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Abstract

This paper presents the long-term Karlsruhe temperature series re-digitized and reconstructed fromyhandwrit-
ten manuscripts from 1779 to 1875 archived in various libraries. Despite great efforts, data from some periods
remained missing in the manuscript departments so that the main Karlsruhe series remained partially frag-
mented. Combined with historic climate records available in the archive of German Weather Service (DWD),
the entire series until 2008, when the official Karlsruhe station was relocated to.Rheinstétten, is one of the
longest climate series available for Germany. The series includes various observational parameters on a daily
or even sub-daily basis converted into SI units or contemporary units.

The focus of this paper is on the temperature series and presents some/first statistical analyses to
demonstrate the additional benefit of possessing unique long-term instrumental, climate data on a sub-daily
basis. The entire temperature series was homogenized with respeet to, consistent observation times and to
an urban boundary site. It is shown that the width of the distribution function quantified from constructed
daily maximum and minimum temperature has substantiallysbroadéned in the summer months, but not
during winter or the entire year. The number of summer{and hot days has substantially increased in the
last 30-50 years, while the number of frost and ice days hasgdecreased. Summer or hot days as well as
heat waves were very rare before 1920, being unrepresentative of a period mainly unaffected by climate
change. Singularities of the climate system, such a$ the (eold) Schafskilte in June or the (warm) Hundstage in
July/August, are clearly shown in most periods. The (cold) Ice Saints in May, however, have a high frequency
only in the coldest period between 1870 and(1960; they are hardly detectable in most of the preceding years.
Temperature statistics show that the sevefity of late spring frosts has gradually increased during the entire
record mainly as a result of later frost occurrences.
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1 Introduction

Long-term instrumental, observations of meteorological
parameters are of paramount importance for a better un-
derstanding of natural climate variability, for investigat-
ing historical extreme events, and for validating climate
model simulations on various time-scales. Daily surface
pressure data, for example, are needed to create a daily
historical European—North Atlantic mean sea level pres-
sure dataset (EMSLP; ANSELL et al., 2006) or to recon-
struct historical atmospheric circulation patterns in the
Twentieth Century Reanalysis project (20CR, Compo
etal., 2011). Long-term homogeneous pressure and tem-
perature records have been used to scrutinize single
years with large deviations from the mean seasonal cycle
and to relate those years to the historical context, such
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as the “year without a summer” of 1816 (BRONNIMANN,
2015, BRUGNARA etal., 2015) and the 2003 European
heat wave (TrIGO et al., 2005).

In Germany, records of climate observations over a
period of more than 200 years are only available for
a few sites. A series of daily temperature observations
since 1701 is available for the city of Berlin, being the
longest existing series. However, as noted by CUBASCH
and Kapow (2011), during the first 150 years, mea-
surements were problematic because locations, instru-
ments and measurements changed frequently and with-
out proper documentation. The Societas Meteorolog-
ica Palatina, established in 1781 to coordinate obser-
vations of the weather on an international scale (As-
paAs and HANSEN, 2012), started with meteorologi-
cal measurements, including phenomenological obser-
vations in Mannheim already in 1781 (state of Baden-
Wiirttemberg, SW Germany; SCHNELLE, 1955). The se-
ries, however, is not completely preserved. Other long-
term records are available for Regensburg (Bavaria,

© 2022 The authors

Gebriider Borntraeger Science Publishers, Stuttgart, www.borntraeger-cramer.com

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35


http://www.borntraeger-cramer.de/journals/metz
http://www.borntraeger-cramer.de/journals/metz
https://creativecommons.org/licenses/by-nc/4.0/
http://www.borntraeger-cramer.com

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

2 M. Kunz et al.: Karlsruhe Climate Series

SE Germany; temperature observations since 1773;
AUER etal., 2007), Munich and the mountain station of
Hohenpeiflenberg (both Bavaria and both since 1781;
WINKLER, 2009), Bremen (state of Bremen, NW Ger-
many; since 1803; OLBERs, 2013), and Stuttgart-
Hohenheim (Baden-Wiirttemberg; 1792), where daily
observations until 1878 were discarded because of bad
installation of the instruments and incompleteness of the
data (WULFMEYER and HENNING-MULLER, 2006). All
climate records involve undocumented or scarcely doc-
umented measurement and instrument changes as well
as changes in the observation methods and times.

The climate of the Karlsruhe region is exception-
ally warm and moist, particularly due to its location in
the broad Upper Rhine valley north of the Burgundy
Gate, through which Mediterranean air masses are fre-
quently advected (HOSCHELE and KALB, 1988; REK-
LIP, 1995). Mean temperature (1980-2010) at Karlsruhe
is 11.03 °C (DWD, 2021a), being the 5th warmest of all
265 DWD synoptic stations (8.81 +1.56 °C). Besides,
the temperatures often reach the highest values in all
of Germany; until 2018, Karlsruhe held the temperature
record of 40.2 °C (2003) together with two other stations
in Germany. Because of these extraordinary climatic
characteristics and the founding of the first meteorologi-
cal association, the Societas Meteorologica Palatina, in
the neighboring city of Mannheim in 1781, high-quality
meteorological measurements and regular observations
have been performed in Karlsruhe since 1776. In addi-
tion to the observation series of Berlin, Mannheim and
Hohenpeilenberg, the Karlsruhe series is thus one of the
longest and is unique because of its multitude of;avail=
able parameters, such as wind speed and direction, pre-
cipitation, cloud cover, and significant weather reports
(fog, thunderstorms, graupel, hail among others).

In the archives of the German Meteorological Ser-
vice (Deutscher Wetterdienst, DWD), a\quality assured
long-term climate series for Karlsruhe with three ob-
servations per day at the so-called Mannheim hours
(Mannheimer Stunden; 7,.14"and 21 local time, LT) is
available for the period fromy1 January 1876 to 31 Oc-
tober 2008 (DWD;2020)»Comprehensive meteorologi-
cal observations, however, were already performed by
JoHANN LORENZ BOCKMANN on a regular basis begin-
ning in 1776, later continued by his son, CARL WIL-
HELM BOCKMANN, and others (see Table Al). Temper-
ature observations since 1779 are available in historical
data archives, such as the Global Historical Climatol-
ogy Network (GHCN; MENNE et al., 2018) and the His-
torical Instrumental Climatological Surface Time Series
of the Greater Alpine Region (HISTALP; AUER etal.,
2007). However, only monthly mean temperatures are
available (even though GHCN stated on their homepage
that mean monthly maximum and minimum tempera-
tures as well as monthly total precipitation will be in-
cluded at a later date).

Handwritten records of daily and even sub-daily cli-
mate observations since the end of the 18" century are
archived in the handwritten manuscript departments of
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the university libraries of Karlsruhe and Heidelberg, the
municipal archive of Mannheim, the DWD library and,
as excerpts, from three Karlsruhe local newspapers. The
records include several meteorological variables, such as
temperature, pressure, relative humidity, wind speed and
direction, precipitation and hail, cloud cover, and signif-
icant weather reports.

With great effort, we have digitized and recon-
structed the entire Karlsruhe climate series, includ-
ing partial series from other observers, for the years
from 1779 to 1875. Despite countless searches and
trawling through various archives in relevant libraries,
the series however remained fragmented before 1800.

Because of the high relevance for climate change as
well as to demonstrate the additional benefit of pos-
sessing unique long-term instrumental climate data on
a sub-daily basis for better understanding the climate
variability in an era unaffected by anthropogenic climate
change, this study presentsysome first statistical analy-
ses of temperature observations solely. The newly digi-
tized temperature series before 1876 was homogenized
in a pragmatic way with respect to consistent observa-
tion times and,referring to an urban boundary site. Fur-
thermore, maximwm and minimum temperatures were
constructed by applying a mean characteristic daily tem-
peratufe cyele for 10-day periods. Finally, the series
was.combined with data from the archive of DWD un-
til 2008, when the observation site in Karlsruhe was ter-
minated. All subsequent analyses are based on the ho-
mogenized and merged temperature series, referred to
as “Karlsruhe temperature series” hereinafter; the term
“Karlsruhe climate series” refers to the entire observa-
tions.

The paper is structured as follows: Section 2 briefly
describes how we collected and digitized the handwrit-
ten manuscripts of the Karlsruhe observations, while
Section 3 introduces the Karlsruhe temperature series
including their homogenization and reconstruction of
daily minimum and maximum temperature. Section 4
briefly discusses monthly means of the newly digitized
temperature series and shows the deviations from the
GHCN series. The main part, Section 5, investigates
long-term variabilities and gradual changes in the tem-
perature distribution, seasonal cycle, and different tem-
perature indices with a focus on the period before 1876,
for which we have newly digitized the data. Attention
is also paid to singularities, such as the well-known
“Ice Saints” in mid-May, and to late frost occurrences.
This section closes with a brief discussion of the poten-
tial benefit of possessing daily temperature records for
better understanding the adverse weather conditions as-
sociated with the well-known, popularly so-called “year
without a summer”, 1816.

2 The newly digitized Karlsruhe
climate series 1779-1875

The Karlsruhe climate series is a compilation of var-
ious meteorological observations recorded in the city
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Figure 1: Meteorological observation sites on maps of the town in

karlsruhe/.

of Karlsruhe dating back to 1779 (fragmented even to
April 1778). As with any long-term series, the Karlsruhe
climate series includes observations made by different
institutions and operators based on different standards
and instruments and recorded at different locations. The
entire series consists of two main parts: the newly digi-
tized climate series from 1779 to 1875 and the data from
the DWD archive (WMO code 10727) between 1876
and 2008. During the entire 231-year period, the Karls-
ruhe station was relocated nine times (see Table Al in
the Appendix), but most of the time it was located on
the boundary or periphery of Karlsruhe.

The following sections introduce the newly digitized
climate series, including the station locations and in-
strumentations, present a simplified data homogeniza-
tion approach for the temperature records to considér-
ing changes in observation time and station location, and
show the construction of minimum and maximum tem-
peratures (Tmin and Tmax). Afterward, we,briefly de-
scribe the compilation of the entire/Karlstuhe tempera-
ture series, including the filling of,short-term data gaps.

2.1 General description and station locations

The entire newlyhdigitized daily Karlsruhe climate se-
ries includes several, meteorological observations: The
temperature at different sites (outside in the street
and/or in the courtyard, at barometer level), air pres-
sure, cloud coverage, wind speed and direction, rela-
tive humidity, precipitation totals, and reports of signifi-
cant weather (light/heavy/liquid/solid precipitation, hail,
graupel, dew, rime, dust, fog, thunderstorm, and light-
ning). All observations were converted into SI-units or
contemporary units (e.g., °C, hPa, ms~!). The observer
usually measured three times a day — usually at the
Mannheim hours — but sometimes at different times and
with temporary observation gaps (see also Section 3.1a).
Additional information about the instruments used, their
calibration, and the readout of the data as well as the al-
titude of the barometer installation are well documented
in the literature (see Tables A1 and A2 in the Appendix).
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) 841
V/1850-1868 (d

1790 (a) and 1868 (d). Source of maps: Attp://www.maegges.net/

The systematic recording and collection of meteoro-
logical measurements in Karlsruhé as the first observa-
tion station in southwest (Germany are closely linked to
the development of the University of Karlsruhe, founded
in 1825 under the.name Polytechnicum (TH). The first
observations between 1776 and 1789 with several gaps
were conducted bywddL.. BOCKMANN. After 1798 (avail-
able only after 1800),this task was assumed by his son,
C.W. BOcKkMANN. What happened in the intervening pe-
riod.s,unclear; no records were found in the archives,
even though monthly means are available in the archives
of GHEN and HISTALP. Until 1803, the meteorologi-
calistation was located at the village border (Innerer
Zirkel; location a in Fig. 1a). In 1803, the station moved
to the physical cabinet of the Polytechnical Institute in
the lyceum building at the Karlsruhe marketplace, ap-
proximately 400 m to the southwest of the former lo-
cation, where it acquired some characteristics of a city
station (location b in Fig. 1a). Almost the same instru-
ments were used in similar ways inside and outside the
home of the director of the lyceum. In 1840, the station
was relocated 100 meters to the physical cabinet in the
Spitalstrasse (location ¢ Fig. 1b). In 1850, the station
moved to the Polytechnicum in the lyceum building of
the Karlsruhe marketplace, the same location as some
years ago (location d, same as b, in Fig. 1b); the exact
location, however, remains unknown. Another small re-
location, probably within the lyceum building, occurred
in 1865. After 1868 (and until 1895), the station was es-
tablished in the western wing of the Polytechnicum in
the Lange Strasse (today: Kaiserstrasse) near the north-
ern limit of the build area of Karlsruhe, which at that
time was only 70 m from the extended forest Hardtwald
(location e in Fig. 1b). The various relocations may have
caused abrupt changes in the time series. By contrast,
increasing urbanization, such as at the lyceum location
near the marketplace, which became an inner-urban site
in the 19th century, can be assumed to result in gradual
changes. This issue is addressed below.

