 1853 mostly in the Alps,
but they were negative in the Alps in the spring of 1785. The spring of 1785 also registered
fewer wet days than in the 1871 to 1900 period and thus did not concur with the two other
springs, that showed wet and cold conditions. In 1785, the frost days indeed showed a
different spatial pattern with much larger frost day anomalies in the Swiss Plateau region
compared to the Alps, which would correspond to an inversion situation. This suggests
that synoptic conditions were different over Europe during 1785 compared to the two other
cold springs.

Weather types allow a look at the synoptic conditions throughout the three cold springs.
The late springs of 1837 and 1853 show a higher occurrence of northerly cyclonic situations



3.4. Results 80

Figure 3.7: a) Temperature anomaly, b) anomaly in cherry flowering phenology, c) anomaly
of the number of frost days, d) anomaly of the number of snow days, e) anomaly of the
number of wet days for the cold springs (March to May) of 1785, 1837, 1853. All anomalies
are calculated with respect to the 1871 to 1900 climatological mean. Grey areas for cherry
flowering denote areas above 1600 m a.s.l.

(N) and cyclonic situations with westerly flow over Southern Europe (WC) compared to
usual spring weather types in the entire period from 1763 to 2020 (see Schwander et al.
(2017) for the description of weather types) (Fig. 3.8a). More cyclonic weather types
are found also on average for all springs with temperatures below the 10th quantile (q10).
The spring of 1785, however, showed an increase in weather types describing easterly,
indifferent flow (E), and high-pressure situations over Europe (HP). To further evaluate
this difference in weather types, we used the variance of bandpass-filtered daily pressure
observations which give an insight into the "storminess", i.e. the frequency of passing
of extra-tropical cyclones. We followed the approach of Brugnara et al. (2015), but only
considered station data for calculating anomalies of the standard deviation. The pressure
observations show that storminess decreased for northern stations in 1785, and it increased
in 1837 and 1853 over Switzerland (Fig. 3.8b). Also, the average of the springs below q10
shows increased storminess except for two stations.

This is further confirmed by the monthly fields of geopotential height (anomalies) at the
500 hPa level during the three spring months March to May (Fig. 3.9). In February
and March 1785, a trough was present over Central Europe leading to an advection of
cold air from the north. This situation weakens through April and May, but the trough
still remains throughout spring. Stations from several locations in Germany, Poland, and
the Czech Republic, indeed, show all the same extended negative temperature anomalies
throughout March until mid April. In 1837 and 1853, more zonal flow patterns seemed
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to prevail between March and May and the average of springs below q10 similarly shows
more zonal flow.

Historical sources confirm these cold spring weather conditions. In spring 1785, for six
lakes reports about continued (partial) lake freezing were found until March (see Tab.
3.2). In March and April, several locations reported abundant snowfall. Due to feed
shortage livestock starvation was reported from the Canton of Valais. In St Blaise in the
Canton of Neuenburg, strong Bise was reported for March and April (Kopp, 1873) and
that the first rain (not snow) after 4 months fell at the end of May. Both indicate specific
synoptic conditions for this cold spring. For the springs of 1837 and 1853, fewer sources
are available, but they reported abundant rain and snowfall, and frost impacts for various
locations in Switzerland. These sources, thus, confirm that all three spring were especially
cold and also agree with the classification of Pfister and Wanner (2021) which report cold
conditions for all three springs with a category -3 for the Pfister temperature index.
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Figure 3.8: a) Anomalies of weather type frequencies for the three coldest springs and the
mean of all springs below q10. The anomalies were calculated with respect to the mean
frequency of weather types in March to April from 1763 to 2020 considering all weather
types with a cumulative probability of 0.9. NE = Northeast, indifferent; WSW = West-
southwest, cyclonic, flat pressure; W = Westerly flow over Northern Europe; E = East,
indifferent; HP = High pressure over Europe; N = North, cyclonic; WC = Westerly flow
over Southern Europe cyclonic (Schwander et al., 2017). b) Storminess based on pressure
observations for the three coldest springs and the mean of all springs below q10. The
anomaly of the standard deviation was calculated with respect to 1961 to 1990 because
some series exhibit large gaps between 1871 and 1900.
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Figure 3.9: 500 hPa Geopotential height field and wind direction for the months of February
to May of the three cold springs. Colors show anomalies with respect to the mean of 1871
to 1900, contours show absolute geopotential height field. Arrows show the wind field at 850
hPa. Switzerland is marked in darkred. a) 1785, b) 1837, c) 1853, and d) the composite
of all springs below q10. The data is from ModE-RA (Valler et al., in review).
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3.5 Discussion

Climate and phenological indices provide a useful way to study historical extreme spring
events, such as cold springs or late frost events, and relate them to impacts, for example,
the state of vegetation. All indices showed steep changes towards warmer conditions in
the last climatological period from 1990 to 2020. These changes in temperature indices
correspond to the widely reported trends for temperature development in Switzerland such
as in e.g. Isotta et al. (2019) for monthly means, to changes in snowfall vs. rain (Serquet
et al., 2011), and to the changes in spring phenology (Studer et al., 2005; Vitasse et al.,
2018). The steep changes towards warmer conditions in the late 1980s have been found in
a variety of time series across the world, including vegetation, temperature time series, and
snow time series (Reid et al., 2016; Marty, 2008), however, mainly series linked to spring
and winter conditions. Sippel et al. (2020) suggested that the changes, which are linked to
the cold season temperature, stem from internal variability superimposed on a long-term
warming trend.

For Switzerland, phenological models have been used to study for example past frost
events (Vitasse et al., 2018) for different tree species and changes in future frost events for
grapevines (Meier et al., 2018), but no attempts have been made to extend phenological
predictions in space and time. The transferability of the phenological models may be
limited in space (e.g. Basler, 2016), and also in time because sensitivities of the calibrated
parameters may not be constant over time (Rutishauser et al., 2007). The comparison
of historical phenological observations with our reconstruction shows systematic biases of
several days for the series of Liestal, but high correlations, thus the reconstruction is able
to depict the inter-annual variability of cherry flowering for Liestal. For the composite
cherry flowering series, the bias is small with below 3 d, but correlation is also lower.

The indices allow us to gain insights into historical springs with unusual weather conditions.
The warm spring of 1862 exhibited warm temperatures across the entire Switzerland, which
was exceptional for this period, however, it is less exceptional in comparison to the recent
warm springs such as 2011 or 2007. Temperature anomalies were high in spring 1862
in the gridded reconstruction, the Swiss series (Brugnara et al., 2022), and ModE-RA,
but temperature anomalies were lower in 20CRv3. The three former data sets are all
based on the same temperature series of Bern and Zurich. The geopotential height field in
20CRv3 does not point towards an exceptionally warm spring of 1862, which shows quite
pronounced positive geopotential height anomalies over Europe and a ridge in 2011, but
not for the year 1862. Similarly, ModE-RA does not show very pronounced ridge conditions
either from March to May, but it does have high temperature anomalies.

