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Introduction

Changes in weather and climate patterns 
due to anthropogenic forced global climate 
change have direct and indirect effects on 
human life and socio-economic systems. The 
final two decades of the 20th century, along 
with the first two decades of the 21st, have 
been successively warmer than any decade 
preceding 1850. What is more, global surface 
temperatures between 2001 and 2020 were  

1.1 °C higher than 1850–1900 (IPCC, 2021). This 
increase in temperatures can be traced back to 
the beginning of the past century, occurring 
in two distinct periods, from the mid-1920s to 
mid-1940s (Przybylak, R. et al. 2021) and from 
1978 to the present day (Delworth, T.L. and  
Knutson, T.R. 2000). However, between these 
two periods of accelerated warming, a stagna-
tion was observed from the 1940s to the 1970s, 
and a less steep trend from 2000 to approxi-
mately 2013 (Hegerl, G.C. et al. 2018).
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Abstract

The goal of the present paper is to investigate whether any objectively defined and statistically significant changes 
can be discovered in one of the longest homogenized instrumental temperature records in East-Central Europe. 
Thus, it is hoped that the present analysis will add to earlier attempts and elucidate the persistence of the warming 
period observed in the early 20th century. Similar to the global tendency, the Early Twentieth Century Warming 
(hereinafter, ETCW) period can be identified between 1931 and 1951 in the annual mean temperature time series 
of Keszthely, a small town in Hungary. The Mann-Kendall trend test was used to determine whether a monotonic 
trend was present, as it is not possible to regard the residuals of the linear trend as normally distributed. A signifi-
cant rising trend can be observed in the warming period in spring of the years between 1925 and 1951. In case of 
summer and autumn, this period cannot be characterized as having any significant identifiable trend. A rise in the 
mean can, however, be recognized. Overall, the specific regional manifestation of the global ETCW may clearly be 
illustrated in this study via detailed statistical analysis of the temperature records for Keszthely, a location with 
one of the longest temperature records in Hungary. However, other regions surrounding Hungary show similar 
climatic trends, emphasizing the fact that the behaviour presented here is not unique to Central and Eastern Europe.
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Out of these warming periods the one in 
the first decades of the 20th century was the 
more prominent, called the “Early Twentieth 
Century Warming” (ETCW) (Hegerl, G.C. 
et al. 2018). It was found that, besides oth-
er factors, natural variability made a large 
contribution to the ETCW, and particular-
ly to regional anomalies in the 1920s and 
1930s. Nonetheless, the ETCW represents a 
phase of a robust surface warming globally 
(Semenov, V.A. and Latif, M. 2012), which 
we might add, was concentrated in higher 
latitudes (Yamanouchi, T. 2011). On the re-
gional scale, the warming observed the early 
20th century displays a noticeable maximum at 
higher latitudes in the Northern Hemisphere 
(Delworth, T.L. and Knutson, T.R. 2000).

Exploring regional temperature features 
over the course of the ETCW is much more 
enlightening than looking at the global mean 
(Brönnimann, S. 2009). The ETCW was 
most evident in the Arctic, and in winter 
(Bokuchava, D.D. and Semenov, V.A. 2021), 
with the Arctic surface temperature warming 
more than twice as fast as global temperatures 
(Svendsen, L. et al. 2018). Atmospheric circu-
lation fluctuations are important for the early 
20th century Arctic warming (Tokinaga, H.  
et al. 2017). A considerable part of regional 
manifestations of the ETCW appeared out-
side of the Arctic, including across the USA, 
Western Europe, and the North and South 
Atlantic (Hegerl, G.C. et al. 2018; Bokuchava, 
D.D. and Semenov, V.A. 2021). The end of 
the ETCW in Central Europe was marked 
by summer heatwaves, droughts, and cold 
winters (Hegerl, G.C. et al. 2018). The ETCW 
was probably caused by the combined ef-
fects of long-term natural climate variations 
in the North Atlantic and North Pacific and 
the influence of natural radiative forcing, as 
well as the growing concentration of green-
house gases in the atmosphere (Bokuchava, 
D.D. and Semenov, V.A. 2021). Utilizing a 
Bayesian change-point detection method, a 
change-point can be observed in the data of 
Greenland ice cores at the beginning of the 
20th century (centred on 1933) (Hatvani, I.G. 
et al. 2022).