In addition to the main series described above, me-
teorological recordings were temporally performed in
parallel by other observers at other locations within
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Figure 2: Example of a scanned copy documenting.meteorological measurements and observations from 11 to 20 January 1826 with
three observations per day (three lines; rows from left to right: day, time, station pressure, temperature I (indoor) and II (outdoor), relative
humidity, wind direction, and weather conditions; the red frame is for a comparison with another handwritten copy shown in Figure B1 in

the Appendix).

the city. Such parallel serig§ prevail for the periods
1829-1851 (by EISENLOHR),»1850-1860 (by KrAU-
PRECHT), and 1852-1856 (by. WEBER). Metadata, such
as information about theyinstrumentation and the cali-
bration, are only, available for the latter observer. Despite
the lack of metadata, we used the parallel series not only
for a systematic comparison with the main series to de-
tect outliers or transcript failures but also to fill some of
the data gaps in the main series (cf. Section 3.4).

2.2 Digitization

The Karlsruhe main and parallel climate series are based
on high-resolution scans of either original handwritten
meteorological diaries and climate tables or handwrit-
ten copies thereof. These documents are stored in the
manuscript departments of the libraries of the Univer-
sities of Karlsruhe and Heidelberg, the city archive of
Mannheim, and the paper archive of DWD in Offenbach
(see Table A2 in the Appendix). Parts of the time se-
ries are supplemented by reports from local newspapers.

Between 1801 and 1821, the records of the Karlsruhe
manuscripts are summarized copies of the second ob-
server, C.W. BOCKMANN (see the example in Fig. 2).

All handwritten climate records were manually digi-
tized from the scans with considerable effort. More than
one million entries were entered manually using the nu-
meric keypad. Tests with automatic optical character
recognition (OCR) turned out to be too error-prone, es-
pecially because of the ancient and varying scriptures.
Because transfer errors cannot be fully excluded, a plau-
sibility control was performed based on threshold tests
of absolute values. Implausible values were again com-
pared with the scans and corrected if necessary. After
a second quality check, all observations were converted
into metric values and standard units (e.g., °C, mm, hPa).
In addition, all temperature observations were manually
verified regarding outliers and inconsistencies, such as
temperature values that do not fit the season.

During the digitization it turned out that, in some
cases, the temperature records archived in the manu-
script departments of the Karlsruhe and Heidelberg li-
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braries are not identical. An example is shown in Fig-
ure Bl in the Appendix, where the temperature obser-
vations between 15 and 20 January 1826 have oppo-
site signs in the manuscripts archived in the libraries of
Karlsruhe and Heidelberg. It can be assumed that one
of the handwritten manuscripts is a copy of the other,
and mistakes were made when transcribing the original
manuscript. Because of varying scriptures, it was some-
times not possible to distinguish the copy from the orig-
inal.

In addition, some of those who worked on the tran-
scripts at that time tried to adjust the temperature val-
ues on sunny days to the observation times, which of-
ten deviated from the Mannheim hours. For this rea-
son, we digitized all temperature series available in
the manuscript departments. Statistical methods that
compare two different samples (e.g., Mann-Kendall or
Mann-Whitney-U test) are of limited help regarding the
question of which records have already been corrected
and which have not. For this decision, we considered
also other observations, such as cloud cover or precip-
itation — in addition to the considerable experience we
gained during the digitization.

3 The Karlsruhe temperature series

3.1 Homogenization of the temperature series
1779-1875

Homogenization of any observational data is a challeng=
ing task mainly because the data are subject to several
influencing factors that can cause either abrupt omsgrad-
ual changes in the time series. Potential influencing‘fac-
tors may result from the instrumentation and their‘re-
liability, the observation times, the surroundings, and
the station itself regarding the cabin or building struc-
ture. A prerequisite of any homogenization 1s sufficient
documentation of the station history, which is the case
for the Karlsruhe climate series. Adthough the appli-
cation of standard homogenization/approaches in gen-
eral provides satisfactory' results for monthly temper-
ature records (BOHM,»2006), a closer examination of
the Karlsruhe series homogenized in different projects
(HISTALP, Aukr etal., 2007; GHCN-V4, MENNE et al.,
2018; DWD-Archive via ftp) shows considerable dis-
crepancies (not shown here).

The homogenization of monthly values leads to con-
siderable differences, and even greater uncertainties are
expected when homogenizing observations on a daily or
sub-daily basis. Thus, we applied a simplified, two-step
correction method to the temperature series 1779-1875
with a correction for changes in observation times un-
til 1842 and a simplified homogenization with respect to
the station location. The changes in the instrumentation
in 1840 (see Table A1) did not have a detectable influ-
ence on the time series and, thus, was not considered.
Due to the lack of detailed information, influencing fac-
tors and disturbing effects, such as the aging of the ther-
mometer glass, could not be considered. Other climatic
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variables, such as wind or humidity, have not yet been
homogenized because the implementation is much more
difficult compared to that of the temperature.

(a) Homogenization of the temperature series with
respect to observation times

Since the 19" century, meteorological observations in
Germany and worldwide have usually been collected
the so-called Mannheim hours (7, 14, 21 LT,). The ob-
servations in Karlsruhe were also taken three times a
day before 1843, but at varying times, often one or two
hours before or after the Mannheim hours, and some-
times with changes from day to day. The morning ob-
servations shown in Fig. 2, for example, were taken at
7:00, 7:30 or 8:00 LT, while afternoon observations were
at 15:30 or 16:00, and evening observations at 20:30 or
21:00 LT. Most of the parallel series have this problem
as well.

The conversion of the temperature observations to
the Mannheim hours is basedion the shape of the diurnal
temperature distribution estimated from hourly observa-
tions at the Kaglsruhe \DWD station between 1976 and
2008 (reference peried). The method we have developed
and extensively evaluated is described below; it relies on
the characteristic diurnal temperature cycle during the
reference period. One must be aware that the temper-
ature correction does not work reliably if the air mass
and/omyits characteristics changed within a short period
of time, for example, as a result of a frontal passage or
the cold air outflow of a thunderstorm. This source of
error can hardly be eliminated but is not considered to
be a severe problem in view of the objective of investi-
gating the temperature variability in the period prior to
the beginning of official climate recordings in 1876.

In the first step, hourly temperature means are deter-
mined for the reference period by considering prevailing
weather conditions, mainly cloud cover, and the time
of the year. Because of the considerable variability of
the diurnal temperature cycle in the course of a year,
the hourly means are further subdivided into 10-day
means (hereinafter referred as decade), resulting in a

24 X 36 matrix: TZ (h = 24 indicates the hour, d = 36 the
decade). Next, an artificial diurnal temperature cycle T,
is reconstructed for each day in the period 1779-1875 by

adjusting T;f for the reference period to the three obser-
vations T;‘.‘ at different times (j =1%, 2*, and 3* at morn-
ing, noon, and evening) for the corresponding decaded.
In this step, the diurnal series is separated into three time
periods, which are treated slightly differently.

(1) Between the first observation T} in the morning
and the second observation 775 around noon, hourly val-
ues T, are calculated using the following approach:

=Tr 4k (T-TE) with k= =1,
hl 1% h 1%
Td _ Td
D 1
3.1
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the subscripts 1* and 2* correspond to the observa-
tion times j of the new series and not to the hour of
the day. The temperature 7,, thus is obtained from the
first observation of the day plus an expected temperature
change until the searched time /1 according to the diur-
nal cycle of the long-term reference period, multiplied
by a correction factor. The latter factor k; adjusts the
temperature amplitude on a given day and allows for a
deviation from the reference diurnal cycle as a result of,
for example, cloudiness or cold air advection. This fac-
tor is well defined when the denominator is large, mean-
ing that the long-term mean temperatures in the morning

and at noon, Tld* and Tg*, differ significantly from one
another, which is mainly the case during summer time.
If the recorded observation time is between whole hours,
it is linearly interpolated between the whole-hour means
(this applies also to the transformations (2)—(4) below).

(2) A similar approach is applied for the hours be-
tween noon and evening:

T, =T +k(T9-T7) with k= == 2
h2 * h 3% 7 7
T34< - T2*
(3.2)

(3a) Between the evening and the following morn-
ing, the procedure must be modified. The temperatures
at the two times 3* (evening) and 1* (morning) are fre-
quently similar with the consequence that the denominas
tor of the correction factor is very small and the method
fails. Therefore, k3 is calculated as the mean of the well
determined factors k; of the current day (evening) and
ki 7 of the following day (morning), in total:

— = i
T, =T, +k (T;j - Tg*) with ks =50k +Kip)
(3.3)

(3b) The estimate of k3, however, requires an ad-
ditional correction. The evening’temperature quantified
using Eq. (3.3) usually matches thé observed values very
well. Because k3 is not calculated directly from temper-
ature observationsdat the evening and subsequent morn-
ing, but instead from the factors k, and k¢, the recon-
structed temperature curve does not necessarily match
the early observation®well. Thus, the temperature values
of the morning hours are corrected using a linear form:

T=T;, -T; - k(Tldf* - ﬁ) (3.4)
T}/13;c0r = T}/13 + T(I;Q - t)/(t;lz - t;;l) (3.5)

with ¢ as time. Note that in the above equation the in-
dex “I”” always refers to the following day, thus denoted
to as “If’. The temperatures at night, 7;,, comprise a
part of the long-term mean plus a deviation that is added
linearly. The latter component is large if the temperature
has changed in an untypical way during the night, for
example, as a result of an air mass exchange.

Based on Egs. (3.1) to (3.4), the temperature ob-
servations were converted to every whole hour, includ-
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ing the required Mannheim hours. Daily mean temper-
atures (Tmean), finally, were calculated according to
the following formula using the values adjusted to the
Mannheim hours (subscripts in Eq. (3.6)):

Tmean = % ( o7+ T4+ 2Tél), (3.6)
This method with the double weighting of the observa-
tion at 21 LT was suggested by KAMTZ (1831) to provide
the best estimate of the daily mean for this combination
of observation times. It was the standard method for the
daily mean calculation at DWD until 31 March 2001;
since April 2001, daily means have been calculated from
all hourly observations (KAsPAR etal., 2016).