Late frost events after a warm period in spring can be particularly damaging for example
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to fruit harvest. For Switzerland, studies have evaluated how the frost risk has changed
over the last decades, and how it may be affected by climate change in the future (Vi-
tasse and Rebetez, 2018; Vitasse et al., 2018; Meier et al., 2018; Lhotka and Brönnimann,
2020), however historical events and their extent have not been studied. These studies
rely, though, on daily minimum temperature which has shown different rates of chang-
ing compared to daily maximum or daily mean temperature (Scherrer and Begert, 2019).
Since minimum temperature was not available in the past, we did not look at changes
over time but focused on the representation of specific historical frost events. Two notable
frost events occurred in the spring of 1873 and 1957. Harvest data for 1957 showed a
considerable loss for apple, pear, and cherry trees (SBV, 1958), which also agrees with the
frost index showing strong negative values. For the year 1873, only qualitative descriptions
of frost damage were available. Since the frost index is based on daily mean temperature
and not minimum temperature, it may not capture the extent of the frost event entirely.
However, the data set allowed us to track past frost events based on phenology and frost
days and relate them to historical descriptions of the events. This could be done as well
for earlier events, such as the late frost in 1802.

Lastly, we considered the three springs 1785, 1837, and 1853 that registered the lowest
temperatures from March to May in the Swiss reconstruction. Climate indices showed dif-
ferences between 1785 and the two springs of 1837 and 1853 with respect to the occurrence
of frost days, snowfall days, and wet days. Weather types, the storminess calculation, and
the ModE-RA confirmed these differences. The spring of 1785 was under the influence of a
pronounced cold trough with a higher occurrence of easterly, high-pressure, and northerly
weather types. This led to particular cold, but also dry conditions. The frost day anomalies
in the Swiss Plateau indicated likely prolonged inversion, and historical sources describe
extended periods of Bise which can also lead to inversions and fog in the Swiss Plateau.
Daily surface pressure fields over Europe would be needed to study the cold conditions in
late winter and early spring of 1785 in more detail. In 1837 and 1853, a higher storminess
was found in accordance with a more zonal flow and low-pressure systems passing leading
to the above-average wet conditions. For the very cold winter of 1785, six of the large lakes
of Switzerland reported that the lakes were frozen until March, which would also be in-
dicative of cold winters. As suggested by Franssen and Scherrer (2008) lake freezing could
be reproduced based on negative growing degree days for further phenological comparison.

The spring of 1785 followed the cold years after the Laki eruption which occurred in Iceland
in 1783 (Yiou et al., 2014; Zambri et al., 2019), but the very cold period end of winter
and beginning of spring of 1785 has not been studied in detail. Also, the spring of 1837
followed a volcanic eruption, namely the Cosiguna in Nicaragua in January 1835. After
this eruption, several cold years were evident in tree and frost rings from Europe (Longpré
et al., 2014). However, Longpré et al. (2014), also stated that a cooling trend was already
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noted prior to the eruption. The spring of 1853 has not been related to cold conditions in
previous literature, and for this spring the three data sets do not agree with respect to the
magnitude of the negative temperature anomalies.

These cold spring conditions, in particular the unusually cold conditions in 1785, thus
provide a rather unique case of cold spring conditions. Studying such weather in detail
could still give relevant insights into mechanisms related to cold spring weather.

3.6 Conclusion

Climate and phenological indices allow us to depict changes in spring weather and to
study extreme springs since the mid-18th century. The 258-year-long time series for the
different indices all showed few changes for the first 200 years and a steep increase toward
warmer conditions in the most recent decades, which has been shown by many studies.
Some extreme spring events were, however, evident from the time series. Based on the
different indices, we evaluated three cases of such extreme spring weather conditions since
the mid-18th century. The spring of 1862 was exceptionally warm with respect to its
climatological mean and it still ranks among today’s warmest springs, though this ranking
is highly dependent on the data set. Upper-level atmospheric fields indicate the warm
weather conditions in spring 1862, but they are not comparable to the exceptionally warm
conditions in spring 2011. The combination of phenology and frost days allows us to
evaluate past frost events that caused damage to vegetation. Whereas for the warm summer
of 1862, no frost damage was reported despite a cold air outbreak, for the two cases of
1873 and 1957, the frost index shows the affected areas and historical reports confirm the
significance of these events.

In the period from 1763 to 2020, three springs showed very cold mean temperature from
March to May of at most 5.1 ◦C. Whereas the springs of 1837 and 1853 showed cold and wet
conditions, during spring 1785 fewer wet days than on average from 1871 to 1900 and, thus,
dry conditions were registered. An evaluation of weather types, of a storminess index based
on bandpass-filtered pressure data, and ModE-RA showed that the 1785 spring was related
to more high-pressure conditions and northeasterly flow over Europe, which brought cold
air towards Switzerland. The high frost day amounts in the Swiss Plateau and reports
about Bise further suggest a synoptic situation favorable for prolonged inversion and fog
in the Swiss Plateau in March extending to April. In 1837 and 1853, the zonal flow and
mainly cyclonic conditions led to cold but also wet springs. Both, the spring of 1785 and
1837 occurred after volcanic eruptions in the extratropics and the subtropics.

The climate and phenological indices, thus, allowed us to get insights into different his-
torical extreme spring events. It was possible to relate these springs to impacts through
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historical sources and to evaluate the atmospheric conditions behind them by considering
further data sets. Studying such past springs might also nowadays be interesting to better
understand the causes of cold and warm springs. Modelling the phenology allowed us to
relate the historical weather conditions in a straightforward manner to impacts, such as
late frost events causing damage to harvests. But, phenological phases can also be relevant
for agricultural modelling, and thus, may contribute to agricultural modelling of historical
events in more detail.
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Code availability
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Appendix

Phenological models

The cherry full flowering dates are estimated based on the photo thermal time model that
has been proposed by various studies to model phenological phases (Basler, 2016; Meier
et al., 2018; Hänninen, 1990). It is based on the growing degree days temperature response
and a term that accounts for the photoperiod estimated based on the daylength Li (Eq.
3.1 and 3.2 ). Temperatures are accumulated starting at day t0. When Sfrc reaches a
specific threshold Fcrit, the phenological phase happens. The parameters Fcrit, Tbase, and
t0 are calibrated based on the phenological observations from 1951 to 2020. The beech leaf
unfolding dates are estimated based on the thermal time model. As for the photo thermal
time model, it is based on the growing degree days temperature response, but daylength
is not considered (Eq. 3.1 and 3.3).

