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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, recon-
structions on a weather timescale are needed. Here, we
present a data set of 258 years of daily temperature and pre-
cipitation 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 recon-
struction especially in the Swiss Plateau. For the precipita-
tion 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.

1 Introduction

Reconstructions of atmospheric variables on monthly, sea-
sonal, and annual timescales have allowed the study of cli-
mate variability in the past few hundred years and helped to
gain relevant insights into long-term changes and variabil-
ity (e.g. Luterbacher et al., 2004; Casty et al., 2005, 2007;

Dobrovolnỳ et al., 2010; Murphy et al., 2020; Valler et al.,
2022). However, for various applications, such as assessing
climate impacts, rather than the monthly or seasonal variabil-
ity, daily weather is more relevant (Brönnimann, 2022). Tem-
perature and precipitation fields on a daily timescale for past
extreme events allow us to conduct impact modelling, for ex-
ample 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 histor-
ical 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 me-
teorological fields dating back to the 19th century. For exam-
ple, Devers et al. (2021) created a high-resolution reanalysis
covering France for the period of 1870 to 2012. They assim-
ilated daily temperature and precipitation observations into
the SCOPE climate reconstruction (Caillouet et al., 2019) us-
ing an offline ensemble Kalman filter. When sufficient data
are available, fields can be reconstructed based on interpola-
tion methods such as for the UK for daily precipitation 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; Flückiger et al.,
2017) and by dynamically downscaling historical reanalysis
data (e.g. Stucki et al., 2015; Brugnara et al., 2017). Both re-
construction methods yielded insights into the evolution and
spatial extent of these past weather and climate events. Also,
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the use of documentary 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) recon-
structed daily temperature and precipitation fields for 1864
to 2017 based on the analogue resampling method (ARM).
This method resamples meteorological fields for a histori-
cal period based on the most similar day in a reference pe-
riod. Subsequently, temperature measurements were assimi-
lated onto the temperature 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.

Weather recording peaked for the first time as early as
around the late 18th century (Brönnimann et al., 2019). How-
ever, only a few attempts have been made to reconstruct
weather back to this time using quantitative data (e.g. Pap-
pert 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 homoge-
nize 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 pos-
sible 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 Switzerland with a higher resolution
spanning 258 years. It consists of two subsets: (1) a new re-
construction from 1763 to 1863 described in this article and
(2) an update of the reconstruction 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 allows 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 cul-
tural crisis and a climatic wet–cold anomaly. We use this
event to exemplarily calculate climate indices that had an im-
pact 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 reconstruction. Section 3 describes
the reconstruction method and how we evaluate the recon-
struction skill. Section 4 shows and discusses these eval-
uation 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 PAN-
GAEA (https://doi.org/10.1594/PANGAEA.950236, Imfeld
et al., 2022).

2 Data

2.1 Historical instrumental data

Systematic measurements of meteorological data in Switzer-
land 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 var-
ious initiatives (Brugnara et al., 2020b; Pfister et al., 2019;
Camuffo and Jones, 2002; Klein Tank et al., 2002; Fülle-
mann et al., 2011; Brugnara et al., 2022). Such early instru-
mental data are challenging to work with because common
measurement standards had not yet been developed when
the observations were recorded. Difficulties with early in-
strumental data arise for example from the construction of
the ancient measurement devices, unknown measurement de-
vices and liquids, inappropriate location of the devices, ex-
posure to radiation, and missing or ambiguous observation
times (Brugnara et al., 2020b). For early temperature mea-
surements, for example, unstable glass 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 cen-
tury that a thermometer needs to be sheltered from solar ra-
diation (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 in-
clude device-related issues (Brugnara et al., 2020a) but also
the required temperature corrections due to the thermal ex-
pansion of the liquid in the barometers. Temperature correc-
tions can introduce errors in pressure measurements when no
attached thermometer is available, when temperature mea-
surements are not representative of the barometer, or when
the corrections applied are unclear. The manual measure-
ments in our network were taken between two and eight
times per day. Calculating an arithmetic daily mean for tem-
perature 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 straight-
forward to include these in a daily mean estimation. These
above-described examples affect the quality of the measure-
ments 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,
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2020) and that cover at least 7 continuous years to keep the
reconstruction as spatially and temporally consistent as pos-
sible. However, the network changes considerably through-
out time (Fig. 1), and coverage is much sparser compared to
the network after 1864, which has been used for the recon-
struction from 1864 to 2020 in Pfister et al. (2020) (Fig. 1d
and e). At the start of the reconstruction period in 1763,
around 11 to 12 series are available (Fig. 1a), which then
increases to around 30 series (Fig. 1c). To increase the num-
ber 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 temper-
ature series, and 6 precipitation and precipitation occurrence
series. Because only very few precipitation measurements
were available, we also include precipitation occurrence as a
variable that has been derived from weather notes. Figure 1f
shows the evolution of monthly data availability, and Table 1
lists all time series used for the reconstruction period of 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 cal-
culation 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 sub-
daily measurements, we subtracted a correction according
to the historical measurement times. These corrections were
calculated for every month of the year separately based on
the anomalies of the 10 min monthly means from automatic
weather stations for the period of 1981 to 2010. If no weather
stations were available in the surrounding area, the correc-
tions were calculated from the hourly 2 m temperature of the
closest grid point from ERA5-Land (Muñoz-Sabater et al.,
2021) for 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 esti-
mate 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 con-
ducted because 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 pe-
riod 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 regres-
sion between the nearby five stations (Estévez et al., 2018).
Together with the standard quality control, we flagged be-
tween 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 se-
ries or that showed substantial visual breaks.

