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Abstract— The present study analyzes the long-term (1871-2020) precipitation time
series of Mosonmagyarovar (Hungary) and investigates the precipitation trends affecting
winter wheat production. Understanding precipitation trends is important for agriculture
due to the increasing frequency and intensity of droughts caused by climate change.

In this study, parametric and non-parametric trend tests (linear and Mann-Kendall
trend test) were applied, which showed a significant decrease in April and October. A
significant downward shift of the mean can be demonstrated in spring by Pettitt’s test. This
decrease has a negative impact on key growing periods for winter wheat, which poses a
serious challenge to conventional wheat production in the region. The research highlights
the importance of different agrotechnical solutions to reduce yield losses due to climate
change. The results obtained are in line with trends observed in Keszthely (Hungary),
which confirms the regional changes.

These climatic changes can have a significant impact on the cultivation of our most
important domestic food crop, winter wheat, so it is worth preparing for adaptation from
this point of view as well.

Key-words: climate change, rainfall, vegetation period, water, winter wheat
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1. Introduction and literature review

The global climate is changing, with temperatures rising globally, and this rise in
global temperature is expected to cause a modification in the annual mean
precipitation (/PCC, 2021). Simulation results from global climate models
(GCMs) have indicated that the intensity, duration, and frequency of future
extreme rainfalls are projected to change in many regions around the world (Lee
etal, 2011; Asadieh and Krakauer, 2015; Wen et al., 2016).

Reported analyses of observed extreme precipitation show that there is some
evidence of a general increase in extreme precipitation. The review of likely future
changes based on climate projections indicates a general increase in extreme
precipitation under a future climate, which is consistent with the observed trends.
Only a few countries have developed guidelines that incorporate a consideration
of climate change impacts (Madsen et al., 2014).

Significant increases in extreme precipitation and drought events have been
detected in Europe in the past few decades. In a study by Berényi et al. (2023), 16
selected climate indices were used for the analysis of the temporal changes and
spatial distribution of precipitation patterns in European plain regions during
1950-2022. Their results suggest a general intensification of precipitation events
over the continent, as many regions show a significant increase in the indices
related to the intensity of extreme precipitation, and also the frequency of these
events increased in a lot of regions. Extreme indices related to dry periods changed
significantly in only a few cases. An increase may only be observed in the
southern part of the continent, while a significant decrease can be seen in three
regions in northern Europe.

Spinoni et al. (2015) reported that in Central Europe and the Balkans,
drought variables show a moderate increase. Concerning changes under a future
climate, climate modeling studies have shown that an increase in heavy
precipitation is likely in most parts of the world in the 21st century (/PCC, 2012).

The expected increase in the intensity and frequency of extreme precipitation
under climate change has already been experienced in different parts of the world
(Janssen et al., 2014; Wang et al., 2017; Tabari and Willems, 2018; Zobel et al.,
2018). While an increase in extreme precipitation events can be detected
worldwide (Donat et al., 2016), the pattern of increase is less spatially coherent
and often non-significant (Groisman et al., 2005) compared to the increase in
temperature.

Increasing trends in European extreme precipitations have been discussed in
several studies. These studies concluded that a general intensification of extreme
events may be observed (Sun et al., 2021). However, the actual rate of the
precipitation trends may vary across the continent, for instance, the trends of
heavy precipitation events in northern Europe are similar to the trend of total
precipitation, but this is not true in southern Europe where heavy precipitation
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tends to increase while total precipitation is decreasing (van den Besselaar et al.,
2012).

The climate became wetter in several regions in Europe through the increase
in extreme and total precipitation (Ntegeka and Willems, 2008; Madsen et al.,
2014). Opposite trends may be observed in some of the southern countries where
the decrease in total precipitation coincided with the increase of extreme events
resulting in an intensification of precipitation events (Bartholy and Pongrdcz,
2007) or an overall decrease in extreme precipitation events (Norrant and
Douguédroit, 2005).

Between 1901 and 2009, the highest precipitation declines over the territory
of Hungary occurred in the spring, nearly 20% of them (Lakatos and Bihari,
2011).

Bartholy and Pongracz (2007) examined several precipitation extreme
indices and suggested that regional intensity and frequency of extreme
precipitation increased in the Carpathian Basin in the second half of the last
century, while the total precipitation decreased. A 20-33% decrease in
precipitation in Hungary is predicted for the summer half-year, and there is high
uncertainty for the rainfall for the winter half-year (Bartholy et al., 2007).
Bartholy et al. (2015) projected that the frequency of extreme precipitation will
increase in Central Europe, except in summer, when decreasing tendency is very
likely.

Future climate change would further amplify the effects of precipitation
variations (Liu et al., 2023). Improved knowledge of the likely future risk profiles
also plays an important role in decision-making when considering, for example,
societal adaptation to future climate change (Hall et al., 2012; Bormann et al.,
2012).

Changes in precipitation have serious effects on human society and are the
focus of investigation in many scientific fields, e.g. hydrology, agriculture, and
environmental sciences (Zhao et al., 2018).

Water scarcity has become an increasing threat to humans and ecosystem
sustainability and is expected to be more serious under future climate change
conditions (Hoekstra, 2012). Agriculture is the world’s largest water user and is
prominently impacted by climate change and population growth (Ward and
Pulido-Velazquez, 2008; Zhang et al., 2020).

Agriculture is one of the most vulnerable sectors to climate change and
associated extreme weather events (Pachauri et al., 2014). Shifts in precipitation,
temperature, and other weather patterns may change the suitability of crop
varieties to their present agro-ecosystems, change the need for pest and disease
management, and increase the turnover of soil organic matter and the associated
risk of nutrient loss (Olesen et al., 2011). Extreme weather events (such as
droughts) may also lead to reductions in areas suitable for agriculture, damage to
infrastructure, and higher yield variability (Olesen and Bindi, 2002).
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One of the main objectives of the research by Bartholy and Pongracz (2010)
was to analyze the possible tendency of future precipitation conditions for this
century for the Carpathian Basin. Their results suggest that regional intensity and
frequency of extreme precipitation increased in the Carpathian Basin during the
second half of the 20th century, while the total precipitation decreased, and the
mean climate became slightly drier during the whole 20th century. Furthermore,
the climate simulations suggest that the climate of this region may become drier
in summer and wetter in winter, which highlights the importance of hydrological
and agricultural planning in Hungary.

Parametric methods (linear trend, t-test for slope) for analyzing time series
are the simplest methods to get insight into the changes in a variable over time.
These methods require normal distribution of the residuals that can be a limit for
application. Non-parametric methods are distribution-free methods, and
investigators can have a more sophisticated view of the variable tendencies in time
series. Historical climate (precipitation) data covering the past almost one and a
half centuries measured at the meteorological station in Keszthely, Hungary were
analyzed by Kocsis et al. (2017) and Kocsis and Anda (2018) for detecting
tendencies in the time series. The parametric method proved significant
decreasing tendencies for spring, April, and October. Non-parametric tests show
significant declining tendencies for spring, autumn, and October.

Kocsis et al. (2020) also tried to detect change points in the time series of
monthly, seasonal, and annual precipitation records of Keszthely. Change points
and monotonic trends were analyzed separately in annual, seasonal, and monthly
time series. While no breakpoints could be detected in the annual precipitation
series, a significant decreasing trend of 0.2-0.7 mm/year was highlighted
statistically. Significant change points were found in those time series in which
significant tendencies had been detected in previous studies. These points fell in
spring and winter for the seasonal series, and October for the monthly series. The
question, therefore, was raised that these trends were the result of a shift in the
mean. The downward and upward shifts in the mean seasonal amounts in spring
and winter led to a suspicion that changes in precipitation were also in progress
in these seasons. The study concluded that homogeneity tests are of great
importance in such analyses, because they may help to avoid false trend
detections.

Wheat is one of the most valuable and widely grown cereal crops worldwide,
with a cultivation area of around 245-250 million hectares. Its importance for
food security is only rivalled by rice. The widespread distribution of wheat is
made possible by the diverse climatic requirements of wheat species and varieties
and their strong adaptability. It can be found from near the Equator to the 60°N
and 40°S latitudes. As a result of its wide adaptation, wheat is grown at such
diverse geographical latitudes that harvests occur year-round, but it is primarily a
crop of continental climates.
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In Hungary, wheat is also the most important cereal crop, cultivated on
approximately 1 million hectares annually (Hungarian Statistical Office’s
website). In years with average weather conditions, with appropriate agrotechnics,
and considering the varieties currently grown, the water demand of winter wheat
in Hungary is estimated at 350—410 mm. This water amount is mostly not covered
by natural precipitation. Of the 390480 mm (50-year average) of precipitation
falling from sowing to harvest, only 40-60% is effectively utilized, depending on
the water management properties of the soil. Since wheat requires an average of
280-340 mm of water from late March to early July, and the precipitation during
this period only partially covers this need, the available soil water at the end of
winter is of fundamental importance for the water supply of winter wheat
(Harmati, 1987).

Wheat needs water throughout its entire growth period, but there are certain
stages during which water scarcity can cause significant yield reduction (4raus et
al., 2008). In the early stages of the growing season, drought can have severe
consequences, as it reduces plant growth (Jaleel and Llorente, 2009). Early spring
drought negatively affects the development of the secondary root system and
tillering (Harmati, 1987; Araus et al., 2008). Water deficiency also delays the
appearance of side shoots and fertilization, leading to yield loss (Mosaad et al.,
1995).

In our study, we aimed to study the trends in the precipitation data from
Mosonmagyarévar between 1871 and 2020 and to draw conclusions about how
these trends might impact winter wheat cultivation conditions in the Mosoni-
plain.

2. Material and methods
2.1. Dataset

Monthly precipitation amount measured at Mosonmagyarévar (northwestern edge
of Hungary, of 47° 53' 23" N and 17° 16' 02" E, Fig. 1) was used for the analysis
of tendencies for the period of 1871-2020. The dataset was collected in around a
circle of a diameter of 5 kilometers in plain ground, and the original data were
used. To gain coherent precipitation data over flat terrain in the mid-latitudes,
even interpolation should yield acceptable results on scales smaller than 10 km
(Dingman, 2015). The dataset was controlled but not homogenized by the MASH
method (Szentimrey, 1999) that is usually used for homogenization of
meteorological datasets in Hungary. In purpose of testing homogeneity of the time
series, Pettitt’s test (Pettitt, 1979) was applied. This test detects shifts in the
average and calculates their significance (Liu et al, 2012) in a hypothesis test.
The 5% significance level was used as threshold.
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Fig. 1. Location of Mosonmagyarovar (Hungary; 47°53'N, 17°16'E, elevation 121.5 m above
Baltic Sea level) and Keszthely (Hungary; 46°44'N, 17°14'E, elevation 114.2 m above Baltic
Sea level), redrawn from Kocsis et al. (2020, 2024)

The location of the meteorological station, which provides representative
measurements of the region's climate, changed six times during the century and a
half, but these relocations took place within a very narrow area. The time series
of yearly, seasonal, and monthly amounts of precipitation were examined, and an
analysis was conducted to detect linear or monotonic trends. Each time series used
contained 150 data. The dataset was complete, without missing data.

2.2. Statistical methods

First, the tendency of the time series was estimated by a linear trend using the
ordinary least squares method

Ye = by + by *t, (1)

where ¢ is the serial number of the time step, t=1, 2, 3, ..., n, where n is the
number of the data, y;is the estimated value of precipitation amount for a certain
time step, by is the intercept of the trendline, and b; is the slope coefficient on the
trendline.

In the diagnostic stage of a linear trend, the normal distribution of the
residuals was tested by the Kolmogorov-Smirnov test. In this case, the residuals’
distribution could be accepted to be normal, the slope coefficient of the linear
trend was tested in a parametric #-test for significance. Otherwise, when the
distribution of the residuals could not be accepted to be normal according to the
Kolmogorov-Smirnov test, the Mann-Kendall trend test was used. The Mann-
Kendall trend test is based upon the work of Mann (1945) and Kendall (1975),
and it is closely related to the Kendall’s rank correlation coefficient. This test is
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suitable to detect monotonic trends in the time series. The
Mann-Kendall trend test is widespread in climatological and hydrological
analyses for time series, because it is simple and robust, it can cope with missing
values and values under detection limit (Gavrilov et al., 2016). This non-
parametric test is commonly used to detect monotonic tendencies in a series of
environmental data, too (Pohlert, 2016). This method has no requirement for the
distribution, as the regression method requires normal distribution. No
assumption of the normality is required (Helsel/ and Hirsh, 2002). The Mann-
Kendall test statistic is given as (Singh et al., 2024):

S =Y N sgn(x — xy) (2)

where j >iandi=1,2,...,n-1;7=2,3, ..., n, and n is the number of the data.

S serves for the hypothesis test, where the null hypothesis is that there is not
a significant trend, and the alternative hypothesis is that a significant monotonic
trend over time is present. Sgn(xi-x;) is calculated as (Hipel and McLeod, 1994;
Hu et al., 2020):

+1 lf xj—xl->0
sgn(x;—x;) =4 0if x;—x;=0 . 3)
-1 lf x]-—xi<0

Decisions were made based on the p-value in the hypothesis tests, at 5%
significance level as a threshold. After determining the presence of the trend, the
Sen’s slope estimator (Sen, 1968) was applied. It is a non-parametric method that
can calculate the change per time unit (direction and volume) and is commonly
used in hydro-meteorological time series to calculate the magnitude of a trend
(Lone et al., 2022).

Calculations were carried out using IBM SPSS and R softwares.

3. Results

3.1. Descriptive statistics of the annual, seasonal, and monthly precipitation
sums

The average annual precipitation amount at Mosonmagyarévar was 593.32 mm
between 1871 and 2020 with a standard deviation of 104.13 mm. The median of
the dataset is 586.25 mm. Based on the relation of the average and the median
(average > median), the ratio of those values that are less than the mean is
supposed to be more than 50%, but the boxplot of the annual data does not
represent this skewness, probably for the reason that two data have been
considered as outliers (Fig. 2).
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Fig. 2. Boxplot of the annual precipitation amount (mm).
The box indicates the interquartile range, the black line in it is the median.

Table I summarizes the descriptive statistics of the seasonal precipitation
sums. It can be observed that the order of the mean, median, and mode is the same
for all seasons, as the mean is greater than the median, and the median is greater
than the mode. When the mode is the lowest one, a positively skewed distribution
should be supposed, where the values of lower than the average are
overrepresented. This can also be observed in Fig. 3. The same type of skewness
can be seen in the case of the monthly precipitation sums, as well. A skewness
can be observed towards the values lower than the average of the dataset (7able 2,
Fig. 4). The highest monthly amounts can be expected in June and July, so the
maximum of the yearly course is in summer. Usually, a peak can be observed in
May and a secondary maximum in September. This yearly course seems to be
rearranged at Mosonmagyarovar.

Table 1. Main descriptive statistics of the seasonal precipitation sums

Descriptive statistics (mm)

Season Mean Median ~ Mode Standard deviation
Spring 142.28 138.50 77.0 51.12
Summer 190.53 185.05 121.0 65.34
Fall 149.29 148.50 126.0 52.72
Winter 111.33 102.50 87.0 41.91
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Fig. 3. Boxplots of the seasonal precipitation amount (mm).
The boxes indicate the interquartile range, the black line in it is the median.

Table 2. Main descriptive statistics of the monthly precipitation sums

Descriptive statistics (mm)

Month Mean Median Mode Standard deviation
Jan 34.53 32.00 28.0 19.31
Feb 32.32 27.00 16.0 22.25
Mar 37.77 34.50 39.0 23.78
Apr 42.46 37.50 19.0 26.72
May 62.05 54.50 39.0 37.40
Jun 65.36 59.25 53.0 34.68
Jul 65.56 58.30 49.0 39.25
Aug 59.62 51.50 57.0 36.08
Sept 50.03 43.35 31.0 33.39
Oct 49.64 46.00 60.0 33.00
Nov 49.61 40.90 31.0 31.94
Dec 44.38 42.40 37.0 24.29

381



200

[ ]
r LS
150 —5—2
e @
£ o [ :
c
g ° i T
5100 :
a
Q)
o
o
50
0

Jan Febr Mar Apr May Jun Jul Aug Sept Oct Nov Dec

Fig. 4. Boxplots of the monthly precipitation amount (mm).
The boxes indicate the interquartile range, while the black line in the middle is the median.

3.2. Trends of the examined time series

Following the steps of time series analysis written about in Section 2.2, a
significant linear trend can be detected in spring (o =0.05, Table 3, Fig. 5.).
Regarding the homogeneity of the time series, it should be noted that in case of
only one time series, a change point could be detected by the Pettitt’s test. This
one is spring (p-value = 0.032). The change point took place in 1945, and no other
change point could be found. Therefore, to be sure to detect a real trend, the time
series was divided into two parts, but no significant trends could be seen in the
separated parts. The Pettitt’s test suggests a significant downward shift of the
mean (Fig. 5), that can be the same proof of the changes, as the precipitation
decrease can be realized not only as a gradual change, but also as an abrupt shift
of the mean.

When analyzing the trends of the monthly precipitation sums, significant
monotonic trends can be determined for April and October (Table 4). In April,
9.1 mm per 100 years declining trend could be found, and in October the average
decrease was 11.08 mm per 100 years. These results are in good coincidence with
the findings of Kocsis and Anda (2018) and Kocsis et al. (2020) at Keszthely
(western Hungary). It should be highlighted that Keszthely and
Mosonmagyarovar are about 150 km far from each other, and there is the Bakony
Hills region as a barrier for the vapour flows that can modify the direction of the
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air movements. Keszthely’s microclimate is affected by the Balaton Lake. As a
similarity, the proximity of the Mosoni-Danube River can be mentioned in the
case of Mosonmagyarovar.

Table 3. Results of the time series analysis

Linear slope p-value of Kolmogorov- Kendall p-value of
coefficient t-test Smirnov p-value tau MK test
Annual -0.353 0.072 0.2
Spring -0.213 0.026* 0.2
Summer 0.014 0.908 0.2
Fall -0.115 0.249 0.2
Winter -0.043 0.591 0.002* -0.035 0.522

* significant at the 5% significance level

y =-0.2135t + 158.39

300

Precipitation (mm)
[\
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Years

Fig. 5. Time series of the precipitation amount measured at Mosonmagyarovar in spring (1871—
2020). The blue line represents the observed data, while the black dotted line shows the
significant decreasing linear trend. The red vertical line indicates the breakpoint obtained by
the Pettitt’s test and the red dashed lines show the means of the precipitation data in the
separated time intervals.
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Table 4. Results of the time series analysis of the monthly precipitation amounts

Month Linear slope  p-value of  Kolmogorov- Kendall p-value of Sen's
coefficient t-test Smirnov p-value tau MK test slope
Jan 0.009 0.798 0.013* 0.015 0.791 0.005
Feb 0.014 0.744 0.002* 0.037 0.501 0.024
Mar -0.049 0.274 0.001* -0.071 0.199 -0.048
Apr -0.104 0.038* 0.001* -0.107 0.048* -0.092
May -0.060 0.397 0.001* -0.035 0.521 -0.042
Jun -0.007 0918 0.021* 0.001 0.979 0.000
Jul 0.034 0.652 0.001* 0.017 0.753 0.019
Aug -0.013 0.854 0.001* 0.021 0.71 0.023
Sept 0.018 0.771 0.001* -0.013 0.81 -0.013
Oct -0.132 0.033* 0.032* -0.11 0.046* -0.112
Nov -0.002 0.980 0.001* 0.028 0.619 0.026
Dec -0.062 0.178 0.02* -0.057 0.305 -0.045

* significant at the 5% significance level

3.3. Trends of the vegetation period of winter wheat

The precipitation conditions of the vegetation period of winter wheat were also
studied, and the precipitation sums between September and the consecutive June
were analyzed. The requirement for normality of the residuals of the linear trend
was fulfilled (p-value of the Kolmogorov-Smirnov test was 0.087), therefore its
slope can be interpreted as it was significant at the 5% significance level (p-value
= 0.022). There was no significant change point in the time series (p-value =
0.108). A declining tendency could be detected by 0.411 mm per year on average.
This means 40.89 mm less precipitation in a 100-year period.

4. Discussion

During the last years, Europe has been exposed to a continuous period of dry
conditions, leading to increasingly frequent agricultural, meteorological, and
hydrological droughts across the continent. The years 2021 and 2022 caused one
of the most severe water shortages in Europe and Hungary in the past decades.
Because of the historic drought of 2022, the yields of autumn and summer crops
fell below the average of previous years.

Wheat, by origin, is a plant that generally prefers drier conditions, as its gene
center is located in the Fertile Crescent of the Middle East. During centuries of
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breeding in Central Europe, the goal was to make the plant thrive under the local
continental-type climate as much as possible, but even this essentially means drier
conditions.