Rg(Ti) =

0 if Ti ≤ Tbase

Ti − Tbase if Ti > Tbase

(3.1)

Sfrc =
n∑

n=t0

Li

24
Rg (3.2)

Sfrc =
n∑

n=t0

Rg (3.3)
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Figure A.1: Convergence of the Markov Chain Monte Carlos DEzs algorithm for the cali-
bration of the photo thermal time model (PTT) and the thermal time model (TT). a) Trace
of the iterations after burn-in for the three chains and the four parameters. b) Marginal
distribution of the four parameters based on the three chains. The first three parameters
stem from the model, whereas the standard deviation is estimated during model calibration.
See formula in Eq. 3.2 and 3.1 for the parameters. Note that t0 does not start on 1st

January, but on 21st September. c and d) are the same as a and b) but for the thermal
time model and beech leaf unfolding. Note that we used 8000 iterations of the thermal time
model to reach convergence.
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Figure A.2: Root mean square error in days of the cross-validation for cherry flowering
(upper row) and beech leaf unfolding (lower row) observations from the Swiss Phenology
Network for training data (even years/left column) and testing data (odd years/right col-
umn).



3.6. Conclusion 94

Figure A.3: Anomalies of 30-year climatology for climate indices for all six periods with
respect to the pre-industrial reference period from 1871 to 1900. a) Growing season start,
b) growing degree days, c) last frost day, d) the number of frost days, e) warm spell days,
f) cold spell days, g) snowfall days, h) wet days, and i) cherry full flowering. Light grey
areas depict areas, where the indices are 0 in more than 75 % of the years in a period or
we do not consider it because the grid cells are above 1600 m a.s.l. (last row).
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Figure A.4: a) Geopotential height anomalies (shading) and absolute values (contour) for
the 500 hPa level for the mean of March-May, and for each spring month individually in
1862. b) same as in a) but for 2 m temperature anomalies. Anomalies are calculated with
respect to the 1871 to 1900 periods. The borders of Switzerland are marked in darkred.
Data is from ModE-RA (Valler et al., in review).
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Chapter 4

Hot and dry summers in Switzerland -
Causes and impacts of the record
summers 1947, 2003, and 2018

This Chapter contains an introduction to the hot and dry summer of 1947 in Switzerland,
and two sections about atmospheric dynamics of warm summers and about the summer
half year of 2022 (Sect. 4.3 and 4.4) that have been published as part of a booklet on
hot and dry summers in Switzerland. The booklet (article 1) has been written by 23
experts from different fields aimed at the general public. Article 2 has been written as an
addendum at the end of the very warm summer half year of 2022.

Article 1:
Imfeld, N.; Stucki, P.; Brönnimann, S.; Bader, S.; Bürgi, M.; Calanca, P.; Gubler,
S.; Holzkämper, A.; Hövel, L.; Isotta, F. A.; Kestenholz, C.; Kotlarski, S.; Mastai, A.;
Nussbaumer, S. U.; Raible, C.; Röthlisberger, M.; Scherrer, S. C.; Staub, K.; Vicedo-
Cabrera, A. M.; Vogel, M.M.; Wehrli, K.; Wohlgemuth T.; Zumbühl, H. J. (2022). Hot
and dry summers in Switzerland. Causes and impacts of the record summers 1947, 2003,
and 2018, (Reihe G Grundlagenforschung G98). Bern: Geographica Bernensia, DOI:
10.4480/GB2022.G98.03.

Article 2:
Imfeld, N.; Stucki, P.; Brönnimann, S.; Bürgi, M.; Calanca, P.; Holzkämper, A.; Isotta,
F. A.; Nussbaumer, S. U.; Scherrer, S. C.; Staub, K.; Vicedo-Cabrera, A. M.; Wohlge-
muth, T. und Zumbühl, H. J. (2022). 2022: Ein ziemlich normaler zukünftiger Sommer.
Geographica Bernensia, G100, DOI: 10.4480/GB2022.G100.
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Abstract

The last summer half years were marked by new temperature records, for example, the
longest heat wave ever measured in southern Switzerland in the summer of 2022. Nine out
of the top ten warmest summer half years occurred in the 21st century, with the exception
of the summer of 1947. This summer half year has been exceptionally warm and dry, in
particular for its climatological period. Here, we place the summer of 1947 into the context
of the 258-year-long daily reconstruction of daily temperature and compare different hot
summers across the centuries based on climate indices. Further, we explain the main
processes of how extremely hot summers happen, from how air warms to why heat waves
can re-occur throughout an entire summer. In 1947, the repeated occurrence of blocking
situations over Europe played a pivotal role in generating a very warm summer. Finally,
we look at the impacts of the hot and dry summer half year of 2022 and place the summer
into context with its mean climate, and a future climate showing that this summer is not
extreme, but a fairly normal summer.
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4.1 Introduction

The last two summer half years (April - September) were marked by new temperature
records, for example, the longest and most intense heat wave ever recorded in late August in
northern and southern Switzerland (MeteoSchweiz, 2023). While new temperature records
have been occurring throughout the year, they are particularly striking in the summer
months, since the consequences of the high temperatures are significant, e.g., in terms
of heat-related deaths and melting glaciers (e.g. Ragettli et al., 2019; GLAMOS, 2022).
Warm summers have, however, occurred throughout history, and studying historical warm
summers can be valuable, despite them no longer being among the warmest. Historical
extreme summers are relevant, for example, to put them in context with past climate
and to study how extreme they were relative to their mean climate, they can serve as
storylines for future extreme summers, and we can learn about the impacts of historical
warm summers.

A period of remarkably warm summers occurred in Europe in the late 1940s. In Switzer-
land, the summer of 1947 has been the record summer for many years. Only in the 21st

century, warmer summer half-year temperatures were registered in 2003, 2018, 2022, and
2023. In addition to 1947, the summers of 1949 and 1945 also showed unusually high tem-
peratures for this time (Imfeld et al., 2022, p. 8-9). These summers were not only warm
but also unusually dry. The summer half year of 1947 is still the driest summer in parts
of northern Switzerland since 1864. The prolonged hot and dry conditions led to severe
consequences for ecosystems and society, such as dried-out lakes, losses in agriculture, for-
est damages, and glacier melting described as unprecedented at that time (Imfeld et al.,
2022).