We homogenized the quality-controlled series using sur-
face temperature and pressure from the closest grid point
of the EKF400v2 reanalysis (Valler et al., 2022) as a refer-
ence series (see Sect. 2.4). Break point detection was per-
formed 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; Brug-
nara, 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. 1a and Table 2). The temperature time series were
prepared following the same approach as for the series used
in the reconstruction itself, but no homogenization was per-
formed.

2.2 Present-day instrumental data

For every historical time series, the analogue selection re-
quires 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 mea-
surement station in the Swiss National Basic Climate Net-
work (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 Me-
teorological 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 pre-
cipitation occurrences in the reference period, we used indi-
vidual thresholds between 0.1 and 1 mm for each series for a
rainy day. This is needed since the historical time series dif-
fer in how a wet day has been written down. To be able to
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Table 1. Stations used for the reconstruction of the 1763 to 1863 period. The letters for the variables are as follows: p – pressure; T – air
temperature; rr – precipitation rate; rr0 – precipitation occurrence. A description of the CHIMES data set and where it is available is found
in Brugnara et al. (2020b). If additional evaluations of the station exist, the respective reference is noted in the column “Hist. sources”. For
the reference data, MCH denotes station observations from the Swiss National Weather Service. For further abbreviations, refer to Sect. 2.2.

ID Station Country Long Lat Altitude Variables Hist. period Hist. source Ref. source
(m a.s.l.)

BAS Basel CH 7.588 47.558 253 p, T , rr0 1763–1863 CHIMES,
Brönnimann and Brugnara
(2020a),
Brönnimann and Brugnara
(2021)

MCH

BER Bern CH 7.452 46.948 554 p, T , rr 1763–1863 CHIMES,
Brugnara et al. (2022)

MCH

BOL Bologna IT 11.353 44.497 – T 1763–1863 PALAEO-RA//ECA&D EOBS

BUS Aarau CH 8.043 47.393 384 p, T , rr0 1807–1863 CHIMES,
Faden et al. (2020)

TabsD, RhiresD,
MeteoSwiss (2021b, a)

ENS Einsiedeln CH 8.752 47.127 906 rr0 1817–1858 CHIMES,
Brönnimann and Brugnara
(2022)

RhiresD,
MeteoSwiss (2021a)

FON Fontaines CH 6.900 47.044 767 T 1843–1862 CHIMES TabsD,
MeteoSwiss (2021b)

GOT Gotthard CH 8.568 46.555 2093 p, T 1781–1792 CHIMES,
Brönnimann and Brugnara
(2020a)

MCH

GSB Great St Bernhard CH 8.568 46.555 2093 p, T 1817–1863 CHIMES,
Brönnimann and Brugnara
(2020b)

MCH

GVE Geneva CH 6.143 46.204 411 p, T , rr 1782–1863 CHIMES/DigiHom,
Häderli et al. (2020),
Brönnimann et al. (2020)
Füllemann et al. (2011)

MCH

HOH Hohenpeißenberg D 11.020 47.800 995 p, T 1781–1863 Deutscher Wetterdienst,
Winkler (2006)

Deutscher Wetterdienst,
Winkler (2006)

KAR Karlsruhe D 8.404 49.008 122 p 1778–1863 Brugnara et al. (2015) ECA&D

LUZ Lucerne CH 8.404 49.008 122 p 1826–1832 CHIMES,
Brönnimann and Brugnara
(2022)