Research of climate features during the 
ETCW is mainly based on conventional 
weather observations from the continental 
surface, measurements taken at sea by ships, 
and some climate proxy data; even if data-
saving initiatives aim at supplementing the 
global climate record in this period (Allan, 
R. et al. 2011 – in: Hegerl, G.C. et al. 2018), the 
main sources of information about climate 
change remain ordinary measurements. The 
existing historical observations recorded by 
national meteorological and hydrological 
services, although considered to be incom-
plete, may nonetheless augment our knowl-
edge of key climate processes and climate 
change (Dee, D. et al. 2021). 

Meteorological instruments have been 
widely used since 1850 in Europe, the 
Eastern USA and some other regions, in-
cluding, sporadically, the oceans (Stott, 
P. et al. 2018). Instrumental meteorologi-
cal measurements were conducted from 
the 18th century in Italy, Belgium, Sweden, 
Spain, and Russia (Moberg, A. et al. 2000; 
Camuffo, D. and Jones, P.D. 2002). National 
weather yearbooks began to be published 
around 1860 in many countries (Jones, P.D. 
2001). Instrumental temperature time series 
are available from 1760 for the Alpine zone 
(Böhm, R. et al. 2001). The longest instru-
mental temperature time series in the Czech 
Republic is for Prague-Klementinum, start-
ing in 1775 (Brázdil, R. et al. 2012). In Poland, 
the mean annual temperature records for the 
periods 1779–1998 (Warsaw) and 1792–1995 
(Cracow) are analysed by Przybylak, R. 
(2010). In Budapest, regular meteorological 
observations started in 1780 (Camuffo, D. 
2018). Official instrumental meteorological 
observations began in 1851 in Austria, and 
in 1870 in Hungary (this was the epoch of 
the Austro-Hungarian Monarchy). Keszthely 
station was one of the earliest working sta-
tions in the Hungarian network, a network 
that was organized according to the Western 
European standards of the time. It is also in-
teresting because there is a special microcli-
mate at that location in consequence of the 
presence of the nearby large lake, Balaton. 
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Despite the long time series, in the literature 
there is a marked lack of research dealing 
with the ETWC in Central Europe.

The aim of the present study is to explore the 
presence of objectively defined and statistical-
ly significant changes occurring in one of the 
longest East-Central European homogenized 
instrumental temperature records. Hence, the 
present study complements previous efforts 
and elucidates the persistence of the observed 
warming period in the early 20th century.

Materials and methods

Keszthely centennial homogenized temperature 
time series

The Keszthely (E 17o14’, N 46o44’ – Figure 1) 
monthly temperature time series spans 1871 
to 2018 and was measured at the long-estab-
lished Georgikon Academy of Agriculture in 
Keszthely, and later, at a meteorological sta-
tion of the Hungarian Meteorological Service. 
Keszthely is located on the northern shore of 
Lake Balaton, a 17,000–19,000-year-old water 
body and the largest shallow lake in Central 
Europe (surface area: about 600 km2, average 
depth: 3.25 m). As the last overall publica-
tion dealing with the climate of Balaton was 
published 50 years ago (Béll, B. and Takács, 
B. 1974), and due to the absence of a perma-
nent measuring network around the lake, the 

meteorological dataset of weather conditions 
over and around the lake originates from two 
permanent lakeshore meteorological stations 
(Keszthely and Siófok) that have made ob-
servations over the long term (Anda, A. et al. 
2023). Using the categories of the Koppen-Gei-
ger classification, the climate of Keszthely is 
temperate continental (Cfb), with an annual 
long-term mean air temperature of 10.5 °C, 
with a monthly minimum of -1.03 °C during 
January, and a maximum of 21.14 °C in July. 
The average annual precipitation sum is 673.3 
± 137.9 mm, though with a large monthly 
variation of between 32.7 and 76.1 mm in the 
driest January, and wettest July, respectively. 
In winter, the lake may be covered with ice, 
sometimes thicker than 0.5 m, factor impact-
ing the air temperature during early spring.

The time series explored here were 
quality controlled and homogenized by 
the Hungarian Meteorological Service. 
Homogenization was conducted using the 
MASH tool (Szentimrey, T. 1999, 2008), 
which eliminates errors and inhomogenei-
ties while filling the gaps in the data (Izsák, 
B. and Szentimrey, T. 2020). The MASH pro-
cedure was originally developed for the ho-
mogenization of monthly series. It is a rela-
tive method and depending on the distribu-
tion of the meteorological elements under ex-
amination, additive (e.g., for temperature) or 
multiplicative (e.g., for precipitation) models 
can be employed (Szentimrey, T. 2006).