In the following Chapter, we describe the climatological context of the summer of 1947
and past hot summers based on the new daily temperature reconstruction spanning 258
years (Imfeld et al., 2023) and based on the Swiss plateau series (Brugnara et al., 2022).
A climatological description of the summer half year of 1947 has already been presented in
section 2 of the brochure (Imfeld et al., 2022, p. 8-9). Then, a section on the atmospheric
dynamics of hot summers in general with a brief look at the summer of 1947 follows which
corresponded to section 3 in the brochure. Further, we put the summer of 2022 into context
with the almost 160-year-long record of the Swiss mean temperature and precipitation and
describe the impacts as they have been observed by the end of September 2022.
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4.2 Hot summers in the 258-year-long daily tempera-
ture reconstruction

Based on the merged Swiss Plateau series from Bern and Zurich (Brugnara et al., 2022),
and extended with the newly measured data for 2023 (the mean of observation from
Bern/Zollikofen and Zurich/Fluntern), the summer half year of 1947 ranks as the fifth
warmest in the record since 1763 with an anomaly of 2.91 ◦C with respect to the 1871
to 1900 period. The Swiss Plateau series is used, because the temperature fields are not
yet updated until September 2023. With anomalies of 3.04 and 3.12 ◦C, the summer half
years of 2022 and 2023 just recently became the third and fourth warmest summer half
years recorded in Switzerland after 2018 and 2003. Among the top ten warmest summer
half years, with 1947, only one summer from the 20th century remains, indicating how
exceptionally warm this summer half year has been.

Figure 4.1: Ranking of the ten warmest summer half years (AMJJAS) and summer months
(JJA) for two periods from 1763 to 1900 and from 1901 to 2020 based on the anomalies with
respect to the pre-industrial reference period (Begert and Frei, 2018). a) Mean temperature
anomaly, b) maximum daily mean temperature, c) number of summer days with daily mean
temperature above 20 ◦ C. The ranking is based on the Swiss Plateau series (Brugnara et al.,
2022) because it is possible to extend it to 2023.

Separating the Swiss temperature series with its extension to 2023 (Brugnara et al., 2022)
into a period before the pre-industrial mean (including the pre-industrial mean) and after
the pre-industrial mean periods, allows us to look at early warm summer half years (Fig.
4.1a). With anomalies of 1.77 and 1.75 ◦C above the pre-industrial mean, the summers of
1865 and 1868 were the warmest before 1901, but their anomalies barely reached half the
anomaly of 2018. The warmest daily mean temperatures of the warmest summers in the
early period ranged between 22.10 and 25.00 ◦C, whereas in the recent period maximum
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daily mean temperatures of the top ten summer half years range between 24.90 and 27.60
◦C. The largest amount of days above 20 ◦C (hereafter denoted as summer days) in the
entire period from 1763 to 2023 was registered in 2003 with 69 d (Fig. 4.1c). In the early
period before 1901, the highest number of summer days was registered in 1859 with 35 d.

Considering only the summer months June to August, the summer of 2003 is still the most
extreme with an anomaly of 4.85 ◦C. The summer of 1947 only ranks 8th, but other warm
summers of the 20th century such as 1983 and 1994 are among the top ten as well. Very
warm summers before 1901 were, for example, 1859 and 1807 with anomalies of 1.90 and
1.60 ◦C, but as expected considerably cooler than the hottest ten summers.

Figure 4.2: a) Anomaly of April - September mean daily temperature, b) anomaly of sum-
mer days (> 20 ◦C), c) anomaly of wet days (days >= 1 mm), and d) anomaly of total
precipitation (in %) for the three warm summer half years 1865, 1947, and 2018 based
on the gridded reconstruction for Switzerland. All anomalies are calculated with respect to
April - September 1871 to 1900.

For further comparison, we consider the warmest summers of both periods, namely 1865
and 2003, and compare them to 1947 (Fig. 4.2). These summer half years currently
also correspond to the warmest in each century. In the summer half year of 1865, based
on our definition of summer days (days > 20 ◦C), rarely any summer days have been
registered. For the later two years of 1947 and 2018, in some areas up to 65 d more
summer days were reached compared to the 1871 to 1900 mean. Regarding wet days (days
>= 1 mm), 1865 shows for a large area wet day anomalies of up to 35 d, in particular
in eastern Switzerland (Fig. 4.2c). In 1947, entire Switzerland showed below average wet
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days, whereas, in 2018, mainly the canton of Ticino in southern Switzerland did not register
below average wet days. For total precipitation, the lowest anomalies are registered in 1947
in northern Switzerland, whereas in 1865, the eastern mountainous areas show around
average precipitation sums (Fig. 4.2d). In comparison, in 2018, especially in southern
Switzerland below average precipitation sums were registered. The summer half years of
1947 and 2018 are also among the years with the most negative water balance considering
the Swiss Plateau (Imfeld et al., 2022, see p. 8).

Figure 4.3: Heat waves based on the percentile of daily mean temperature during April to
September for the ten warmest summer half years and for the two periods a) between 1763
and 1900, and b) between 1901 and 2023. The daily mean temperature from the Swiss
Plateau series is used (Brugnara et al., 2022). For every year, the color represents the
percentile of the respective day. Percentiles are calculated for every day of the year between
1871 and 1900 using a 5 d moving window centered at the day of interest.

Heat waves are a relevant contributor to the high temperature anomalies of very hot
summers. In the summer of 1947, a total of five heat waves were recorded at the station of
Basel/Binningen in northern Switzerland. One way to look at heat waves is by considering
the days when the 90th percentile is surpassed during at least 6 consecutive days. This
is referred to as the Warm Spell Duration Index (WSDI) (e.g. in Molina et al., 2020).
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In Fig. 4.3, the percentile of every day from April to September is shown for the Swiss
Plateau series for the warmest ten summers in both periods. For this mean series, in 1947,
only four periods fulfilled the WSDI definition (05-25 to 06-03, 07-22 to 08-03, 08-13 to
08-20, and 09-08 to 09-20), but other areas in Switzerland registered five heat waves (Fig.
4.3b). Note that since there is no daily maximum temperature for the entire period, we
considered the daily mean temperature to look at indications of heat waves. In the early
period (Fig. 4.3a), the warm summer of 1865 shows prolonged warm April temperatures
and warm September temperatures, contributing to the warm summer, but no heat waves
from June to August. For the second period from 1901 to 2023 (Fig. 4.3b), particularly
long heat waves are known for 2003 and 2018 (Black et al., 2004; Spensberger et al., 2020).

In the next section, we explore the mechanisms behind heat waves and hot summers in
general and, also, focus on the summer of 1947.
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4.3 Atmospheric dynamics: From a hot air parcel to a
very hot summer

by Noemi Imfeld and Matthias Röthlisberger

In this article, we shed light on the formation of heat waves 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 heat waves develop, and how individual heat waves
can evolve into an entire extreme summer. In addition, we summarise the most important
synoptic features of the summer of 1947.