Despite the somewhat artificiab€haracter of the tem-
perature adjustment described aboveythe differences be-
tween the uncorrected and (corrected data are rather
small. The 10-day means of the time-corrected Karls-
ruhe main series, for example, differ from the uncor-
rected values for 10-day-averages by only 0 to +0.1 K
in the winter, and by +0.1to +0.5 K in the summer.

(b) Homogenization with respect to station
relocations

As.discussed above, the observations of the Karlsruhe
climate, series were conducted at different locations in
the eity of Karlsruhe, which may cause some abrupt
discontinuities (even though such changes cannot be
detected in the monthly means shown in Fig. 4). In
addition, the increasing expansion of the city caused
some locations to become more characteristic of inner-
urban sites over time. Various approaches have been em-
ployed to detect inhomogeneities and adjust climatic se-
ries to compensate for associated biases (e.g., PETERSON
etal., 1998; MESTRE et al., 2011). These methods correct
monthly or daily observations, but usually require paral-
lel or neighboring reference series for a similar regional
climatic environment (MENNE and WILLIAMS, 2009).

Because of the sub-daily observations and several
available parallel series (urban and suburban), we ap-
plied a weather-oriented procedure, where each of the
well-documented station changes is declared as a poten-
tial break of the series. Based on the above described
correction of the inconsistent observation times as well
as the correction of the window screens at that time, indi-
vidual differences of the observations between the par-
allel series were determined on a decadal basis and in
dependence of both the actual weather situation (in par-
ticular degree of cover) as well as the season for the pe-
riod 1779-1875. The difference values obtained in that
way form the correction factors of the day-, season-, and
weather-specific urban climate effect. Because homog-
enizing to a location in the center is unreasonable due
to the dynamic growth of the city, we homogenized the
data with respect to a periphery location. No corrections
were applied before 1803, when the observation sites
were in urban boundary environments.
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Table 1: Monthly factors used to correct the temperature series observed in Karlsruhe between 1779 and 1868 due to changes in the station
characteristics. The correction factors are subtracted from the original (and time-corrected) temperature series.

1779-1802  1803-1810 1811-1820 1821-1830 1831-1840 1841-1850 1851-1860 1861-1868
Jan 0.0 0.6 0.6 0.7 0.8 0.6 0.8 0.8
Feb 0.0 0.6 0.6 0.7 0.7 0.6 0.7 0.7
March 0.0 0.4 0.5 0.5 0.6 0.5 0.6 0.6
April 0.0 0.3 0.3 0.3 0.4 0.3 0.4 0.5
May 0.0 0.2 0.3 0.3 0.3 0.3 0.4 0.4
June 0.0 0.2 0.3 0.3 0.3 0.3 0.3 0.4
July 0.0 0.3 0.3 0.3 0.4 0.3 0.4 0.4
Aug 0.0 0.3 0.3 0.4 0.5 0.3 0.5 0.5
Sept 0.0 0.4 0.4 0.6 0.7 0.4 0.7 0.7
Oct 0.0 0.5 0.6 0.6 0.6 0.6 0.7 0.7
Nov 0.0 0.5 0.6 0.6 0.6 0.6 0.6 0.7
Dec 0.0 0.5 0.6 0.6 0.6 0.6 0.7 0.7
Year 0.0 0.40 0.45 0.49 0.54 0.45 0.57 0.59

Systematic temperature changes in addition were es-
timated by comparing the main Karlsruhe series with
the nearby Mannheim series, which was taken at dif-
ferent locations, partly in urban surroundings and partly
near the margin of the build area. The periods con-
sidered for the temperature adjustment were as fol-
lows: 1776-1792 and 1860-1871 (western wing of
Mannheim castle), 1821-1827 and 1853-1857 (observa-
tory, outskirts); 1841-1852 and 1857-1860 (inner city,
square C3,18), 1871-1888 (inner city, square N3,4),
and 1888-1943 (Miihlausschleuse harbor, outskirts of
Mannheim). Because the location changes occurred in
different years in Karlsruhe and Mannheim, the periods
with only one or both stations in urban environments
were inspected to detect, and roughly correct for, urban
climate effects. During that period, the slightly higher
temperatures in Mannheim (by approx. 0.4 K on aver-
age) can be attributed to the early morningiexposure of
the thermometer to sunshine.

We performed a temperature correction on a monthly
basis using constant values for different time periods.
The additive correction factorshdisplayed in Table 1
vary between approximately 0.3 K in summer and 0.7 K
in winter. Even though, obvious errors and implausible
values have beeneliminated as much as possible, there
remains some uncertainty in the data, which may result
from transmission errors, errors in the transcripts, or the
time adjustment.

After the homogenization of the data as described
above, we performed thorough verification regarding
outliers and inconsistencies, such as temperature values
that do not fit the season. Potential outliers and inconsis-
tencies were marked in a first step using low-threshold
plausibility control algorithms. In a further step, the
marked data were visually checked against the preced-
ing and following data, the non-homogenized raw data,
the weather characteristics on that day and — in some
cases — with data sets of the parallel series from Karls-
ruhe as well as the climate series of Mannheim, Worms,
Hanau and Frankfurt, which were also digitized on a
sub-daily basis.

3.2 Construction of daily minimum and
maximum temperatures 1779-1875

Because the temperatures at the Mannheim hours do
not necessarily coinc¢ide with minimum and maximum
temperatures, Tmin and Tmax, respectively, these have
to be constructed ‘applying an approach different from
that described above. The starting point is that the newly
digitized temperature observations, in addition to the
regulariebservations, include observed Tmin and Tmax
overa périod of almost 13 years (14 Nov 1841 to 28 Aug
1854 with some short-term gaps).

The construction of Tmin and Tmax starts with the
guantification of the temperature differences AT be-
tween the thrice-daily temperature observations at 7,
14, and 21 LT (Mannheim hours) and the recorded ex-
tremes:

AT{ = (T;* = T%min),
ATY = (T3¢ = T"max),

(3.7)
(3.8)

Because the diurnal temperature cycle is strongly con-
trolled by incident solar radiation and therefore changes
considerably during the year (e.g., Tmax in January is
reached at 13 UTC, in July at 14 UTC), Egs. (3.7)—(3.8)
are computed separately as means for each of the
36 decades d. In the next step, the temperature dif-
ferences ATf (Eq. (3.7)) are used to construct Tmin,

whereas ATg is used to quantify Tmax for periods where
no direct observations of 7min and Tmax are available.
In the evaluation of the temperature differences, it turned
out that the temperature observation at night, 775 4 is not
suitable for estimating 7max.

As shown in Fig. 3, the differences ATg obtained
from Eq. (3.8) to construct Tmax are much smaller on
average than ATf from Eq. (3.7) used to construct Tmin.
This result means that the second observation (7;) is
temporally much closer to Tmax than the first observa-
tion (77) is to Tmin.

The two differences also show an annual cycle with
the largest difference during summer and the smallest
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Figure 3: Median and standard deviation of the differences between the morning temperature (7 LT; date value 1) and the lowest temperature
(left) as well as the afternoon temperature (14 LT) and the highest temperature (right) during the period 14 Nowv,1841:to 28 Aug 1854. The
10-day means are used to construct Tmin and Tmax for periods with no extreme temperature observations.

in winter resulting from the general diurnal tempera-
ture cycle. The values of ATf during the winter decades

are similar to those of Anguring the summer in a
range of 0.5-1 K. This result means that the uncertainty
in Tmin — most relevant during the winter months —
and that in Tmax — most relevant during the summer
months — are almost identical. This finding is an impor-
tant issue when calculating temperature indices based on
fixed thresholds, such as hot days or ice days (cf. Sec-
tion 5.3).

Finally, the median values per decade shown in Fig. 3
were added or subtracted to construct Tmax and Lmin
from the observations of T and T for the entiref pe-
riod from 1 April 1779 to 31 December_1875. Only in
the time frame where Tmin and Tmax were directly ob-
served did we keep these temperatures. Afterward, we
checked the entire series (including the observed Tmin
and Tmax records) for plausibility. and for outliers ac-
cording to the method of KUTTING and SAUER (2011).
In so doing, we eliminatedy,as many obvious errors and
implausible values.as possible:

Note again that the temperature extremes 7Tmax and
Tmin are constructed values and not observed ones (ex-
cept for the periody1841-1854). The examinations pre-
sented in the following sections should therefore be
treated with caution regarding the exact values. Nev-
ertheless, they provide a qualitative overview of the
weather and temperature conditions and their temporal
variability in Karlsruhe during the 18™ century.

3.3 The period from 1876 to 2008

Since January 1876, i.e., the end of the newly digi-
tized Karlsruhe climate series, meteorological data for
Karlsruhe are available via the DWD data archive. The
official synoptic station (SYNOP; WMO code 10727,
ID 02522) dates back to that year. Meteorological ob-
servations at that time and afterward were much more
harmonized, and details can be taken from the literature

(HOscHELE and KALB,1988) or from the Open Data
server of DWD_(DWD, 2021b). For the sake of com-
pleteness, we will ‘only briefly describe in the following
paragraph the station locations in the city of Karlsruhe.

The Polytechnicum (TH) hosted the meteorological
station until 1898, but with two slight relocations within
the;samerbuilding at different heights (location e in Fig-
ure B2). Between December 1898 and June 1921, mea-
surements were performed in the University building,
just a few hundred meters away. Between 1921 and
1937, the station was operated in the castle Gotresau,
located approximately 1 kilometer to the east of the pre-
vious site and used as a tenement at that time (location g
in Figure B2). From April 1937 until October 1944, me-
teorological observations were recorded on the air base
at the outskirts north of Karlsruhe (location h). After
an interruption starting from the last months of World
War II on 1 November 1944 until September 1945, the
operation of the station was resumed in the Erzberger
Strasse, approximately 1 kilometer south of the for-
mer air base (location i). Finally, on 1 November 1977,
the station was moved to its final location in the Herz-
strasse far off to the northwest outside the city of Karls-
ruhe, being mainly agricultural land at the periphery
of Karlsruhe (location k). Parts of the station, such as
the anemometers, were installed at the top of a large
building of the “Landesanstalt fiir Umwelt (LUBW)”.
On 1 November 2008, the DWD station was again re-
located to a place near the city of Rheinstetten (WMO
code 10731), approximately 7km south of Karlsruhe.
To ensure the continuity of the exceptional long-term
Karlsruhe climate series, the IMK has been performing
measurements at the same location with the same instru-
ments since 22 January 2009. Extensive vegetation in
the immediate vicinity of the station, however, and pro-
gressive development in the surrounding area result in
too high temperature mainly on high-radiation days in
summer. Therefore, we decided not to use this data af-
ter 2009.
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Even though the data after 1876 are available in
the DWD archives, it can be assumed that no thorough
homogenization with respect to the different station lo-
cations and instruments has been conducted.

3.4 The entire Karlsruhe temperature series

To obtain a most comprehensive and almost complete
long-term data record representative for a suburban re-
gion, we combined the newly digitized daily tempera-
ture series 1779-1875 with observations from the of-
ficial station later operated by DWD in the period
1876-2008.