MCH

MIL Milan IT 9.180 45.470 132 p, T 1763–1863 Maugeri et al. (2002a, b) EOBS

NEU Neuenburg CH 6.930 46.991 434 p, T 1763–1782 CHIMES,
Wyer et al. (2021)

MCH

PAD Padua IT 11.870 45.400 31 p, T 1766–1863 Brugnara et al. (2015) ECA&D

ROV Rovereto IT 11.050 45.900 200 T 1800–1839 PALAEO-RA
Brugnara et al. (2016)

EOBS

SHA Schaffhausen CH 8.639 47.696 400 p, T 1794–1845 CHIMES MCH

SMA Zurich CH 8.538 47.370 410 p, T 1763–1863 CHIMES,
Brugnara et al. (2022)

MCH

STG St Gall CH 9.379 47.425 676 p, T , rr0 1813–1853 CHIMES,
Hürzeler et al. (2020)

MCH

TOR Turin IT 7.680 45.070 281 p, T 1763–1863 Di Napoli and Mercalli
(2008)

EOBS (p) and ECA&D (T )

VEV Vevey CH 6.844 46.460 378 T 1805–1840 CHIMES,
Brönnimann and Brugnara
(2022)

TabsD,
MeteoSwiss (2021b)

ZUG Zug CH 8.515 47.166 424 T 1843–1863 CHIMES,
Brönnimann and Brugnara
(2022)

TabsD,
MeteoSwiss (2021b)
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Figure 1. (a–e) Station measurements as they are available for five different months from 1763 to 1960. The upper right-hand numbers
denote the example month and the total number of measurements for this time step. Labelled stations are used in the ensemble Kalman
fitting. Panels (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.

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 char-
acteristics of a station and may thus have systematic biases.
We choose empirical quantile mapping that estimates empir-
ical cumulative distribution functions for the grid cell and
station time series for 99 percentiles with a linear interpo-
lation 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 be-
cause the biases between the grid and stations showed an an-
nual 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 done
yet, 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.

2.3 Gridded data sets

The analogue fields are resampled from the two daily spa-
tial 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 1× 1 km. The temper-
ature fields represent the free-air temperature at 2 m above
ground and are interpolated from approximately 90 homo-
geneous long-term station series with a deterministic anal-
ysis method using nonlinear vertical temperature profiles
and non-Euclidean distance (Frei, 2014). The precipitation
fields cover all hydrological catchments that drain to loca-
tions 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 ex-
cluding catchments to the south of Valais. The precipitation
fields are generated using around 650 rain-gauge measure-
ments within Switzerland and from neighbouring countries.
They are based on the spatially interpolated monthly mean
precipitation of a given day and spatial interpolations of rel-
ative anomalies (MeteoSwiss, 2021a).
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Table 2. Stations used for independent evaluation of the 1763 to 1863 period from CHIMES. A description of the CHIMES data set and
where it is available is found in Brugnara et al. (2020b). If additional evaluation of the station exists, the respective reference is noted under
“Hist. sources”.

CHIMES ID Station Country Long Lat Altitude Variables Hist. period Hist. source
(m a.s.l.)

BE01_Bern_Studer Bern CH 7.452 46.948 534 rr0 1807–1818 CHIMES,
Hari et al. (2022)

AG01_Aarau_Bronner Aarau CH 8.043 47.393 384 T 1857–1865 CHIMES,
Faden et al. (2020)

AG02_Tegerfelden Aarau CH 8.285 47.559 364 T 1843–1853 CHIMES

AR01_Herisau_Merz Herisau CH 9.279 47.385 770 T 1821–1831 CHIMES,
Weber et al. (2020)

FR01_Fribourg Fribourg CH 7.158 46.807 627 T 1829–1836 CHIMES,
Brönnimann and Brug-
nara (2022)

GR11_Nufenen Nufenen CH 9.245 46.539 1580 T 1834–1846 CHIMES

LU01_Luzern_Ineichen Lucerne CH 8.304 47.052 435 T 1826–1832 CHIMES,
Brönnimann and Brug-
nara (2022)

TI02_Bellinzona Bellinzona CH 9.023 46.191 230 T 1826–1832 CHIMES,
Brönnimann and Brug-
nara (2022)

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 in-
strumental station records across Europe and the weather
type classification by Weusthoff (2011). The weather type re-
construction also contains probabilities of the weather types
for each day to account for the uncertainty in the reconstruc-
tion. For the period after 2009, we used the weather types
provided by MeteoSwiss (Weusthoff, 2011).

The pre-processing steps of the gridded fields and obser-
vational data require additional reanalysis data. We use the
palaeo-reanalysis EKF400v2 (Valler et al., 2022) for the ho-
mogenization 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 tempera-
ture trends in the reference period (see Sect. 3.1).