Wheat is a moderately water-demanding crop, requiring approximately 350—
410 mm of precipitation in growing seasons with average weather conditions,
when proper agrotechnics are applied. Its transpiration coefficient is 300-350 I’kg
of dry matter (Harmati, 1987).

Our studies found that there has been a tendency to the reorganization of
precipitation amounts in Mosonmagyarévar between 1871 and 2020. Analysis of
the data shows that both the spring and autumn periods have experienced a
decrease, which was significant in the case of some months, in precipitation. This
is particularly harmful for winter wheat, as these periods correspond to the
phenological phases that greatly determine the quantity and quality of the yield.

The sowing time of winter wheat must be chosen so that the wheat can
establish itself before the onset of winter. The crop's response to sowing time is
specific and genetically determined, it generally occurs between September 20
and October 30, but it can be extended until early November.

From the perspective of water supply, the autumn period is critical in
Hungary, as it is often dry, which can result in poor germination and uneven wheat
stands. Our study results also indicate a significant decreasing trend in
precipitation in October. The accompanying extreme weather conditions are
generally unfavorable for wheat development and yield. Extremely dry autumn
weather makes the proper germination, early development, establishment of a
strong plant stand, and successful overwintering impossible. Germination can
begin, only if the sown seeds receive sufficient water and the temperature is
appropriate (Varga-Haszonits et al., 2006).

The tillering phase lasts from December to the end of March, during which
the formation of the secondary root system occurs. If there is a significant drought
during this period, tillering may be delayed or fail. The more developed the
secondary root system is the more resilient the wheat becomes.

The heading phase in our region lasts from mid-April to the end of May,
which is the period of intense growth. The amount of precipitation during this
period has a decisive impact on the maximum height of the varieties. During
heading, wheat requires an uninterrupted water supply, as this phase - which lasts
about 30 days - produces the most dry matter, nearly 50% of the total amount.
Unfavourable water conditions disrupt plant development. If drought occurs
during this developmental stage, the yield can be reduced to half. The vegetative
organs become smaller, and assimilation activity decreases, leading to
underdeveloped flowering organs in the spikes.

For this reason, it is crucial to ensure optimal soil moisture during this period,
from mid-April to the end of May. The water demand closely approaches the
evapotranspiration rate during this time, i.e., around 150-160 mm over this
approximately 6-week period. The deeper and better water-managed the soil is,
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and the more abundant the natural precipitation is, the less irrigation is needed.
However, higher production targets require better water availability (Harmati,
1987). The significant decrease in April and spring precipitation amounts can
therefore be a cause for serious concern.

The heading-flowering phase, which lasts for a relatively short time, is also
a critical period (Varga-Haszonits et al., 2006). Due to high temperatures and poor
water supply, partial death of the flowering organs occurs, resulting in incomplete
fertilization and a significant decrease in yield. If the autumn and winter are wet
and the spring is not too dry, the moisture stored in the soil can meet the water
requirements of these two phases without irrigation, especially in deep, fertile
soils. In a dry year, or shallow soils, irrigation before or during this critical period
is essential and effective.

Winter wheat takes up the most water during the flowering and fertilization
period (from the middle of May to early June), but the pre-ripening period is also
significant in terms of water consumption. Lack of precipitation during the
ripening period can result in deformed, shrivelled grains, and the kernels may
shrink. In May and June, the average required amount of precipitation is about
115 mm (Harmati, 1987). Full maturity in Hungary typically occurs in the first
part of July. If the weather is too rainy at this time, the grains may become
overripe, and their baking quality can deteriorate.

In the Carpathian Basin and Hungary, extreme weather events have become
more frequent, and it is also unfavourable that precipitation shows decreasing
tendencies. Such a modification of the main water intake factor, together with
unfavourable thermal changes affecting the water loss side of the water balance,
may endanger the water supply of winter wheat. Most climate simulations suggest
that this trend will continue in the future, and even decade-long extremes may
occur in the second half of the century.

5. Conclusions

The main findings of this research are that between 1871 and 2020 decreasing
trends were detected in April and October, and a significant downward shift of
the mean can be found in spring. For the growing period of winter wheat
(September- June), a significant precipitation decline can be demonstrated.

The entire area of Hungary is suitable for the cultivation of winter wheat, but
due to climate change, the weather could be extreme sometimes. Unfortunately,
dry years and even droughts are becoming more and more frequent. Such
problems may also occur in the studied region. Therefore, we considered it
important to quantify the trends in precipitation conditions based on the longest
data series available. The good agreement with the results of previous, similar
research on Keszthely suggests that the conclusions drawn from our investigations
may be more general.
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Winter wheat yields are expected to decrease by 8% by 2050 and by 21% by
2100 in Hungary (Kemény et al., 2019), but the results may differ significantly by
the model used for prognostications. More intensive nutrient management and
irrigation cannot even compensate for the negative impact of climate change on
average (Kemény et al., 2019). The negative effects of climate change and more
frequent dry periods can be mitigated in two ways: with passive and active
methods. The passive methods are the right choice of varieties, as well as efficient
agrotechnics in terms of water conservation and water use. Active intervention
could be achieved through irrigation to reduce the water deficit.

With agrotechnics adapted to the environment and genotypes, we can keep
the yield quantity and quality stable, and it is important to use genotypes that are
not only capable of achieving high yield and good quality but are also able to keep
it stable under different meteorological conditions and on different quality soils,
with different agrotechnical levels. These varieties are characterized by good
stress tolerance - such as drought tolerance, excellent winter resistance, and better
resistance to diseases and pests, as well as good or excellent adaptability and a
good reaction to agrotechnics. It is advisable to select successive plants in such a
way that plants with lower and higher water consumption follow each other in the
crop rotation.

A fundamental consideration for Hungary must be the use of a water-saving
soil cultivation system that is minimized as much as possible. Preference should
be given to tillage tools without rotation, sealing the soil at the optimal time, and
increasing the water absorption and water retention capacity of the soil. In terms
of nutrient supply, plant stands in better condition and can withstand drought
better. The close interactive relationship between water and nutrient supply in our
cultivated plants is well known. It is important to emphasize that the water supply
plays a key role in the vegetative and generative development and crop formation
of field plants; however, it also affects the effectiveness of various agrotechnical
inputs (e.g., soil cultivation, plant protection, etc.).

In the case of sowing technology, the stand density of plants primarily affects
the drought tolerance of plants. It is a common misconception that the sowing rate
should be increased with the intention of "sowing more so that some will remain".
This actually results in the opposite effect. By choosing the right sowing time, we
can avoid the coincidence of the phenophase of the given plant species, which is
sensitive to water shortage, and the typically dry period of the given area. Plant
protection can also contribute to better drought tolerance of plant populations.
Adequate weed control is particularly important, as weeds not only consume more
water than cultivated plants, but they can take up water much more aggressively.

In these times, we can irrigate only 2% (approximately 100,000 ha) of the
domestic arable land in Hungary, which is extremely small. Wheat is a plant that
prefers drier conditions since its genetic center is located in the area called the
Fertile Crescent of the Middle East. During centuries of breeding in Central
Europe, the aim was to make the plant thrive under the local continental climate
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as well as possible in the continental-type climate, but even this basically means
drier conditions. Under normal weather conditions, there is no need to irrigate
winter wheat. In the case of extremely dry months, it is worth watering the plants.

Nowadays, one of the most important questions of arable crop production is
how we can ensure optimal water supply for plants under changing and less
favorable climatic conditions. In this, it must be taken into account that passive
agrotechnical elements play a decisive role, as the irrigated area is extremely
limited in Hungary today. This is the key issue for the further development of
domestic crop production. We wanted to contribute to this with our work
quantifying regional precipitation conditions and trends.
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Abstract— An exact statistical description of present and future climate requires a
database representative in space and time. However, observation records — that is raw
climatological time series — are loaded with inhomogeneities due to changes in the location
of the weather stations and usage of different instruments and observation protocols.
Datasets must be homogenized first, which means that previous measurement data must be
adjusted to the present observation protocols, while missing data must be supplemented.
The data base of the present examination is the homogenized precipitation time series of
Hungary, that is diurnal amounts of precipitation for the 1233 grid cells which cover the
area of the country over the period of 1971-2022 in the state of the database in 2023. Firstly,
the diurnal amount of precipitation over the area of the country, that is the sum of
precipitation what falls in each cell of the grid over the area of the country has been chosen
as a variable to be analyzed. Its annual and monthly characteristics have been analyzed for
different independent variables. Secondly, spatial characteristics of the diurnal amount of
precipitation, that is its distribution among the grid cells have been examined as well. In
this article, after summarizing the climatic characteristics and the characteristics for the
examined period of the total precipitation in Hungary, we analyze the spatial and temporal
statistical properties of the daily dry grids and the dry days per grid. Dry days and grid cells
are those when and where the daily precipitation amount is under 0.1 mm.

Key-words: nationally dry days, dry days and areas
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1. Introduction — General spatial and temporal characteristics of the
precipitation in Hungary

The amount of annual mean precipitation ranges between 500 and 800 mm over
Hungary during the period between 1991 and 2020 with remarkable spatial
differences and year-to-year fluctuations.

The spatial pattern of precipitation is formed by the maritime effect and the
relief together (Fig. I). The maximum occurs in the southwestern part of
Transdanubia, where the maritime effect is the most emphasized (Mersich et al.,
2002, Kocsis et al., 2018, HungaroMet, 2024d).

Other regions gaining high annual precipitation over 800 mm are the low-
mountain ranges in Transdanubia and Northern Hungary over 700 meters above
sea level. The minimum occurs over the low-lying central part of the Carpathian
Basin on the Great Hungarian Plain with values between 500 and 550 mm
(Mersich et al., 2002, Kocsis et al.,2018, HungaroMet, 2024d).

Hungarian low-mountain ranges get higher amounts of precipitation than
lowland regions due to orographic lift. There is a 35 mm increase in the annual
mean precipitation amount with an increase of elevation of 100 meters on average
(Mersich et al.,2002, HungaroMet, 2024d).

This anomaly is not symmetric over the mountain regions of Hungary, since
positive anomaly occurs on the western sides of the mountain ranges facing the
moist maritime air masses, while the eastern slopes are drier than the lowland
areas due to the rain shadow effect of foehn winds.

F STOALsT SO0 550 600 650 700 730 8O0 50 900 950

Fig. 1. Spatial pattern of annual mean precipitation during the normal period between 1991 and
2020 (HungaroMet, 2024d).

The minimum of the precipitation occurs between January and March due to
low water vapor pressure of the cold air and the frequent dry, high pressure air
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masses from the Siberian high. The main maximum of the precipitation occurs
between May and July due to the high water vapor content of the air, favorable
conditions for convection, and the high cyclone activity in that period (Mersich et
al.,2002, Kocsis et al.,2018, HungaroMet, 2024d).
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Fig. 2. Monthly mean precipitation during the normal period between 1971 and 2000. Based
on homogenized, interpolated data (HungaroMet, 2024d).

There is a secondary precipitation maximum in the late autumn in the
datasets before 2000 (Fig. 2). However, September and October have become
considerably wetter since 2000 so the late autumn secondary maximum has
disappeared, and there is a more or less gradual decrease of the monthly amounts
of precipitation from August to December (Fig. 3, HungaroMet, 2024d). Autumn
precipitation is caused mainly by warm fronts of mid-latitude cyclones formed
over the western Mediterranean seas (Mersich et al.,2002).
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Fig. 3. Monthly mean precipitation during the normal period between 1991 and 2020
(HungaroMet, 2024d).
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Among the meteorological parameters, precipitation shows the strongest
variability on both spatial and temporal scales (Gadl and Becsakné Tornay, 2023,
Lakatos and Bihari, 2011).

There can be 200% differences in the annual amount of precipitation in two
consecutive years (£ig. 4). Annual precipitation of the driest years is under 500
mm only, while there is 800-900 mm of precipitation in the rainiest years. There
can be an absolute lack of precipitation in any month of the year (HungaroMet,
2024d). However, the mean number of rainy days is 120 that is every third day is
rainy, theoretically. The length of the longest period without precipitation is 60
days. It is quite frequent to have 200-300 mm precipitation in one month during
the summer season (Bacso, 1953).
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Fig. 4. Fluctuations of annual amounts of precipitation during the period between 1901 and
2009. Based on homogenized interpolated data (HungaroMet, 2024a).

Thunderstorms and hailstorms are summer phenomena typically in Hungary
since they require high amount of moisture and energy in the atmosphere which
is available during the period between the late spring and early autumn over the
mid-latitudes. Thunderstorms are most frequent (more than 30 day annually) over
the North Hungarian Mountain ranges, and the southeastern and northeastern parts
of the Great Hungarian Plain, while the least thunderstorm (less than 20 per a
year) occurs over the central part of the country (Mersich et al.,2002).

Low intensity rains are dominant by time span in Hungary: 75% of rainy
days have intensities under 1 mm/hour. These rains provide only 30% of the total
amount of precipitation. Medium intensity rains (1-5mm/hour) fall in 22% of
rainy periods and provide 50% of the total amount of precipitation (Mersich et
al.,2002).
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High intensity rains (over 5 mm/hour) count for 2% of rainy periods but
provides 20% of the total amount of precipitation. Most extreme precipitation
events result in 150-200 mm of rain in 24 hours (Mersich et al.,2002).

It is a fundamental feature of the climate of Hungary that there is snow in the
winters, although its amount fluctuates in a wide interval year by year. It not
necessarily means the development of a snow cover in each year. There are 18—
22 snowy days in the great Hungarian Plain, 25-30 snowy days in Transdanubia,
and 50-60 snowy days in the hills over 700 meters above sea level on a
multidecadal average (Mersich et al.,2002).

The least days with a snow cover occurs in the central Great Hungarian plain
(30-35), where the amount of snow is the lowest, while the hilly regions have the
longest periods of snow cover (Fig. 5).

Fig. 5. Annual number of days with a snow cover given in days (Mersich et al., 2002).

There are 40-45 days with a snow cover in most parts of Transdanubia due
to the higher amount of snow precipitation despite slightly higher January mean
temperatures. The number of days with a snow cover is over 50 in the hilly regions
and reaches 100-120 over 700 meters above sea level (Mersich et al.,2002).

The great Hungarian Plain has the most extreme climate from the aspect of
snow cover: there are winters when there is no snow cover, while there are winters
when there are 80—100 days with a snow cover on the other hand (Mersich et
al.,2002).

Another important climatic parameter is the thickness of the snow cover. It
has an increasing tendency from the center of the Carpathian Basin towards its
margins as well. It reaches 15-20 cm only over the cold but less snowy Great
Hungarian Plain. It is around 2540 cm over the milder and snowier Transdanubia
and is over 50 cm over 500 m above sea level (Mersich et al.,2002).
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Climate change has a remarkable impact on precipitation conditions in
Hungary, however, depending on the time scale and region of focus the changes
are different. For the whole country there was a moderate decrease in the annual
amount of precipitation during the period between 1901 and 2020 (Fig. 6). The
strongest decline of 20% occurred in the spring (Kocsis and Anda, 2018).The
decrease is more emphasized over the western part of the country, while there was
a slight increase in the eastern half of the country (HungaroMet, 2024b). There is
a significant decrease of 17 days in the number of precipitation days during the
period between 1901 and 2020. However, the number of days with precipitation
over 20 mm increased during the same period. Daily intensities increased in the
summer season during this period as well, which suggests more
intenseprecipitation events (HungaroMet, 2024c¢).

C .20 410 © 10 20 30 S0 70

Fig. 6. Changes in the annual amount of precipitation (%) during the period between 1901 and
2020 (HungaroMet, 2024b).

Nevertheless, there was an increase in the annual amount of precipitation
during the 1881-2020 period over most of the country (Fig. 7). The increase is
the most remarkable over the central and northern parts of the country, where it
can reach an 50% excess (HungaroMet, 2024b). The intensity and frequency of
extremities has already been increased during the second half of the 20th century
(Barhtoly and Pongrdacz, 2007). The year 2010 was the wettest and 2011 the driest
since 1901 with annual amount of precipitation of 959 mm and 407 mm,
respectively (Pongrdcz et al., 2014).

According to climate change scenarios, an increasing tendency of the
precipitation is projected for the autumn-winter months and a significant decrease
is expected for the summer, while the annual sum is not expected to change
considerably along with an increasing frequency of extreme precipitation events
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concentrated in the winter half year (Gadl and Becsdakné Tornay, 2023, Kocsis and
Anda, 2017, Csaki et al., 2018, Kocsis et al., 2023).

Precipitation extremities are expected to result in increasing frequency of
floods and droughts (Birinyi et al.,2023, Gerhdtné Kerényi, 2018).

-20 -10 0 10 20 30 S50 7O

Fig. 7. Changes in the annual amount of precipitation (%) during the period between 1981 and
2020 (HungaroMet, 2024).

2. Material and methods

An exact statistical description of present and future climate requires a database
representative in space and time. However, observation records — that is raw
climatological time series — are loaded with inhomogeneities due to changes in
the location of the weather stations and usage of different instruments and
observation protocols. Datasets must be homogenized first, which means that
previous measurement data must be adjusted to the present observation protocols,
while missing data must be supplemented. Homogenization of Hungarian
climatological datasets and supplementation of missing data have been carried out
using the MASH (Multiple Analysis of Series for Homogenization) and MISH
(Meteorological Interpolation based on Surface Homogenized Data Basis)
methods (Szentimrey, 1999; Szentimrey and Bihari, 2007) developed at the
Climatological department of the HungaroMet what providing homogenized,
supplemented, and verified diurnal datasets. Gridded data sets have been
produced by the MISH method. The papers of Izsdk et al. (2021) and Szentes
(2023) provide a good review on the different phases of the production of the
climatological database. Both papers contain numerous references for other
studies what deal with theoretical and practical problems of the different phases
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of the process. Authors would like to draw attention to the papers of Izsdk et al.
(2022), Szentes et al. (2023), and Izsdk et al. (2024) from the newest literature on
homogenization of precipitation time series. Besides a detailed description of the
homogenization process of precipitation time series, the articles deal with the
application of the method on different data sources.

The database of the present examination is the homogenized precipitation
time series of Hungary, that is diurnal amounts of precipitation for the 1,233 grid
cells which cover the area of the country over the period of 1971-2022 in the state
of the database in 2023 (HungaroMet, 2023). According to the method of the
homogenization there are 1,233 grid cells defined for the area of Hungary between
the coordinates (45,7° N,16,1° E) and (48,6° N, 22,9° E).

Therefore, the data matrix contains 18,628*1,233 pieces of precipitation
data. Firstly, the diurnal amount of precipitation over the area of the country, that
is the sum of precipitation that falls in each cell of the grid over the area of the
country has been chosen as a variable to be analyzed. Its annual and monthly
characteristics have been analyzed for different independent variables. Secondly,
spatial characteristics of the diurnal amount of precipitation, that is its distribution
among the grid cells have been examined as well.

Hereinafter, precipitation over a point of the country or what falls in the point
of the country corresponds to these data.

3. Statistical characteristics of the diurnal amount of precipitation over the
country

The 51 years long period involved in our study contains 18,628 days, that is the
diurnal amounts of precipitation for the total 1,233 grid cells for all days of the
period. These sums determine the diurnal amount of precipitation that falls over
the country.

The total amount of precipitation during the study period (the sum of the
precipitation of the 18,628 days) equals 37,580,312 mm that is this amount of
water in liters/m* fell over the area of the country, more exactly over the area
covered by the 1,233 grid cells. It is 736,869 mm on annual average on total, and
it means 597.6 mm on spatial average (per one grid cell). Therefore, 597.6 mm is
the amount of annual mean precipitation of Hungary for the study period.

The sum of rainfall in a day in the 1,233 grid cells is the daily national
precipitation total. The most important statistical features of this time series
(average, standard deviation, coefficient of variation, maximum, mode) are shown
in Table 1.
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Table 1. The most important statistical characteristics of daily national precipitation totals

average”  stand. dev. coeff. median  maximum™  mode™”
mm mm of var. mm mm mm
2,017.4 3,714.8 1.84 354.4 38,666 0.0

* average rainfall in a day in the covered area, ~ May 15, 2010, *“see below

26.8% of the elements of the time series is over the average only. The
maximum, occurred on May 15, 2010, is 0.1% of the sum of the elements.

98% of the daily national precipitation totals falls into the interval between
0 and 14,000 mm. Most of them (73.2%) is between 0 and 2,000 mm. 52.5% of
the values within the interval between 0—2,000 mm is between 0 and 100 mm and
57% of these values is between 0 and 10 mm. 40% of the latest category is 0,
which are the national dry days of the time series when the daily national
precipitation totals are under 0.1 mm. Therefore, 0 mm is the mode of the
distribution that is the most probable daily amount of precipitation.