Despite great efforts, data from some periods re-
mained missing in the manuscript departments with the
consequence that the main Karlsruhe temperature series
remained partially fragmented. All major gaps and the
series used to fill some of the gaps are listed in Ta-
ble A3 in the Appendix. Completely missing are the
years 1787 and 1788. The largest data gap of the entire
series is between 1790 and 1799, where no manuscripts
or copies could be found in the archives, even though
PrAFF (1810) reported on meteorological observations
by J.L. Bockmann at least temporarily in the period
1789—1798. During the 19™ century, there were a few
shorter gaps lasting between one and 10 days and a
longer gap of 116 days from August to November 1851.
The short-term gaps were filled with data from the
Mannheim series. After testing with temperature values
raised or lowered by 2 K during these gaps, the statistics
presented later are not sensitive to these changes (eX-
cept the quantification of threshold days). For the longer
gap in 1851, we could use a parallel series in Kaflsruhe,
which was adjusted to the Polytechnicum site¢Note that
all these gaps were filled before homogenization and
quantification of Tmin and Tmax (Sectiofi 3.1 and 3.2).

The major gap in the DWD timesSeries in 1944/45
could not be filled because no data from adjacent
stations were available for this™time."The stations of
Mannheim und Heidelberg with .unbroken series are too
far away, and occasionally shew large deviations com-
pared to the Karlsruhe,site. The last two months in 2008,
after DWD terminated their observations at the Karls-
ruhe station, were supplemented by observations from
the DWD station in Rheinstetten. When merging the
data, particular attention was paid to days being poten-
tial candidates for classification as frost or ice days (see
Section 5.3).

3.5 Additional temperature series

For comparative purposes, we also used monthly mean
temperature records for the period 1779-1875 from
GHCN, which is a set of monthly climate summaries
from thousands of weather stations around the world
(Vosk etal., 1992). We used GHCN version 4, which,
in contrast to the previous data, provides a more com-
prehensive consideration of quality checking and uncer-
tainty for the calculation of station and regional temper-
ature trends (MENNE et al., 2018).

M. Kunz et al.: Karlsruhe Climate Series 9

4 Monthly mean temperature
1779-1875

We first compare monthly means computed from the
newly digitized and homogenized Karlsruhe tempera-
ture series with GHCN data (Fig. 4). Note, however,
that the purpose of this paper is neither to trace back the
differences to their origin nor to investigate temperature
variability compared to other regions.

For most years, the temperatures in the Karlsruhe se-
ries are slightly higher than those of the GHCN data,

yielding a positive bias of AT = 0.19K for the pe-
riod 1779-1875 (AT = —-0.01K for 1779-1786 before

the large gap, and AT = 0.21 K for 1800-1875). How-
ever, the differences between the two_series are not con-
stant, showing deviations persisting over several years
and abrupt changes. In 55.6 % of7all, months, the differ-
ences are equal to or less than 0.2 Kj; in 91.2 %, the dif-
ferences are less than 0.5 Keilsarger differences of more
than 1 K are rare and occur only 10 times (months). The
two series have similar values in the few years of the
18" century, at the,beginning of the 19" century un-
til 1825, in thesperiod from 1834 until 1843, and af-
ter 1862,,By contrast, the largest differences occur be-
tween 1853vand 1865 After 1865, two abrupt changes
occur with a3=year time range with negative differences
followed bysa 6-year time range with almost constant
positive deviations. Furthermore, there is a slight ten-
dencyafor larger deviations during the summer months,
which does not apply to the single peak deviations.

The reasons for the deviations are unclear. They
are not related to station relocations or instrumental
changes. Likewise, they do not result from urbanization,
as this would imply gradual changes. We also cannot
judge which of the time series is more reliable. Con-
sidering other monthly mean temperature series, such
as that of the HISTALP database (AUER etal., 2007),
the differences with the Karlsruhe temperature series are
even smaller. This fact at least suggests that the newly
digitized Karlsruhe temperature series is more realistic
than GHCN.

The four station relocations, indicated by srl—sr4 in
Fig. 4, have no noticeable effect on the time series — nei-
ther on the course of the monthly means nor on the dif-
ferences. Of course, there are changes in Tmean, Tmin,
and Tmax averaged over the partial series between sta-
tion relocations (colored horizontal bars in Fig. 4). Par-
ticularly near the last station relocation in November
1868, temperature means change substantially by ap-
proximately 0.4, 1.1, and 1.0K for Tmean, Tmin, and
Tmax, respectively. These changes, however, are within
the range of the changes observed between all 20- and
30-year periods of the entire series and are therefore an
expression of natural climate variability. Also note that
the time span after relocation sr4 is only 8 years; when
extending the time span to 20 years, the temperature dif-
ferences decrease considerably.

The seasonal cycle of most years resembles a nor-
mal distribution, which is sometimes very smooth and
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Figure 4: Time series of the monthly mean temperatures of the Karlsruhe temperature series and the GHCN series (upper part of the
subfigure s) and the temperature differences between the two series (KA new — GHCN; lower part). Included are Tmin, Tmax, and Tmean
of the Karlsruhe temperature series averaged over the time periods between station relocations (indicated by the vertical lines srl—sr4;
cf. Table Al in the Appendix). Tmin, Tmax, Tmean for the five periods are: 6.5, 14.6, 9.9 °C (1779-1802); 7.0, 14.1, 9.6 °C (1803-1839);
6.8, 14.9, 10.0°C (1840-1849); 7.1, 14.6, 9.9 °C (1850-1868); and 6.1, 13.5, 9.5 °C (1869-1875). The red box marks the so-called “year
without a summer”, 1816 (see Section 5.5 and Fig. 13).



745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

77

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

Meteorol. Z. (Contrib. Atm. Sci.)
PrePub Article, 2022

sometimes with a slight fluctuation. A few years (e.g.,
1789, 1817, 1830, or 1865) show stronger deviations
from the general distribution with several upward and/or
downward peaks. When inspecting the magnitudes of
the monthly means, a large variability in annual and
multiannual scales is found. The mean temperature
in January, for example, ranges from —7.5 (1830) to
6.8 °C (1834). In the warmest month, July, the variation
range is between 16.1 (1816, the so-called “year without
a summer”) and 24.7 °C (1859).

Compared to other available long-term temperature
series, such as De Bilt, Bremen, Berlin, Prague, or
Hohenpeissenberg, some similarities, but also discrep-
ancies, can be observed in the annual means (HEINE-
MANN, 1994; WINKLER, 2009; OLBERS, 2013). The
slight cooling in the first half of the 19" century (see
Tmean in Fig. 4 and Figs. 4 and 5 in OLBERs, 2013) is
also observed in Hohenpeissenberg, Bremen or Prague,
while the other stations do not show such behavior (not
shown). Interestingly, several anomalies in some years
show a surprising agreement, although the stations con-
sidered here are quite distant from each other. For ex-
ample, the negative anomaly in 1829/30 or the positive
anomaly four years later in 1834 can be observed at
all stations. However, the cooling in the so-called “year
without summer” 1816 (see Section 5.5), in which the
annual cycle in Karlsruhe is strongly damped, can only
be seen in the Hohenpeissenberg series.

S Temperature variability based on the
daily records 1779-2008

The essential advantage of the newly digitized and ho-
mogenized Karlsruhe temperature series compared to
monthly series, such as the GHCNa(Section 4), is the
availability of daily observationsgand constructed ex-
treme temperatures. The daily data allows us to study not
only climatic conditions butialso temperature variability
and changes on{the synoptic temporal scale, which is
much closer to real weather conditions than any means.
Likewise, the assessment of extreme events or periods
requires daily data. Extreme events, representing the tail
of the distribution function, tend to be more relevant
to society than mean values that occur much more fre-
quently (ZHANG etal., 2011). Detailed investigations of
temperature variability for a period unaffected by cli-
mate change helps to better understand the character-
istics and strengths of temperature changes associated
with natural climate variability. In the following section,
we examine temporal changes of different percentiles of
the distribution function, seasonal temperature cycles,
the temporal variability of various threshold days, and
hot/cold spells based on the daily mean, minimum, and
maximum temperatures of the entire Karlsruhe temper-
ature series 1789-2008.
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5.1 Long-term changes of the distribution
function

We start our investigation of past temperature variabil-
ity at the Karlsruhe station with an analysis of differ-
ent percentiles quantified from daily mean temperature
data for 30-year moving time slices beginning in 1800
because of the very fragmented series before. The per-
centiles and differences in selected percentiles showing
the spread of the distribution function are quantified for
the entire year and separately for the winter (Dec.—Feb.)
and summer (June—Aug.). Because of the large sample
sizes (30 years = 10.957 or 10.958 days), we quantified
the percentiles directly from the ordered values without
adjusting an appropriate statisticaldistribution function
(a test showed only marginal differences).

For the entire year, the 30-year median of daily
mean temperatures (black curve in Fig. 5a) is relatively
smooth over almost the whole period of 209 years with
values around 10 °C. Besides, itiis almost identical to the
mean value (difference as reds«curve in Fig. 5b). Fluctu-
ations on the order of 0.5 K for the 30-year means are
mostly restricted(to the 19" century until about 1890.
The coldest phase _with a mean temperature slightly
below 10°C is from, approximately 1817 until 1902,
i.e., spanhingiroughly the time frame 1853-1916 in the
30-year means. Most striking, however, is the strong in-
crease in the 30-year means starting in the 1970s (mid-
dle“of the 1980s in Fig. 5a) for the medians but up
tonl0 years earlier for the extreme percentiles. Since
the 1970s, the median temperature has increased by al-
most 0.8 K from 10.4 °C (the 1950s until the 1980s) to
11.2°C (1979-2008; center 1994).

The general course of all percentiles is more or less
similar to the median. However, the closer the per-
centiles are to the tails of the distribution function, the
larger the temporal variability is. The 1% and 99" per-
centiles (red curves in Fig. 5a), for example, have a fluc-
tuation range of 3.1 and 2.3 K, respectively, which is
similar for other extreme percentiles. Interestingly, the
coldest phase in the second half of the 19" century coin-
cides with a decrease in the higher percentiles (o, green;
95% blue; and 99, red), but with an increase in the
values for the lower percentiles. Particularly the 1% per-
centile, but also the 5™ percentile, shows a gradual in-
crease from 1880 until 1920 (center of the 30-year pe-
riods) of 2.5 and 2.2 K, respectively, which means that
the cold period was mainly due to a decline in higher
temperatures (higher percentiles) and not to an increase
in the number of days with lower temperatures (lower
percentiles).

The width of the distribution function, estimated us-
ing the interquartile and the 20 ranges, shows the su-
perposition of high-frequency volatility and variations
over several decades (Fig. 5b). According to this figure,
the distribution function of Tmean over 30-year inter-
vals had the widest range near the second half of the
19% century. Afterward, until the 1920s (center of the
time series), the distribution again widened. Almost the
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Figure 5: Different percentile values (+o corresponds to the 84.1%, —¢ to the 15.9" percentile) of the daily mean temperature of 30-year
moving time slices (a+c+e) and the differences in the most important percentiles (207, interquartile range, 5"—0.5" and 99.5"-95% per-
centiles, median—mean) to estimate changes in the spread of the 30-year distributions (b+d+f) for the entire year (a-b), the summer
(June—Aug.; c—d), and the winter half-year (Dec.—Feb.; e—f); the x-axis displays the centers of the 30-year periods (e.g., the first value

1815 refers to the 1800-1829).

same long-term variability is found for the difference be-
tween the median and mean.

During most years, including those of the newly
digitized time range, the median values are larger than
the means, indicating that the distribution function is
slightly shifted by about 0.5K to higher temperature
values. When looking at the two tails of the distribution
function, we see higher values and a larger variability

in the lower tail (51-0.5" perc.) compared to the upper
tail (99.5"—95" perc.). This result means that the year-
to-year variability of colder days, potentially being frost
or ice days, is much higher than those of warm and hot
days.