4.3.1 How does air change its temperature?

Our journey through the spatial and temporal scales of heat waves begins with an individual
air parcel, for example, the air that was located about 100 metres above Bern at 2 p.m. on
the 13th August 2003, and was around 30 ◦C warm at that time. To understand how this air
parcel 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 parcel’s
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 4.4a and b
show this interplay of adiabatic and diabatic processes along the trajectory of the air
parcel located over Bern at 2 p.m. on 13th August 2003 (colored trajectory in Fig. 4.4).
On 3rd August, this air parcel was still at a pressure level of 600 hPa (about 4500 m
a.s.l.) over the Atlantic and then subsided to 800 hPa over the eastern Atlantic and
England until 8th August. During this process, the air parcel warmed by 20 ◦C, whereby
periods of strong subsidence were also associated with strong temperature increases (Fig.
4.4b). 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 evolution, as diabatic processes started
to strongly influence the temperature and the air parcel hardly moved vertically anymore.
The jagged pattern in Figure 4.4b 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 heat waves in Central Europe, the near-surface air is heated both by subsidence and
by diabatic processes (Bieli et al., 2015; Zschenderlein et al., 2019). Contrary to common
notions, this heat wave air mostly approaches Central Europe from northwest to northeast
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and only in rare cases from the climatologically warmer southerly regions (Zschenderlein
et al., 2019). This is illustrated exemplarily by the trajectories of the air parcels that
reached Bern between 6th and 13th August 2003, which mainly approached Switzerland
from northeast and which were located over the Atlantic Ocean a few days before (Fig.
4.4a). 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 heat waves is still a subject of active research.
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Figure 4.4: a) Trajectories of the air parcels arriving in Bern from 6th to 13th August
2003 at about 100 m above ground (in grey) based on ERA-5 (Hersbach et al., 2020). The
trajectory of the air parcel with an arrival time of 2 p.m. local time on 13th August (the
hottest day of the summer in Bern) is coloured by its pressure. b) Evolution of pressure
(blue) and temperature (red) in the air parcel A. The grey and orange shading in (b)
indicate periods during which temperature changes in air parcel A were primarily adiabatic
and diabatic, respectively.

4.3.2 Synoptic scale – weather systems and heat waves

Whether and where heat waves develop is related to the synoptic-scale circulation (i.e.,
the large-scale circulation over several thousand kilometres) in the middle and upper tro-
posphere (5000 – 12 000 m a.s.l.). At these heights is the jet stream, a band of strong
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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 re-
lationship is illustrated in Fig. 4.5a – c, which show the jet stream at 300 hPa (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 a poleward deflection. The negative temperature anomalies
further east, however, are located below a “trough”, i.e., below an equatorward 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 (Pfahl and Wernli, 2012). If a ridge is located over a region for
a particularly long time, this typically favours the development of heat waves, since the
air near the surface can warm up over several days (Zschenderlein et al., 2019; Pfahl and
Wernli, 2012; Sousa et al., 2018; Röthlisberger and Martius, 2019). This often happens
when the Rossby waves reach a particularly large amplitude (i.e., extension in a north-
south direction), thereby reducing their phase speed and deforming strongly (this process
is called Rossby wave breaking) (Altenhoff et al., 2008). 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 sys-
tems to the north or south (Woollings et al., 2018). In central and northern Europe, heat
waves occur mainly in association with blocks (Pfahl and Wernli, 2012). Also, during the
heat waves in the summer of 1947, several blocking high-pressure systems were located
over Europe, however at different positions (green lines in Fig. 4.5a – c).

4.3.3 From a heat wave to a very hot summer

Individual heat waves are thus strongly related to particular synoptic-scale weather sys-
tems, but how do individual heat waves become an entire extremely hot summer? Answer-
ing 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 continuously and
reliably. However, it is clear that the duration and temporal organisation of heat waves
(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 heat waves occurred Fink et al. (2004); Black et al. (2004);
Spensberger et al. (2020); Schneidereit et al. (2012); Trenberth and Fasullo (2012), which
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Figure 4.5: a – c) Meteorological situation during three heat days on a) 31st May, b) 29th

July, and c) 15th August 1947 at 2 p.m. local time. Temperature anomalies are calculated
relative to the 1931 – 1960 daily climatology at 2 p.m. (shading). The jet stream is
apparent from the vectors, which show the 300 hPa wind wherever its velocity exceeds 18
m/s. Surface pressure (in hPa) is shown as grey lines. Green lines show blocked areas,
troughs and ridges are labeled with T and R, respectively. d) Longitude-time plot of May
to September 1947 hourly temperature anomalies averaged over 35 ◦C – 65 ◦C N (shading)
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 (Slivinski et al., 2019).

were associated with long-lasting blocks, especially during the summer of 2010 in western
Russia (Schneidereit et al., 2012; Fragkoulidis et al., 2018). Such a long-lasting block is
typically repeatedly reinforced by ridges that form to the west of the block and are ab-
sorbed by the block (Woollings et al., 2018; Shutts, 1983; Steinfeld and Pfahl, 2019). In
addition, it is known that the recurrent formation of ridges in the same location (even
without a block) can lead to particularly long-lasting heat waves (Röthlisberger et al.,
2019). The temporally clustered occurrence of blocks and ridges is influenced by so-called
teleconnections, 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 (Imfeld et al., 2022, p. 12). Heat summers over land also
usually occur in conjunction with drought whereby heat and drought mutually reinforce
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each other through land-atmosphere feedback.

4.3.4 1947: A summer with many blocks over Europe

Between May and September 1947, several, as well as unusually strong heat waves occurred
in succession. The temperature anomalies averaged between 35 ◦ N and 65 ◦ N (Fig. 4.5d)
were almost continuously strongly positive between May and September and interrupted
only by short episodes with average temperatures. Blocks were repeatedly present over
Europe throughout the summer – depending on the area, their frequency in the summer
of 1947 was up to three times higher than the average for these months in the period 1931
– 1960 (Fig. 4.6a; the term “frequency” here refers to the fraction of time steps in the
1947 summer during which blocks occurred at each grid point). The frequent blocking
situations in 1947 can be explained by the fact that resemblant large-scale flow patterns
with a ridge over Europe (Fig. 4.5a – c) established in a recurrent manner including large-
scale subsidence over Europe (Fig. 4.6c). 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. 4.6b), which corresponds
roughly to a doubling of the number of blocks compared to climatology. This indicates that
especially the temporal organisation of these blocks (i.e., their recurrence in a relatively
short period) may have played a pivotal role in generating the extremely hot summer of
1947. The summer of 1947 thus exhibits the decisive characteristics of a heat summer
described above.
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Figure 4.6: a) ratio of the frequency of blocks in summer 1947 (May to September) and the
May to September climatology from 1931 – 1960; b) anomaly of number of blocks relative
to the 1931 – 1960 climatology [same months as in (a)]. c) Anomaly of vertical motion at
700 hPa relative to the 1931 - 1960 climatology [same months as in (a)]. Positive values
mean that air is sinking as pressure increases. The data are from the reanalysis 20CRv3
(Slivinski et al., 2019).
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4.4 2022: A fairly normal future summer

by Imfeld, N., P. Stucki, S. Brönnimann, M. Bürgi, P. Calanca, A. Holzkämper, F. A.
Isotta, S. U. Nussbaumer, S. C. Scherrer, K. Staub, A. M. Vicedo-Cabrera, T. Wohlgemuth
und H. J. Zumbühl

The summer of 2022 gained wide-spread attention with its weather and climate extremes
and their unmistakable consequences. In Switzerland, temperatures climbed above 30 ◦C
as early as May, followed by several heat waves. The drought, which had already prevailed
since the beginning of the year, lasted until August. The effects were immediately visible.
Lake levels reached record lows, melting glaciers exposed objects and a pass, forests suffered
and fire bans were imposed. But how extreme was the summer really? After the end of the
meteorological summer half year, it is time for a ranking. This shows that the summer of
2022 was not as extreme in comparison as one might think, but is the harbinger of a new
climate.