Monthly distribution of the national daily precipitation amount of the studied
period is presented in Fig. 8. 44% of the total annual precipitation falls during
May and the summer months. Average monthly national precipitation amounts
are presented in Fig. 8 as well. Annual courses are similar naturally: there is a
maximum in June (12.2%, 72.3 mm) and a minimum in March (5.6%, 33.6 mm).
There is an increasing trend between January and June and a decreasing one from
June to December. Average monthly precipitation amounts are in accordance
with the values derived from observation data of the period of 1991-2020 (see
Fig. 3).

% mm
16 ; 80

BN mm

—o=—month % ||

Fig. 8. Monthly distribution of the national daily precipitation amount (%) and the average
monthly national precipitation amounts (mm), 1971-2021.
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The figure on the temporal characteristics of the annual precipitation amount
will be presented in part 2 of this article. According to Fig. 9a, the annual
precipitation amount (APA) falls into the 740,000-820,000 mm interval in 15
years of the studied period, it is the mode of the distribution this way. The average
and the median falls into this class as well, therefore a normal distribution can be
assumed.

The values of the annual relative precipitation amount (ARA=annual
precipitation / precipitation in the 51 years long period) are between 1.38% (2011)
and 3.22% (2010). The secondary maximum was in 1999 with 2.63%, while the
secondary minimum was in the following year again with 1.39%! Their average
is 1.96%, standard deviation is 0.34%, so the variation coefficient is 0.17, while

their median is 1.98%. The mode can be determined from the frequency
distribution shown in Fig. 9b.

frequency (years) a.

frequency (years) b.

5058
5866
6674
7482
8290
9.09.8
9.8-10.6

11.4-12.2

10.6-11.4
12.2-13.2
12-14
14-16
16-1.8
820
2.022
224
2.4-26

Fig. 9. Frequency distribution of the annual precipitation amount (a) and relative precipitation
amount (b) and their approximation to the normal distribution.

On the base of Fig. 95, the mode is about 2%, so we tried to approximate the
empirical frequencies with the normal distribution. According to the % probe, the
annual precipitation amount and relative precipitation amount can be
approximated by the normal distribution at a high level of probability.
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Fig. 10. Observed values of annual relative precipitation sums (ARA, %) and their
approximation with quadratic and trigonometric polynomials.
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Annual relative precipitation sums of the individual years (observed data) of
the studied period are presented in Fig. /0. Analyzing the tendencies in annual
relative precipitation sums during the studied period applying one direction
analytic trends (linear, logarithmic, exponential etc.) would be counterproductive
naturally, due to the relatively large difference between the extreme values
(1.84%). Applying a fourth-degree polynomial results in a two-maximum curve,
that is a double wave one can be presumed. Therefore, it is reasonable to carry out
a period analysis on the time series.

The presumed periodicity has been examined approximating the observed
annual values with trigonometric polynomials. The method is called harmonic
analyses as well (see e.g., Dobosi and Felméry, 1971, Huzsvai and Vincze, 2012).
An improved version of the method has been used in the present study. For
detailed description of the method see: Tar et al. (2001, 2002), Tar and Kircsi,
(2001), Tar (2004, 2007, 2014).

If we apply a four-element polynomial (a wave) to the observed values of
the annual relative precipitation sums (ARA, %), then the expected value,
E, of the amplitudes of the waves is 0.08. Using this method, the amplitudes for
each wave, An, the An/E ratio refering to the suddenness of wave m, the goodness
of the approximation, som, and the root mean square error parameter, RMSE, have
been determined.

The som values show that all the four waves provide a rather weak
approximation. Based on the amplitudes, the first wave with an amplitude of
51 years is real, what can be considered as obvious. The next is the third wave
with a random period of 17 years. However, the periodicity has not been justified
according to the nearly equal RMSE values.

The annual sign change (AARA) of relative precipitation amounts have been
examined also. It is negative in 52% of the years that is the year-by-year decrease
is larger by 4% than the increase. The so-called transition/conditional
probabilities/relative frequencies have been calculated as well. Results are
presented in Table 2.

Table 2. Conditional probabilities of the annual sign change (AARA) of relative
precipitation amounts

condition
AARA <0 AARA >0
AARA <0 0.3462 0.7083
AARA >0 0.6154 0.2917

conditional event
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According to the table, the probability of a sign change of the AARA
difference is about twice as high as the perseverance of the sign.

The above results have been obtained using data for all the days and grid
cells’ precipitation data involved. In the following examinations, dry (no
precipitation) and rainy days and grids have been distinguished. Dry and rainy
days have been divided into two further subsets: nationally and locally dry and
nationally and locally rainy days, respectively.

4. Temporal and spatial characteristics of dry days

Dry days and grid cells are those when and where the daily precipitation amount
is under 0.1 mm. Statistical characteristics of daily dry grid cells and dry days by
grid cells are dealt with in the following chapter.

4.1. Temporal statistics of nationally dry days

The beforementioned 40% is the ratio of the nationally dry days, when there was
no more precipitation than 0.1 mm in any grid cells. It is 1645 days in total during
the 51 years, that is 8.8% of the studied period. It means that every eleventh day
is nationally dry on average. On the base of the abundant database of the study, it
can be stated that it is the probability of a nationally dry day in Hungary.
Therefore, there are dry and rainy grid cells (areas) within a day in most cases.

There are locally or nationally rainy days between the nationally dry days.
These are the precipitation intervals with time spans from 0 to 199 days. Their
length is 10.3 days on the average during the studied period in harmony with the
previous estimation. It is 0 in the case, when a nationally dry day is followed by
a similar day. The length of the precipitation periods is between 0 and 10 days in
74% of the cases. Most of them have a length of 0 days which is 45% of the
nationally dry days. Thus, a nationally dry day is followed by a locally or
nationally rainy day with a higher probability (55%) than by a nationally dry day.

The average of the annual number of nationally dry days (DDC) is 32.3, its
standard deviation is 10.9, therefore, the variation coefficient is 0.34. The
maximum is 61 days in 1992, while the minimum is 10 days in 1999 and 2014,
the is median 33 days.

The “observed” values curve shows the annual number of nationally dry days
in Fig. 11. The maximum is 61 days in 1992 which is 17% of the total length of
the year. According to the criteria defined by Szentes (2023) for the dry and rainy
years, there was a durative dry period in the first half of the 1990s, peaking in
1992. Therefore, in the definition of dry years or the driest year, the annual
number of nationally dry days can be a parameter. In our case (1971-2021),
during the 1990s, the lowest annual precipitation was not in 1992 but in 2000 at
the end of the decade.
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Fig. 11. Annual number of nationally dry days (DDC) and their approximation with
trigonometric polynomials.

The 10 least nationally dry days occurred in 1999 and 2014. When
examining the tendencies of nationally dry days, the application of one direction
analytic trends (linear, logarithmic, exponential, etc.) would be counterproductive
obviously, due to the relatively large difference between the extreme values
(51 days). Therefore, it is reasonable to carry out a period analysis on the time
series.

Carrying out the examinations detailed in the previous chapter, the following
results have been achieved. In the case of the approximation with two waves, the
51/2=25.5 years period of the second wave; and in the case of the approximation
with three waves, the 51/3=17 years period of the third wave can be considered
as realistic. It can be seen in the corresponding curves of Fig. /1. In the case of
the two waves approximation, the minima occur in the late 1970’s and the mid
2000’s with a periodicity of 25-28 years. The three waves curve has three local
minima with a periodicity of about 18—16 years. Based on the highest As/E ratio,
the 17 years period has been accepted.

The distribution of the number of nationally dry days per year has been
examined as well by a classification into five days long intervals/classes.

As it is visible in Fig. 12, the number of nationally dry days per year falls
into the 25-30 and 30-35 classes most frequently in 10-10 years. Therefore, in 20
years (about 40%) of the studied period, the annual number of nationally dry days
is between 25 and 35 days. On this basis, it can be assumed that the mode of
distribution is the middle of this interval, that is 30 days. This way, the mode, the
average, and the median are close to each other enough to make the approximation
of the empirical distribution with a normal distribution possible. This
approximation has been proved to be successful at a significance level of 0.05
according to the x>-test.
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Fig. 12. Observed distribution of the number of nationally dry days (DDC) per year and its
approximation to the normal distribution.

The increasing annual number of nationally dry days has a reducing effect
on the annual amount of precipitation naturally. This stochastic relationship can
be demonstrated most simply via a linear correlation presented in Fig. /3. The
linear correlation coefficient is -0.4117.
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Fig. 13. Linear regression between the national annual precipitation and the number of
nationally dry days per year.

To test the significance of the linear correlation coefficient, r, between the
variables, the F-test used in variance analyses has been applied according to the
interpretation of Miller (1997) and Hadnagy (2020, 2023).

406



The result of the test showed that the correlation coefficient r=-0.4117
differs from O at a significance level of 0.01. This way there is a weak correlation
between the two variables (Huzsvai and Vincze, 2012). According to the
interpretation of the determination coefficient (1), the number of nationally dry
days per year explains the annual precipitation in about 17% during the studied
period only. According to the regression coefficient, an increase of 1 day in the
number of nationally dry days per year results in a decrease in the national annual
precipitation of 4816 mm.

The monthly distribution of the 1645 nationally dry days per year is presented
in the curve of “total DDC days” in Fig. 14. The other curve is a comparison
between the monthly number of nationally dry days and the total number of days
in a month (51*31 or 51*30, and 1441 in February). These ratios give the
probability of a given day of a given month being nationally dry. Naturally, there
is a strong linear correlation between the two quantities, since their calculation
relies on a common mathematical base. It is visible that the nationally driest
month is September, followed by March, August, and October, respectively. The
number of nationally dry days is lower in all the three winter months than in all
other months. Seasonally it is 30.9% in autumn, 29.2% in spring, 26.7% in
summer and 13.2% in winter.
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Fig. 14. Monthly distribution of nationally dry days.

4.2. Statistical characteristics of daily dry grids

Statistical characteristics of daily dry grids (0 to 1,233) have been studied also.
There are 22,968,324 grid data from the 18,628 days of the 51 years of the studied
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period. The total number of dry grids is 12,051,721, that is more than half (52.5%)
of the total number of cases. 16.8% of dry grids are the nationally dry grids
(1,645%1,233=2,028,285).

The most important statistical characteristics of daily dry grids are shown in
Table 3. According to the table, there has been no precipitation in more than half
(52.5%) of the grids during the studied period. The value of the median is close
to the average. Mode can be determined via examination of the distribution.

Table 3. Statistical characteristics of daily dry grids (pieces, calculated).

total average stand. dev. coeff. of var. median
12,051,721 647 448.3 0.69 667

Examining the distribution of the number of daily dry grids the following
can be stated. The number of daily dry grids is under 100 in 18.3% of the cases
(3,414 days), which is the highest frequency. However, almost as frequent
(14.8%) is the case when almost all grids (1,200-1,233) are dry. The lowest
frequency case is when the number of daily dry grids falls into the interval which
involves the average (600—700).

It is probably a bimodal distribution. To judge this issue, a higher resolution
classification of the 0—100 and 1,200-1,300 intervals has been established, shown
in Fig. 15.

1210-1220

1200-1210
1220-1230
1230-1233

Fig. 15. Distribution of the number of daily dry grids (DDG, %) in the intervals 0—100 and
1200-1233.
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The figure shows that the probability of the occurrence of less than 10 daily
dry grid cells in a day (a rainy day with a high probability) is lower by 0.2% than
the probability of the occurrence of a nearly nationally dry day only.

For the 1,233 grid cells that cover the area of the country, it has nearly
equally maximal probability to have precipitation over less than 0.8% of the area
of the country and to have no precipitation at all over 99.8% percent of the area
of the country in a day according to Fig. 15.

The number of the daily dry grids (DDG, %) indicates the percentage of the
area of the country, where there was no precipitation in a day. This ratio is
between 0 % (nationally rainy days) and 100% (nationally dry days), obviously.
There has been no precipitation over more than half of the studied period (52.5%),
that is 5% higher than the ratio of the area, where there has been precipitation
(47.5%) during the studied period. Further features of DDG; are its standard
deviation is 36.4%, its variation coefficient is 0.69, and the median is 54.1%,
respectively.

The distribution of DDG:; is shown in Fig. /6. It is a bimodal distribution
according to the figure. Having no precipitation over 90—100% of the area of the
country in a day has the highest probability (24.8%). The case when this ratio is
between 0 and 10% has the second highest probability (20%). The lowest
probability case (6.3%) is when 40—-50% of the country is dry (about half dry-half
rainy).
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Fig. 16. Distribution of the relative number of dry grids per day (DDG;, %).

The monthly distribution of dry grids as a percentage of the total number
cases (% of total) is presented in Fig. 17. The driest month is October, followed
by August, September, and March, respectively. The percentage is 26.8% in
autumn, 25.2% in summer, 24.8% in spring, and 23.2% in winter. The second
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curve in the figure shows the total number of dry grids per a day of a month (/
day per month). Due to the common base, its annual course is in harmony with
the previous one. However, the order is a bit different: October, September,
August, and March. The values are higher than the average (647) in those months
only. The standard deviation of the monthly data set is 67.2, that is the variation
coefficient is 0.10. The spread (October-May), that is a measure of the annual
fluctuation is 183, which is about 15% of the total number of grids. The average

numbers of dry grids per a day are 607 in winter, 636 in spring, 647 in summer
and 697 in autumn.
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Fig. 17. The number of dry grids per day of the month (DDG, I day of month) and the total
number of dry grids per month as a % of their total number (DDGy;, % of total).

4.3. Statistics of the dry days per grids

The most important statistical characteristics of the sum of dry days per grid

(DNP,) and their average number per year (DNPy/year) are summarized in
Table 4.

Table 4. The most important statistical characteristics of the sum of dry days per grid
(DNPg) and their average number per year (DNPg/year).

DNP, DNP,/year

average, days 9,774 195
stand. dev., days 531 11
coeff. of var. 0.05 0.05
minimum, days 8,486 170
maximum, days 13,155 263
median, days 9,750 195
mode, days 9,737 195
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There have been 9,774 dry days per grid on average, which is 0.08% of all dry
grids (the number of dry days in all grids is 12,051,721). The variation coefficient
indicates a relative stability of this variable around the average. The number of values
over and under the average are 594 (48%), and 639 (52%), respectively.

(Spatial) distribution of dry days per grids have been fluctuating between
13,155 days and 8,486 days during the studied period. Our data show the strongest
similarity to the map showing the annual average number of consecutive dry days
during the 1991-2000 climatological normal period (Szentes, 2023).

The average, median, and mode of average number per year of dry days per
grid are practically equal according to Table 4. Despite this, the approximation
with normal distribution was not successful. It can be explained by that in our
case, 74.5% of all cases fall into the average+standard deviation interval instead
of 68.2% which is the requirement for the normal distribution (Dobosi and
Felméry, 1971). Otherwise, this 74.5% can explain the value of the variation
coefficient, i. e., the relative stability around the average. Attempts for the
approximation with the lognormal and square lognormal distribution have not
been successful also. According to the % test, the lognormal distribution provides
the best approximation. However, there is a significant difference between the
observed and the approximating values, which are higher than the level of
acceptance. The opportunity of the approximation with the gamma distribution
has been examined as well. The I'(p) function in the density function has shown
an overflow due to the high value of the p parameter what made the gamma
distribution inapplicable in our case.

As it has been discussed in the beginning of this chapter, it is expedient to
examine the relationship between the annual average of dry days per grid
(DNP,/year) and the geographical coordinates (¢ latitude and A longitude) of the
grids, that can be carried out most simply via a linear regression.

On the basis of analyses referred in Section 4.1, the relationship between the
annual average of dry days per grid and the longitude and latitude of the grids is
statistically real. The correlation coefficients are r.=-0.4308 (for longitude),
ro=- 0.3357 (for latitude), that is the annual average of dry days per grid (its
spatial distribution) is in a stronger stochastic relationship with the longitude
(within a climate zone). There is a decreasing tendency in the values of DNP,/year
with the increase of both geographical coordinates. It is 2.8 days per 1 degree of
longitude and almost twice as much, 5.2 days per 1 degree of latitude
(meridionally), according to the steepness of the regression lines.

The realistic stochastic relationship discussed above makes it possible to
present the results in a form of a map. Spatial distribution of dry days during the
studied period is presented in Fig. /8. From the relative homogeneity of the map,
the spots over the northeastern part of the Great Hungarian Plain, the Nyirség and
Hajdasag emerge, where the annual number of dry days is minimal (160-175).
Highest values appear sporadically within the Small Hungarian Plain over the
Hansag and Rabakdz.
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Fig. 18. Distribution of the annual average of dry days per grid (DNPg/year) in the examined
period.

5. Discussion and conclusions

The database of the present study is the homogenized diurnal precipitation time
series of Hungary on 1,233 grid cells covering the area of the country for the
1971-2022 period. Diurnal amount of national precipitation that is the sum of
diurnal precipitation in all grid cells has been chosen as the studied variable.
Firstly, the annual and monthly characteristics of this variable have been analyzed
in the case of different independent variables. Secondly, spatial patterns of
precipitation, that is its distribution per grid cells has been analyzed as well.

Based on the analyses of the total dataset (1,233 grid cells*18,626 days), the
following conclusions have been drawn.

The amount of annual mean precipitation over Hungary is 597.6 mm during
the studied period. The average and maximal diurnal amounts of precipitation are
2,017.4 mm and 38,666 mm (May 15, 2010), respectively.

98 % of diurnal precipitation amounts fall into the 0—14,000 mm interval,
most of them (73.2%) is in the 0-2,000 mm category. 52.5% of the values is
between 0 and 100 mm, and 57% of these values is between 0 and 10 mm. 40%
of the latest category is 0, which are the national dry days of the time series when
the daily national precipitation totals are under 0.1 mm. Therefore, 0 mm is the
mode of the distribution that is the most probable daily amount of precipitation.

44% of annual precipitation falls in May and in the summer months. The
maximum and minimum of the monthly mean national precipitation are in June
with 72.3 mm and March with 33.6 mm.
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The distribution of the annual amount of precipitation and annual relative
amount of precipitation have been examined also. According to the 2 test, both
parameters have a normal distribution with a high probability.

Trends of the relative amounts of precipitation in the different years has been
examined as well. As the application of one direction analytic trends would be
counterproductive, supposedly period testing has been carried out on the data. A
weak wave has been found with a 17-year accidental periodicity, which means
periodicity practically has not been proved the findings supported by other
parameters too.

The annual changes in the sign of the distribution of the relative amounts of
precipitation have been examined as well. It is negative in 52% of the years that
is the year-by-year decrease is larger by 4% than the increase. Conditional
probabilities show that the change of the sign year-by-year has about twice as high
probability than the perseverance of the sign.

The number of nationally dry days is 1,645 days, therefore, every 11th day
is nationally dry during the 51 years of the studied period. It is 8.8% of the total
length of the period. It is the probability of a nationally dry day in Hungary with
a good approximation.

There are locally or nationally rainy days between the nationally dry days.
These are the precipitation intervals with time spans from 0 to 199 days. Their
length is 10.3 days on the average during the studied period in harmony with the
previous estimation. It is 0 in the case, when a nationally dry day is followed by
a similar day. The length of the precipitation periods is between 0 and 10 days in
74% of the cases. Most of them have a length of 0 days which is 45% of the
nationally dry days. Thus, a nationally dry day is followed by a locally or
nationally rainy day with a higher probability (55%) than a nationally dry day.

The average of the annual number of nationally dry days is 32.3, its standard
deviation is 10.9, therefore, the variation coefficient is 0.34. The maximum is
61 days in 1992, while the minimum is 10 days in 1999 and 2014, the median is
33 days.

Annual tendencies of nationally dry days have been examined by period
testing again. The 17 years long wave has been accepted as real, since it has 33
local minima and maxima like the observed time series, and it is in the best
agreement with the statistical requirements.

The distribution of the number of nationally dry days per year has been
examined as well. The number of nationally dry days per year falls into the 25—
30 and 30-35 classes most frequently in 10-10 years. Therefore, in 20 years
(about 40%) of the studied period, the annual number of nationally dry days is
between 25 and 35 days. On this basis, it can be assumed that the mode of
distribution is the middle of this interval, that is 30 days. This way, the mode, the
average, and the median are close to each other enough to make the approximation
of the empirical distribution with a normal distribution possible. This
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approximation has been proved to be successful at a significance level of 0.05
according to the y>-test.

The reducing effect of increasing annual number of nationally dry days on
the annual amount of precipitation can be demonstrated most simply via a linear
regression. The linear correlation coefficient is r=-0.4117. The result of the F-
test showed that the correlation coefficient r=-0.4117 at a significance level of
0.01 differs from 0. This way, there is a weak correlation between the two
variables. According to the interpretation of the determination coefficient, the
number of nationally dry days per year explains the annual precipitation in about
17% during the studied period only. According to the regression coefficient, an
increase of 1 day in the number of nationally dry days per year results in a decrease
in the national annual precipitation of 4,816 mm.