Considering only the summer months, all percentiles
show a larger annual and multi-decadal variability,
even if the variability of the higher percentiles of
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Figure 6: Seasonal cycle of daily minimum and maximum temperatures, 7min and Tmax (cf. Section 3.2), for different 30-year time
slices (a and b are identical but show different time slices; the most recent period covering only 29 years, 1980-2008, is shown in both
subfigure s). The three short periods (A—C) represent well-known singularities of the climate system (A = “Eisheilige™;, 11-15 May, cold;
B = “Schafskilte”, 4-20 June, cold; C = “Hundstage”, 23 July—-23 Aug., hot).

around 1.3°C before 1980 (e.g., 99" and 95" per-
centiles, red and blue in Fig. 5c) is larger than that of
the lower ones with 0.8 °C (e.g., 1% and 5™ percentile).
Most striking, again, is the large increase in the values
of all percentiles in the second half of the 20" century,
which starts somewhat earlier than that of the entire year.
The summer median (black curve in Fig. 5c), for exam-
ple, has increased by 1.3K from 18.2 °C in the middle
of the last century to 19.5 °C for the latest 30-year slice.
As already found for the entire year, also in summer the
higher percentiles show a larger increase compared (to
the lower percentiles (e.g., approx. 1.5K for thes7Z5®
and 0.5 K for the 25" percentiles; orange in Fig.5¢c). Als
a consequence, the distribution function hastbroadened
gradually since the beginning of the last century but with
the largest increase after the mid-60s (e.g., interquartile
range from around 4.5 to 5.5 K; green line in Fig. 5d).
In contrast to summer, the winter.months show both the
largest variability and the largést inerease in the values
for the lower extreme percentiles (Fig. S5e). The distribu-
tion function has becomesslightly narrower over time, as
shown, for example, by, the interquartile or the 20" range
(green and bluedines in Fig. 5f) with a negative linear
trend of 0.68 and 0.81 K¢ (not shown), respectively, over
the entire period shown. Spring and autumn show the
smallest changes in the percentiles and the distribution
function (not shown).

In conclusion, a general trend toward a broadening of
the distribution function in addition to a shift in the mean
with a large effect for the tail of the distribution function,
which is widely postulated to result from climate change
(e.g., IPCC 2012, Fig. 1-2; HANSEN and SaTo, 2016),
is observed in summer but neither in winter nor for the
entire year.

5.2 Seasonal cycle

Next, we investigate the seasonal cycles of the daily
Tmin and Tmax (cf. Section 3.2) averaged over 30-year

time ranges (except of the last period 1980-2008 with
only 29 years because of the end of DWD’s observa-
tions). Fig. 6 shows that the time slices differ consider-
ably. As already discussed in the previous section, the
coldest period regarding 7max is that of 1860-1889,
whereasdTmin, is lowest in the period 1920-1949. As
expected, the'highest temperature values were recorded
during the latest period from 1980 to 2008, but only for
Tmax. This period had by far the most days in which
Tmax set a new record. Considerable positive deviations
to all other 30-year periods can be observed during the
winter (mid-Dec. to mid-Feb.), spring (mainly March
and mid-April), and, most conspicuously, from July to
mid-August, where the deviation is largest at 3-5 K.
By contrast, even though the Tmin records in the last
time slice are the highest during the 20" century, they
are comparable to the periods in the 19" century. The
earliest two periods, 1800-1829 and 1830-1859, even
had slightly higher Tmin values on average compared
to 1980-2008.

The variability of the temperature during winter, par-
ticularly in December, is also noteworthy. During the pe-
riods 1860—1889 and 1920-1949, the lowest December
values for Tmin and Tmax were registered — whereas the
remainder of the year does not show other exceptional
discrepancies. Singularities of the climate system can be
found in some of the periods. The well-known, popu-
larly called Ice Saints (Eisheilige in German) between
11 and 15 May (JaMmEs, 2007), related to frequently
occurring cold air outbreaks (“A” in Fig. 6; see Sec-
tion 5.3 for further details), can hardly be identified in
the 30-year means. Only the periods from 1860 to 1889
(light blue line in Fig. 6a) and from 1920 to 1949 (light
blue green in Fig. 6b) show a slight, but somehow abrupt
decrease in Tmax by about 2K (in the latter period
4 days ahead of the Ice Saints), and a smaller decrease
in Tmin by about 1 K. This is already an indication that
the Ice Saints are a singularity not frequently occurring,
which will be studied more in details in Section 5.3c.
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The Schafskdilte, frequently lasting from 4 to 20 June
again as a result of cold air outbreaks (“B” in Fig. 6), can
be identified in Tmin and Tmax during all 30-year time
slices, except for the second one and the last one. Some
of the time slices even exhibit the lowest Tmax daily av-
erages from mid-May until mid-September toward the
end of the Schafskdlte. The last singularity, the so-called
Hundstage (KRUGER, 1994) with the core period lasting
from 23 July to 23 August, is related to numerous unsta-
ble southwesterly weather patterns (“C” in Fig. 6). This
less-known singularity is clearly represented in most of
the 30-year slices, especially in those two from 1860
to 1919. However, the last period 1980-2008 has the
highest Tmax values in that time frame.

Most seasonal temperature cycles presented in Fig. 6
show considerable temperature fluctuations in periods of
several days to a week (or even longer) — despite the
comparatively long averaging time of 30 years, which
prevents the characteristic lifetime of cyclones or ex-
ceptionally cold or warm years from dominating the
statistics. These temperature fluctuations occur during
all time slices and seasons and likewise affect Tmin and
Tmax. The variability is highest in the last 30 years
and mainly in the summer, which can be related to the
broadening of the distribution function in summer as dis-
cussed in Section 5.1. During that time slice, most con-
spicuous are the considerable temperature changes at the
beginning and end of April, but also — with a negative
sign — at the end of September and in the first 10 days
of November. By contrast, the seasonal cycles with_re-
spect to Tmin are smoothest for the periods 1830-1859
and 1890-1919; with respect to Tmax, it is for thesperiod
1950-1979.

5.3 Temperature indices

Climate variability over a long period, including ex-
tremes, can be well describedfby témperature indices.
Because of the potential threat to society of days with
frost or late frost eventsfimyspring, for example, infor-
mation about theiryanhual number has been collected
in some regions since, mediaeval times (ZHANG etal.,
2011). Temperature indices either count the annual num-
ber of days exceeding a temperature threshold, accu-
mulate daily temperature differences above or below
a defined threshold, or determine the day of the year
on which a certain threshold is reached (e.g., MANTON
etal., 2001; ZHANG etal., 2011; MUDELSEE, 2020). In
our study, we used all three types of temperature indices:

1. Four indices that count the number of days per year
above or below a threshold based on Tmin and Tmax
(threshold days, Section 5.3a).

II. Two indices that accumulate differences of Tmin or
Tmax and certain thresholds, and accumulate these
differences over an entire year, thus also considering
the duration of an event (heat wave and cold spell
index; Section 5.3b and 5.3c), and
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III. Indices related to a certain day or period in the year
where the temperature reaches a certain threshold
(late spring frost days and late frost severity index,
Section 5.3c).

In the following analyses, years with gaps in the
original Karlsruhe temperature series are not considered,
even if they were filled with data from other series
(cf. Section 3.4) — but depending on the season of these
gaps. For example, the year 1944 (gap from 01 Nov) is
considered in the quantification of summer/hot days, but
not of frost/ice days.

5.3.1 (a) Threshold days

Four threshold days are calculatéd (e.g., BROowWN etal.,
2010): summer days (SD; Thax = 25 .°C), hot days (HD;
Tmax = 30°C), frost days (FRspLnminh< 0°C), and ice
days (ID; Tmax < 0°C). For(the quantification of these
threshold days, the continuousitémperature values are
mapped on dichotomous quantities (0/1). As we do not
compare threshold days between different stations, we
use predefined, fixed thresholds rather than percentiles.
Using fixed thresholds, however, is a very rigid cri-
terion — especiallyswhen remembering the uncertainty
of approximately” LK inherent in the construction of
Tmin and Tmax of the new temperature series (see Sec-
tion,3.2). For example, a day is not classified as a cer-
tain threshold day when the observed temperature value
istonly 0.1 K below or above the defined threshold. To
consider the uncertainty in 7min and Tmax and to assess
the sensitivity of the temperature indices to slight varia-
tions in the threshold, we varied the threshold by +1 K.
During the entire period from 1779 to 2008, the aver-
age number of hot days (HDs) and summer days (SDs)
is 10.5 and 49.6, respectively. Frost days (FDs) and ice
days (IDs) were recorded 67.2 and 16.9 times, respec-
tively, on average. Similar to the different percentiles
(Fig. 5), most conspicuous in Fig. 7 is the very large in-
crease in HDs and SDs (Figs. 7a and b) toward the end of
the series, while FDs and IDs simultaneously decreased
(Figs. 7c and d).

A closer examination shows that at the beginning and
in the second half of the 19" century (from approxi-
mately 1860 to 1920) the number of HDs was lowest
with only 10 days on average. In eight years (1805,
1813, 1815/1816, 1829, 1913/1914, 1916), the threshold
temperature of 30 °C was not reached even on a single
day. Near the middle of the 19" century (ca. 1830—1865)
the number of HDs was highest in the entire 100-year
period with up to 29 days (1859). The transition to
the present warm climate occurred in two major steps,
the first from 1920 to 1960 with 1947 being the year
with the most HDs until 2003, and the second from the
mid-1980s onwards with an even stronger increase. As
clearly shown in Fig. 8, lowering or raising the thresh-
old by 1K has a strong effect on the overall number of
HDs. However, the general course of the curve with var-
ious warmer- or colder-than-normal intervals essentially
remains unchanged.
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Figure 7: Annual number of (a) hot days (HDs), (b) summer days (SDs), (c) frost days (FDs), and (d) ice days (IDs) between 1779 and
2008 with an 11-year moving average and changing threshold definitions of +1 °C. Gaps in the original Karlsruhe temperature series are

indicated by the grey areas.

Compared to the annual number of HDs, the SDs
show a weaker (relative) year-to-year variability, in par-
ticular between the second half of the 19" century and
the first third of the last century (Fig. 7b). In the for-
mer century, the average SD number was 48 without a

significant trend. In several years until 1870, more than
60 SDs were recorded. The 19™ century, however, also
had the coldest summers of the entire record; in particu-
lar, the years 1816 (see Section 4.5), 1828 and 1829 had
less than 15 SDs, an exceptionally low number. After a
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Figure 8: Heat wave index TS30 quantified by the cumulative Th,,x excess above 30 + 1 °C (red, left axis; cf. Eq. (5.1)) and the 11-year

running mean of the ratio TS30/HD (blue, right axis).

slight increase in SDs in the middle of the 19" century,
the number was at its lowest from approximately 1870
to 1920. Similar to the HDs, the SDs also increased in
two major steps with the strongest increase after 1985.
Over the entire record, the ratio of HDs to SDs gradu-
ally increased, which can be attributed to the shift of the
probability distribution function of Tmax as discussed
in Section 5.1 (Fig. 5). The time series resulting from a
threshold reduced and increased by 1K are almost par-
allel to that of the original definition.

The annual number of FDs has two distinct- max-
ima: at the end of the 19" century and nedr the 1950s
(Fig. 7c). These cold periods are framed by several years
with a low number of FDs near 1820, 1860, 1900-1940,
and, of course, after approximately the 1970s with a
gradual decrease until the end of ithe recording. With a
total number of 117 and 120 EDs, respectively, the years
of 1784 and 1785 represent'the two absolute maxima.
Twenty years later in 1806, only 23 such days were reg-
istered, being the dbsolute minimum of the entire series.