In addition, we use the two monthly reconstructed
gridded data sets for Switzerland, TrecabsM1864 and
RrecabsM1864, which cover the period of 1864 to 2020 and

which have been constructed with a focus on high temporal
consistency (MeteoSwiss, 2021c).

3 Method

For the analogue reconstruction, we mainly followed the ap-
proach implemented in Pfister et al. (2020). Some adapta-
tions 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 fur-
ther back in time. This adapted approach is described in the
following sections. The period of 1864 to 1960 was recon-
structed as in Pfister et al. (2020) with the exception that we
removed the trend in the temperature data of the reference
period (see Sect. 3.1), we changed the error covariance cal-
culation of the observations for the assimilation procedure
(see Sect. 3.3), and we implemented a quantile mapping ap-
proach considering the annual cycle of the precipitation bias
(see Sect. 3.4). Figure 2 shows all required steps for creating
the final reconstruction, including the data preparation, the
reconstruction, and the cross-validation.

3.1 Pre-processing

Before the analogue selection, the observations had to be pre-
processed to make the historical observations comparable to
the observations in the reference period from 1961 to 2020.
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Figure 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 Sect. 3.

Firstly, we removed the trend for the temperature data (obser-
vations and grids) in the reference period to make it equally
likely to choose days from warmer years of the 21st cen-
tury as analogues. To remove a trend representing average
climatic changes and not local climatic changes, we calcu-
lated 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 be-
cause the temperature data are warmer in the reference period
than in the historical period of 1763 to 1863. A monthly tran-
sient 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 recon-
structed day. Further, the historical stations had to be homo-
geneous with respect to their reference station. 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 se-
ries is subtracted from the historical series to adjust them to

EKF400v2. Lastly, we removed the seasonal cycle of tem-
perature 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).

3.2 Analogue reconstruction

The ARM samples meteorological fields for a historical pe-
riod 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 obser-
vational data in the historical period and observational data
in the reference period. Our historical period starts in 1763
and is limited at the lower end by the availability of recon-
structed weather types (Schwander et al., 2017). The refer-
ence 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 con-
strained to days with a similar weather type and days within
the same season. All weather types with a cumulative prob-
ability of 95 % for the target days were admitted to the ana-
logue 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 % to-
gether. Weather type probabilities were lower for the early
days of the reconstruction in the 18th and at the beginning
of the 19th century. For individual days, probabilities were
so low (e.g. for 1 March 1803) that all weather types were
included in the analogue pool. But the days of the analogue
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pool were still constrained by the seasons. A season was de-
fined 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 precipita-
tion occurrence. The distance metrics used to find the clos-
est analogue days in Pfister et al. (2020), i.e. the root mean
squared error (RMSE), can however not be applied to cate-
gorical data (i.e. precipitation occurrence). Instead, we used
the Gower distance, which allows for distances to be cal-
culated for different variable types, such as continuous and
count data (Gower, 1971; Kuhn and Johnson, 2019). It is de-
fined as the average of partial distances across the variables
(Eq. 1):

d(ij )=
1
k

k∑
k=1

d(i,j,k). (1)

The partial distances are calculated as a range-normalized
Manhattan distance for the quantitative variables tempera-
ture, pressure, and precipitation sum. For the binary variable
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 occurrence
in the selection of the closest analogue. A first reconstruc-
tion 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 measure-
ments were available (compared to the earlier period) and the
RMSE penalizes large errors. Changing the distance mea-
sure within the reconstruction period could lead to inhomo-
geneities. 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.

3.3 Data assimilation for temperature fields

In a next step, the resampled temperature fields were im-
proved by assimilating the available temperature measure-
ments 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 individu-
ally (Bhend et al., 2012; Valler et al., 2022). Data assimila-
tion tries to find an optimal representation of the true atmo-
spheric 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 state,
the analysis xa, is given by Eq. (2):

xa
= xb

+PbHT (HPbHT
+R)−1(y−Hxb), (2)

where xb refers to the best estimate (the resampled analogue
fields), Pb 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 obser-
vation error covariance matrix. The second part on the right-
hand side of Eq. (2), PbHT (HPbHT

+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, individu-
ally yielding the separate equations Eqs. (3) and (4).

xa
= xb

+K(y−Hxb) (3)

x′
a
= x′

b
+ K̃(y′−Hx′

b) with y′ = 0 (4)

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

K= PbHT (HPbHT
+R)−1, (5)