The monthly distribution of the 1,645 nationally dry days per year has been
studied in two approximations. The monthly ratios give the probability of a given
day of a given month being nationally dry. The nationally driest month is
September, followed by March, August, and October, respectively. According to
this the driest season is the autumn, followed by the spring, the summer, and the
winter.

Statistical characteristics of daily dry grids have been studied also. The total
number of dry grids is more than half (52.5%) of the total number of cases. 16.8%
of dry grids are the nationally dry grids.

The average number of daily dry grid cells is 667, their standard deviation is
448.3, therefore, the variation coefficient is 0.69, and the median is 667 grid cells,
respectively. Thus, there has been no precipitation in more than half (52.5%) of
the grids during the studied period.

The number of daily dry grids is under 100 in 18.3% of the cases
(3,414 days), which is the highest frequency. However, almost as frequent
(14.8%) is the case when almost all grids are dry. The lowest frequency case is
when the number of daily dry grids falls into the interval which involves the
average (600-700). It is probably a bimodal distribution.

To judge this issue, a higher resolution (10 grid cells per class) classification
of the 0-100 and 1,200-1,300 intervals has been established. Based on this, for
the area of the country measured in grid cells, it has nearly equally maximal
probability to have precipitation over less than 0.8% of the area of the country and
to have no precipitation at all over 99.8% percent of the area of the country in a
day.

Based on the comparison between the monthly numbers of dry grids to the
total number cases the driest month is October, followed by August, September,
and March, respectively. There are the same four months like in the case of
nationally dry days but in a different order. The seasonal order is autumn, summer,
spring and winter.

The number of dry grids per a day of a month has been determined also. The
order is a bit different: October, September, August, and March. The values are
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higher than the annual average in those months only. The annual fluctuation
(October-May) is 183, which is about 15% of the total number of grids. The
average numbers of dry grids per a day are 697 in autumn, 647 in summer 636 in
spring and 607 in winter.

Characteristics of dry days per grid cells (their spatial pattern) have been
examined for the total studied period and its years. The average, the minimum and
the maximum for the total period are 9,774, 8,486, and 13,155 days, while
annually they are 195, 170, and 363 days. To map the spatial distribution, the
stochastic relationships between the annual averages of dry days per grid
geographical coordinates of the grids have been examined first.

The examination can be carried out most simply via a linear regression.
Using the appropriate test it has been proved, that the relationship between the
annual average of dry days per grid and the longitude and latitude of the grids is
statistically real. The correlation coefficients are r,=-0.4308 (for longitude),
ro=- 0.3357 (for latitude), that is the annual average of dry days per grid (its
spatial distribution) is in a stronger stochastic relationship with the longitude.
There is a decreasing tendency in the values with the increase of both geographical
coordinates. It is 2.8 days per 1 degree of longitude and almost twice as much,
5.2 days per 1 degree of latitude (meridionally), according to the steepness of the
regression lines.

The realistic stochastic relationship discussed above makes it possible to
present the results in a form of a map. The most important information from the
map are the following: the annual number of dry days is minimal (160-175) over
the northeastern part of the Great Hungarian Pain, the Nyirség and Hajdusag.
Highest values appear sporadically within the Small Hungarian Plain over the
Hansag and Rabakoz.
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Abstact— This study analyzes long-term (1940-2023) monthly temperature trends across
the Northern Hemisphere, focusing on tropical, temperate, and polar regions, as well as key
mountainous areas such as the Rocky Mountains, the Tibetan Plateau, and the Alps. Results
show that polar regions experienced the highest seasonal temperature increase, averaging
0.081°C per season during winter, while tropical regions exhibited the lowest increase, with
0.036°C during winter. In temperate regions, seasonal warming trends ranged from 0.05°C
in winter to 0.039°C in summer. Monthly trends revealed that February and March
exhibited the highest increases, with rates of 0.0195 °C and 0.0194 °C, respectively, while
August showed the lowest increase at 0.0116 °C. Furthermore, trend maps indicate that
over 92% of the Northern Hemisphere experienced warming across all months except June
and January. These findings provide a comprehensive understanding of regional and
seasonal temperature variations in the Northern Hemisphere, emphasizing the importance
of localized and temporal analyses for a more nuanced perspective on climate change.

Key-words: Northern Hemisphere, temperature trend, lower troposphere, Intertropical
Convergence Zone

1. Introduction

Air temperature is a fundamental driver of surface-atmospheric processes,
influencing weather, climate, and ecological systems (Vinniko et al., 1990). Over
recent decades, the rise in global temperatures has been well-documented across
all latitudes and seasons (Simmons et al., 2017; Hansen et al., 2010; Al Mutairi et
al., 2023). However, these changes are neither uniform across time and space nor
consistent in magnitude, with some regions experiencing accelerated warming
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while others exhibit minimal change or even cooling trends (Luterbacher et al.,
2005; Siddik and Rahman, 2014).

Since the late 19th century, significant warming has been observed,
particularly during the periods of 1920-1944 and post-1975 (Jones and Moberg,
2003). Research suggests that warming in the Northern Hemisphere has been
approximately double that of the Southern Hemisphere, with the most pronounced
trends occurring in higher latitudes (Croitoru et al., 2012; Steiner et al., 2020).
This hemispheric disparity can be attributed to factors such as reduced sea ice
thickness in polar regions, which intensifies heat conduction to the surface,
especially during colder months (Manabe and Stouffer, 1979, 1980). Conversely,
summer warming in Arctic regions is moderated by seasonal sea ice loss (Manabe
and Srouffer, 1979). Seasonal variations in warming trends are further
corroborated by studies like Chapman and Walsh (1993), who identified distinct
increases in winter and spring temperatures, while summer trends remained
negligible. Although the magnitude of these increases varies across studies due to
differences in datasets and methods, there is broad agreement on the accelerated
warming since the mid-20th century (Folland et al., 2001; IPCC, 2013). Recent
findings highlight an average warming of 0.06 °C per decade since 1850, with this
rate tripling since 1982 (Lindsay, 2005). The primary driver of this warming is the
increased concentration of greenhouse gases, predominantly from anthropogenic
activities (Choi et al., 2009; Trewin, 2016). Beyond surface temperatures,
tropospheric warming patterns provide additional insights, with observations
indicating a warming rate of 0.14 °C per decade since 1958 (Lindzen et al., 2002).
However, variations in warming rates between the surface and the troposphere, as
well as across geographic regions, highlight the complexity of these processes
(Christy et al., 2007). The impacts of global warming are profound, including
reduced snow and ice cover (Rosenzweig et al., 2008), increased frequency of
extreme weather events (Reidmiller et al., 2018), and shifts in precipitation
patterns leading to more floods and droughts (Salzmann, 2016; Tabari, 2020).
While these phenomena have been extensively studied at global scales, there are
notable gaps in regional and long-term analyses. Research has disproportionately
focused on short-term trends and neglected the detailed examination of specific
geographic regions, such as mountainous areas or distinct latitudinal zones.

This study addresses these gaps by conducting a comprehensive monthly and
long-term analysis (1940-2023) of temperature trends in the WNorthern
Hemisphere. It focuses on key mountainous regions, including the Rockies,
Appalachians, Himalayas, Alps, and the Tibetan Plateau, while also examining
trends across tropical, temperate, and polar zones. By distinguishing trends by
geographic region and season, this research aims to provide a detailed
understanding of regional and temporal variations, contributing to the broader
discourse on climate change and its localized impacts.
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2. Data and methodology

Monthly temperature data were extracted from the ERAS dataset provided by the
ECMWEF database for the statistical period of 1940-2023. ERAS data have been
available since 1940, which is why the start of the statistical period in this study
is set from that year. The temperature trend analysis was conducted at the 850 hPa
pressure level. The 850 hPa level is one of the most commonly used atmospheric
levels. The 850, 925, and 1000 hPa pressure levels are nearly similar to sea-level
pressure maps (Rahimi 2010). Thus, the selection of the 850 hPa level as a lower
tropospheric layer can simultaneously provide valuable information regarding
both the earth's surface and the 1000 hPa level. Since most of the regions
examined in this study have elevations exceeding sea level, it is likely that the
1000 hPa level and sea level data may not be suitable for areas with elevations
above 100 meters, and the results might not align with actual conditions.
Moreover, at the 850 hPa level, the topography’s influence on climatic parameters
is better represented. For this reason, the 850 hPa level was deemed more
appropriate for analyzing lower tropospheric temperature trends in this research.
Given that the primary objective of this study is to examine temperature trends in
the Northern Hemisphere, the study area encompasses latitudes from 0 to 90
degrees north and longitudes from 180 degrees west to 180 degrees east. For a
more detailed analysis, the tropical region was defined as latitudes from 0 to 30
degrees north, the temperate zone as latitudes from 30 to 60 degrees north, and
the polar region as latitudes from 60 to 90 degrees north (Fig. 7).
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Fig. 1. The study area.

In order to check the normality of data distribution, the Q-Q and P-P
graphicalmethods were used. Graphical methods can perform better than
quantitative methods due to the fact that they are able to show the location and
cause of the lack of goodness of fit in the total data (4sakereh, 2011).
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2.1. Q-0 plot (quantile-quantile diagram)

The Q-Q plot (quantile-quantile plot) is a graphical tool used to compare the
quantiles of observed data with those of a theoretical distribution, such as a normal
distribution, to assess data normality. If the points form a straight line, it indicates
that the data conforms to the theoretical distribution. The coordinates of the points
of this diagram show the position of the points whose coordinates are obtained
from real and theoretical estimations and measurements. To draw the Q-Q graph,
first, the observations are arranged in ascending order from 1 to » (n is the number
of observations) and drawn along the x-axis. On the y-axis, the expected quantile
points, which are a function of the rank and length of the statistical period, are
plotted. This axis has a cumulative distribution function equal to and less than
observation (4sakereh, 2011).

2.2. P-P plot (probability-probability diagram)

The P-P plot (Probability-Probability plot) evaluates the cumulative probability
of observed data against expected probabilities, providing another method to test
normality. In a P-P plot, the cumulative probability of the observed data is plotted
against the cumulative probability of the expected values from the assumed
distribution. If the points fall on the 45-degree line (the bisector), it suggests that
the observations fit the assumed distribution well. In the case of normality, the
cumulative probability in a normal distribution is defined by the equation:

Fp=(z<22=5) (1)

Sm

where F, is the cumulative probability associated with the m-th ordered
observation, x, denotes the m-th order statistic (the m-th smallest value in the
sample), X is the sample mean, s, represents the estimated standard deviation
corresponding to the m-th ordered value, Z is a standard normal random variable
with distribution N(0,1), P (Z<-) refers to the cumulative distribution function
(CDF) of the standard normal distribution. Plotting the values of Fm against m/n
produces the PP plot. The deviation between Fm and m/n indicates the extent to
which the empirical distribution departs from normality. In the P-P plot, the x-
axis represents the empirical probability values (m/n), while the y-axis represents
the expected probability values from the normal distribution (4sakereh, 2011). To
further clarify the statistical methodologies employed, we emphasize that the P-P
plot assesses the goodness-of-fit of observed data against a theoretical distribution
by comparing cumulative probabilities. The Q-Q plot, in contrast, examines
whether the distribution of data follows the theoretical quantiles. These graphical
methods, combined with the Kolmogorov-Smirnov test, ensure the robustness of
the assumption of normality (Neter et al., 1988). Additionally, the selection of the
least squares regression method was based on its effectiveness in reducing errors
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while analyzing long-term trends in climatic datasets (4sakereh, 2011; Momeni,
2008). Further validation was achieved through reanalysis of key datasets such as
ERAS from previous studies (Simmons et al., 2017), ensuring consistency with
established methodologies.

2.3. Least squares method

The least squares regression line is the one that minimizes the sum of the squared
vertical distances between the observations Y and the line (Neter et al. 1988). In
other words, it fits a line to the data in such a way that the sum of squared errors
is minimized (Asakereh, 2011). The simple linear regression model was estimated
using the least-squares method. In this approach, the intercept and slope of the
fitted regression line are denoted by b, and b,, respectively. The least-squares
criterion requires that b, and b; minimize the function Q, defined as the sum of
the squared deviations between the observed values and the fitted values:

Q = XL [Y: — (bo + byxy)]% . (2)

In the simple linear regression model, the least squares estimators for by and b, are
given by the following formulas:

.y, _CXDEY)
S — T 3)
LX{- 11
1
bo=;(ZY1—b12X1), 4)

Therefore, the least squares estimates b, and b, are obtained by calculating the
values of Y, X; Y Y;. Y X, Y;.and ¥, X2 from the sample data and substituting them
into Egs. (3) and (4) (Neter et al., 1988).

2.4. Significance level

Significance refers to the probability of making an error when rejecting the null
hypothesis Ho. It is also known as the p-value. The smaller the significance value,
the easier is to reject the null hypothesis. The critical region probability of the
sampling distribution (a) is the level of error that the researcher is willing to accept
(Momeni, 2007). Thus, in a statistical test, the null hypothesis HO is either rejected
or accepted against the alternative hypothesis H1 with an error probability of
alpha (Asakereh, 2011). By choosing the significance level, a determines the
acceptable probability of error.

Sig < a = H,is rejected &)
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Sig >a — H, isaccepted (6)

In this study, the temperature trend was analyzed with a 95% significance
level and an error rate of 0.05.

3. Discussion and conclusion

To select an appropriate method for analyzing temperature trends, the normality
of the data was first tested. Although it is generally assumed that long-term data
follow a normal distribution, graphical methods such as P-P and Q-Q plots were
used to ensure greater accuracy, confirming the normality of the data. Following
the confirmation of normality, a parametric linear regression method based on the
least squares criterion with a 95% significance level was applied to determine the
temperature trends (Neter et al., 1988). Temperature trend maps for each month
across the Northern Hemisphere were generated, and the interpretation of these
maps is presented below. This study analyzed the percentage of areas
experiencing increasing and decreasing temperature trends, as well as the
magnitude of these trends on a monthly and seasonal basis across three regions:
the tropical, temperate, and polar zones. Special attention was given to cold
regions and high-altitude areas during the statistical period of 1940 to 2023. The
resulting temperature trend maps indicate that increasing temperature trends
dominate throughout all months in the Northern Hemisphere. However, regional
differences in the magnitude of warming are clearly observed during monthly and
seasonal intervals (Feidas et al., 2005). Except for the months of June (covering
86% of the area) and January (covering 89% of the area), more than 92% of the
Northern Hemisphere experienced increasing temperature trends in the remaining
months. One of the most obvious early signs of climate change is the warming of
air and oceans, as well as the melting of land ice and polar ice (Seidel et al., 2018).
This phenomenon is strongly reflected in the findings of the present study. Cold
regions of the Northern Hemisphere, including the polar regions, Greenland,
Alaska, Siberia, the Tibetan Plateau, and high-altitude areas such as the
Himalayas and the Alps, have experienced significant temperature increases.
Some regions, such as Alaska, Siberia, and the Tibetan Plateau, have even
emerged as hotspots of warming. This result is consistent with Huang et al. (2023)
study, which showed that between 1991 and 2019, the spatial extent of cold areas
decreased by 7.13% compared to the period of 1901 to 1930.

3.1. Seasonal temperature trends in the Northern Hemisphere

The largest area with a positive temperature trend in the Northern Hemisphere is
observed during the autumn season (7able 1 Fig.2. B), with an increase of
0.042°C. Following autumn, the seasons of spring, winter, and summer,
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respectively, have the largest areas with increasing temperature trends. Although
summer is typically the warmest season, it shows a higher percentage of areas
with decreasing trends compared to other seasons. In winter, while the area with
an increasing trend is smaller compared to autumn and spring, the highest rate of
temperature increase is recorded during this season. These findings align with
multiple studies which demonstrated that winter temperature increases are more
pronounced than in other seasons. Examples include the works of Karl et al.
(1993), Otterman et al. (2002). This temperature increase has also been observed
regionally. For instance, more pronounced warming in winter has been reported
in regions such as Saudi Arabia (Almazroui, 2020), Korea (Chung and Yoon,
2000), the mid-latitudes of Asia (IPCC, 2014), and Venezuela and Colombia
(Quintana-Gomez, 1999). The lowest temperature trend is observed in the
summer season (Table I, Fig. 2. A), meaning that summer not only has the
smallest area with a positive trend, but also shows the lowest increase in
temperature. In terms of decreasing trends, winter exhibits the largest negative
trend, while spring shows the smallest (Table I and Fig. 2. A).

Table 1. Percentage of the area and the amount of decreasing and increasing trends of the
Northern Hemisphere in different seasons of the year during the statistical period of 1940-2023

Area with negative Magnitude of  Area with positive =~ Magnitude of

Seasons trend (%) negative trend trend (%) positive trend
Winter 7.41 -0.021 92.57 0.056
Spring 7.20 -0.014 92.79 0.045
Summer 8.26 -0.017 91.73 0.038
Autumn 4.05 -0.016 93.75 0.042
0.06 1
0.05 »
[+ ol &1
0
0.03 &0
o.02 50
0.01 -
I o 30
Autumn Summer Spring winter 0.01 1 :j
0.02 - L = = 0

Aummn Summer Spring Winter

1 Acea percentage with decrensing temperature trend

A = The rate of temperature decrease B The rate of temperature increase B H 1 i od
Asea percentage with incressing temperatize tre

Fig. 2. Seasonal analysis of temperature trends: magnitude and spatial coverage (1940-2023)
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3.2. Monthly temperature trends in the Northern Hemisphere

Given the varying results for the negative temperature trends across different
months, it is difficult to attribute the decline in negative trends specifically to the
warmer or colder months of the year. However, for the positive temperature
trends, the opposite is true. The rate of increase in positive trends is higher in the
colder months compared to the warmer ones (Table 2, Fig. 3). February and
March exhibit the highest positive temperature trends and the lowest negative
trends (Figs. 3—5, Table 2). After February and March, the highest temperature
increases occur in December, January, and November (Figs. 3 and 4, Table 2).

Table 2. Monthly temperature trends in the Northern Hemisphere (1940-2023): area coverage
and magnitude of increasing and decreasing trends

Percentage of

Percentage area with Percentage Percentage of area
of area with Change .. of area with Change cr e
Month positive  per year 51.g1.uﬁcant negative  per year Wltl} sngmﬁcanot
trend (%) p0s1t1(\:)/i )trend trend (%) negative trend (%)
December  96.10 0.0175 55.11 3.89  -0.0037  0.0021
January 89.02 0.0193  57.80 10.97  -0.0057  0.0200
February 92.62 0.0195 52.80 737  -0.0119  0.5200
March 89.63 0.0194 5895 10.37  -0.0073  0.9500
April 97.25 0.0140 47.53 2.74  -0.0031  0.0023
May 91.50 0.0120 48.00 8.49  -0.0043  0.8700
June 86.57 0.0130 55.50 1342 -0.0069  1.5700
July 94.02 0.0140 67.31 598  -0.0054  0.4200
August 94.62 0.0116  56.32 538  -0.0047  0.6000
September  93.55 0.0130  60.60 6.44  -0.0052  0.2400
October 92.23 0.0120 49.85 776 -0.0073  0.0660
November  95.48 0.0170  55.10 4.51 -0.0035  0.0000
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Fig. 3. Increasing and decreasing trends of the monthly temperature of the Northern
Hemisphere during the statistical period (1940-2023)

426



These findings are further detailed in Table 2 and illustrated in Figs. 4,5,8,
and /0, which show the spatial extent and magnitude of temperature trends across
the Northern Hemisphere. For example, Fig. 5 highlights the warming trends in
March and April, particularly in temperate regions, while Fig. 10 provides
insights into the variations observed during autumn months such as October and
November.

ww ww W WW oww Ww ¥ wr  owr owr  owr owin owr

Fig. 4. The temperature trend of the winter months (December, January, February) of the
Northern Hemisphere during the statistical period from 1940 to 2023.

The largest temperature increases are observed during the colder months,
while the smallest increases are recorded in August, during the summer season.
Following August, September and October show similarly small differences in
positive temperature trends (Fig. 10, A and B), with June and September both
exhibiting an increase of 0.013 °C. Furthermore, February and March show the
largest temperature decreases in regions with negative trends, with reductions of
-0.011 °C and -0.0073 °C, respectively. In terms of area with increasing trends,
April covers the largest area, with only 2.74% of the Northern Hemisphere
experiencing negative trends in this month. These negative trends are
concentrated in regions such as eastern Pakistan, central China in northern Tibet,

427



the northern Atlantic Ocean, and Canada in North America (Fig. 5, B and E). The
largest area with negative trends occurs in the warm month of June, covering
13.4% of the Northern Hemisphere, with a temperature decline of -0.0069 °C.
Following June, January during the winter season also shows a larger area with
negative temperature trends, with a decrease of -0.0057 °C. In June and July,
during the summer, more tropical regions experience negative trends (Fig. 8, A,
B, D, and E). Table 2 provides the percentage of areas with significant temperature
trends.