The summer half year 2022 was the third warmest in Switzerland since measurements
began. In the series of measurements from 1864 onward, four years stand out from the rest:
2003, 2018, 2022, and 1947 (Fig. 4.7, top). Looking at the deviation from the prevailing
climate in each case (Fig. 4.7, topright), 1947 and 2003 are the most striking, while the
summer of 2022 is further behind, at about 0.65 ◦C 1. Thus, more extreme temperatures
would be possible. The drought throughout the summer half year (Fig. 4.7, bottom) was
ultimately less severe than had been feared in midsummer because locally rather intense
precipitation set in from mid-August. For the Swiss Plateau region (an average of the
stations Bern/Zollikofen, Basel/Binningen, Zurich/Fluntern, and Geneva/Cointrin), the
summer half year 2022 belongs to the years with below average precipitation amounts, but
not to the extreme ones (Fig. 4.7, bottom). The driest summer half year, by some margin,
is still that of 1947.

4.4.1 Heat in Switzerland and Europe

The three most pronounced heat periods in the summer of 2022 occurred in mid-June, mid-
July, and early August (Fig. 4.8, top). In Geneva, 38 hot days (maximum temperature
≥ 30 ◦C) were recorded until mid-August, the second-highest number since measurements
began in 1864. The record is still held by the heat summer of 2003 with 50 hot days. In
Lugano, the number of hot days in 2022 was almost the same as in 1947, namely 35 d; in

1The prevailing climate for each summer is calculated by fitting a spline to the time series of the Swiss
mean summer temperatures/precipitation. The spline was smoothed to correspond to a 20-year Gaussian
filter as it is depicted in Imfeld et al. (2022, p. 8). Anomalies are calculated with respect to this spline at
each time step. A normal distribution is fitted based on these anomalies and depicted in Fig. 4.7, right
column)
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Figure 4.7: Development of the Swiss mean temperature (Begert and Frei, 2018) (devi-
ation in ◦C) and the mean precipitation (deviation in %). The deviations refer to the
pre-industrial average from 1871 to 1900. The black curve shows the smoothed develop-
ment (spline). The figures on the right show the distributions relative to the prevailing
climate. Swiss Plateau: an average of four stations (see text). Values for 2022 are based
on measurements and forecast data. Data: MeteoSwiss

the summer of 2003, the number was 47 d. In Basel/Binningen, the number of hot days
in 2022 was 33 d, ranking third behind 1947 (43 d) and 2003 (41 d) (Fig. 4.8, bottom).
Compared to 1947, however, the individual heat waves were less long and less intense.
1947 was exceptional, as there were five waves in total, the last one in September (Imfeld
et al., 2022).

Large parts of Europe were also characterized by extreme heat and drought in the summer
of 2022. London, for example, recorded temperatures of 40 ◦C for the first time (Coperni-
cus, 2022a). The average summer temperature in Europe (June - August) was by far the
highest since records began (Copernicus, 2022b). The first two heat waves over Western
Europe were characterized by strong meridional ridges that built up from Spain via France
to the North Sea (in the second wave to central Scandinavia). Accordingly, the heat waves
ran from the Iberian Peninsula through France and southern England to the northeast.
The shorter August wave was characterized by a strong temperature gradient over the
continent, with a trough positioned over the northwest and a ridge of high pressure in the
southeast. The pronounced drought and high temperatures had far-reaching consequences,
for example, for agriculture, forests, and glaciers.
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Figure 4.8: a) Days with a maximum temperature greater than or equal to 30 ◦C for the
summer of 2022. b) Number of hot days (maximum temperature ≥ 30 ◦C) in the summer
months April to September from 1898 to 2022. Data: Basel/Binningen from MeteoSwiss.

4.4.2 Agriculture and forests

After a long drought in July, rainfall in the second half of August 2022 north of the Alps
partially alleviated the precarious situation in agriculture, for example in grass cutting
or water access for alpine cattle (Schweizer Bauernverband, 2022). Nevertheless, insured
damage to crops amounted to an estimated 10 million Swiss francs (SDA, 2022). In addition
to the drought, crops suffered from frost damage in spring and hail damage in June. In
the western part of the Central Plateau and south of the Alps, the drought was much
more pronounced: it started already in winter and lasted until the end of summer. Due to
the low water levels, irrigation had to be restricted. The consequences of the drought for
agriculture were correspondingly severe. Without irrigation, for example, the quality of the
potato harvest was reduced. Corn yields were also severely reduced in many places. The
consequences of the drought were also strongly felt in fodder production: In many places,
hay stocks for the winter had to be fed in the summer. This was compounded by socio-
economic problems caused by the pandemic, inflation, and the war in Ukraine, a major
exporter of cereals, which resulted in high prices for (imported) concentrated feed. In
contrast, above-average yields were recorded for winter crops such as winter wheat, which
this year, like most other crops, matured unusually early and were also less exposed to the
summer drought. A historic record was set this year on Lake Geneva for the ripening of
Chasselas (Agroscope, 2022). Swiss forests also suffered greatly from the drought. Already
at the beginning of August, premature leaf discoloration was reported for the Ajoie, the
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Laufental, the Klettgau, the Lägerngrat, the Hardwald in Basel, the Lower Valais and
for the Canton Ticino in the Mendrisiotto. While in northern Switzerland the damage
patterns were less extreme than during the drought of summer 2018, heat and drought,
particularly in Valais and Mendrisiotto affected the forests similarly to the summer of 2003
(WSL, 2022). Aside from observations of early leaf discoloration, no current forest damage
figures are yet available. The intense precipitation at the end of August and in September
reduced drought stress, but if similarly warm and dry summers follow with only short
recovery periods in between the resilience of forests will reduce (Frei et al., 2022). A large
forest fire occurred in February at Monte Gambarogno in Ticino (approx. 200 ha), but no
large fires were recorded during the summer of 2022.