Fig. 1. Location of Keszthely, Hungary (46°44′N, 17°14′E, elevation 114.2 m above Baltic Sea level). 
Source: Redrawn from Kocsis, T. et al. 2020.
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Methodology

After giving an overall description of the 
Keszthely mean temperature time series (KT) 
regarding long-term trends (see the first part 
of section ‘Results and discussion’), the data 
was aggregated into annual and seasonal 
(winter: DJF, spring: MAM, summer: JJA, 
autumn: SON), and abrupt changes in the 
time series were sought using change-point 
analysis. There are numerous change-point 
detection techniques applied in the explo-
ration of climatic (proxy) variables (e.g.,  
Ducré-Robitaille, J.-F. et al. 2003; Reeves, J. 
et al. 2007; Ruggieri, E. 2013; Topál, D. et al. 
2016; Hatvani, I.G. et al. 2020), and of these, 
Bayesian change-point analysis (BCPa) (see 
the second part of section ‘Results and dis-
cussion’) was selected for the present study, 
due to its ability to provide uncertainty es-
timates of the number (even multiples) and 
timing of change-points, a key advantage 
over a frequentist approach (Ruggieri, E. 
2013). In the segments, thus, determined, 
numerous aspects of the mean temperature 
time series are described and assessed for the 
presence of prevailing significant trends. 

Preprocessing and change-point analysis

To achieve common variability and increase 
the signal-to-noise ratio relative to the mag-
nitude of the supposed changes a 10-year 
low-pass filter was applied to all the time 
series. This aided the detectability of valid 
change-points (Ruggieri, E. and Antonellis, 
M. 2016; Ruggieri, E. 2018). The time series 
were then centred and subjected to the lin-
ear model of the Bayesian change-point algo-
rithm of Ruggieri, E. (2013) (BCPa for short).

The BCPa involves three key steps:
1. The calculation of the probability of the 

data given by the model between any two 
time points. This encompasses all potential 
climate regimes (in terms of timing) within 
the dataset.

2. The utilization of the probabilistic calcula-
tions from step 1 as building blocks to assem-

ble these segments recursively, incrementally 
adding one possible change-point at a time. 

3. The application of Bayes’ rule to cal-
culate the posterior distribution of the pa-
rameters of interest – here the number and 
location of change-points – as well as the 
parameters of the regression model in each 
interval (Hatvani, I.G. et al. 2020).

In a nutshell, BCPa can generate the pos-
terior distribution on both the number and 
location of change-points in a data set. For an 
additional overview on change-point analy-
sis (see Ruggieri, E. 2013, 2018).

In terms of parameterization, the model 
has several parameters which need to be 
specified, including those of the prior dis-
tribution of regression coefficients and the 
residual variance, which are known as hy-
per-parameters (Quiang, R. and Ruggieri, E. 
2023). Here, the parameterization followed 
that the method of Hatvani, I.G. et al. (2022) 
on climate proxy time series, specifically:

 – prior on the regression coefficients  
k0 = (0.001, 0.01);

 – prior on the variance of the residuals,  
v0 = 1, σ0 = variance of each time series;

 – the minimum distance between successive 
change-points, dmin = 10 steps (years in the 
present case);

 – the maximum number of change-points 
kmax = 50;

 – the number of sampled solutions, num.
samp = 10,000.
The prior parameters were deliberately 

selected to represent a minimum of prior in-
formation, allowing the inference to be pri-
marily driven by the actual data. In general, 
in any case where the model is sensitive to 
the k0, v0, and σ0 parameters, the number of 
change-points is influenced while their loca-
tion or distribution is left unaffected. In sim-
pler terms, adjusting these parameters can 
modify the detection threshold of the model, 
but will not result in the shift of a change-
point from one section of the data to another. 
For a detailed explanation of the parameters, 
the reader is referred to Ruggieri, E. (2013) 
and the supplemental online material of 
Hatvani, I.G. et al. (2022). 
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Because BCPa determines the probability 
of a change-point at a given location – thus, 
providing uncertainty estimates – and the 
change-point time series obtained were passed 
through a 5-year centralized rolling summary 
function in order to cumulate the probabili-
ty dispersed between consecutive years. This 
cumulative probability is the probability of 
the change-point(s) shown in the study. Only 
“practically certain” change-points with a 
5-year sum probability > 80 percent were con-
sidered in the evaluation. In addition, a 5-year 
window was considered when evaluating the 
coincidence of the differently aggregated  
T time series, as was done in Hatvani, I.G.  
et al. (2022), but even more rigorously. 