K̃= PbHT ((
√

HPbHT +R)
−1

)T

× (
√

HPbHT +R+
√

R)−1. (6)

Often localization of the background error covariance ma-
trix Pb is used in data assimilation to avoid spurious er-
ror 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
proposed by Wartenburger et al. (2013). The error covari-
ance was estimated individually for the three periods 1763
to 1863, 1864 to 1960, and 1961 to 2020. As was to be
expected, errors in the last period of 1961 to 2020 were
smaller, and thus the skill of the cross-validation was over-
estimated. Due to the few available measurements within
Switzerland in the period of 1763 to 1863, we also assim-
ilated the temperature data from Hohenpeißenberg, Turin,
Milan, 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 Pb was
calculated including these observations. The observation er-
rors 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 observa-
tions because the observations are biased with respect to the
model grid.
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3.4 Quantile mapping for precipitation fields

Despite using the same grids, precipitation biases occurred
in the analogue-based reconstruction 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 re-
construction 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 us-
ing 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 quantile mapping was estimated for the
entire year, we calculated it in 15 d steps throughout the year
based on a 91 d window centred on these 15 d. This yielded
a total of 24 steps, which was a compromise between mak-
ing a bias correction for every day of the year individually
and making the bias correction only for the four seasons. Be-
cause the biases in the precipitation reconstruction changed
considerably based on the station network, quantile mapping
was computed for the different networks (see Fig. 1) and then
applied to the historical reconstruction depending on what
network the historical period corresponded to best. Note that
Fig. 1 only shows three examples of networks for the period
before 1864. Quantile mapping was conducted for six differ-
ent set-ups based on the station combinations occurring most
often.

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 recon-
struction. For the cross-validation, we reconstructed the tem-
perature 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 re-
constructed 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-
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 correla-
tion, RMSE, mean bias, and the Brier score (Wilks, 2011).
We used the Brier score to evaluate how well the reconstruc-
tion assigns wet and dry days. Therefore, instead of proba-
bilities, the Brier score was calculated for wet and dry days,
using 0.1 mm as a threshold. The Brier score returns the per-
centage 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 au-
tocorrelation 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 char-
acteristics of precipitation and compared these to the persis-
tence 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. 1. The evaluation is done individually for
every grid cell, i.e. evaluating the reconstruction in time. For
the network shown in Fig. 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 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
to 47.3◦ N. This gives insights into how well the spatial struc-
ture is reproduced. The final reconstruction is, however, run
on all available data.

For an independent evaluation, we compare the recon-
struction with station data from seven entirely independent
temperature series in the period of 1763 to 1863 (see Ta-
ble 2) based on the same measures as described above. The
mean bias was not calculated for series with seasonality re-
moved 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 rep-
resentation of the long-term variability by comparing our re-
constructions to other data sets covering the same or similar
periods.

4 Results and discussion

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 net-
work for the historical period) show correlation values be-
tween 0.67 and 0.99 and an average of 0.92 to 0.95 (Fig. 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 values in the Canton of Ticino. 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. 3f
to o). RMSEs range between 0.45 and 3.82 ◦C, with an av-
erage 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 of the Ticino, es-
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pecially around Lago Maggiore in winter and autumn. Mean
biases range between −0.34 and +0.08 ◦C (Fig. 3p to t). In
winter, pronounced cold biases are present in the Alpine re-
gion, 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. 4a and b). In winter, RMSEs are larger for the coldest
and the warmest days, while days in the middle of the distri-
bution 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, how-
ever, vary considerably. The network with only 11 measure-
ments (Fig. 1a) has the lowest correlations, with values rang-
ing between 0.58 and 0.99 for winter and 0.64 and 0.99 for
summer (Fig. 5a and b). In the winter months in particu-
lar, this network performed worse with respect to correla-
tion, RMSE, and MSESS. In summer, differences between
networks are much smaller (Fig. 5b). The increase in ob-
servations in 1864 showed much better performance for all
metrics; however, the change in the network from 41 obser-
vations to 108 did not lead to substantial improvements in the
reconstructions. The spatial analyses of all five networks are
shown in Fig. A1 in Appendix A for the annual evaluation.