4.4.3 Glaciers

The descriptions of the glacier melt in the summer of 2022 use a similar vocabulary as in
the record summer of 1947, which at that time was called a "catastrophic year" (Imfeld
et al., 2022) for the glaciers, especially in the Eastern Alps: The summer of 2022 was also
catastrophic for Swiss glaciers. In addition to the high temperatures, this was due to the
fact that very little snow had fallen in the winter of 2021/22 and the glaciers had already
become heavily depleted early in the summer. Normally, the snow cover on the glacier
protects the underlying ice from melting. This snow cover had disappeared about a month
earlier than usual in the summer of 2022.

To date, the most negative annual mass balance was measured in 1947, and the most
negative summer balance in 2003 (Imfeld et al., 2022). These melting rates from the
summer of 2003 have now been greatly exceeded in the Swiss Alps in 2022, as the latest
data from the Swiss glacier measurement network GLAMOS show. This year, glaciers lost
6 % of their volume (GLAMOS, 2022). Such a melt rate has never been measured before.
The hot summers of the late 1940s were followed by a series of colder summers and, in
some cases, winters with high precipitation, slowing or even halting glacier retreat until
the 1980s. With almost annual recurrences of extreme glacier melt, such as in recent years,
many of Switzerland’s smaller glaciers, such as the Witenwasseren (Fig. 4.9), will disappear
within the next few decades. This year, mass balance measurements on three glaciers had
to be abandoned because of a lack of ice at the measurement sites or because the glaciers
had become too small to carry out a meaningful measurement program. (GLAMOS, 2022).

4.4.4 Heat and health

Over the summer of 2022 (mid-June to early September), the Swiss Federal Statistical
Office reported excess mortality of about 1700 persons for 11 consecutive weeks, especially
in the age group over 65 years (BFS, 2022). Such a long and high excess mortality in
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Figure 4.9: The Witenwasseren glacier in the canton of Uri melted heavily in the summer
of 2022, leaving debris and a proglacial lake in the forefront. As early as August, the glacier
had practically no more accumulation area left (photo Isabelle Gärtner-Roer, 23th August
2022).

the summer half year is exceptional. The reasons are probably both independent and
interactive effects of the COVID-19 pandemic and the heat. For example, there may have
been increased heat-related deaths in patients with chronic conditions who had somewhat
less health care due to the pandemic. Known sequelae of COVID-19 include cardiovascular
conditions, which in turn are a risk factor for heat-related deaths. However, it is too
early for an overall assessment and an objective classification in comparison with the heat
summers of 2003 or 1947: the official publication of the causes of death in 2022 is not
expected until mid-2024. If heat summers become the norm in the future, the healthcare
system could also be more burdened during the summer months due to demographic change
(the population is getting older).

4.4.5 How exceptional will a summer like 2022 be in the future?

Overall, Switzerland experienced a very hot and dry summer in 2022. Compared to pre-
vious record summers, however, it was less dry than, for example, 1947 and less hot than
the record summer of 2003. Nevertheless, there were serious consequences in agriculture
and forestry, and in glacier melt. How exceptional will a summer like 2022 be in a future
climate? The Swiss climate scenarios CH2018 provide an answer (CH2018, 2018). The
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temperature will continue to rise rapidly. Dry periods in summer will become longer, and
heavy precipitation more intense. Overall, summer precipitation will probably decrease.
If we compare the mean temperature of the summer half years of 2022, 2018, 2003, and
1947 with the expected climate at the end of the 21st century, assuming an optimistic
scenario (RCP2.6), then the summer of 2022 would be slightly warmer than average (Fig.
4.10) (Imfeld et al., 2022). In a pessimistic scenario (RCP8.5), 2022 would be a very cool
summer. In a scenario with partially implemented climate protection measures (RCP4.5),
the summers of 2003, 2018, and 2022 roughly correspond to an average expected summer.
When we consider the impacts of this summer, we must keep in mind that 2022 was a
fairly normal future summer.
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Figure 4.10: Distribution of the temperature of the summer half year (April - September)
for the period at the end of the century (2070 - 2099). For each climate model simulation, a
normal distribution was fitted (thin coloured lines), the trend in the data was not removed.
The coloured vertical lines show the mean value over all summer half-year temperatures of
the respective RCP. Also shown are the observed temperatures for the summer half years
of 1947 (12.0 ◦C), 2003 (12.6 ◦C), 2018 (12.8 ◦C), and 2022 (12.5 ◦C). The Swiss average
temperature was determined for all data as in (Begert and Frei, 2018). The data for 2022
are based on measurements and forecast data.
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Chapter 5

Conclusions and outlook

5.1 Conclusions

Studying past climate variability is relevant for understanding mechanisms and processes
behind multi-decadal variability, long-term climate changes, and past extreme events.
While long-term data sets have contributed to studying monthly to seasonal variability
over the past centuries, some research questions require daily data, which have so far not
been available in a spatio-temporally complete way.

In this thesis, a new high-resolution (1x1 km2) gridded reconstruction of daily mean tem-
perature and daily precipitation sums based on early instrumental data was presented,
which extends the currently available data sets to cover a total of 258 years for Switzer-
land (Chapter 2). Based on this gridded data set, new analyses and applications are
possible. For example, extreme climate anomalies can be studied such as the wet and cold
period of 1769 to 1771 in Central Europe (Collet, 2018). The main findings concerning
this reconstruction are:

• The analog resampling method with subsequent data assimilation and quantile map-
ping proved to be a feasible method for reconstructing meteorological fields from
early instrumental data to study climate and weather over several centuries. It
is a computationally efficient and stable method for reconstructing fields when lit-
tle observational information is available because it is based on physically plausible
samples.

• Despite the low availability of observations before 1864, the cross-validation and the
comparison to independent data showed promising results for temperature, although
with spatial differences in reconstruction skill, particularly in the Alpine regions.
For precipitation, the skill of the reconstructions is lower, but adding precipitation
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occurrence (wet days) leads to improved results at specific locations. For the early
period, in particular, for precipitation, analyses based on the reconstruction need to
be evaluated carefully. While the data are suitable for studying individual events,
for example, calculating trends may lead to spurious results due to temporal inho-
mogeneities.

• Including precipitation occurrence as a variable improves the wet day reconstruction
considerably. This suggests that it is worth investing in the rather tedious work
of digitizing precipitation occurrence from, for example, weather diaries. However,
consistent quality control of precipitation occurrence data is needed which is less
straightforward than for other variables.

In Chapter 3, we studied the occurrence of historical extreme springs over the 258-year-
long period looking at unusually warm and cold springs, and at springs for which frost
damage due to late frosts was reported. Historical reports allowed us to contextualize the
daily-based climate indices and the phenological phases from the gridded reconstruction
with socio-ecological impacts experienced at that time. The main conclusions of this study
are:

• Climate and phenological indices for eight 30-year periods show little variability in
the years up to 1930, which is in stark contrast to the last 30 years depicting the
strong spring warming due to climate change. This has been shown in many studies
before, but until now it has not been possible to show the warming trend using
climate indices going back to the late 18th century.