Fig. 5. The temperature trend of the spring months (March, April, May) of the Northern
Hemisphere during the statistical period from 1940 to 2023

As shown in Fig. 5, the warming trends during March, April, and May are
more pronounced in temperate regions, particularly in the transition from winter
to spring. These trends indicate the influence of seasonal factors on regional
warming.
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3.3. Seasonal trends in the tropical, temperate, and polar regions

In all seasons, the positive temperature trend increases progressively from the
tropical regions towards the polar regions (Figs. 5,6, and 8, Table 3). In the polar
region, winter records the highest positive temperature trend with an increase of
0.018 °C. The months of February, January, March, and December show the
highest positive temperature trends in the polar region, all of which are
statistically significant. During the cold months, a larger percentage of the polar
region experiences a significant temperature trend, while in the tropical region,
the area with a significant temperature trend decreases during the cold months.
Conversely, during the warm months, the tropical region shows a larger
significant area with increasing temperature trends (Fig. /7). The temperate
regions, on the other hand, exhibit the smallest significant area with temperature
trends throughout the year (Fig. /7). Spring, summer, and autumn show the
highest positive temperature trends in the polar region. In the temperate region,
the highest temperature increases during the cold months occur in March, January,
February, and December. However, in the tropical region, autumn records the
largest temperature increase (Table 3, Fig. 6). For the tropical region, it is not
possible to clearly rank the months with the highest temperature increases based
on cold or warm seasons, as temperature changes in this region are influenced by
various factors that do not align strictly with seasonal patterns.

Table 3. Seasonal temperature trend increase rates in the tropical, temperate, and polar regions

(1940-2023)
Season Polar Temperate Tropical
Winter 0.081 0.050 0.036
Spring 0.052 0.044 0.024
Summer 0.046 0.039 0.030
Autumn 0.045 0.041 0.037
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Fig. 6. Seasonal temperature increase rates in tropical, temperate, and polar regions (1940—
2023).

3.4. Monthly trends in the tropical, temperate, and polar regions

The monthly temperature trends in tropical, temperate, and polar regions were
analyzed separately. According to Steiner et al. (2020), the most intense warming
occurs in the mid-to-high latitudes of the Northern Hemisphere, with the Arctic
warming at twice the global average. However, recent research has shown that
even tropical regions are undergoing changes (Seidel et al., 2008), although the
smallest temperature variations occur in the tropical region (Manabe et al.,2011).
Compared to the temperate and polar regions, the tropical region has the highest
percentage of area with a positive trend and, consequently, the lowest percentage
of areas with a negative trend (Figs. 4—10, Tables 4 and 5). Except for the months
of April and October, the warming in the tropical region is lower than in other
regions (Fig. 5, B, E, Fig. 10, B, E; Fig 7 and 9, Tables 4-5), which is consistent
with previous findings. However, this study revealed that the lower warming trend
in the tropical region is mainly confined to latitudes between 0 and 8 degrees
north, where the rate of temperature increase is more uniform and lower compared
to other regions. This does not apply to other tropical areas between 8 and 30
degrees north. Based on the rate of temperature increase, the tropical region can
be divided into two parts: 0 to 8 degrees north and 8 to 30 degrees north. In all
months except December, the warming trend in the Intertropical Convergence
Zone (ITCZ) region (between 0 and 8 degrees north) is lower than in other tropical
regions and other parts of the Northern Hemisphere (Figs. 4,5,8, and 70). In this
zone, the rate of temperature increase is consistent, ranging between 0.02 and
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0.025 °C. North of 8 degrees, up to 30 degrees, the warming rate increases. The
rate of warming in latitudes between 8 and 30 degrees is similar to that of
temperate and polar regions (Figs. 4, 5, 8, and 10, D, E, F). For instance, in
September, the warming rate between 8 and 30 degrees is higher than in the
temperate and polar regions (Fig. 10, D). Additionally, in October, November,
and May, warming hotspots in northern Africa show a greater increase compared
to the temperate and polar regions (Fig. 10, E, F, Fig. 5, C).

Since air temperature is often described as an average (Tamarin-Brodsky et
al., 2019), temperature trends represent trends in average temperatures. The
average temperature of the tropical region reflects on a combination of lower
temperatures in the ITCZ and higher temperatures in latitudes between 8 and
30 degrees. This is why the warming trend in the tropical region is recorded as
lower than in other regions. Among all the months of the year, the warming trend
in the tropical region during October and April stands out from other months
(Table 4, Fig. 7, B). In April, the tropical region experiences a higher warming
trend compared to temperate regions and equal to that of the polar region (Fig. 7,
B). In October, the warming trends in the tropical and temperate regions are equal
to and higher than in the polar region. In December, temperatures between 0 and
3 degrees north remain around 0.02 °C, but beyond 4 degrees, the temperature
increases (Fig. 7, B). This explains why the tropical region exhibits its highest
warming trend in December compared to other months (7able 4, Fig. 7).

Table 4. Percentage of the area and the value of the increasing trend of the Northern Hemisphere
in the three tropical, temperate, and polar regions during the statistical period of 1994-2023

Percentage Rate of Percentage of  Rate of Percentage of

of area with positive area with positive area with Rate of
Month positive trend in positive trend in trend in the positive trend positive trend in

trend in the  the the temperate temperate in the polar the polar region
tropics (%) tropics region (%) region region (%)

December 98.93 0.0138  90.30 0.0147 99.18 0.0230

January 95.31 0.0113  80.00 0.1950 91.66 0.0270

February  97.45 0.0110  87.17 0.0160 93.13 0.0310

March 94.89 0.0037  83.21 0.0198 90.67 0.0270

April 98.87 0.0129  93.57 0.0113 99.20 0.0129

May 97.38 0.0048  87.07 0.0136 89.99 0.0125

June 96.58 0.0100  88.08 0.0140 74.94 0.1520

July 97.61 0.0100  91.80 0.0130 92.60 0.0190

August 97.96 0.0103  91.06 0.0124 94.80 0.0123

September 98.28 0.0114  91.80 0.0130 93.80 0.0154

October 98.90 0.0138  84.57 0.0138 92.59 0.0120

November 99.79 0.0124 8791 0.0145 98.68 0.1800
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Fig. 7. A - percentage of area with increasing trends; B - magnitude of increasing trends in
tropical, temperate, and polar regions (1994-2023).

The temperate region has the largest area with a decreasing trend compared
to the tropical and polar regions (Table 5, Fig. 9, B). In January, the largest area
with a decreasing trend was recorded in the temperate region, which contrasts
with the pattern observed in other months (Fig. 8, B, E, Table 5, Fig. 9, A). This
indicates that the area with a decreasing trend in the polar regions has diminished.
In June, 25% of the polar region showed a decreasing trend, marking the highest
area with a decreasing trend in the polar region compared to other months (Fig. 8,
A, D). However, the greatest amount of trend reduction was recorded in February
(Table 5, Fig. 9, A). The tropical region also experienced a decreasing trend, with
the highest reduction occurring in June (7able 5, Fig. 9, B). The amount of
decrease in the tropical, temperate, and polar regions varies across other months and
cannot be clearly categorized based on warm or cold months (Table 5, Fig. 9).

Table 5. Percentage of the area and the amount of the decreasing trend of the Northern
Hemisphere in the tropical, temperate and polar regions during the statistical period of 1994—

2023
Percen.tage of Rate of Percentage of Rate of . Percen.tage of Rate of
area with decreasing 272 with decreasing area with decreasin
Month negative ¢ g negative trend trend in the negative trend SIng
. rend in the, . . trend in the
trend in the tronics in the mid- mid- in the polar olar resion
tropics (%) p latitudes (%) latitudes region (%) p g
December 1.06 -0.0051 9.86 -0.0037 0.081 -0.0091
January 4.68 -0.0046 19.99 -0.0050 8.230 -0.0059
February  2.54 -0.0030 12.82 -0.0130 6.860 -0.0128
March 5.10 -0.0119 16.78 -0.0083 9.320 -0.0076
April 1.12 -0.0026 6.42 -0.0033 0.700 -0.0015
May 2.62 -0.0010 12.92 -0.0045 10.000 -0.0025
June 341 -0.0092 11.91 -0.0049 25.050 -0.0076
July 2.38 -0.0048 8.19 -0.0055 7.370 -0.0054
August 2.03 -0.0061 8.93 -0.0034 5.160 -0.0050
September 1.79 -0.0047 8.19 -0.0055 6.150 -0.0060
October 1.07 -0.0051 15.42 -0.0087 7.400 -0.0040
November 0.20 -0.0018 12.08 -0.0037 1.310 -0.0210
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Fig. 8. The temperature trend of the summer months (June, July, August) of the Northern
Hemisphere during the statistical period from 1940 to 2023.

Fig. 8 highlights the warming trends during summer months (June, July,
August), where the northern temperate regions exhibit the strongest warming
compared to tropical areas. This pattern suggests that summer warming is more
regionally heterogeneous.
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Fig. 9. A — percentage of the area of decreasing trend, B —magnitude of the decreasing trend in
the tropical, temperate and polar regions of the Northern Hemisphere during the statistical
period of 1994-2023.

3.5. Polar regions

The increasing temperature trend across the entire polar region is clearly evident.
Savita et al. (2005) attributed the warming of recent decades in the polar region
and North America to human activities and internal changes. Seasonal and
monthly analyses of the polar region show that the temperature increase is more
significant during the cold seasons (Figs. 4-10, Tables 4 and 5). However,
regional differences in the temperature increase are notable. Although some
studies have shown that the highest warming occurs in the high northern latitudes
(e.g., Steiner et al., 2020), the temperature trend maps in this study indicate that
the increase in temperature diminishes between 60 to 90 degrees north and south,
with the warming trend decreasing from 60 to 90 degrees north. This finding does
not align with Steiner's (2020) results. The discrepancies between our findings
and earlier studies, such as Steiner et al. (2020), can potentially be attributed to
several factors. First, the temporal range of this study (1940-2023) is significantly
broader than most previous studies, capturing longer-term climatic trends.
Second, differences in datasets this study utilizes, ERAS reanalysis data may
introduce variability due to differing resolutions and calibration techniques.
Third, physical changes such as the accelerated melting of the Arctic ice sheets
and associated feedback mechanisms, which were less pronounced in earlier
studies, could explain the observed divergence. These findings highlight the
importance of integrating non-linear models and higher-resolution regional
datasets in future research to resolve these contradictions.

Based on these findings, the polar region can be divided into two parts
according to the degree of temperature increase, similarly to the tropical region.
This division varies by month. In March (Fig. 5, A, D), September, October
(Fig. 10, A, B, D, E), December (Fig. 4, A, D), August (Fig. 8, C, F), and January
(Fig. 4, B, E), the temperature increase is greater between 60 to 80 degrees, while
the warming decreases between 80 to 90 degrees. In May (Fig. 5, C, E), November
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(Fig. 10, B, E), and April (Fig. 5, B, E), the warming is more pronounced between
60 to 75 degrees, while it decreases beyond 75 degrees north. October (Fig. 10,
B, E) and June (Fig. 8, A, D) show the lowest temperature increase in the polar
region. In June, from 60 to 90 degrees north, the temperature trend becomes
negative, with temperatures dropping between 85 and 90 degrees north (Fig. 8, A,
D). February exhibits the highest temperature increase in the polar region, with
only a slight decrease between 85 to 90 degrees north (Fig. 4, B, E). In each of
these two parts, regional variations are also notable. For example, Alaska, Siberia,
Greenland, and the Arctic Ocean in the subpolar region (up to 75 degrees north)
show greater temperature increases compared to latitudes above 75 degrees. This
finding contradicts the results of Stouffer et al. (1989) and Manabe et al. (1991),
who suggested that the warming in subpolar regions of the Arctic Ocean is
generally minimal. Subpolar oceans have emerged as warming hotspots in the
Northern Hemisphere, with higher temperatures than the more northern parts of
the polar region. Additionally, cooling cores in the polar regions are located
between 60 to 70 degrees north, particularly in southern Greenland, the North
Atlantic, Iceland, the Norwegian Sea, and Greenland (again). There are also
temperature trend differences between eastern and western parts of the polar
region above 70 degrees north, particularly in March, May, June, and July. In
May, June, and July, the eastern polar region even experiences a negative
temperature trend (Figs. 4, 5, 8, and 10). The temperature increase also correlates
with the latitude in Greenland, where the warming trend follows a south-to-north
gradient. Southern Greenland has the lowest temperature, and as the latitude
increases, the warming trend intensifies. Manabe et al. (2011) reported a 1 °C
temperature decrease in southern Greenland. However, this study found that in
October, the opposite occurred, with southern Greenland experiencing higher
temperatures, and cooling cores were observed in northern Greenland (Fig. 10,
B). Alaska and Siberia are warming hotspots in the polar regions. Alaska is a
hotspot for increasing temperature trends in North America in every month except
September. In September, southern Alaska exhibits a negative trend (Fig. 10, A).
In December, the temperature increase in Alaska reaches 0.06 °C (Fig. 4, A),
while in January, it decreases to 0.01 °C (Fig. 4, B). The temperature increase in
eastern and northern Siberia is also significant. In most months, eastern Siberia
serves as a warming core in Europe. During the autumn months, eastern Siberia
experiences the highest temperature increase in Europe, reaching up to 0.05 °C
(Fig. 10). In winter, the increase slows to 0.01 to 0.02 °C (Fig. 4). Only in January
does eastern Siberia show a negative temperature trend, with a decrease of up to
-0.01 °C. The Arctic region has experienced the most significant warming.
However, as mentioned at the beginning of this section, this warming decreases
as latitudes increase. The annual surface temperature in Alaska and Siberia has
increased from 2 °C to 3 °C. Predictions suggest that by 2050, the Arctic region
(north of 60 degrees) will warm by 1.1 °C, and by 2100, it could increase by

435



5.5 °C. The smallest temperature changes are expected in tropical latitudes, with
annual variations projected between 0.1 to 3 °C (Manabe et al., 2011).

Continents and cold regions of the Northern Hemisphere were analyzed
separately. Europe shows a higher warming trend compared to other continents in
the Northern Hemisphere. The temperature trend in North Africa closely
resembles that of Europe and North America. However, Asia exhibits a different
pattern, with a lower warming trend than other continents in most months of the
year. Asia shows a lower warming trend compared to Europe, North America, and
North Africa (Figs. 4, 5, 8, and 10). Throughout the year, Asia has cooling cores,
especially in the tropical and temperate regions, particularly in Pakistan, the
southeastern coast of Iran, the Himalayas, and northern, northwestern, and
western China. Although studies by Li and Zhang (2021) for the period 1971—
2013 and Fang et al. (2016) for the period 1960 to 2010, reported significant
warming for most parts of China, and found that warm indices increased faster
than cold ones, central China, eastern and northern Tibet, and western China,
including the highlands of Xinjiang, have experienced cooling trends throughout
the year, making them part of the cooling cores in the Northern Hemisphere.
Warming cores in Asia, in all months except November, are mostly concentrated
in the Middle East. In November, the warming trend in the Middle East weakens,
and even Turkey and Iran experience a cooling trend (Fig. 10, C, F). The Arabian
Peninsula, which is highly influenced by extreme temperatures (Krishna, 2015;
Salimi and Al-Ghamdi., 2020), and Turkey show a significant warming trend in
the Middle East. The Arabian Peninsula, in particular, remains one of the warming
cores in the Middle East and Asia throughout the year. Studies by Paeth et al.
(2009) and El Kenawy et al. (2015) have also highlighted significant warming in
North Africa and the Middle East.

In Fig. 10, autumn temperature trends reveal a gradual warming from
tropical to polar regions. Notable variations include consistent warming in
September and localized cooling in northern regions during November.
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Fig. 10. the temperature trend of the months of September, October, and November in the
Northern Hemisphere during the statistical period of 1940-2023.

The Tibetan Plateau, a key warming core in Asia, experiences a warming
trend of 0.03 to 0.05 °C annually, with the highest trends (0.07 °C) in the eastern
regions during the cold seasons (September to March) (Figs. 4 and 10). In
contrast, the warming trend during the warm seasons drops to 0.01 °C in August.
Over the past 119 years, the extent of cold regions in the Tibetan Plateau has
decreased significantly (Huang, 2020). Similarly, studies by Zhang and Zhou
(2009), Zhang et al. (2013), and Li and Zhang (2021) confirm these seasonal
variations.

South Asia, including the Indian subcontinent, Bangladesh, and Myanmar,
shows a weaker warming trend during winter (December to March), with a
negative trend of -0.005 °C in February (Fig. 4, B). However, in months like
August, September, and November, the warming trend intensifies, aligning with
Naveendrakumar et al. (2019), who reported a linear temperature increase in
South Asia.
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Cold and high-altitude regions like the Atlas Mountains, Rockies, Alps,
Himalayas, and Siberia also exhibit notable trends. The Rockies show warming on
western slopes and cooling on eastern slopes during October, with slight cooling in
December (Fig. 4, A). The Alps, as one of Europe's warming cores, exhibit
consistent warming throughout the year, with impacts such as glacier retreat,
reduced snow cover below 1300 m, and vegetation shifts (Paul et al., 2004;
Scherrer et al., 2004). The Himalayas show warming from August to March and
cooling from April to July, with western regions experiencing more significant
cooling (Figs. 5 and &). The Atlas Mountains, in contrast, display year-round
warming, except in September, where trends drop to 0-0.005 °C (Fig. 10, A).
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Fig. 11. The significant level of the temperature trend in the Northern Hemisphere during the
statistical period of 1940-2023.
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Fig. 11 provides a detailed visualization of the spatial and seasonal
variability of temperature trends across the Northern Hemisphere during the
statistical period of 1940-2023. The figure highlights significant warming in polar
regions during winter, particularly in January and February, where trends exceed
0.02 °C per decade. Conversely, the summer months, such as June, exhibit
localized areas of decreasing trends, most notably in the tropical and temperate
zones. Temperate regions demonstrate marked variability, with pronounced
warming during spring and autumn, reflecting the influence of transitional
seasonal dynamics. Tropical regions, in contrast, show relatively stable trends
with minimal seasonal fluctuations (Fig. 11).

4. Conclusion

This study analyzed monthly and seasonal temperature trends in the Northern
Hemisphere from 1940 to 2023 using least squares regression at a 95% significance
level. Trends were evaluated across the tropical, temperate, and polar regions to
examine the intensity and spatial variability of warming and cooling patterns.

The findings revealed that increasing temperature trends dominate all
months in the Northern Hemisphere, with evident regional and seasonal
variability. The largest area with increasing trends was observed during autumn,
while the highest temperature rise occurred in winter. In contrast, summer
exhibited the smallest area with increasing trends and the lowest temperature rise.
Notably, decreasing trends were most prominent in June, but their intensity did
not align consistently with warm or cold months. Conversely, increasing trends
were more pronounced in cold months than in warm months.

The analysis highlighted the importance of latitude in shaping warming
trends. For instance, while the tropical region exhibited lower overall warming
compared to the temperate and polar zones, significant variability was observed
within the tropics. Latitudes 0—8°N showed uniform, lower warming, while
latitudes 8-30°N exhibited higher warming rates, comparable to the temperate
and polar regions. In September, warming in the 8-30°N range even exceeded
that in the temperate and polar regions. This variability underscores the limitations
of relying solely on average temperature data and emphasizes the need for
temperature maps to capture regional nuances.

In the polar regions, the warming trend was most pronounced in winter but
showed notable regional variability. The rate of warming diminished beyond the
60°N latitude, reflecting complex interactions between atmospheric circulation,
sea ice albedo feedback, and oceanic heat transport. Similarly to the tropics, the
polar region could be divided into two zones based on temperature trends, which
varied across months.

Continental analysis showed that Europe experienced the highest warming
trends, followed by North America and North Africa. Asia exhibited lower
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warming trends overall, with cooling cores in regions such as Pakistan,
southeastern Iran, the Himalayas, and northern China. Mountain ranges like the
Atlas Mountains, Tibetan Plateau, Alps, Rockies, and Appalachians demonstrated
year-round warming trends, with Alaska and Siberia forming major warming
cores. However, the Himalayas differed, with a weaker warming trend and
seasonal cooling from April to July. From August to March, the Himalayas
experienced warming trends, highlighting their distinct climatic behavior

compared to other mountain ranges.
Acknowledgements: This work is based upon research funded by Iran National Science Foundation
(INSF) under project No.4031542.
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Abstract— To better understand outdoor thermal comfort on both seasonal and monthly
levels, the current trends and anomalies in the Podrinje-Valjevo Region (PVR) over the
past 30 years (1991-2020) and their impact on tourist activities, two bioclimatic indices,
the Universal Thermal Climate Index (UTCI) and the Tourism Climatic Index (TCI), were
utilized for the temporal assessment of bioclimatic conditions in Loznica and Valjevo. The
results show that spring and autumn are the most favorable seasons for outdoor tourism
activities, with April, May, September, and October being particularly optimal. According
to UTCI, November has also become more bioclimatically favorable due to a rise in average
monthly UTCI values. Additionally, UTCI data reveal a notable upward trend in seasonal
anomalies, especially during autumn and spring, with average seasonal UTCI values
increasing. Although TCI indicates that summer is particularly ideal for tourist outdoor
activities and tourists’ thermal comfort, UTCI highlights that summer months can cause
significant thermal discomfort due to moderate heat stress. The results obtained can serve
to more effective tourism planning in the Podrinje-Valjevo Region in Serbia.