Trend analysis and descriptive stats

The aim was to determine the general tenden-
cies of the time series. As the temperature data 
underwent homogenization using MASH, there 
was no need to check the data for homogeneity. 

The common linear regression (trend) 
based on ordinary least squares method 
was used, along with a control to conform 
to the demand of normal distribution of the 
residuals using the Shapiro-Wilk normality 
test (Shapiro, S.S. and Wilk, M.B. 1965). The 
decision over significance was made at the 
5 percent significance level. Beside the ten-
dencies, absolute deviation from the mean 
was calculated for every year on annual, sea-
sonal, monthly levels to obtain information 
about the tendencies of the variability. After 
searching for change-points in the time se-
ries, they were segmented according to the 
change-points. Any tendencies in the seg-
mented time series were determined using 
linear trend. In cases where the distribution 
of the residuals is significantly different from 
normal distribution, the Mann-Kendall (MK) 
non-parametric trend test was applied to de-
termine the tendency of the segments at α = 
5 percent. The simple MK trend test is based 
upon the work of Mann, H.B. (1945) and 
Kendall, M. (1975), and it is closely related 
to Kendall’s rank correlation coefficient. 

A detailed description of the methodol-
ogy of the simple MK trend test is given by 
Gilbert, R.O. (1987), and Hipel, K.W. and 
McLeod, A.I. (1994). The test statistic is based 
on S, which represents the number of signs 
between the elements of the times series.  
A positive value for S means that there is a ris-
ing trend, a negative value for S, the contrary. 
With the help of descriptive statistics (mean, 
standard deviation) and trend analysis, the 
reasons for the presence of a change-point 
were explored. The simple MK trend test 
does not consider the possible autocorrela-
tion of the data. The presence of positive au-
tocorrelation in the data increases the chance 
of detecting trends when actually none exist, 
and vice versa (Hamed, K.H. and Rao, A.R. 
1998). This effect of the existence of autocor-
relation in data is often ignored: Hamed, K.H. 
and Rao, A.R. (1998) supposed a modified 
non-parametric trend test suited to auto-cor-
related and gave a detailed description of it. 
Modified MK trend test for auto-correlated. In 
the case of the detection of a non-parametric 
trend, Sen’s slope estimator (Sen, P.K. 1968) 
was applied. This is a non-parametric method 
that can calculate the change per unit time 
(direction and volume). Sen’s method uses a 
linear model to estimate the slope of the trend  
(Da Silva, R.M. et al. 2015). In the case of a 
proven autocorrelation in the dataset, the mod-
ified version of the MK trend test was applied  
(Figure 2). AR1 values were higher than the 
critical value for the annual mean temperature 
data, for summer seasonal mean time series, 
and July (Figure 3). The autocorrelation of 
the data and the normal distribution of the  
residuals were taken into account in the anal-
ysis of the variability as well.

The trend estimations and the change-
point analysis were performed in the R statis-
tical environment (R Core Team, 2019). The 
modified MK stats and trend packages were 
used for trend analysis, band-pass filtering 
was performed with the band-pass function 
of the astrochron package (Meyers, S.R. 2014) 
and change-point detection was performed 
using the Bayesian change-point algorithm 
(Ruggieri, E. 2013). 
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Fig. 2. Decision making flow-chart for choosing method. Source: Authors’ own elaboration.

Fig. 3. Autocorrelation (AR1) of the time series (significant autocorrelations are in red). 
Source: Authors’ own elaboration.