Further, the persistence of day-to-day temperature vari-
ability is slightly underestimated in the reconstructions com-
pared to the original grid (Appendix, Fig. A3) with differ-
ences in the autocorrelations reaching up to 0.15 for the
sparse networks. In the alpine areas in particular, autocor-
relation 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 autocorrelation values in the ar-
eas 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 sit-
uations, 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 radia-
tion, leading to significantly lower temperatures below the
cloud layer. Because temperature data were mainly avail-

able in the Swiss Plateau below this inversion layer, a day
that is too cold for the Alpine area may be selected as an
analogue day and the temperature assimilation may be too
cold because 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 Fig. 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. 5a and
b) can also be related to such badly captured inversion lay-
ers, which are not present in summer months. For a recon-
struction 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. 1a), the temperature bias in winter is actu-
ally smaller compared to the network with 21 and 32 mea-
surements (Fig. 1b and c). Networks 2 and 3 already con-
tain 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 compared to de-seasonalized
temperature (Figs. 5 and 6). Spearman correlations range
between 0.39 and almost 1 for all seasons and the annual
evaluation considering the network with 32 measurements
(Fig. 5c). The Alpine region does not stand out in as pro-
nounced a way as for the temperature validation. However,
southern Switzerland, the Ticino, and the southern Grison
valleys do have correlation values of only 0.35. In contrast
with temperature, correlations are generally higher for win-
ter 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 sum-
mer 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 re-
construction and the original data set (Fig. 5p to t).

With respect to the intensity of events in winter, days with
more precipitation on an area-wide basis show higher corre-
lations than days with less precipitation (Fig. 4c). In summer,
spatial correlations do not vary in the median with respect to
the area average intensity; however, the spread of the corre-
lation increases for days with higher total precipitation. As
is to be expected, the RMSE increases with increasing inten-
sity 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 underestimation of the strong precipitation events in
both winter and summer, which is shown in Fig. 4c and d.
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Figure 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.

Despite the bias correction, extreme precipitation is underes-
timated in the reconstruction by a median of up to 10 mm.

Differences between the networks are substantial for sum-
mer and winter (Fig. 5c and d), but the performance is gener-
ally better in winter than in summer. The sparsest network
has a median correlation of 0.68, which increases consid-
erably 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 Fig. A2 in Appendix A.

Also, the persistence of dry and wet spells is underesti-
mated in the reconstructions, although only slightly and with
regional differences (Appendix Fig. A4). The fraction of dry
(wet) days followed by dry (wet) days is up to 0.14 smaller in
the reconstruction compared to the original data. The under-
estimation of the wet-day 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 resam-
pling does not consider temporal information.

The lower performance of the precipitation reconstruction
can be expected, since precipitation is a much more hetero-
geneous variable than temperature on a daily timescale, im-
peding daily reconstruction, especially when only very few
precipitation data are available. The performance differences

in the reconstruction between winter and summer can be
related to the type of precipitation occurring in these sea-
sons. In summer, precipitation can be convective and very
local, while in winter, precipitation is often stratiform, cov-
ering larger areas. This stratiform precipitation is easier to
reconstruct. The Brier score decreases faster around the sta-
tions in summer than in winter. The poor performance with
large RMSEs in the Ticino and the south-eastern Grison val-
ley 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. 4c
and d). In contrast with Pfister et al. (2020), the mean bias
of the uppermost percentile (Fig. 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 pre-
cipitation measurements enter the reconstruction, and thus
days with high precipitation are not selected from the ana-
logue 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. There-
fore, it covers the same longer-scale variabilities but not nec-
essarily in the same way as they occur in the early period
between 1763 and 1863. With respect to temperature, we cal-
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Figure 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 to
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.

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

4.2 Evaluation with independent data

A comparison with independent observations allowed us to
assess the performance of the reconstruction in the recon-
structed 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. 7a to d).
Nufenen, Bellinzona, and Lucerne 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, Lucerne,
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. 1). This con-
tributes to the better performance of the reconstruction in
these areas, but their good agreement confirms that for the
Swiss Plateau our reconstruction provides useful results.
Nufenen and Bellinzona show the lowest correlation val-
ues 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 recon-
struction is colder than the observations, which is especially
pronounced in summer (Fig. 7e). Furthermore, Bellinzona
lies in an area with no nearby observations used in the re-
construction. Due to this, we would expect cold mean biases
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Figure 5. Cross-validation results for the five networks shown in Fig. 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.

Figure 6. Cross-validation results of a network of 31 stations as in Fig. 1c for precipitation 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.
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Figure 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 the 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).

for winter as seen in the cross-validation but not for summer
(Fig. 3). For Nufenen, the closest grid cell in the reconstruc-
tion 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. An altitudinal difference of 300 m can explain
the large negative biases found between observation and re-
construction.