The time seties of IDs (Fig. 7d) shows a much higher
annual variabilitysand/a larger uncertainty (error bars)
compared to the FDs. Years with a high number of
IDs, such as more than 30, are more or less irregularly
distributed. The year 1829 has been the coldest year so
far with 59 IDs. In addition, two features are obvious:
the extended period of a low number of IDs in the first
half of the last century, and the strong decrease in recent
years. After 1970, only four years have seen more than
20 IDs. During the 19" century, 9 years (= 9 %) had
less than or equal to 5 IDs, whereas in the 20" century
the number slightly increased to 12. Tmax did not drop
below 0°C in the years 1806, 1863, and 1974, even
when the threshold temperature was reduced 1 K (except
for 1974).

When comparing the time series of all four thresh-
old days, similarities and discrepancies can be observed.

Although HDs show a larger temporal variability com-
pared to SDS, the two samples are highly correlated
(r =083, p < 0.0001). The same is true for FDs and IDs
(r = 0605 p < 0.0001). A strong anti-correlation of
frost/summer” days and, to a lesser degree, of hot/ice
days as found in the last 30, could not be observed in
times mainly unaffected by climate change. At the be-
ginning of the 19" century, for example, all threshold
days are very low in number, whereas between approxi-
mately 1910 and 1940, all threshold days show a gradual
increase.

(b) Heat Wave Index

Heat waves are one of the primary weather-associated
threats to human life in Europe and in Germany (ROBIN-
SON, 2001; ZAacHARIAS etal., 2015). Although heat
waves (and cold spells) are not rigorously and univer-
sally defined, they are generically considered to be ex-
tended periods of unusually high temperature or heat
stress. Some authors rely on the duration of a high tem-
perature episode (e.g., more than 3 days above 30 °C)
in combination with the mean temperature (e.g., HUTH
etal., 2000). Important for the physical and physiolog-
ical effect of heat waves, however, are not only the du-
ration but also the temperature magnitude. Both char-
acteristics are factored into the heat wave index 7530,
defined as the cumulative Tmax excess above 30 °C (Ky-
SEL, 2002 and 2010):

365(366)
> (Tmax] - 30°C)[Tmax, > 30°C; (5.1)
d=1

TS30, =

1530, is accumulated over all days d within a certain
year y that exceed the threshold of 30 °C (again consid-
ering an uncertainty range of +1 K).
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Figure 9: (a) Relative frequency of days with Tmean < 10 °C and Tmin < 5 °C between 1779 and 2008. (b) Cold spell index for TM-5 (Tmin)
and TM-10 (Tmean) quantified for the 4-day period 10-13 May; the small numbers in the upper part of the diagramindicate the number of
Ice Saint events during 30-year slices of all events (top), the 50th (TM-5 > 2.5 K; middle) and 90th (TM-5 > 8.8 K;'bottom) percentiles of
the TM-S5 distribution; grey areas are those intervals with data gaps. The higher the value is, the larger is the témperature deviation from the

threshold of Tmin = 5 °C.

The time series of 7530 shown in Fig. 8 is similar
to that of HDs (Fig. 7a); in fact, the correlation coeffi-
cient r = 0.93 (p < 0.00001) is very high. This result
appears at first surprising, because HDs are only counts
of the number of days above 30 °C, whereas 7530, ac-
cumulates the excess temperature and, thus, considers
the magnitude. However, most of the days counting as
HDs are only slightly above the threshold, on average
1.60 +0.80 K (= TS30/HD; blue curve in Fig. 8), which
also explains the high variability of HDs for changing
thresholds (Fig. 7a). In contrast to the number of HDs,
TS30 exhibits a larger annual variability and show ‘a
much stronger increase in the past three decades.s#The
latter result is because hot days have become moresex-
treme as a result of the broadening of the" distribution
function discussed in Section 5.1 (cf. Figs. 5c and d).

Similar to the HDs discussed above, the entire 7530
series can be roughly divided into foursperiods. In the
first period, from the beginning of the instrumental
records to approximately A870,57S30 had values be-
tween 0 and 72.6 K (mean: 16.6 + 16.7 K). Afterward,
until approximately “1920, heat waves occurred less
frequently and/erywere less intense (7530 between 0
and 49.1 K; mean 7»1 +£9.1 K). In that time frame, the
ratio TS30/HD is the lowest of the entire series; hot
days were rare and had a temperature of only ~31 °C on
average. In the third period, from approximately 1920
to 1980, TS30 again shows higher values with a mean
of 23.3 +25.2 K, i.e., more than three times higher than
the period before. Until approximately 1950, 7530 first
increases, with the year 1947 having the highest value
at that time (and the highest TS30/HD value), followed
again by a decrease. From 1977 to 1981, TS30 even
dropped below 10K, which means, for example, that
only 10 days in the entire year had a Tmax of 31 °C, or
5 days of 32 °C. After 1981, and most strongly in recent
years, 7530 increased to the highest values of the en-
tire series on average. In that period with values between
11.4 and 182.8 K (2003), 7530 is above 30 in almost ev-

ery year, which has never been the case before. A total
of 12 of the 20 strongestheat waves occurred in the last
30 years, five ocetirred'before that in the 20™ century and
three in the 191 century (1807, 1842, and 1859). The
variation ofythe threshold (i.e., 7S29 or TS31) certainly
has an effect on the magnitude but does not change the
global.trendsand variability.

(¢) Cold spell index

LEate spring frosts can potentially cause great damage
to agriculture or fruit growing and are therefore very
much feared. Particularly before globalization, losses in
regional food production caused by frost events often
led to famine (BRONNIMANN, 2015; Apam, 2015). Espe-
cially for the second decade of May, examinations have
shown that northern weather patterns associated with the
influx of Arctic polar air to central Europe are more
likely to occur and may lead to late frosts (Tomczyk
etal., 2020), such as the Ice Saints. Ice Saints. Because
of their high relevance to agricultural damage, only frost
events in May are considered in the following subsec-
tion.

We first determine the thresholds and duration most
suitable for detecting cold spells in the Karlsruhe tem-
perature series. Sensitivity studies where we varied the
thresholds showed that the two thresholds Tmin = 5°C
and Tmean = 10°C are most suitable for the cold
spell detection (not shown; note that on days with
Tmin < 5°C, ground frost may occur outside of the
city). The relative frequency of days with Tmin < 5°C
(i.e., the number of days below this threshold normal-
ized by the sum of all days of the series 1800-2008)
shows two periods with remarkable and significant pos-
itive deviations from the linear trend: between 5 and
7 May and between 10 and 13 May (Fig. 9a). The lat-
ter 4-day period represents a slight deviation from the
historical definition of the local Ice Saints. The rel-
ative frequency of days for the second threshold of
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Figure 10: Cold spell index TM-5 accumulated for 5-day periods (displayed as centered differences on the y-axis) between 1800 and 2008
(the horizontal lines indicate the classical Ice Saints period). Each bar indicates the presence of a cold spell{lasting over 4 days, whereas the
color represents the intensity (TM-5 accumulated over 4-day time frames).

Tmean < 10°C also shows an increase for these two
periods compared to the preceding days, but less signif-
icant and lasting one day fewer.

To assess the severity of cold spells, we created two
cold spell indices TM-10 and TM-5, which accumulate
daily temperature differences to a fixed threshold, simi-
lar to the heat wave index 7S30 discussed in the previous
subsection. The two indices are quantified from daily
Tmin and Tmean values, respectively, within a 4-day
moving window centered around the day of the year';:

4
TM—lO; = Z(IOOC - Tmean;l)leean;l <10°C
d=1
(5.2)
) 4
TM-5) = " (5°C - Tminf)|Tminl}% 5°C  (5.3)
d=1

The two cold spell indices, TM-.10 and TM-5, are com-
puted not only for thesperiod from 10 to 13 May best
representing the Ice Saints as discussed above but also
for all days indMay.

From 1800 to-approximately 1870, the icy saints de-
fined by TM-10 and TM-5 were rare events (Fig. 9b)
with intervals of sometimes more than 10 years. Most
events show a distinct clustering with 2 to 5 events in
short intervals. Not until after 1870 did the Ice Saints
emerge as a pronounced singularity of the climate sys-
tem, affecting most years and with a considerable larger
negative temperature anomaly compared to the previous
years. Weaker Ice Saints occurred in approximately ev-
ery second year, whereas extreme Ice Saints (90" per-
centile of the distribution) occurred most frequently be-
tween 1920 and 1949 (see the small numbers in the up-
per part of Fig. 9b). TM-5 after 1860 has much larger
values compared to TM-10, which suggests that the min-
imum temperature in the night decreased to low values,
which was not the case in the preceding years. After ap-

proximately 1960, the Ice Saints decreased mainly in in-
tensity, and after 1990, also in frequency. Although cli-
mate change is presumably responsible for the low fre-
quency after 1990, this time frame is in some ways sim-
ilar to the situation before 1860.

Dropping the restriction of cold spells to occur in
the window of the Ice Saints, it is found that such
events defined by 7'S-5 basically can occur throughout
the entire month of May; but of course, with a higher
frequency and intensity in the first three weeks as a
consequence of using a fixed threshold (Fig. 10 shows
TS-5 accumulated over 5-day periods in May).

As discussed above, cold spells in May occurred only
infrequently and were not pronounced before 1870. Ex-
ceptions to this general behavior are found in the periods
1785-1786, 1801-1802 and in the year 1856. Between
1782 and 1870, no day in May was an FD. The situa-
tion changed somewhat abruptly near 1875; from then
until approximately 1960, cold spells occurred much
more frequently and had considerably lower tempera-
tures than before. Temperatures below the freezing point
over the entire 4-day period were even observed in nine
years. In addition, significant cold spells now occurred
towards the end of May. From 1960 onwards, the num-
ber and intensity of cold spells again decreased through-
out May. Fig. 10 also highlights that, in some years,
cold spells were not singular events, but occurred sev-
eral times in succession, for example in the years 1874,
1886, 1938, and, most pronouncedly, 1942.

The later an FD occurs in spring, the higher the po-
tential damage to agriculture (MOLITOR etal., 2014) or
trees (DITTMAR etal., 2006) because of the advanced
growth stage of the plants. As a consequence of natu-
ral climate variability, the start of the growing season
(SGS) is not constant but depends on the antecedent
weather conditions in an individual year. The annual
SGS can best be estimated from phenological observa-
tions. Because such observations are only infrequently
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Figure 11: Late frost events: Start of the growing season (SGS), late spring frost days (LSFD) and late frost severity index (LFSI). Thin lines
represent the original definition, thick lines are ensemble means based on varying thresholds (see_text for further explanation); grey bars

indicate a data outage in the first half-year.

available, the SGS can be approximately determined as
the day when Tmin constantly equals or exceeds a cer-
tain threshold. Following MENZEL et al. (2003), we de-
fine the SGS here as the earliest day in the year where
Tmean is equal to or above 5°C on five consecutive
days. To consider the sensitivity of the result to slight
variations in the threshold, we additionally quantified
the mean from different realizations, where the thresh-
old changed from 4.5 to 7.5 °C in increments of+0:5 K
(7 realizations). Late spring frost days (LSFD) are" de-
fined as the latest day with Tmin = 0°Q. Alsorfor
LSFD, we varied this threshold from =1 to %2.0 °C,
again in increments of 0.5 K. The difference between
the two indices defines the late frfost severity index
LFSI = LSFD-SGS (MUDELSEE, 2020)/The higher the
LFSI value is (in days), the higher the potential threat to
the plants will be. In case of,a negative differences, i.e.,
when SGS > LSFD, the LFSTis not defined.