Results and discussion

Overall tendencies in the centennial Keszthely 
mean temperature time series (KT)

The autocorrelation was taken into account 
using the Hamed and Rao method (Hamed, 

K.H. and Rao, A.R. 1998) for the analysis of 
the annual mean temperature data as the 
presence of autocorrelation was proved and 
an overall significant monotonic increasing 
tendency (Figure 4, A – Sen’s slope: 0.004,  
S = 1905, p = 2.506 10-02) was found for the an-
nual mean, corresponding to a rise on aver-
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age of 0.4 °C per 100 years. Significant trends 
were seen for the winter and spring (Figure 
4, E – winter, Sen’s slope: 0.0084, S = 1305,  
p = 2.896 10-02), with the simple MK test and 
Figure 4, B – spring, slope: 0.0048, t(146) = 
2.234, p = 2.703 10-02, with a linear trend), with 
an increase of 0.84 °C and 0.48 °C per 100 
years, respectively. Regarding the summer 
and autumn, no overall significant (p > 0.05) 
trend was observed. Among the months,  
linear increasing trends were detected in  
January (slope: 0.0119, t(146) = 2.259, p = 2.534 
10-02) and in November (slope: 0.0086, t(146) 
= 2.197, p = 2.956 10-02), respectively. 

Variability was assessed by examining the 
absolute deviation from the mean (annual, 
seasonal, monthly, respectively). The distri-
butions of the residuals cannot be accepted 
to be normal, therefore the MK test was used. 
Significant autocorrelation can be detected in 
the analysed data in September, so an auto-
correlated MK test was applied. It is interesting 
to see the tendencies of the variability, but the 
only significant monotonic trend can be detect-
ed in December. The absolute deviation from 
the mean temperature in December displays a 
significant linear decreasing trend (Sen’s slope: 
-0.0042, S = -1235, p = 4.070 10-02). This means 
that in December, fewer extremities occur.

Abrupt changes and decadal trends in the 
Keszthely mean temperature time series (KT)

A change-point can be found in the annual 
mean temperature data in 1895, with a prob-
ability of 99 percent, and another in 1931 with 
90 percent probability. The change-point 
(CP) in 1931 is in good coincidence with the 
beginning of the ETCW. In 1952, a negative 
shift can be seen with 80% probability. This 
may be considered as indicating the end of 
the ETCW period (see Figure 4, A). In the sea-
sonal data, change-points can be detected in 
1925 with 99 percent probability in spring, in 
1927 in the summer mean temperature and in 
1924 in the average temperature of winter. In 
the time series of autumn, a CP can be seen in 
1924 with 80 percent probability. In autumn, 

a change-point can be seen in 1969 with  
99 percent probability. A secondary CP can 
be identified in 1952 and 1953 in the spring 
and summer time series, respectively. These 
change-points are also in good agreement 
with dates for the beginning (Delworth, T.L. 
and Knutson, T.R. 2000) and end (Przybylak, 
R. et al. 2021) of the ETCW (see Figure 4, B-D). 
The period of the ETCW can be detected in 
the annual data and in spring and summer, 
but in autumn and winter only the beginning 
can be identified, while the end is missing.

The time series were divided at the CPs 
that have a probability of 80 percent at least. 
The year in which the CP was detected be-
comes the first year of each separate period. 
Linear trend, or MK trend, was fitted, and 
the slope coefficient was examined at the 10 
and 5 percent significance levels (Table 1). 
Among the separated parts of the annual 
mean temperature, significant periods of 
increase can be observed between 1931 and 
1951, and 1985 and 2018. The timing of the 
first is contemporary with the ETCW. The 
second is the significant temperature rise be-
ing experienced nowadays.

The previous division was also appli-
cable to the times series of the seasons, as 
well. In spring all of the separate periods 
show significant rising tendencies at the  
10 percent significance level. A significant in-
creasing trend can be found in the period of 
the ETCW. Surprisingly, in the summer the 
ETCW period does not exert a significant in-
fluence, but the previous and the next period 
displayed significant change. Between 1871 
and 1926 a significant decreasing trend may 
be observed in the summer mean tempera-
ture (see Table 1). The average temperature, 
however, is higher than the mean of both the 
previous and subsequent periods. Between 
1953 and 2018 a significant temperature rise 
can be detected (Figure 5). This result is some-
what at odds with the findings of Hegerl, 
G.C. et al. (2018), namely, that in Central 
Europe droughts and heatwaves marked the 
end of the ETCW in the late 1940s and early 
1950s. Studies analysing the time series of 
the Palmer Drought Severity Index (PDSI) 
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Fig. 4. Keszthely annual (A), spring (B), summer (C), autumn (D), and winter (E) raw (grey), 10-year low-passed 
(orange) temperature time series spanning 1871–2018. Change-points of posterior probability > 80%, and  
< 90% are indicated in orange, and those > 90% with a red vertical column. The blue line in part (A) is the linear 