Key-words: Podrinje-Valjevo Region, Loznica, Valjevo, Universal Thermal Climate Index,
Tourism Climatic Index

1. Introduction

Climate plays a crucial role in the development of tourism and is considered a
significant “pull” factor in selecting tourist destinations (Hu and Ritchie, 1993;
Scott et al.,2016; Dann, 1981; Lohmann and Kaim, 1999). Climate can be viewed
as both a direct and an indirect tourism value, influencing various aspects of
human activity. When the climate of a location attracts tourists because it enables

443



certain activities, such as skiing, swimming, or heliotherapy, it serves as a direct
tourism value. Conversely, climate also impacts the surrounding environment —
such as vegetation, water bodies, and topography — which can enhance the
region’s appeal as a tourist destination, representing an indirect tourism value
(Stankovié, 2008). Additionally, unfavorable climatic conditions can restrict or
inhibit tourism activities, highlighting the strong dependence of tourism on
weather and climate conditions at the destination (Grillakis et al., 2016). Since
climate directly and indirectly influences tourism, impacting the development of
various tourism types, tourist demand, and overall tourist satisfaction, the
scientific community has begun to assess climate elements to determine favorable
conditions for tourist activities. This assessment primarily relies on climate
indices, which provide insights into how suitable a region’s climate is for tourism
activities.

Numerous studies in the scientific literature have been exploring climate
tourism indices and the relationship between climate and tourism (Besancenot et
al., 1978; Mieczkowski, 1985; de Freitas, 1990; Becker, 1998; Lise and Tol, 2002;
Bigano et al., 2006). Understanding the effects of climate on specific tourist
activities and predicting bioclimatic indicators can lead to more effective tourism
planning at local, regional, and national levels (de Freitas et al., 2008).

Bioclimate is a subfield of climatology that is particularly relevant to
tourism. Bioclimatic evaluation of tourist sites offers significant potential and
various advantages for planning tourism development. With over 100 bioclimatic
indices available today, it is possible to describe the bioclimatic and microclimatic
conditions of both outdoor and indoor environments, whether urban or rural, with
great precision. In addressing climate change adaptation and mitigation, it is
crucial to redefine the way we observe land use and incorporate new indicators
that more comprehensively reflect the changing climatic conditions and outdoor
thermal comfort for tourists. Some of those indicators should certainly be
Universal Thermal Climate Index (UTCI) and Tourism Climatic Index (TCI).

The Universal Thermal Climate Index (UTCI) is one of the most frequently
used indices in bioclimatic research worldwide and has found its significant
application in contemporary tourism studies. Bfazejczyk et al. (2020) have applied
UTCI in the assessment of weather suitability for outdoor tourism in three
different European regions (Ukraine, Poland, and Serbia). Velea et al. (2024) have
conducted a study that addresses the characteristics of a climate service targeting
tourists for selected urban destinations in Romania and Italy, with a particular
focus on thermal stress information. Pecelj et al. (2018) have used UTCI in the
geoecological assessment of the local environment for the purposes of
recreational tourism. Nam et al. (2024) have investigated four European coastal
regions in Germany, Spain, France, and Italy to support the planning and
development of coastal areas and activities, in particular, beach tourism through
a better understanding on the influence of heat stress on tourists, using UTCI.
Furthermore, UTCI proved to be effective in the bioclimatic evaluation of rural
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and mountain tourist regions, etc. (Stojicevi¢, 2016; Pecelj et al., 2020). The
importance of UTCI in bioclimatic research is also indicated by the fact that this
index is recognized and recommended by the World Meteorological Organization
(WMO) (Kolendowicz et al., 2018).

Another bioclimatic index that is strongly related to tourism is the Tourism
Climatic Index (TCI). TCI assesses climatic factors that significantly impact both
the quality of the tourist experience and tourists’ physical comfort (Mieczkowski,
1985). This index has been successfully applied in a range of studies on climate
and tourism (Ogur and Baycan, 2024; Cao and Gao, 2022; Kovacs and Unger,
2014; Lukié¢ et al., 2021; Masoudi, 2021; Scott et al., 2016; Noome and Fitchett,
2019; Sobhani and Safarian Zengir, 2020; Mohmoud et al., 2019; El-Masry et al.,
2022; Scott et al., 2004; Amelung and Viner, 2006; Perch-Nielsen et al., 2010;
Rutty et al., 2020).

This paper aims to apply both UTCI and TCI to evaluate the climate
conditions for tourism activities in the Podrinje-Valjevo Region (PVR) in western
Serbia. Additionally, it aims to compare these two bioclimatic indices to
determine which one offers a more comprehensive understanding of the
relationship between climate and tourists’ physical comfort throughout the year.
Valjevo and Loznica, being the largest settlements in the region, were selected for
this climate evaluation due to their availability of the necessary data to calculate
these climatic indices.

2. Materials and methods
2.1. Study area

The Podrinje-Valjevo Region (PVR) is located in northwestern Serbia, on the
southern border of the Pannonian Basin (Fig. /). Spanning from the Drina River
in the west to Ljig and Dicina rivers in the east, the PVR forms a distinct
morphostructural unit that gradually slopes northward towards the Jadar-Kolubara
basin. The PVR is characterized by relatively low-altitude mountains, with the
majority of the terrain (88.6%) ranging between 200 and 800 meters. The
extensive length and breadth of the mountain range (117 km), its pronounced
topographical features, the proximity to the Drina River, and the submountainous
climate in the south have all contributed to the region’s climatic diversity and the
development of microclimatic zones.
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Fig 1. The Podrinje-Valjevo Region.

The PVR is situated within Serbia’s humid continental climate zone,
characterized by a continental precipitation regime (Cirkovi¢, 1977). The region’s
proximity to the Pannonian Basin and its northern exposure contribute to its
continental climate characteristics (Simic¢, 2016). Overall, the humid continental
climate is marked by moderately warm summers and moderately cold winters,
with relatively mild annual temperature variations (Cirkovié, 1977; Pjevac, 1997,
Pjevac, 2002). The transitional seasons are lengthy and typically lack extreme
temperatures. Precipitation is heaviest at the end of spring and the beginning of
summer, while it is least frequent at the start of autumn. In contrast, the subalpine
climate found in mountainous areas above 800 meters is characterized by cooler,
shorter summers, longer, harsher winters, and smaller annual temperature
fluctuations (Cirkovié, 1977).

In their study of Serbia’s climate, Duci¢ and Radovanovi¢ (2005) classified
the PVR as part of climatic subregion A-2. This subregion is defined by an
average annual air temperature of approximately 9 °C and a temperature range of
20 °C throughout the year. The average air temperature in the hottest month of the
mountains does not surpass 18.4 °C (Duci¢ and Radovanovic, 2005).

2.2. Data description

The first phase of the research included the collection of meteorological data
needed to conduct a bioclimatic analysis. The data set was taken from the
Meteorological Yearbooks, for both meteorological stations (Valjevo 44°17°N,
19°55’E, 174 m, and Loznica 44°32°N, 19°14°, 121 m), which are prepared and
published by the Republic Hydrometeorological Service of Serbia (RHSS).
Meteorological yearbooks are published annually, and on this occasion,
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publications for the period 1991-2020 were used. To calculate UTCI, the mean
monthly values of the following meteorological parameters were used: air
temperature (t), relative humidity (f), wind speed at 10 m above the ground
(v10m), and cloud cover/cloudiness (N). To determine the UTCI values, the
software “Bio Klima 2.6 — Universal tool for bioclimatic and thermophysiological
studies” was used. On the other side, to calculate TCI, the mean monthly values
of seven climatic parameters were used: average daily maximum air temperature,
average daily air temperature, average daily minimum air humidity, average daily
air humidity, total precipitation, total insulation, and average wind speed.

2.3. Universal Thermal Climate Index (UTCI)

The Universal Thermal Climate Index (UTCI) is one of the most commonly used
bioclimatic indices for determining outdoor thermal comfort in urban
environments and is widely used in various fields: urban planning, tourism,
ecology, public health, etc. (Luki¢ et al., 2021). Blazejczyk et al. (2013) defined
UTCI (°C) as: “the air temperature of the reference condition that causes the same
model response as actual conditions”. The UTCI was derived from the “Fiala
multi-node model” (Fiala et al., 2011; Blazejczyk et al., 2011, 2013). The
reference environment for this model was defined by the ISB Commission
(International Society of Biometeorology) as: (i) condition of calm air, i.e., wind
speed (v10m) 0.5 m/s at 10 m above the ground; (ii) a mean radiant temperature
(Tmrt) equal to air temperature; (iii) Relative humidity (f) of 50% (capped at
20 hPa for air temperatures over 29 °C) (Blazejczyk et al., 2011, 2013; Brode et
al.,2013).

It is important to note that for the determination of UTCI, in addition to
meteorological parameters, it is necessary to use physiological parameters in order
to represent thermal comfort through the assessment of human energy balance,
where the metabolic rate (M) has a crucial position (Brdde et al., 2011a, 2011b,
Pecelj et al., 2020). Physiological parameters (metabolic rate and thermal
properties of clothing) are taken as universal constants in the model due to the
evaluation by means of regression equation (Lukic¢ et al., 2021; Pecelj et al., 2020,
2021). This implies an outdoor activity where an average person walks at a speed
of 4 km/h (1.1 m/s), resulting in a heat production of 135 W/m2 of metabolic
energy and clothing insulation, which is self-adapting according to the
environmental conditions (Pecelj et al., 2021; Havenith et al., 2011).

According to UTCI, there are 10 different categories of thermal stress
(Table I). The UTCI is calculated as follows: UTCI = f (t,f,v,tmrt), where: t = air
temperature (°C), f = relative humidity (%), v = wind speed (m/s), tmrt = mean
radiant temperature (°C).
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Table 1. UTCI categories of thermal stress (Blazejczyk et al., 2013)

UTCI (°C) Stress Category
UTCI>46 Extreme heat stress
38<UTCI<46 Very strong heat stress
32<UTCI<38 Strong heat stress
26<UTCI<32 Moderate heat stress
9<UTCI<26 No thermal stress
0<UTCI<9 Slight cold stress
-13<UTCI<0 Moderate cold stress
-27<UTCI<-13 Strong cold stress
-40<UTCI<-27 Very strong cold stress
UTCI<-40 Extreme cold stress

2.4. Tourism Climatic Index (TCI)

The Tourism Climatic Index (TCI) is a bioclimatic indicator that assesses climatic
elements most affecting the quality of the tourist experience and tourists’ physical
comfort (Mieczkowski, 1985). As a quantitative and statistical measure of tourist
comfort, TCI primarily relies on temperature and relative humidity. However, the
calculation of TCI also incorporates three additional climatic elements: insolation,
precipitation, and wind speed.

The TCI values are calculated using the following formula:

TCI =2 x (4CID + CIA + 2P + 2S + W),

where CID is the daytime comfort index (obtained by combining the maximum
daily temperature and the minimum daily relative air humidity); CIA is the daily
comfort index (obtained by combining the average daily temperature and the
average daily relative air humidity) (Fig. 2); P is the average precipitation (mm);
S is the average daily insolation (hours per day), and W is the average wind speed
(m/s).
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Fig 2. Diagram of CID and CIA (Mieczkowski,1985).
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Each parameter is scored between -3 (extremely unfavorable) and +5
(optimal) (7Table 2). The total score is then multiplied by 2, allowing the maximum
possible TCI score to be 100. TCI values are categorized as follows: ideal (90—
100), excellent (80—89), very good (70-79), good (60-69), acceptable (50-59),
possible (40—49), unfavorable (30-39), very unfavorable (20-29), extremely
unfavorable (10-19), and impossible (<10) (Table 3) (Mieczkowski, 1985). It is
important to emphasize that, despite being based on biometric literature and the
available climate data of the time, the method used to evaluate these subindices
and determine the final TCI values remains both descriptive and subjective.

Table 2. Matrix for assessing precipitation, insolation, and wind (Mieczkowski, 1985)

Points P (mm) S (h) W (m/s)
5.0 <14.9 >10 <0.8
4.5 15.0-29.9 9-10 0.8-1.5
4.0 30.0-49.9 8-9 1.6-2.5
35 50.0-59.9 7-8 2.6-3.3
3.0 60.0-74.9 6-7 34-54
2.5 75.0-89.9 5-6 5.5-6.7
2.0 90.0-104.9 4-5 6.8-7.9
1.5 105.9-119.9 3-4 -
1.0 120.0-134.9 2-3 8.0-10.7
0.5 135.0-149.9 1-2 -

0 150.0 or more <1 >10.7
-0.5 - - -
-1.0 210.0-269.9 - -
-15 - - -
-2.0 270.0-329.9 - -

Table 3. Rating categories of TCI (Mieczkowski, 1985)

TCI Category
90-100 ideal
80-89 excellent
70-79 very good
60—69 good
50-59 acceptable
40-49 marginal
30-39 unfavorable
20-29 very unfavorable
10-19 extremely unfavorable
<10 impossible
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3. Results and discussion

The following text presents the results of a bioclimatic analysis of the PVR using
two indices — UTCI and TCI — on both seasonal and monthly bases. This analysis
aims to assess outdoor thermal comfort and tourists’ physical comfort in the urban
environments of Loznica and Valjevo over a 30-year period (1991-2020).

3.1. UTCI-based seasonal analysis of outdoor thermal comfort in Loznica and
Valjevo

The conducted bioclimatic analysis of both urban environments (Loznica and
Valjevo) showed a change in outdoor thermal comfort over 30 years (1991-2020).
Climatic changes, longer and more frequent heat waves, and the increase in the
average annual air temperature are reflected in the increase of UTCI annual and
seasonal values — which may have a significant impact on tourist activities in the
future.

Based on the data shown in Table 4, we can observe a continuous increase
in the mean seasonal values of the UTCI during the last three decades. For
instance, in Loznica, the average spring value of UTCI in the period 1991-2000
was 18.16 °C, in the period 2001-2010 it was 18.57 °C, and in the period 2011—
2020, that value was 19.45 °C. The results for Valjevo show similar trends: during
the first decade of research, the average spring UTCI value was 15.73 °C, during
the second decade it was 16.7 °C, and during the third decade it reached 17.37 °C.
Significant changes in terms of outdoor thermal comfort were also registered
during the autumn season: the average autumn UTCI in Loznica for the period
1991-2000 was 18.34 °C, for the period 2001-2010 it was 18.49 °C, while during
the period 2011-2020 it was 19.88 °C (the difference between the first and last
decade of the researched period amounts to +1.54 °C). The fact that autumns in
this part of Serbia are getting warmer, as well as that thermal discomfort is
increasing, is also confirmed by the data for Valjevo: the average autumn value
of UTCI in the period 1991-2000 was 17.08°C, and during the period 2011-2020,
it was 18.62 °C (+1.54 °C). Significant changes were also registered during the
summer season, both in Loznica and Valjevo, while they were slightly less
pronounced during the winter.
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Table 4. Average seasonal UTCI (°C) values in Loznica and Valjevo for the period
1991-2020, and average decade-long UTCI values for the 1st (1991-2000), 2nd (2001—
2010), and 3rd decade (2011-2020).

. Avg. UTCI Avg. UTCI Avg. UTCI Avg. UTCI
Loznica . .
winter spring summer autumn
1991-2000 7.39 18.16 28.71 18.34
2001-2010 5.73 18.57 28.61 18.49
2011-2020 8.10 19.45 29.63 19.88
Average for 1991-2020 7.07 18.72 28.98 18.90
. Avg. UTCI Avg. UTCI Avg. UTCI Avg. UTCI
Valjevo . .
winter spring summer autumn
1991-2000 5.11 15.73 27.50 17.08
2001-2010 3.14 16.70 27.79 16.96
2011-2020 6.36 17.37 29.05 18.62
Average for 19912020 4.87 16.60 28.11 17.55

Fig. 3 shows the average seasonal UTCI in Loznica during the period 1991-
2020 with trends. Based on the presented results, we can see that the most
significant changes in bioclimatic conditions took place during the autumn
months, considering that the average autumn UTCI values during the reference
period achieved a positive trend of 0.069 °C/year. The maximum average autumn
UTCI in Loznica was measured in 2019 (UTCI=21.13 °C). In the second place is
the average spring UTCI, which achieved a positive trend, i.e., an increase in mean
values at a rate of 0.062°C/year. The maximum average spring UTCI in Loznica
was measured in 2018 (UTCI=21.54 °C). During the previous 30 years, the
average summer UTCI increased at a rate of 0.038 °C/year, while the average
winter values of the index increased at a rate of 0.028 °C/year. The maximum
average summer UTCI was recorded in 2012 (31.45 °C), while the maximum
average winter UTCI was recorded in 2014 (11.1 °C).
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Fig. 3. Average seasonal UTCI during the period 1991-2020 in Loznica with trends.
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To obtain a more detailed insight into the recorded changes in thermal
comfort at the seasonal level in Loznica, the corresponding months were analyzed
separately for each season. Figs. 4.a and 4.b. show average monthly UTCI in the
period 1991-2020 with trends for winter months (January, February, and
December) and spring months (March, April, and May), while Figs. 5.c. and 5.d.
show average monthly UTCI with trends for summer months (June, July, and
August) and autumn months (September, October, and November). Observing the
obtained results, we can conclude that during all 12 months of the year, an increase
in average monthly UTCI values was recorded, although the most noticeable
changes were recorded during the autumn and spring months, especially
November, March, and April. The average November UTCI value during the
previous 30 years grew at a rate of as much as 0.145 °C/year. The average April
UTCI values increased at a rate of 0.096 °C/year, while the average March UTCI
values increased at a rate of 0.071 °C/year).
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Fig. 4.a and 4.b. Average monthly UTCI in the period 19912020 in Loznica with trends:
winter months — January, February, December (left) and spring months — March, April, May

(right).

g

Fig. 5.c. and 5.d. Average monthly UTCI in the period 1991-2020 in Loznica with trends:
summer months — June, July, August (left) and autumn months — September, October,
November (right).

Among the winter months, December especially stands out, where the
average monthly UTCI values had a positive trend of 0.065 °C/year. The average
February values of this index increased the slowest, at a rate of only
0.006 °C/year. The average January UTCI values had a positive trend of
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0.013 °Clyear. During the summer months, the rising trend of the average monthly
UTCI values was relatively similar: for June it was 0.035 °C/year, for July it was
0.037°C/years and for August it was 0.042 °C/year.

Fig. 6 shows the average seasonal UTCI in Valjevo during the period 1991—
2020 with trends. As in the case of Loznica, the most significant changes in the
bioclimatic conditions of the local urban environment (Valjevo) were registered
during autumn. The average autumn UTCI values during the past 30 years were
increased at a rate of 0.076 °C/year. The maximum average autumn UTCI in
Valjevo was recorded in 2019 (20.63 °C). The same growth rate of average
seasonal values was reached by summer and spring UTCI with a positive trend of
0.073 °Cl/year. The maximum average summer UTCI in Valjevo was recorded in
2012 (30.81 °C), while the maximum average spring UTCI was recorded in 2018
(20.39 °C). The average winter UTCI has a positive growth trend of
0.063 °C/year. Its maximum seasonal value was measured in 2014 (9.21 °C).
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Fig. 6. Average seasonal UTCI during the period 1991-2020 in Valjevo with trends.

Figs. 7.a and 7.b. show average monthly UTCI in Valjevo (1991-2020) with
trends for winter months (January, February, and December) and spring months
(March, April, and May), while Figs. 8.c. and 8.d. show average monthly UTCI
with trends for summer months (June, July, and August) and autumn months
(September, Octobe,r and November). If we compare Valjevo and Loznica, we
can conclude that more significant changes took place in Valjevo, where the
average monthly values of the index grew at much higher rates. That difference is
especially noticeable when we look at the summer months: for June the trend is
0.044 °Clyear, for July it is 0.074 °C/year, and for August it is 0.103 °C/year.
Considering the given values, we can expect more bioclimatically unfavorable
summers in Valjevo, with more pronounced thermal stress that can have an impact
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on public health, tourism, and recreation. Apart from the summer months, autumn
is also getting warmer: the average September UTCI value has a rising trend of
0.054 °Cl/year, the average October UTCI value has a rising trend of
0.061 °C/year, while the average November UTCI has a rising trend of
0.112 °C/year. Among the spring months, April stands out, with a trend of growth
in average monthly UTCI values at a rate of 0.128 °C/year. Among winter
months, December stands out, with a trend of growth in average monthly UTCI
values at a rate of 0.133 °C/year.
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Fig. 7.a and 7.b. Average monthly UTCI in the period 1991-2020 in Valjevo with trends:
winter months — January, February, December (left) and spring months — March, April, May
(right).