For precipitation, a comparison with independent obser-
vations is only possible for a series of precipitation occur-
rence 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 net-
work. 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 re-
sults. However, we compare a station measurement with a

grid cell (of 1× 1 km) covering a slightly different scale.
Also, precipitation occurrence may have a problem with ac-
counting 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 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, re-
constructions deviate from observations. This is also seen in
the comparison of the monthly wet-day frequency from the
reconstruction and observation (Fig. 7g), which agree well
overall (Pearson correlation of 0.84).
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4.3 Assessment of long-term variability

The 258-year-long reconstructions should reproduce daily
weather and long-term variability in temperature and pre-
cipitation over Switzerland. We assess this long-term vari-
ability 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 observa-
tions, or reanalyses. The data sets are not independent from
the Swiss reconstruction since they rely on the same or sim-
ilar input data, and they are also not independent from each
other. For details about the input data, refer to the references.

The annual temperature anomalies with respect to the 1871
to 1900 climatology agree well in all data sets for the recon-
struction period from 1864 to 2020 (Fig. 8a). This period has
good coverage of temperature data with high quality, and,
thus, good agreement can be expected. Only the reconstruc-
tion 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 cen-
tury. 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 ref-
erence period.

The agreement between precipitation reconstructions is
much lower (Fig. 8b). After 1864, all data sets reproduce
similar patterns but with different magnitudes. Differences
in the anomalies reach up to 3 % when comparing our re-
construction to RrecabsM1864 (MeteoSwiss, 2021c). Be-
fore 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 reconstruc-
tion is on average drier before 1864 compared to the pe-
riod after 1864. The smoothed time series only shows pe-
riods (around 1770 and 1850) with wetter conditions than
the average from 1871 to 1900. Since very little informa-
tion on absolute precipitation enters the reconstruction 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. Luter-
bacher and Pfister, 2015), and the wet summer of 1770 (see
next section), do show large positive precipitation anomalies
(Figs. 8b and A5d). The precipitation reconstruction, there-
fore, 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.

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 devas-
tating 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 1315 to 1318 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; ce-
reals 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 vulnerabil-
ity by contemporary standards, effective interventions by the
state, and the climate anomaly affecting only two harvests.

Collet (2018) summarized data from societal and natu-
ral 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 pre-
cipitation 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 Aus-
tria, 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 3). These
reports include, for example, late snowfall, continuous snow
cover, rain and flood impacts, and poor harvests. With our re-
constructed daily fields, we tried to confirm the long-lasting
wet and cold conditions described. However, the lack of pre-
cipitation observations in the reconstruction in particular has
to be kept in mind.

The area mean of the Swiss reconstruction does indeed
show monthly precipitation anomalies (with respect to the
1763 to 1812 climatology) which are constantly above aver-
age for a period from 1769 to the end of 1771 (Fig. 9a). Two
other data sets, EKF400v2 (Valler et al., 2022) and Casty
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Figure 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 (σ = 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 (TrecabsM1864/RrecabsM1864, 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).

(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. Tem-
perature anomalies are negative especially for the first half
year of 1770 but also for the beginning of 1771 (Fig. 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 of 1770. Several sources report abundant snowfall for
the month of April 1770 (Table 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 tem-
perature and 1 mm for precipitation 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 clima-
tology (Fig. 10a). In the pre-Alps and the Jura, up to 12 d
more snowfall occurred than on average. For the surround-
ing hills of Bern and Gurzelen, for which historical sources
reported snowfall, up to 3 snowfall days more occurred than

Figure 9. (a) Area mean of monthly precipitation anomalies with
respect to the monthly 1763 to 1812 means for the precipitation re-
construction (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 temperature 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.

usual, which, in relative terms, is almost a doubling with re-
spect 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 (Brönni-
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Table 3. Selection of registered weather impacts from the wet and cold weather in Switzerland in the summer half year of 1770 based on our
own sources (Brugnara et al., 2020b) and Euro-Climhist (Pfister et al., 2017). BE: Canton of Bern; SG: Canton of St Gall.

Time Location Impacts Source

Spring Geneva snow impact on agriculture Piuz (1974)

April Adelboden (BE) abundant snow Baertschi (1916)

April Gurzelen (BE) snow impacts on agriculture Oekonomische Gesellschaft
Bern, see data in Pfister et al. (2019)

April Bern (BE) snow impacts on agriculture Oekonomische Gesellschaft
Bern, see data in Pfister et al. (2019)

April Lake Constance abundant rain, snowfall, hay
prices increase

Paffrath (1915)

April/May Appenzell Innerrhoden late snowmelt Walser (1731) as cited in the Euro-
Climhist database by Pfister et al.
(2017)

May Uri abundant snow Schaller-Donauer (1937)

June/July Gurzelen (BE) fresh snow at higher elevations quoted in Zumbühl (1980)