trend of the annual time series. Source: Authors’ own elaboration.
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for the 20th century in Hungary state that sig-
nificant wet sub-periods are detectable in the 
first half of the 20th century, while dry breaks 
occurred in the second half of the century 
(Horváth, Sz. et al. 2005). Szinell, C.S. et al. 
(1998) also confirmed that droughts generally 
occurred more frequently in the second half 
of the century in Hungary. Szinell, C.S. et al. 
(1998) analysed the PDSI series between 1881 
and 1995, and found no change at Keszthely 
stations in terms of drought. Makra, L. et al. 
(2005) detected significant wet periods in the 
first part of the 20th century (between 1901 
and 1940) for East Hungary. Hegerl, G.C. 
(2018) also mentions that the ETCW period 
was also a period of cold winters. 

The Hungarian Meteorological Service 
publishes the time series of extreme cold and 
hot indices for Keszthely, among other sta-
tions in the country, on its homepage (www.
met.hu). The graphs published on the web-
site suggest that in the ETCW period days 
of extreme cold (e.g., number of cold days, 
number of frosty days) and the number of 
hot days were more frequent. Examining 
only the data for autumn, the ETCW cannot 
actually be detected. The only significant 
period is between 1969 and 2018, with an 
increasing trend in the seasonal mean tem-
perature data. In the time series for winter, 
no significant trend can be detected in any 
segment. The beginning of the last segment 
(1924) is contemporary with the beginning of 
the ETCW, but the end cannot be detected. 

With help of the descriptive statistics 
(mean, standard deviation) of the segments 

shown in Table 2, and trend analysis, the rea-
sons for the presence of a change-point were 
explored. The change-point in the annual 
data in 1895 was probably caused by a rise 
of the mean, and a decline in SD. Between 
1931 and 1951, a significant increasing trend 
is accompanied by a rise in the mean and in 
SD. From 1952, the mean and SD are lower 
than in the preceding segment. Between 1985 
and 2018, a significant increasing trend can 
be identified as the reason for the change-
point. In spring, all three segments display 
a significant increasing trend, and between 
1925 and 1951, a higher mean and SD are 
observable. A cooling period can be found 
in summers between 1871 and 1926, while 
from 1927 the mean and SD are higher than 
previously. This is probably the reason for 
the change-point in 1927. The last period 
of the examined time series displays a sig-
nificant rising trend. The change-point in 
autumn, 1924, may be the consequence of a 
rise of the mean and decline in the SD, imply-
ing a lower degree of autumn temperature 
variability compared with warmer years. The 
period 1969–2018 shows a significant increas-
ing trend according to the MK trend test. In 
the three segments of the winter, an upward 
shift in the mean followed by a downward 
shift can be seen. In case of SD, the opposite 
pattern can be detected.

For the ETCW period, significant rising 
trends can be detected in the annual mean 
temperature and in spring. The mean tempera-
ture is higher than the previous or subsequent 
periods’ average in the case of the annual data, 

Table 1. Segments of the time series in which trends can be identified

Annual 1871–1894 1895–1930 1931–1951**
(Sen’s slope = 0.059) 1952–1984 1985–2018**

(slope = 0.042)

Spring 1871–1924**
(slope = 0.018)

1925–1951*
(slope = 0.062)

1952–2018**
(slope = 0.018)

Summer 1871–1926**
(slope = 0.014) 1927–1952 1953–2018**

(slope = 0.018)

Autumn 1871–1923 1924–1968 1969–2018**
(Sen’s slope = 0.024)

Winter 1872–1895 1896–1923 1924–2018
*Significant at 10%, **at 5% significance level.

http://www.met.hu
http://www.met.hu
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and also individually in spring, summer and 
autumn, too. In comparison, the last part of 
the 20th century (i.e., well within the current 
warming period) displays significant warming 
tendencies for spring, summer and autumn, 
while the mean temperatures of these periods 
are slightly lower than those in the ETCW pe-
riod. These facts suggest that in the ETCW pe-
riod a shift in the mean was observable, while 
in the current warming period, a slow but 
significant increasing tendency is occurring.