Fig. 8.c. and 8.d. Average monthly UTCI in the period 1991-2020 in Loznica with trends:
summer months — June, July, August (left) and autumn months — September, October,
November (right)

The findings of this research are consistent with and further support the
results of previous studies on climate, bioclimatic conditions, biometeorology,
urban microclimates, and thermal comfort across Serbia. Bajat et al. (2014)
analyzed the mean monthly air temperatures at 64 meteorological stations,
including those in Loznica and Valjevo, over the period 1961-2010. Their
research revealed a clear warming trend, particularly after 1989, with nearly all
stations showing an increase in temperature ranging from 0.18 °C/decade to
3.63 °C/decade (or 0.36 °C/year). Similarly, Unkasevi¢ and Tosi¢ (2013) analyzed
daily minimum and maximum temperatures from 15 meteorological stations,
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including Loznica, over the period 1949-2009. Their findings highlighted a
pronounced warming trend in Serbia’s climate, which became particularly evident
after 2000. In addition to the rise in mean daily temperatures and extreme
temperature values, they also observed an increase in the number of “summer
drop”, and “tropical days” and “tropical nights”, while the number of “ice days”
decreased (Unkasevi¢ and Tosi¢, 2013). In his doctoral dissertation, Stojicevic¢
(2016) examined the annual and seasonal variations of the bioclimatic index UTCI
in western Serbia from 1979 to 2013. Since the Podrinje-Valjevo Region is part
of western Serbia and this study covers the period after 2013, the results were
compared with those of Stoji¢evic. Both studies observed similar trends,
confirming the rising temperatures and changing bioclimatic conditions in the
region. Stojicevi¢ (2016) has showed that in the area of western Serbia, the mean
annual values of the Physiological Equivalent Temperature (PET) index are
growing at an average rate of 0.065 °C/year. During the summer months, the mean
values of the PET index grew at a rate of 0.098 °C/year. In the area of western
Serbia, the statistically significant trend of the PET index value during the spring
months was 0.081 °C/year, and during the autumn it was 0.042 °Cl/year. If we
look at the annual and seasonal variations of the UTCI bioclimatic index during
the researched period, an average increase in the mean annual UTCI values by
0.052 °C/year was registered. Autumn values of the UTCI index also record a
rising trend of 0.037 °C/year, spring values show 0.064 °C/year, while summer
UTCI values show a growing trend of 0.057 °C/year. Similar findings were also
noted in a study by Luki¢ and Puri¢ (2021), which focused on thermal discomfort
during the summer months over a ten-year period (2009—2018) in the cities of
Loznica (Serbia) and Bijeljina (BiH). Their results of daily and monthly UTCI
values revealed an increase in the number of days with “moderate”, “strong”, and
“very strong” heat stresses.

3.2. TClI analysis of tourists’ physical comfort in Loznica and Valjevo

In the PVR, TCI was calculated for the climatological stations in Valjevo and
Loznica over a 30-year period (1991-2020) and for each decade within this span
(1991-2000, 2001-2010, 2011-2020). Table 5 presents the climate indicators
used for TCI calculations at these stations, along with their average monthly
values for the 30-year period. The TCI calculations revealed which months are
most and least favorable for outdoor sports and recreational activities.
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The TCI values for the period from 1991 to 2020 range from “marginal” to
“excellent”, indicating that the climate of the PVR is generally favorable for outdoor
tourism activities. According to TCI results, the winter months — December, January,
and February — are the least favorable for outdoor tourism due to their low
temperatures, high relative humidity, and reduced sunlight. However, despite being
the least favorable according to TCI, these months also bring snowfall, creating ideal
conditions for snow-based sports and recreational activities in the region’s
mountainous areas. This is one of the major shortcomings of TCI that is observed in
various studies that have employed this index (Matzarakis, 2006).

Table 5. Average monthly values of climatic parameters for Valjevo and Loznica

Valjevo | 11 111 v \4 VI vil vl IX X XI XI

Tonax 5.8 84 132 184 228 265 287 29.0 239 188 129 6.5
Tavg 1.0 29 72 121 169 207 22,6 223 172 120 7.0 2.1
Ronin 38.1 287 321 238 271 279 27.0 257 27.0 29.7 323 385
Rave 832 773 704 683 700 693 670 677 738 786 80.8 839
P 49.0 49.1 582 585 87.6 1028 765 663 649 653 542 60.1
S 24 35 4.8 6.1 7.2 8.3 9.5 89 66 50 32 21
Y 1.1 1.4 1.8 1.7 1.5 1.5 1.5 1.5 14 12 12 1.2

Loznica 1 11 111 v \ VI vil vl IX X XI  XI

Toax 5.7 84 134 186 232 268 288 292 240 19.0 126 6.5
Tag 14 32 75 124 171 209 225 222 172 123 73 25
Roin 412 312 237 251 279 314 299 285 285 313 340 417
Ravg 828 772 69.7 678 694 697 681 69.0 745 793 81.6 835
P 63.0 545 650 634 909 1072 804 699 71.1 741 688 723
S 2.1 32 4.8 6.2 73 8.4 9.5 9.1 65 48 28 1.7
W 07 09 1.1 1.0 1.0 1.0 1.0 09 07 06 06 038

Tax — maximum daily air temperature (°C), T, — average daily air temperature (°C), Rin —
minimum daily relative humidity (%), Ra — average daily relative humidity (%),

P — total precipitation (mm), S — total daily insolation (h), W— average wind speed (m/s).
Source: Meteorological yearbook of RHSS (1991-2020).

March and November are characterized by “acceptable” conditions for
tourist comfort for both urban environments, with TCI values ranging from 50 to
59. “Good” climate conditions for tourism begin in April at both climatological
stations. May is considered “very good” for tourist activities both in Loznica and
Valjevo. The summer months — June, July, and August, as well as October —
provide “excellent” conditions for outdoor tourism, with TCI values ranging from
80 to 86 for both urban environments (7able 6, Fig. 9).
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Table 6. TCI values for Loznica and Valjevo, presented by decade and as a 30-year average
(1991-2020)

Loznica I I m I1v v VvI vl villI IX X XI XII X
1991-2000 45 53 55 66 48 41 66.5
2001-2010 45 47 53 68 52 40 65.1
2011-2020 45 44 55 52 45 66.3
1991-2020 45 48 54 50 42 66

Valjevo 1 Im mnr v v vi vil vill IX X XI XII X

1991-2000 48 52| 56 53 44 66
2001-2010 48 50| 52 51 42 64.5
2011-2020 46 47 54 55 46 67
1991-2020 47 49 54 53 44 65.8
Bioclimatic conditions for tourist activities: marginal (40-49), acceptable (50-59), good (60—

69), very good (70-79), excellent (-). Source: independent data processing based on the
data from Meteorological yearbook of RHSS (1991-2020).
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Fig. 9. TCI chart for the PVR (Valjevo and Loznica) over the 30-year period of 1991-2020.

High TCI values at the end of spring, during summer, and at the beginning
of autumn are closely tied to the climatic conditions of these periods. During these
periods, air temperatures rise, peaking in July and August. Conversely, relative
humidity decreases starting in spring and hits its lowest in summer. Additionally,
insolation is at its highest during this period. Interestingly, while May and June
receive the most precipitation across all meteorological stations, TCI values for
these months remain “very good” or “excellent”. This is because the precipitation
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during these months typically falls as brief showers, providing a refreshing effect
and generally benefiting outdoor activities for tourists.

Table 6 also presents the TCI values for Loznica and Valjevo, broken down
by three decades over the 30-year span from 1991 to 2020. The data for both
climatological stations show that in the first decade (1991-2000), the TCI values
were “excellent” from May to September. In the second decade (2001-2010), the
TCI values for both climatological stations were “excellent” from May to August,
“very good” in September, and “good” in April and October. However, this
pattern has changed in the last decade (2011-2020), primarily due to the
significant effects of climate change. The third decade reveals notable changes in
TCI values for both climatological stations, with March and November rated as
“good”, April, May, and October as “very good”, and the summer months as
“excellent” for tourism and physical comfort.

3.3. Comparative analysis of the climate index results for the PVR

The application of the UTCI and TCI climate indices to the PVR has revealed
some similar results. Both indices indicate that spring and autumn are the most
favourable seasons for outdoor tourist activities. However, while TCI suggests
that summer is particularly ideal for tourist activities and tourists’ thermal
comfort, UTCI indicates that summer months may induce moderate heat stress,
leading to thermal discomfort for tourists.

The TCI index relies solely on climatic parameters and their mean monthly
values, whereas the UTCI is a more complex bioclimatic index that incorporates
both meteorological and physiological factors (such as metabolic rate and clothing
thermal properties). Compared to other bioclimatic indices, the UTCI more
effectively represents the temporal variability of thermal conditions, being more
sensitive to outdoor factors like changes in air temperature, relative humidity,
solar radiation, and wind speed (Lukic¢ et al., 2021; Pecelj et al., 2021; Blazejczyk
et al., 2011). Moreover, the UTCI is particularly useful for detailed bioclimatic
analysis based on daily and hourly meteorological data, offering a clearer picture
of how bioclimatic conditions at a given location fluctuate throughout the day —
from morning to evening and even at night. In contrast, the TCI provides a broader
overview of the bioclimatic conditions in a specific area, without the ability to
analyze the finer variability that the UTCI can reveal.

In most European countries, including Serbia, the summer season represents
the peak of the tourist season. The TCI indicates that these months are generally
the most favorable for outdoor tourist activities in the PVR. However, the effects
of climate change have led to increasingly unfavorable bioclimatic conditions and
extreme heat stress and thermal discomfort during July and August, as confirmed
by the UTCI results. The thermal discomfort experienced in these peak summer
months presents a health risk not only to vulnerable populations—such as the
elderly, those with chronic health conditions, children, and pregnant women—but
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also to the general public, including athletes and recreational tourists. This was
particularly highlighted by Obradovié-Arsi¢ and Gledovi¢ (2012), who studied
the effects of climate on public health. They found that while the human body can
usually adapt to outdoor conditions, sudden and extreme weather changes, such
as high temperatures and heatwaves, can disrupt thermoregulation. These
disruptions may cause biochemical changes, resulting in both physical and
psychological health issues. The severity of these effects varies depending on age,
health status, and individual characteristics. Additionally, a study by
Giannopoulou et al. (2014) on air temperature and humidity’s influence on human
thermal comfort during the summer found, that when thermal discomfort persists
into the night, sleep becomes difficult, leading to fatigue the next day. In such
prolonged discomfort, the body does not have the opportunity to recover, resulting
in significant thermal stress that impacts even healthy individuals with high
physical capabilities.

Given these considerations, from a bioclimatic standpoint, summer months
are the least favorable for tourists’ outdoor activities due to the highest likelihood
of health risks related to heat stress and elevated temperatures (Savic et al., 2018).
With the expected increase in heat stress in the PVR, as shown by the rising trend
in average August UTCI values — 0.103 °C/year (or 1.03 °C/dec) in Valjevo and
0.042 °C/year (or 0.42 °C/dec) in Loznica —, it is recommended that tourists avoid
engaging in physical activities, including walking, between 9 AM and 6 PM
during the summer months.

Considering the proximity of Banja Koviljaca Spa, a key center for medical
and health tourism, it is important for tourism development experts to examine
the connection between weather conditions and the onset of specific health issues.
To support this, it is recommended to refer to the study by the Belgrade
Emergency Medical Institute and the Republic Hydrometeorological Service of
Serbia (Grupa autora, 1988), which identified diseases affected by weather
changes, referred to as meteorotropic diseases. These include various heart
conditions, high blood pressure, strokes, respiratory infections, asthma, rheumatic
diseases, and more. This is particularly relevant for the elderly, individuals with
chronic health conditions, and children visiting the Specialized Rehabilitation
Hospital in Banja Koviljaca.

While TCI is a commonly used climate index for tourism and can indicate
favorable periods for tourist activities, this study reveals that the tourism industry
cannot rely solely on TCI results, especially during the summer months. This index
does not effectively capture thermal comfort for tourists, especially as temperatures
rise each year. Therefore, it is necessary to use newer bioclimatic indices, such as
UTCI, for a more thorough assessment of a region’s climate for tourism activities
and associated thermal stress. However, neither TCI nor UTCI are reliable for
assessing winter tourism conditions. Although UTCI values during winter months
indicate the potential for optimal tourist thermal comfort, this also points to rising
temperatures due to climate change. This trend poses a threat to winter sports
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tourism, and if it continues, the PVR may be probably unable to support nature-based
winter sports activities in the future. This will particularly affect the Maljen mountain
and its Divcibare ski resort, a well-known winter sports destination in the PVR. The
increasing winter temperatures are expected to raise the demand for artificial
snowmaking, which could drive up ski pass prices and make it financially unfeasible
for tourists (Joksimovic¢ et al., 2020). Even with extensive artificial snow production,
the rising winter temperatures could make it increasingly challenging to sustain
winter sports tourism. As a result, there is a considerable risk that, in the future,
Maljen could lose its Div¢ibare ski resort. Given these projections, the Maljen
mountain and the entire Podrinje-Valjevo Region will need to explore alternative
forms of tourism during the winter months in the coming years.

4. Conclusion

In this study, two climate indices (TCI and UTCI) were evaluated to assess
tourism conditions in the Podrinje-Valjevo Region. Based on the conducted
bioclimatic analysis, both climate indices have proved that the spring and autumn
months are the most favorable for performing tourist activities, recreation, and
being outdoors. However, while the results obtained from TCI assessment show
that the summer months are the most favorable and “excellent” for outdoor
activities, UTCI has proved otherwise, emphasizing the high potential of thermal
discomfort for tourists due to moderate heat stress and high air temperatures. The
disparity in results between the TCI and UTCI can be attributed to the fact that
the TCI is based solely on climatic parameters and their mean monthly values,
whereas the UTCI is a more complex bioclimatic index that takes into account
both meteorological and physiological factors (such as metabolic rate and clothing
thermal properties).

According to the UTCI results, the most favorable months for outdoor
tourism activities are April, May, September, and October in both Loznica and
Valjevo. Additionally, a notable increase in UTCI values was observed in
November from 1991 to 2020. Specifically, the average November UTCI value
in Loznica increased by 0.145 °C per year, while in Valjevo, it rose by 0.112 °C
per year. The highest UTCI values, indicating the most severe heat stress, are
recorded during the summer months, particularly July and August, posing
potential health risks. This is of particular concern for tourists visiting the PVR
during the summer, particularly vulnerable groups such as the elderly, those with
chronic health conditions, children, and pregnant women. Therefore, it is
recommended that tourists avoid physical activities, including walking, between
9 AM and 6 PM during the summer months.

With the recorded trends of increasing summer UTCI values in both
examined urban environments, we can expect even more pronounced thermal
discomfort in the future. The lowest monthly and seasonal UTCI values were

460



measured as expected during the winter months, when cold stress categories of
thermal comfort were the most prevalent — which means that the winter months
are also less favorable for tourist purposes from the bioclimatic viewpoint.
However, since winter sports tourism is inherently dependent on snowfall and low
temperatures, cold stress is expected and does not pose a significant barrier to
winter sports activities in the PVR. Nevertheless, winters in western Serbia, i.e.,
Podrinje-Valjevo Region, are getting warmer, as it is shown by the increasing
trends of the December’s UTCI values (in Loznica 0.065 °C/year; in Valjevo
0.133 °C/year). This warming trend raises concerns about the future viability of
nature-based winter sports in this region.

In a changing climate, the frequency of extreme weather events and heat waves
is increasing. These global shifts are also affecting local environments (Cegar et al.,
2023; Malinovi¢-Milicevicé et al., 2015), influencing thermal comfort and bioclimatic
conditions at tourist sites. Nam et al. (2024) emphasizes that understanding how
climate change will influence thermal comfort is crucial for the tourism and
hospitality sectors to identify risks and opportunities, and maintain competitiveness.
While climate is just one factor influencing tourist behavior, it has a significant
impact on the overall experience at a destination. By understanding the region’s
optimal climatic conditions and adjusting tourism offerings accordingly throughout
the year, visitors satisfaction can be greatly enhanced. Some studies also suggest that
tourists may begin to prefer travel during seasons with lower risks of heat stress (Ebi
et al., 2021; Nam et al., 2024). Therefore, incorporating bioclimatic research into
tourism planning is essential for the PVR. Since autumn and spring are the most
favorable seasons for outdoor tourism in this region, it is recommended that local
tourism stakeholders focus on diversifying tourism offerings during these periods.
Key areas for development could include ecotourism, rural tourism, adventure
tourism (such as kayaking, climbing, cave exploration), and cultural tourism, among
others.

This study focused on assessing TCI and UTCI for tourism activities in
Loznica and Valjevo, two urban areas in the Podrinje-Valjevo Region. These
cities were chosen because they are the only ones in the region with available data
necessary for applying bioclimate indices. However, the study does not cover the
bioclimatic conditions of the entire region due to the absence of climatological
stations in the mountainous areas of the PVR. This is a significant limitation of
the paper, as it prevents a comprehensive understanding of the region’s
bioclimatic conditions and their impact on tourism activities. Future research will
aim to include climate evaluations of these mountainous areas once data becomes
available, and to investigate the correlation between tourist visits over the past
30 years and climate indices in the PVR.
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Abstract— This study investigated the spatial and temporal distribution of aridity indices
to determine climatic conditions in regions of southern and eastern Serbia in the period
1961-2022. We used the mean monthly and annual air temperature and precipitation data
obtained from nine meteorological stations in the study area. Three indices were used to
quantify aridity: the de Martonne aridity index, the Emberger index and the Pinna
combinative index. Calculations are carried out on an annual scale for all the indices
mentioned. The results show large territorial differences in the de Martonne aridity index,
which distinguishes between two climate types on an annual basis. The Emberger index is
characterized by humid climate types for all meteorological stations in the area. The Pinna
combinative index also indicates humid conditions in the entire area, although the annual
values of the index vary considerably. There was no change in the trend of aridity in the
study area during the period of investigation. The spatial distribution was determined via
the inverse distance weighting interpolated method. The Mann-Kendall test indicated that
the aridity trends at all the meteorological stations were not statistically significant.

Key-words: aridity indices, trends, spatial analysis, region of Serbia

1. Introduction

Climate change is not only a concern for future generations, but its impacts are
also already evident. This change can lead to significant damage to natural and
socioeconomic systems. According to the /PCC (2021) report, extreme heat
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events have increased in almost all regions of the world since the 1950s. Extreme
precipitation and droughts have become more frequent and severe in most land
areas worldwide. The absence of precipitation can have significant impacts on
sectors such as agriculture and forestry, making its analysis crucial for adaptation
strategies in a changing climate.

Aridity presents a lack of moisture and a temporary decrease in precipitation
in an area (Maliva and Missimer, 2012) or water availability (Moral et al., 2015).
According to the American Meteorological Society (2019), “aridity is the degree
to which the climate lacks effective moisture to support life”. Increasing aridity is
a physical hazard that negatively affects many ecosystems and economic sectors,
including water management, agriculture, forestry, and tourism. This is because
it can be a limiting factor for the growth and spread of plants (Moral et al., 2015).
A regional study of aridity, therefore, requires appropriate aridity indices, which
can be defined as numerical indicators of the degree of aridity of the climate in a
given location. Aridity indices have been applied at continental and
subcontinental scales and are mostly related to the distributions of natural
vegetation and crops. The critical values of the indices were derived from the
observed vegetation boundaries. The parameters for which there is a mathematical
relationship between precipitation (and/or humidity) and air temperature are
referred as aridity indices. These indices are highly valuable for tracking the
impacts of climate change on local water resources (Maliva and Missimer, 2012).
The higher the aridity index values in a region are, the greater the variability in
water resources (Deniz et al., 2011; Arora, 2002). To quantify aridity, numerous
climatic and aridity indices have been developed (Stephen, 2005). Indices can be
calculated as the ratio between precipitation and potential evaporation, i.e., the
aridity index (Al) (Shoshany and Mozhaeva, 2023; Zomer et al., 2022), the
Thornthwaite aridity index (Thornthwaite, 1948), or the ratio of precipitation to
temperature, i.e., the De Martonne aridity index (Ipm) (De Martonne, 1926), Lang
rain factor (Lang, 1915), Pinna combinative aridity index ( Ip) (Zambakas, 1992),
Emberger aridity index (Ig) (Emberger, 1930), Lobova aridity index (Buric et al.,
2018), etc. The aforementioned indices are based on different variables, which is
why they provide different results in the assessment of aridity.