Compared to TM=5,and"TM-10, the SGS shows the
least temporal variation (Fig. 11). From the beginning
of the temperature records until approximately 1860,
the values fluctuate “around the 80. day of the year
(21 March). The other two indices, however, show a re-
verse behavior: LSFD and LFSI had their minimum in
that early period. After 1880, LSFD increased approx-
imately 10-20 days with a maximum near 1950, when
frost days occurred even in the last 10 days of May. Af-
ter that maximum, the values gradually decreased until
the end of the temperature record, where no frost day
was registered after the beginning of April, representing
a shift of 25 days.

The severity index LFSI had the lowest values in the
first half of the 19" century, mainly because frost days
did not occur after the first week in April. Two maxima
can be detected: one near the 1950s due to the very last
frost days, and another near the millennium due to a very

early start of the growing season. Thus, from the overall
course of the LFSItime series, one can conclude that,
despite ¢limate . change, the risk of frost damage remains
at a_high level and is almost twice as great compared
to that of the first half of the 19" century. In the latter
periodyrthe results particularly for SGS and, thus, for
LESI; have their highest sensitivity to variations in the
threshold, which is not the case afterwards.

Long-term variability

The change in the annual temperature cycle, particu-
larly in the last 30 years (Fig. 5), inevitably leads to
the question of whether the weather has become more
extreme in recent years in the sense of a larger vari-
ability on scales from days to weeks. The public and
the media frequently postulate such an increased tem-
perature variability in spring, presumably resulting from
climate change. Whether this perception can be statisti-
cally proven is examined using two quantities:

I. the variation coefficient varcoeff of Tmax, defined as
the standard deviation of a sample normalized by its
mean, and computed separately for each year and for
each month; and

II. the largest increase in Tmax between two consecu-
tive 10-day means.

Because the strongest temperature rise is in April and
May, following the largest increase in solar insolation,
we present here only the results for these two months
(Fig. 12a). The parameter varcoeff substantially oscil-
lates throughout the entire series and during all months.
In April (red curve), a gradual increase in the 11-year
moving average is apparent since the beginning of the
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Figure 12: Time series of (a) the variation coefficient of Tmax in April and May and (b) the largest temperature changes in the period March
to June between two consecutive 10-day periods (top, blue; left y-axis) with the respective day centered between the two periods (bottom,

red; right y-axis), including 11-year running means.

last century with a weak, but significant, positive lin-
ear trend (r = 0.27, p = 0.002; not shown). The val-
ues of varcoeff during the last 30 years, however, are
not larger than those of the 30-yeariperiod at the begin-
ning of the recording. The mionth.of May (blue curve),
by contrast, does not show,any'trend in the last 100-odd
years but increases, durinig the, 19" century. More strik-
ing, however, is the oscillation of varcoeff over periods
of 23 years ac¢ording to a fast Fourier transform (FFT)
analysis (not shown).<The reason for this periodicity is
unclear. Such a periodicity is undetectable in April.

The time series of the largest increase in Tmax be-
tween two consecutive 10-day means in spring (e.g.,
the difference between the means 10-19 March and
1-9 March; Fig. 12b) confirm April to be the month with
the largest temperature increase of all months (46 % of
all cases). However, the annual variability of the Tmax
difference is large for the magnitude and for the time
of the year. According to the power spectrum com-
puted with an FFT (detrended series), the largest vari-
ability of T_diff (peak) has a periodicity of 4.1 years,
with additional peaks at 2.2 and 3 years (not shown).
The time of the year shows the largest peaks at 2.4 and
4.9 years, which is slightly different from those of the
magnitude. Large increases of 10 K and more between

two consecutive 10-day means occur at irregular inter-
vals, even though some clustering can be detected (e.g.,
1804/1807/1812). More importantly, neither the magni-
tude nor the timing of the largest increase (right axis in
Fig. 12b with the center of the period, e.g., 9 March in
the above example) show a long-term trend. Only be-
tween 1985 and 2008 is a positive trend apparent in the
magnitude (0.15 K/year with r = 0.55, p = 0.0018),
which, however, is followed by a decrease until the
present. Thus, the statistical analyses cannot confirm the
perceived increase in the variability of daily weather.

5.4 The ‘“year without a summer” 1816

Now we return back to the discussion of the year 1816,
one of the most unusual years in our recordings. It
followed the violent eruption of the Tambora volcano
in Indonesia in April 1815, the largest known his-
toric eruption (OPPENHEIMER, 2003). An equivalent of
50km? of dense rock were estimated to have been ex-
pelled into the atmosphere, and huge amounts of sul-
fur were injected into the stratosphere (RAMPINO and
SELF, 1982). Ash particles and sulfate aerosol spread
worldwide, and the increased turbidity decreased tem-
peratures in many parts of the world, including cen-
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Figure 13: Daily minimum (blue), maximum (red) and mean (black) temperatures (top) and the difference from the 30-year mean for the
period 1803-1832 (11-day running means, bottom) for (a) 1816 and (b) 1805.

tral Europe (BRUGNARA etal., 2015; BRONNIMANN and
KRAMER, 2016). The cold and wet conditions in 1816,
termed the “year without a summer”, led to poor har-
vests and severe famine, which was responsible for an
increase in mortality in central Europe (LUTERBACHER
and PFISTER, 2015). BRONNIMANN (2015) and BRONNI-
MANN and KRAMER (2016) elaborated on a quite differ-
entiated picture of the effects of Tambora on the weather
and climate worldwide, based on a wealth of climate
proxy data and observations. They arrived at a decrease
of only —0.5K in the mean global temperature, which
can still cause adverse effects. In addition, poor gover-
nance was ultimately as important as climate conditions
(BRONNIMANN and KRAMER, 2016).

At the Karlsruhe station, the year 1816 with'an an-
nual mean of T = 8.24°C was not the coldest year
of the entire temperature record; other yéars,ysuch as
1805 (T = 8.22°C), 1829 (T = 7.92°C), and 1838
(T = 7.90°C), were slightly colder, but significant
famines were not reported. As discussed above, 1816
shows the smallest magnitude of theannual cycle in the
monthly means (red box in,Figh4) and had no single
hot day and only 11 summeridays, the fewest of the
entire record (together,with, 1839; Fig. 7). In addition,
a significant cold,spell‘lasted until 15 May according
to TM-5 (Fig. 10). In the daily values of Tmin, Tmax,
and Tmean, the period from mid-March until the end
of August, which is most relevant to plant growth and
thus to crop yield, was 2.5 K colder (daily mean) com-
pared to the mean of 1803-1832 (Fig. 13a). Temper-
ature anomalies prevailing over several days were up
to 5K; on single days, even up to 10 K. The tempera-
ture anomalies mainly affected the higher percentiles of
the daily (mean) temperature distribution. Temperature
values of the 75", 90™, or 95" percentiles, for example,
were the lowest ever recorded in Karlsruhe (not shown).
By contrast, the lower percentiles (e.g., 5*, 100, 251) do
not show significant deviations from other years. Thus,
in 1816, the distribution function of Tmean was not en-
tirely shifted to lower values but instead restricted to the
side of the higher values, including the tail (note that this

change is even more pronounced for 7max). This one-
sided anomaly of the distribution function can partly
be explained by a higher-than-normal cloud cover at all
three observation times of the temperature series. Clouds
at the low- or mid=troposphere levels usually have a
cooling and warming) effect because of reduced insola-
tion and Qutgoing longwave radiation, respectively. This
result canrpartly expldin the reduced seasonal cycle of
the temperature in 1816, which is consistent with the
analyses at ‘Geneva in Switzerland (AUCHMANN etal.,
20125 BRONNIMANN, 2015). Other authors have noted
that the Tambora eruption occurred at the end of a pe-
riod'of already decreasing temperatures, as documented
in the Karlsruhe temperature series, that already started
in 1790 as proposed by the Basel time series. The years
before 1816/17 were also below average in the number
of summer days.

The few summer days in the Karlsruhe temperature
series seems to support the hypothesis that changes in
atmospheric circulation rather than direct extinction of
solar radiation by sulfate aerosol caused the anoma-
lous conditions. An almost summer-long period of ap-
proaching Atlantic low pressure systems is consistent
with missing summer days and much rain, which farm-
ers complained occurred every day (BRONNIMANN and
KRAMER, 2016). Such periods of cyclonic weather con-
ditions, when related to a positive phase of the North
Atlantic Oscillation (NAQO), typically last several years.
From this perspective, the “year without a summer”
might have been the consequence of a regional am-
plification of cyclonicity in Western Europe by indi-
rect Tambora effects. Other unusually cold years, such
as 1805, do not show such large deviations from the
mean values during summer (Fig. 13b). The year 1805
was unusually cold mainly because of low temperatures
down to =20 °C in the winter, which is not really rele-
vant to the agricultural yield.

Only meteorological data at a sub-daily resolution
enable us to disentangle what really makes the year 1816
so special, such as the damped diurnal temperature cycle
related to cloudiness.
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6 Summary and conclusions

Long-term instrumental observations of meteorological
parameters are of paramount importance for a better un-
derstanding of natural climate variability and the con-
tribution of climate change to the observed changes. A
prerequisite, however, is a high temporal resolution of
the data, preferably on a daily or even sub-daily basis.
The newly digitized Karlsruhe climate series, starting
with regular measurements and observations in 1776 (in
the archives since mid-1778), is one of the longest se-
ries available for Germany. It includes various parame-
ters, such as the temperature, pressure, relative humidity,
wind speed and direction, precipitation, cloud cover, and
significant weather reports, most of which are reported
three times a day. The historical archives from GHCN
(MENNE etal., 2018) or HISTALP (AUER etal., 2007),
for example, only provide the mean monthly tempera-
ture.

With great effort, we have digitized the original
Karlsruhe climate main series and additional parallel
series from handwritten manuscripts archived in the
handwritten documents departments of the university
libraries of Karlsruhe and Heidelberg, the municipal
archive of Mannheim, and the DWD library. All ob-
servations have been converted into SI units or con-
temporary units (e.g., °C, hPa, ms™!). The temperature
time series was additionally homogenized with respect
to consistent observation times and referring to an urban
boundary site. Furthermore, maximum and minimum
temperatures were constructed by applying a mean char-
acteristic daily temperature cycle for 10-day periods:

In this paper, we have analyzed only the Karlszuhe
temperature series, mainly for four reasons: Compared
to other parameters, such as wind, moistiire, and precip-
itation, the records are mostly complete with only a few
gaps; temperature measurements arfe most reliable; tem-
perature features a characteristic \diurnal and seasonal
cycle that allows for a simplified homogenization; and
temperature best displays_the effect of both, natural cli-
mate variability on various temporal scales and climate
change.

We have petformedyand discussed several statistical
analyses to better understand the effects of climate vari-
ability on temperature by extending the daily time series
by an additional 84 years (1779-1874 but with a gap
of 12 years) out of the 133 years (1878-2008; one year
missing) available at that time. The main focus of our
study was on the newly processed series prior to 1874
that enables us to better place the dramatic temperature
rise and variability in recent years in an extended histor-
ical context.

The main new insights we have gained from the first
analysis of the long-term Karlsruhe temperature series
are the following:

The distribution function of the daily mean tem-
perature shows considerable fluctuations throughout the
time series. In the summer months, nearly all percentiles
show the strongest variability in the 19™ century, while
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in winter the fluctuations are greatest in the first half
of the 20" century. The observed increase especially
in the upper tail of the distribution function and thus
the broadening of the distribution function over the last
decades is unprecedented. The broadening has several
consequences, such as a gradual increase in the ratio be-
tween hot days and summer days by a factor of four be-
tween 1800 and 2008.