• The three springs of 1785, 1837, and 1853 were exceptionally cold in the period from
1763 to 2020. While the springs of 1837 and 1853 seem to follow a typical cold and
wet spring pattern, during the spring of 1785 a cold air outbreak and inversion in
March led to continuous cold weather in the Swiss Plateau. These exceptionally
cold temperatures are seen in different climate indices and in the cherry flowering
phenology which showed delays of up to 25 d in the Swiss Plateau.

• Calibrating phenological models based on phenological observations seems to ade-
quately represent the phenology of the past. However, the choice of the phenological
model and the calibration period may influence the reconstruction of historical phe-
nology. Evaluating the effects of the model and calibration period would require
further studies beyond the scope of the presented thesis.

Lastly, we presented a Chapter on hot and dry summers in Switzerland with a particular
focus on the hot and dry summer of 1947 and 2022 (Chapt. 4). The summer half year
of 1947 was with an anomaly of 2.91 ◦C based on a long series from Bern and Zurich for
many years the record summer, and still ranks as the fifth warmest summer half year since
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1756. It is also still the driest summer half year in parts of northern Switzerland since
1864. Concerning the atmospheric dynamics, 1947 was particularly interesting because of
the high number of blockings that occurred throughout the summer half year, leading to
a total of five heat waves in Basel/Binningen. More in-depth research would be needed
to study what led to the warm and dry conditions in the late 1940s. Further, we showed
that a summer as it occurred in 2022, was not particularly hot for its mean climate, and
that it was also a fairly normal summer in a future climate when a scenario with emission
reductions (RCP2.6) is considered.

5.2 Outlook

The results presented here showed that the ARM is a feasible method for the generation
of meteorological fields based on early instrumental data to study climate and weather
over several centuries. However, the results and case studies raised further questions about
reconstruction methods, analyses of climate variability and impacts, and the need for more
variables. Here, I propose a selection of research directions as a follow-up to this thesis:

• The backbone of any reconstruction method is its input data. The reconstruction
showed that it is possible to include information on precipitation occurrence to get
a more accurate representation of wet days. This confirms that it is worth invest-
ing in digitizing more data for precipitation occurrence, for example from weather
diaries. Furthermore, some of the temperature series may be affected by radiation
biases due to their exposures (e.g. Hürzeler et al., 2020). Homogenization can re-
duce such biases in the mean, but correcting radiation errors at a daily resolution is
difficult because they are related to the daily weather conditions. Continuing thor-
ough examinations of biases and corrections thereof is relevant for future attempts
to reconstruct historical weather (Wallis et al., 2023; Brugnara et al., 2022).

• The selection of best analogue days lacks a temporal relation of the analogue days
themselves. Through the assimilation of temperature observations, the temporal
relation is improved since the observations themselves contain the temporal structure.
However, this is not the case for the precipitation fields that stem from resampling
and are only bias-corrected. It may be worthwhile to test temporal criteria in the
analogue selection, as this could improve the representation of e.g. passing cold
fronts and cyclones, especially for precipitation and also for areas where little data
is available for temperature assimilation. A simple approach is to calculate analog
days based on moving windows over several days (Yiou et al., 2014).

• With the current reconstruction no information on the uncertainty of the fields is
published, which could however be provided through an analogue ensemble and the
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examination of Gower distances from the resampling. It would be an advantage to
publish uncertainty estimates, for example, by making available the entire ensemble
created in the reconstruction process.

• New developments and testing of new reconstruction methods may provide better
results by overcoming inherent problems of analogue based reconstructions, such as
a poor representation of extreme events due to a small reference data set, i.e. a small
analogue pool. Attempts have been made to reconstruct daily fields for Europe based
on machine learning using gap-filling approaches. Such approaches could be further
explored.

• Extensions of the data set could be made in space, time, and for more variables.
Pappert et al. (2022) and the European reconstructions for 1782 to 1785 and 1807 in
Sect.1.3 showed that the ARM with subsequent data assimilation can be extended
covering larger areas of Europe, though with reduced skill where observation density
is low. Reconstructing the area of Europe for temperature and pressure may help
in studying, for example, the synoptic conditions during past cold air outbreaks,
which is not possible with the Swiss reconstruction. Such single case studies could
be extended to an entire data set since observations are available further back in
time (Brugnara et al., 2015; Camuffo et al., 2006). For some applications, such as
agricultural modelling (e.g. Flückiger et al., 2017) more variables are needed, such
as daily minimum and maximum temperature, sunshine duration, but also wind
fields may be relevant as they have been downscaled for Switzerland for the period
from 1961 to 2020 (Miralles et al., 2022). All of this opens up opportunities for the
expansion of the data set.

• Lastly, we presented in Chapter 3 a simple reconstruction of phenology using process-
oriented phenological models calibrated with observations from the Swiss Phenology
Network. These phenological estimates provide a good basis to study historical
phenology and relate them to e.g. historical sources. However, the sensitivity of
the calibrated parameters in the phenology models may not be stationary over time.
Different models may lead to different estimates in the past due to their parameter
sensitivities. Since the late 1980s, a considerable advancement of phenology has
been observed (e.g. Vitasse et al., 2018). Very early starts of phenological phases are
used to calibrate and estimate phenology for a period where such early starts were
rather rare - this might influence how parameters are calibrated. Studying the effects
of the calibration period, as well as the model and the parameter sensitivities can
contribute to a better reconstruction of past phenology and a better understanding
of the responses of phenology and phenological models over long climatic periods.
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A.1 Abstract

The winter 1788/89 was one of the coldest winters Europe had witnessed in the past 300
years. Fortunately, for historical climatologists, this extreme event occurred at a time
when many stations across Europe, both private and as part of coordinated networks,
were making quantitative observations of the weather. This means that several dozen
early instrumental series are available to carry out an in-depth study of this severe cold
spell. While there have been attempts to present daily spatial information for this winter,
there is more to be done to understand the weather variability and day-to-day processes
that characterised this weather extreme. In this study, we seek to reconstruct daily spatial
high-resolution temperature and sea level pressure fields of the winter 1788/89 in Europe
from November through February. The reconstruction is performed with an analogue
resampling method (ARM) that uses both historical instrumental data and a weather
type classification. Analogue reconstructions are then post-processed through an ensemble
Kalman fitting (EnKF) technique. Validation experiments show good skill for both recon-
structed variables, which manage to capture the dynamics of the extreme in relation to the
large-scale circulation. These results are promising for more such studies to be undertaken,
focusing on different extreme events and other regions in Europe and perhaps even further
back in time. The dataset presented in this study may be of sufficient quality to allow
historians to better assess the environmental and social impacts of the harsh weather.
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