Keszthely has local importance as a tour-
ist destination and as a biodiversity reser-
vation in Hungary. The high dependence of 

Keszthely weather on lakeshore conditions 
determines its characteristics, and this is 
likely to continue. The significant declin-
ing precipitation trend, together with rising 
temperature trends, may cause declining 
lake water levels, disturbing tourist activi-
ties. The specialty of its meteorological data-
set lies in its unique uninterrupted length 
of 150 years (Kocsis, T. and Anda, A. 2006), 
and its particular importance in the assess-
ment of the water quality of the largest shal-
low freshwater lake in Central Europe, Lake 
Balaton (Hatvani, I.G. et al. 2022), including 
its semi-constructed water protection sys-

Fig. 5. Trends within segments in the summer season. Source: Authors’ own elaboration.

Table 2. Mean (M) and standard deviation (SD) of the segments defined in Table 1

Seasons M ºC /SD ºC/
(Period)

Annual 10.023 /0.707/
(1871–1894)

10.513 /0.509/
(1895–1930)

10.852 /0.893/
(1931–1951)

10.360 /0.642/
(1952–1984)

10.740 /0.803/
(1985–2018)

Spring 10.644 /1.011/
(1871–1924)

11.036 /1.464/
(1925–1951)

10.860 /1.071/
(1952–2018)

Summer 20.053 /0.818/
(1871–1926)

20.829 /0.943/
(1927–1952)

20.009 /0.897/
(1953–2018)

Autumn 10.469 /1.215/
(1871–1923)

11.344 /1.009/
(1924–1968)

10.560 /1.194/
(1969–2018)

Winter -0.975 /2.094/
(1872–1895)

0.715 /1.583/
(1896–1923)

0.367 /1.856/
(1924–2018)
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tem. Worldwide, wetlands cover 5–8 per-
cent of total land surface (Mitsch, W.J. et al. 
2013), including the Kis-Balaton wetland in 
the neighbourhood of Keszthely, and these 
wetlands constitute 20–30 percent of the to-
tal global carbon pool. They therefore play 
a crucial role in climate change mitigation 
(Dang, A.T.N. et al. 2021). The release of a 
wetland’s CO2 may also augment the local 
impacts of global warming.

Similar to global trends, the ETCW period 
can be detected between 1931 and 1951 in 
the annual mean temperature time series of 
Keszthely: between 1925 and 1951 a signifi-
cant increasing trend is observed for spring 
mean temperature, and although in the case 
of summer and autumn, this period cannot be 
described as displaying any significant trends, 
an upward shift in the mean can be observed. 

Similar to the regional results presented in 
this paper, evidence of significant increments 
in temperature between 1920 and 1950, then 
starting from 1985 until nowadays, are also 
reported in Italy (Herrera-Grimaldi, P. et al. 
2018). Brunetti, M. et al. (2000) analysed the 
time series of annual mean temperature for 
the period of 1866–1995 and reported that the 
Italian climate has become warmer and drier, 
especially in the South, since about 1930. In 
the continental mid-latitudes of the Northern 
Hemisphere warm anomalies are often ac-
companied by dry conditions. So, besides 
warming trends during the ETCW, southeast 
of the present study area, in Bulgaria, sev-
eral dry periods were detected in the 1940s 
by Alexandrov, V. et al. (2004). Moreover, 
in the 1930s the East European Plain was 
affected by intense long-lasting droughts 
(Popova, V. et al. 2022), and these are also 
considered to be connected to the ETCW. 
While the previously mentioned studies re-
port droughts linked to the ETCW period, 
in Hungary Makra, L. et al. (2005) detected 
significant wet periods in the first part of the 
20th century (between 1901 and 1940), while 
dry periods were found in the second half 
of the century, that is, including under the 
current warming period. Unfortunately, no 
literature could be found on investigations 

of the ETCW and its effects on the Central 
European region, nor on the Carpathian-
Basin, nor on Hungary itself.

Conclusions

This paper wanted to fill the gap between 
the wide number of studies about the effects 
of ETCW in the Artic and limited investi-
gations concerning its impact on Europe.  
Keszthely, with its uninterrupted tempera-
ture records since 1871, serves as a focal point 
for analysing long-term temperature trends. 
The research uncovers evidence of ETCW in  
Keszthely’s annual, spring, and summer 
temperatures, but its indicators remain elu-
sive during fall and winter. Furthermore, the 
study notes that the characteristics of ETCW in  
Central Europe slightly differ from those re-
ported for the broader region. Unfortunate-
ly, due to a lack of studies on ETCW in the 
Carpathian Basin, comparisons could not be 
made, highlighting a critical area for future 
research.
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