When considering only hot or summer days, the pe-
riod from approximately 1870 to 1920 was the coldest
period in the entire record. In that period, the number
of hot days is almost half less than before or after. The
same applies for the heat wave index. Similar to the per-
centiles of the upper tail of the distribution function for
Tmean, summer days and hot days show an unprece-
dented increase in the last 30-50 years, whereas, coinci-
dently, frost and ice days havedecreased.

The values for Tmin for the last 30 years are generally
higher than those in the 20®century but very similar to
those in the 19" century. The two periods 1800—1829
and 1830-1859 even had slightly higher Tmin values
on average compared to 1980-2008. The variability is
highest in the summer months of the last 30 years,
mainlydesulting ffom the broadening of the distribution
function:

The entire Karlsruhe temperature series highlights
the fact that heat waves, similar to the summer/hot days,
were very rare before 1920, being unrepresentative of a
period mainly unaffected by climate change. 12 of the
20 strongest heat waves occurred in the last 30 years,
including five in the 20" century but also three in the
19 century.

Singularities of the climate system, such as the
(cold) Schafskdilte in June or the (warm) Hundstage in
July/August, are clearly shown in most periods. The
(cold) Ice Saints in May, however, have a high frequency
only in the coldest period between 1870 and 1960. They
are hardly detectable in the preceding years, due espe-
cially to higher Tmin (in the period 1800-1870 no sin-
gle ice day was recorded in May), or in the subsequent
years, due mainly to climate change. Also at other sta-
tions, such as the DWD station in Munich, Ice Saints in
the classical sense cannot be observed (EHMANN, 2020).
However, significant Ice Saints, such as in 2005 or 2017,
may still occur. Furthermore, cold spells in May are not
restricted to the Ice Saint period and could be observed
throughout May, especially in the period 1870-1960.

The severity of late spring frosts has gradually in-
creased since around 1830 — with the largest increase
between 1830 and 1880 — and remains at a high level.
This increase results mainly from later occurrences of
frost events, while the start of the growing season has
shifted only slightly to earlier days. One can conclude
that, despite of climate change, the risk of frost damage
remains at a high level and is almost twice as large as for
the first half of the 19" century.

The apparent perception that the transition from
spring to summer has become shorter with larger tem-
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perature changes could not be confirmed by our analy-
ses. Rather, a temperature increase of, for example, more
than 10 K between two 10-day periods can be observed
in the entire time series (with a somewhat greater accu-
mulation between about 1900 and 1940).

All the above mentioned findings could only be de-
rived from daily or sub-daily temperature values now
available for Karlsruhe. We are aware that the Karlsruhe
temperature series may still contain errors despite care-
ful processing and multiple testing. Uncertainties also
may emerge from the lower standard of measurements in
early times compared to the situation today. Therefore,
all analyses presented here must be considered with cau-
tion. However, the various evaluations do not show any
actually implausible outliers or unexplainable discrep-
ancies, which in turn strengthens our confidence in the
quality of the data.
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In the next step, we envisage statistically evaluat-
ing additional climate data, such as precipitation, cloud
cover and significant weather observations, both individ-
ually and in their context.
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Table A1: Chronology of the observation sites in Karlsruhe of the main climate series (see also Fig. 1).

Period and main observer

Location, barometer elevation

Instruments (thermometer, barometer)

(a) Reconstructed

1779-1789
J.L. BOCKMANN

1789-1803
C.W. BOCKMANN

1803-1840
—1821: C.W. BOCKMANN
1821: L.A. SEEBER
—1834: G.F. WUCHERER
—1840: L.A. SEEBER

1840-1849

1850-10 Nov 1868
—1855: O. EISENLOHR
—1868: A. HECKMANN

Innerer Zirkel 6, h=120.4 m asl (location a in
Fig. 1)

same location (a)

Karlsruher Lyzeum, marketplace, h=121.1m
(location b)

Physikalisches Kabinet, Spitalstrasse, almost same
location, but h=119.4 m (location c)

Lyzeum, marketplace, same location as previous
(location d most probably)

Mercury barometer with partitions in Paris measure;
Reamur-HG-Thermometer

same instruments

same instruments;
1808: Fischbein hygrometer after DELUC
1829: August psychrometer

1942: new instruments from astromonical observ.
Univ. Munich; same types

(b) DWD Archive
1868-24 July 1882

1882-07 Mar 1895
Mar 1895-Nov 1898

Dec 1898-30 June 1921

Aug 1921-31 Mar 1937

1 April 1937-31 Qct 1944

1 May 1946-30 Sept 1966

1 Oct 1966-31 Oct 1977
1 Nov 1977-31 Oct 2008

Polytechnicum (TH), Lange Strasse
(today: Kaiserstrasse), West wing, h=423.0m
(location e)

relocated within same building, (h= 1244 m (e)

relocated within same building,’h =121.9 m (e)

University building, h=117.5 m (location f in
Fig. B2)

Durlacher Allee 56, 49° 00’ 29" N, 8°25’ 33" E,
h =120.4 m (location g)

Weather station air base, 49° 01’ N, 8°25" E,
h=119.7m (h)

Erzbergerstrasse 35, 49° 01’ 12’/ N, 8°23’ 24" E,
h=115.8m (i)

same location, buth=119.6 m

Hertzstrasse, 49° 02’ 14" N, 8° 21’49 E,
h=112.0m (k)

Mercury barometer according to Pfisterer, Bern

same instruments

1891: renewal of tube of barometer
1895: recording thermometer according to
R. FRERES, Paris

1905: station barometer Fuess with reduced scale
during operation

1910: additional thermometer shelter mod. Potsdam,
with Richard-thermograph

1911: thermograph in shelter

Two station barometer, 2 barographs

same instruments
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Table A2: Sources for the digitization of the Karlsruhe climate
series in handwritten (original meteorological diaries, climate ta-
bles; a) and printed form (b). Note that most of the partial series have
some interruptions. The Manuscript department of the University li-
brary (UL) Heidelberg (HD) archives duplicates from the KA origi-
nals by O. EISENLOHR including own observations.

Period Title

(a) Handwritten
(i) Manuscript department UL KA
1801-1834  Carlsruher meteorologische Beobachtungen
1840-1849  dito
1855-1868  dito

(ii) Manuscript department UL HD
1778-1789  Parallelbeobachtungen Eisenlohr Karlsruher
Meteorologische Beobachtungen
1800-1851  dito
1852-1856  dito

(iii) Municipal archive Mannheim
1852-1856  Deposita of the society for natural history
Mannheim, Dr. E. WEBER

(iv) DWD Archive, Offenbach/Main
1852-1854  ARCHIV-OF-FILM (duplicate from originals by
R. FEcHT, Mannheim, 1934)
1868-1875  ARCHIV-OF-FILM (Climate tables weather station
Karlsruhe)
1937-1944  Climate station University Karlsruhe
1937-1945  Climate station Airport Karlsruhe

(b) Print

1804— Karlsruher Zeitung: Regularly extracts from the
met. Journals

1840— Karlsruher Zeitung: Daily reports

1850-1868  Carlsruher Tageblatt: Daily observations from
private station at the botanic garden

Table A3: Major gaps of the Karlsruhe temperature series between
1779 and 2008. The indices (a—d) mark other data series used to
close some of the gaps (a = parallel observation by KLAUPRECHT, ad-
justed to the location; b = parallel observation by WEBER, no adjust-
ment; ¢ = main series Mannheim, adjusted to the location; d = DWD
station Rheinstetten WMO code 10731, no adjustment).

time period days

01 Jan 1787-31 Dec 1788 731
01 Jan 1790-31 Dec 1799 3652
07 Aug 1851-30 Nov 1851  116*

01-10 Jan 1855 10°
11-20 Aug 1857 10¢
11-20 May 1858 10¢
17-18 + 21 July 1870; 2+1¢
01 Nov 1944-30 Sept 1945, 4,334
01 Nov-31 Dec 2008 614




26 M. Kunz etal.: Karlsruhe Climate Series Meteorol. Z. (Contrib. Atm. Sci.)
PrePub Article, 2022

wes  Appendix B: Figures

Beobachtungsort. Monat. -_:‘?';,c fesidahr, FE 2 .;Z' ] . .' M f«ﬁ(
-n,,I Zeit, |Marom.] ;:‘"';L':;l_ Hygr, | Wind. |[Hyet| xta, | o Witterang. ..,}3;, ?f; ??}: 7 ;__\fa ~z 22 ;:;;%
vt rlel 7 ok 0|66 |70 VA 2 1ok /;-.' "=-‘f, :} & 7
N A AT AEAGARD . i "; # 4 -’“",_4,
Jo | Fx | 7o 77| 7E iy A7 4. § i) s% 6‘0«-42 6'& .4/‘-'—4'(’*7‘- ’/24"*-)
7 15%1]-#. YALZAZL 7 : Al en o el g =
e[o g7 ANZA UL 7;?:47— 9z 4T J‘ e 5.,5 Wits :
75 ym}f =0 Gsleo- ‘i | 2 400_ 42 59&/‘29--
| 9.2 0. 0458 G ) fer- %"‘ ""‘W//""' 2 4T ”9** a0 bs A 5
ul 2 A ife a6l co 5 C £ 3 ey I'""' ra e b dﬁfﬂ i #““‘")
2. | & ool @ v I_} !7‘%. el i 3 -3 : a’tff-‘/y&‘ "7"".,“'
V7 R X U A 2 ;’/xu/m--/ z. .7 % Ges | ool miE ’;‘“""f b
Ul s (releolzalée e 6w - o | fefas ﬁj 29 f ﬁ/z,f £ ,g,;{j
0. edl,077.9] 57 .uﬁ Wiy b 7'..,/,6( &7 2 £ # -
. |esaclp. 8 1ol 68 e, HIC e “‘"/ 5@ rin| oF ;
M APTAP EXA AP %;{,i) r{/ &4, 5/ o | A g1| e/ =
_[role sl $14,0060 e #EGl =R }a'f}" 31
2R |E27 VG B : 7] Sk R,
% YTATE | EX A XL "i’;-' 1v4 Aé
Ny ZrnrE | Zare g~ #i S
=l il el ko lie. |73 f;l s
AV ARTFAVE PR [ V) 112 k2
so.|Golrodls e Y b5 |0 lq.i_f”; f"
Zloals d|78)ay | ,;j_:/. 7. Thl s
Iy 3"; ALY | BT o’i’. ‘::/ A/f ’/‘/: 9'5 B eV 5: £°
/o o.rlse. M657]e -/g: . : W7
¢ |or|sAlrclob | o /w/r/ 745 ‘ L |
o [t edyza .o 5. | <o {é,,e ; Lo e 4 3¢ poymrad
70 | ozl dloa o] co- (72 « - VAN T
o gla Q2.0 | e, ?’ﬁ S et [ i il 9°| w.
= |2 d wase. o7 [l /o /J /'/‘ I 24 “’L‘a{
AR 2l A ,4’;_ #e Aalool 44 "FTR
o =tke
Figure B1: Example of handwritten climate series from the manuscri m!nts of the university library Karlsruhe (Handschriften-
abteilung UL KA, HS 101 — Ed. 1826; left) and Heidelberg (UL 25-1826; right) observation journals for the 2" decade of
Jan 1826. Red framed is the observed temperature between 15 and . 1826 with different signs.

y - Y

it

| 1898-1921 (f)
1868-1898 (e)

Figure B2: Meteorological observation sites after 1868 (b, d refer to the site shown in Fig. 1); Map from OpenStreetMap data, produced via
http://umap.openstreetmap.fr.
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