July Lake Constance abundant rain, hail, rain impact Paffrath (1915)

August Lake Constance abundant rain, impacts of
floods, and high water level

Paffrath (1915)

September Gurzelen (BE) fresh snow at higher elevations Oekonomische Gesellschaft
Bern, see data in Pfister et al. (2019)

Summer Glarus pasture yield poor: most moun-
tain snow cover does not melt

Trümpi (1774)

Summer Grindelwald (BE) permanent snow cover Strasser (1890)

Summer Stockhorn Massif (BE) permanent snow cover quoted in Pfister (1975)

Summer Rhine Valley (SG) high water level Walser (1731) as cited in the Euro-
Climhist database by Pfister et al.
(2017)

Summer Erguel (BE) grain harvest poor Kohler (1871)

mann and Brugnara, 2020a) note snowfall for 4 d, but from
our reconstruction no snowfall can be inferred. However, us-
ing daily data for snow detection is difficult, as the thresh-
old 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 tempera-
ture values in Basel by d’Annone never reached values below
2.5 ◦C. However, the early morning measurements, for exam-
ple, 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 accumu-
lation 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 tem-

perature (e.g. Bonhomme, 2000). Here, we set this thresh-
old 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 d 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. 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. 10b) mainly for the area north of the Alps. In southern
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Figure 10. (a) Anomaly of the number of days with snowfall for April 1770. Black dots denote 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.

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 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. 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 sum-
mer 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. A5). 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 de-
veloped. Up to 50 more cold days were registered during the
summer of 1816, and wet days increased to up to 150 % com-
pared to the 1763 to 1812 climatology. The summer of 1816
was, therefore, considerably more extreme. Our reconstruc-
tion might also be more accurate for the summer of 1816,
particularly for precipitation, as up to four precipitation/pre-
cipitation occurrence time series, and also considerably more
temperature measurements, were available in 1816.

With the reconstruction, we are nevertheless able to re-
produce 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 simu-
lated. Such follow-up studies could also be applied to quanti-
tatively reproduce crop losses for this famine for Switzerland

based on the reconstruction presented here or even for the all
of Europe.

6 Conclusions

In this study, we present a reconstruction of 258 years of
high-resolution daily temperature 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.org/10.1594/PANGAEA.950236, Imfeld et al.,
2022). Meteorological fields were resampled based on the
most similar days in a reference period calculated from sta-
tion measurements. The resampled temperature fields were
further improved with data assimilation, and the resampled
precipitation fields were bias corrected with quantile map-
ping. Extending a daily reconstruction for Switzerland as far
back as the end of the 18th century was possible because 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 tem-
perature 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 consid-
erably 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, how-
ever, increased the Spearman correlation and Brier score,
especially around the measurement locations, but the good
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skills decreased rapidly with increasing distance from the ob-
servations.

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 precipi-
tation occurrence showed that around 76 % of the days are
assigned to wet or dry days correctly and that the reconstruc-
tion was able to reproduce the monthly wet-day frequencies,
indicating that the few observations of precipitation occur-
rence 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 in-
strumental 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 reconstruc-
tion based on such data inherits these errors and uncertain-
ties. Also, the method assumes that our analogue pool repre-
sents 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 stations south of the Alps and in the Alps consider-
ably lowers the reconstruction quality in these areas. Recon-
struction errors were large in the south of Switzerland espe-
cially for precipitation because the Alps act as a climatolog-
ical barrier. Measurements would be needed to create a valid
reconstruction for this area. Lastly, the changes in the net-
work 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 vari-
ous 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 con-
ditions of the summer of 1816 in Switzerland. The new re-
construction 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. The precipitation reconstruction could profit sub-
stantially if more weather notes were digitized, although the
latter is very tedious work. Other reconstruction approaches
have been and are being explored that could also contribute
to improved reconstructions, for example machine learning
techniques and data assimilation for precipitation as well as
methods including temporal information in the reconstruc-
tion. 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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Appendix A

Figure A1. Cross-validation results of all networks shown in Fig. 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 de-seasonalized temperature anomalies during 1961–2020. (a–e) Pearson
correlation, (f–j) RMSE, (k–o) MSESS, and (p–t) mean bias.

Figure A2. Cross-validation results of all networks shown in Fig. 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 A3. (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. 1 for the network set-ups. The
regions correspond to the major regions used for the national climate scenarios (NCCS, 2018).

Figure A4. (a–e) Differences in the fraction of wet days followed by wet days for the cross-validations of the five networks (see Fig. 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 A5. (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 temperature) 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. 10.
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