Bestdkova et al. (2023) investigated the spatial distribution of arid and humid
regions in Europe through the aridity index for the period 1950-2019, concluded
that the area of the Balkan Peninsula was identified as arid. Paniagua et al. (2019)
examined variations in aridity in the Iberian Peninsula from 1960-2017 via the
De Martonne aridity index, Pinna combinative aridity index, and Ering aridity
indices. Despite the large spatial variability, they reported that the entire area is
dominated by arid conditions, with aridity increasing significantly in future
projections on the basis of trends in air temperature and precipitation projections.
In Calabria, Italy, researchers used the de Martonne aridity index to identify areas
susceptible to aridity (Pellicone et al., 2019). The findings indicated that coastal
regions were arid, whereas the highest mountains were classified as humid. This
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study highlights a significant correlation between the de Martonne aridity index
results and the region's orography.

Numerous studies have investigated aridity and drought in various Balkan
countries, including Croatia (Ugarkovi¢ and Ugarkovi¢, 2013), Bosnia and
Herzegovina (7rbi¢ et al., 2022), Montenegro (Lukovi¢ et al., 2024), North
Macedonia (4ksoy et al., 2020), Greece (Baltas, 2007), Bulgaria (Nikolova and
Yanakiev, 2020), and Serbia (Djurdjevi¢ et al., 2024; Amiri and Gocié, 2023;
Gocic¢ et al., 2025; Milentijevi¢ et al., 2025). Sarlak and Mahmood Agha (2018)
used the aridity indices of Lang rain factor, De Martonne, UNEP, and Ering to
estimate the spatiotemporal variation in aridity in Iraq. Gebremedhin et al. (2018)
and Moral et al. (2016) used De Martonne, the combined Pinna, and FAO aridity
index, to assess the spatial distributions of aridity in Ethiopia and Spain,
respectively. Similarly, Nikolova and Yanakiev (2020) used the De Martonne and
Emberger indices to investigate the spatial pattern of aridity in southern Bulgaria.
All the above studies have used aridity indices for specific regions worldwide.
Therefore, there is a need for a more comprehensive study to estimate, compare,
and interpret the spatiotemporal trends of multiple aridity indices in the study area.

Based on various aridity indices, southern and eastern Serbia are
characterized as humid according to the global aridity index (AI) distribution
(Zomer et al., 2022), semiarid according to the Ipm index, and semidry based on
the Ip index (Radakovic et al., 2017).

This study employs three aridity indices: the De Martonne aridity index
(Ipm), the Emberger index (Ig), and the Pinna combinative index (Ip). These
indices were calculated via monthly and annual temperature and precipitation data
from nine meteorological stations in southern and eastern Serbia, covering the
period from 1961-2022.

The main objectives of this study include a detailed analysis of the spatial
and temporal distributions of the abovementioned indices. The study provides a
detailed analysis of selected aridity indices, examines trends in these indices, and
assesses their statistical significance via the nonparametric Mann-Kendall test and
Sen's slope analysis. Geographic information systems (GIS) are utilized for spatial
modeling of precipitation, temperature, and aridity indices at various time scales
through the inverse distance weighted (IDW) interpolation method.
Understanding the spatiotemporal patterns of the aridity index is crucial for
effective agricultural and water management in the region.

2. Data and methods
2.1. Study area

This research focuses on the NUT 2 unit of southern and eastern Serbia (Fig. 1),
which covers 26,248 km?, or 29.7% of Serbia's total area (Mileti¢ et al., 2017).
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The region extends from the Danube in the north to the North Macedonian border
in the south, and from the Velika Morava and Juzna Morava valleys in the west
to the Bulgarian border in the east. The investigated area includes the Dacian
Basin (the extreme northeastern part of the research area) toward Romania, and
farther south are the mountains of the Carpathian-Balkan massif with valleys
between the mountains, where larger settlements are located. South of the river
Nisava are the mountains of the Rhodope Serbian-Macedonian massif. The terrain
is mountainous with various small-scale features. The area under investigation is
located in the central part of Balkan Peninsula, so the continentality of the region
is pronounced (Fig. I). The territory of Serbia has a warm temperate—humid
climate with warm summers of the Cfb type according to the K&ppen climate
classification. The maximum precipitation occurs at the beginning of summer and
at the end of spring (Milovanovié et al., 2017a).
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Fig. 1. The regions of southern and eastern Serbia with the locations of the meteorological
stations.

To consider the climatic characteristics of the study area, we used the average
monthly and annual values of air temperature and precipitation from nine
meteorological stations (MS) for the period of 1961-2022 (Table I). The data
were retrieved from the Hydrometeorological Service of the Republic of Serbia
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and can be found in meteorological yearbooks (RHSS, 2024). We have only

analyzed meteorological stations that have data for the entire period.

Table 1. List of meteorological stations in the investigated area with coordinates, mean

annual temperature (T), and precipitation

Meteorological Latitude Longitude Altitude T Precipitation
Station (MS) (m) (°C) (mm)
Dimitrovgrad 43°01" 22045! 448 10.2 654.6
KurSumlija 43°08' 21°16' 384 10.3 666.6
Leskovac 42059' 21057 231 11.2 635.7
Negotin 44°14' 22032! 42 11.9 637.8
Nis 43°20" 21054 202 12.0 602.3
Pirot 43°09' 22035 373 11.3 595.8
Veliko Gradiste 44°45' 21°30' 80 11.4 666.7
Vranje 42033' 21°55' 433 11.2 607.6
Zajecar 43053' 22017 144 11.0 617.1

According to data in the yearbooks of RHSS, 2024

2.2. Methods

In our study, three aridity indices were used:
— The de Martonne aridity index (Ipy) is a commonly used climate index for
assessing aridity (De Martonne, 1926; Croitoru et al., 2013). The index is
defined by the following equation for annual (Ipm) values:

R
T T+10

: (M

IDM

where P and T are the annual sums of precipitation (mm) and mean annual
air temperature (°C), respectively. For monthly and seasonal Ipy values
monthly and seasonal sums of precipitation and monthly and seasonal means
of air temperature are used. The classification according to the Ipm is shown
in Table 2.
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Table 2. The De Martonne index (/pw) classification

Climate Values of Ipy

arid Ipu<10

semiarid 10< Ipy <20

mediterranean 20< Ipu <24

semi humid 24< Ipy <28

humid 28< Ipu <35

very humid 35< Ipp <55
extremely humid Ipy>55

— The Emberger index (Ig) is based on data from precipitation totals and

average monthly air temperatures of the coldest and warmest months
(Emberger, 1930). Emberger used this index to classify phytoclimatic
regions. For this reason, some scientists have analyzed the distribution of
vegetation according to the Emberger index (Gavilan, 2005; Savo et al.,
2012). The Emberger index (IE) is calculated via the following formula:

100xP

Iy = ()

M2-m2 ’

where P is the annual sum of precipitation; M is the monthly average air
temperature of the warmest month; and m is the average monthly air
temperature of the coldest month. The climate types according to the
Emberger index are given in Table 3.

Table 3. Climate types according to the Emberger index

Climate Values I
arid 1<30
semiarid 30<Ie<50
semi humid 51<1£<90
humid 1£>90

— The Pinna combinative index (Ip) developed by Pinna (Baltas, 2007;
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Zambakas, 1992) defines the combinative or perennial index as:

P + 12xPdm
Tg+10 Tgdm

Ip =05 (

)> 3)



where P represents the annual precipitation (mm); 7g represents the annual
mean temperature (°C); Pdm represents the precipitation of the driest month
(mm); and Tgdm represents the temperature of the driest month (°C). The
Pinna combinative index classifications are presented in Table 4.

Table 4. Pinna Combinative Index classification (Baltas, 2007)

Climate Values of Ip
dry Ip<10
semiarid/mediterranean 10<1p<20
humid Ip>55

As the index is calculated for a longer period of time, it is successfully used
to identify regions threatened by aridity and drought. The dry periods of a year
can be distinguished, which is important for agricultural and irrigation activities
(Deniz et al., 2011).

To determine the magnitude and significance of the trends in the aridity
indices and climatic parameters, the nonparametric Mann-Kendall test method
and the Sen method were used (Mann, 1945; Helsel and Hirsch, 2002). Trend
estimates were made for the period of 1961-2022 on an annual basis.

The geostatistical method of inverse distance weighting (IDW) was used to
enable a clear and efficient interpretation of the results. Compared with other
interpolation methods (e.g., kriging), this method is easy to apply (Mei et al.,
2017) and is preferable to other interpolation methods (Derdous et al., 2020). This
method was used for the spatial analysis of climate parameters at the annual level.
QGIS was used for data processing.

3. Results and discussion
3.1. Temperature and precipitation in the study area
3.1.1. Temperature in the study area

To determine the values of the selected aridity indices, the average longterm air
temperature values had to be calculated first. The average air temperature for the
period from 1961-2022 was between 10.1 °C at MS Dimitrovgrad and 11.9 °C at
MS Nis. Differences in air temperature values at the stations depend on the
location of the meteorological station, shelter, or exposure to intrusions of air
masses, and altitude, but the differences in values are insignificant (7able 5). The
lowest monthly average air temperatures at all the stations were recorded in
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January. The highest monthly average temperatures were recorded during July
and August (MS Vranje). Fig. 2 shows the spatial distribution of the mean annual
temperature in the study area.

Table 5. Mean monthly and annual air temperature values at the meteorological stations for

the period 1961-2022

MS 1 o 1o 1v. v VI vl vilI IX X XI XII Ann.
Veliko Gradiste 0.0 2.0 6.3 11.8 16.7 20.0 21.7 214 169 11.7 65 15 114
Vranje -0.3 23 63 112 159 193 213 215 171 118 63 13 112
Dimitrovgrad -09 12 51 102 148 182 20.1 198 156 106 56 09 10.1
Leskovac -03 22 65 115 163 198 215 212 166 11.1 62 14 112
Zajecar -0.7 14 56 112 163 198 219 213 165 106 55 09 109
Kur$umlija -02 1.7 56 105 148 183 199 196 153 106 6.0 14 103
Negotin -02 19 66 123 175 213 232 224 176 116 6.1 1.6 118
Nis 04 28 7.1 122 169 204 223 222 176 122 7.0 2.1 119
Pirot -0.1 22 63 114 159 195 214 21.1 168 116 64 1.6 112
Tsr (1961- 2022)
<=10.0
10.0-105
P 105-11.0
B 11.0-115
- 1s
-
10.12 11.95
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Fig. 2. Spatial distribution of mean annual temperatures in the study area for the period 1961—

2022.




3.1.2. Precipitation in the study area

Precipitation was irregularly distributed in time and space in relation to the
atmospheric processes and relief features. The mean annual precipitation values
for the study period are shown in Fig. 3. The mean annual precipitation values for
the study period were slightly greater than 600 mm (except for the Pirot MS),
which is consistent with previous studies (Milovanovi¢ et al., 2017b; Malinovic
Milicevic et al., 2015). The average amount of precipitation in the study area
ranges from 595.8 (MS Pirot) to 666.7 mm (MS Veliko Gradiste) (Table 6,
Fig. 3). On a monthly basis, the highest precipitation amounts were recorded at
the end of spring and the beginning of summer (May, June, July) and the lowest
in the summer months (August) and winter (January), which is in line with
previous studies (Zivanovié et al., 2024; Milosevic et al., 2021; Tosi¢, 2004).The
differences in the amount of precipitation are not large and depend largely on the
location of the station, the orography of the surrounding area (MS Pirot,
surrounded by mountains, although located in the basin, therefore receives less
precipitation than the surrounding stations, e.g., MS Dimitrovgrad and MS Nis),
and the proximity of the moisture source (MS Veliko GradiSte near the Danube
River). Fig. 3 shows the spatial distribution of the mean annual precipitation in
the study area.

Table 6. Mean monthly and annual precipitation totals at the meteorological stations for
the period 1961-2022

MS 1 11 111 v \4 VI vl vil IX X XI  XII Ann.
Dimitrovgrad 454 41.0 482 538 751 787 632 487 475 50.1 550 48.0 654.6
Kursumlija 463 443 517 546 695 668 620 49.0 508 51.7 60.6 59.2 666.6
Leskovac 47.1 434 506 567 635 674 478 445 492 488 59.8 56.8 635.7
Negotin 47.0 48.0 514 557 619 629 505 398 470 535 60.1 60.0 637.8
Ni§ 440 39.1 46.0 535 669 628 46.6 447 462 444 533 54.8 602.3
Pirot 40.7 365 422 493 678 775 499 443 447 450 51.2 46.5 5958
Veliko Gradiste 473 435 421 562 721 753 726 542 539 472 46.6 55.8 666.7
Vranje 426 414 435 519 613 643 486 400 481 533 599 52.7 607.6
Zajecar 43.0 412 468 524 746 662 574 415 415 469 51.8 53.8 617.1
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Fig. 3. Spatial distribution of mean annual precipitation in the study area for the period 1961—
2022.

3.2. Aridity indices — annual values
The annual values of the three aridity indices were analyzed separately.
3.2.1. De Martonne aridity index

The distribution of the annual /py values for the period of 1961-2022 is shown in
Fig. 4. Five out of seven climate types according to the de Martonne classification
were found in the analyzed area. The semiarid climate is represented in only one
year, 2000, which is characterized as extremely dry by many authors (Radakovi¢
et al., 2017; Goci¢ and Trajkovi¢, 2013). Mediterranean climate was represented
in 6 years, semihumid climate in 11 years, humid climate in 38 years, and very
humid climate in 6 years.
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Fig. 4. Annual time series of Ipy for all meteorological stations for the period 1961-2022.

The maximum value of this index (44.2) was recorded at all stations in 2014.
According to Tosi¢ et al. (2017), the maximum value of the Ipy in 2014 was
confirmed by the extreme annual precipitation, which was the highest for the
period of 1961-2014 for all meteorological stations in Serbia. The minimum value
of the index was recorded in 2000, with a value of 15.8. During the year 2000,
most of Serbia experienced extremely dry conditions (7osi¢ and Unkasevié,
2014). The spatial pattern of the annual Ipm is shown in Fig. 5. The average value
of the index ranges from 27.4 (MS Nis$) to 32.7 (MS KurSumlija). Humid climate
is represented at all the meteorological stations, with the exception of MS Nis,
where semihumid climate prevailed during the study period, which was
previously established in the work of Radakovi¢ et al. (2017). The lower Ipy
values at MS Ni§ can be attributed to the city's size and higher air temperatures,
which indicate the presence of an "urban heat island." This phenomenon has also
been observed in other major Serbian cities, such as Belgrade and Novi Sad
(Milovanovic¢ et al., 2020; Milosevic et al., 2021).
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Fig. 5. Spatial distribution of Ipy for the period 1961-2022.

3.2.2. Emberger index (Ig)

The annual time series of /¢ for all the meteorological stations for the period of
1961-2022 shows that humid climate was recorded in 58 years and semihumid
climate was recorded in 4 years (£ig. 6). The highest values of /r were measured
in 1976 and 2014, with values of 208.3 and 201.2, respectively (which were
described as extremely humid years in other studies due to extreme precipitation)
(Andelkovic et al., 2018; Tosi¢ et al., 2017). The lowest value of /r was measured
in 2000 and was 58.9. The years with extremely high temperatures are 2007 (Bajat
etal.,2015) and 2011 (Zivanovié et al., 2024), and the most extreme year is 2000,
which is confirmed by the values of this index (the years belong to the semihumid
climate), which is calculated on the basis of the values of temperature and
precipitation.

The [g value fluctuates between 113.8 (MS Negotin) and 167.1 (MS
KurSumlija) (Fig. 7). However, all the values are in the humid climate range (i.e.,
greater than 90).
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3.2.3. Pinna combinative index (Ip)

The distribution of annual /p values during the study period revealed that a humid
climate predominated in the study area (48 years) (Fig. §). The semiarid
Mediterranean climate (13 years) is representative of arid climates only (2000).
The data of this index are similar to those of the /py index, although they are
calculated differently. The driest year according to this index is 2000 at all
meteorological stations, with an average value of 9.4. The wettest year according
to the Ip index was 2005, with an average value of 42.9 (Fig. &), which was also
demonstrated in the paper of Radakovié et al. (2017). The results of the Ir index
are consistent with the conclusions of Nikolova and Yanakiev (2020) for
southwestern Bulgaria, which is territorially close to our study area.

y = 0,0318x + 24,889
40,0 R?=0,0065

35,0

30,0

5_25,0 ........... WG RRRRRR Rt i

20,0
15,0
10,0
5,0
o
©
=N

2003
2005

semidry Mediterranean SN humid . dry .- Linearis (Adatsor1l)

Fig. 8. Annual time series of /p for all meteorological stations for the period 1961-2022.

Although the value of the /r index indicates that the humid climate
dominated the entire research area, slight differences were detected (Fig. 9). The

average annual index values range from 22.2 (MS Vranje) to 30.2 (MS
KurSumlija).
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Fig. 9. Spatial distribution of /» for the period 1961-2022.

All the three indices used show that some stations have relatively high
humidity, namely, MS KurSumlija, MS Dimitrovgrad, and MS Veliko Gradiste.
The reason for this is primarily the location of the stations in relation to the source
of humidity (humid air masses coming to Serbia from the northwest and west) as
well as the altitude of the stations (MS Dimitrovgrad and MS KurSumlija). In the
case of MS Veliko Gradiste, the proximity of the Danube is the reason for the
relatively high humidity. Therefore, lower air temperatures and greater amounts
of precipitation were recorded. Although the values of all indices result from the
relationship between temperature and precipitation, there are differences in the
calculations.

3.3. Trend of aridity indices

The MK test revealed that when all the given values of the indices were
considered, there was no significant change in the aridity trends over the last
62 years in the regions of southern and eastern Serbia.

The Mann-Kendall test was used to determine the statistical significance of
the trend in the analyzed data for temperature, precipitation, and aridity indices.
The Mann-Kendall test revealed a statistically significant positive trend for
temperature (o=0.001) at all the meteorological stations in the study area
(Table 7). Precipitation only shows a positive statistically significant trend for MS
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Dimitrovgrad. A positive statistically significant trend was recorded for the /pas at
MS KurSumlija and MS Leskovac at the a=0.05 significance level. The values of
the Emberger index indicate a significant downward trend at the level of
significance 0=0.05 at the meteorological stations Negotin, Ni8, Pirot, and Vranje.

The assessment of a statistically significant positive trend in temperature in
southern and eastern Serbia is in line with the results at the global, European and
local levels (Twardosz et al., 2021; Mohorji et al., 2017; Rosmann et al., 2016).
The positive/negative trends of the aridity indices depend on the choice of aridity
index and the location of the area. An increase in aridity has been observed in
Serbia and surrounding countries (Radakovi¢ et al., 2017; Goci¢ and Trajkovic,
2014; Viadut and Licurici, 2020; Nikolova and Yanakiev, 2020). Future scenarios
predict an increase in the intensity of aridity in the central and eastern parts of the
Balkan Peninsula (Bestakova et al., 2023; Cheval et al., 2017; Gao and Giorgi,
2008), where the study area is located.

Table 7. Statistical summary of the mean annual temperature (T), mean annual precipitation
(P), De Martonne aridity index (Ipm), Emberger index (Ig), Pinna combinative index (Ip)
based on Mann—Kendall statistics and the magnitude of trends (B) calculated via Sen’s
slope estimator

T P Ipm Ie
MS Ann Ann Ann Ann Ir
Zmx Mean B |Zux Mean B Zmx Mean B | Zmx Mean B

Dimitrovgrad | 5.7%** 11.4 9.09 |2.27 654.6 609.18| 1.06 32.36 32.61|-0.92 158.9 170.70|27.8
Kur§umlija | 6.5%** 11.2 9.02 | 1.63 666.6 627.59| 1.93 33.50 29.97|-0.51 167.1 172.40|30.2
Leskovac 6.7%** 10.1 10.13|1.51 635.7 628.70| 2.25 30.10 27.66|-0.26 132.6 134.40|24.9

Negotin 6.8%** 11.2 10.32|-0.40 637.8 656.07| -1.38 29.24 31.95[-2.25 113.8 131.60(25.4
Nis 5.9*** 10.9 10.80|0.81 602.3 588.69| 0.15 27.60 27.10(-1.94 117.7 126.30|25.5
Pirot 6.2%** 103 10.01|0.43 595.8 586.25|-1.03 27.93 29.77|-3.10 127.6 149.90|23.1
Vehk.? 54%% 11.8 10.31]0.17 666.7 669.86| 0.03 31.44 30.67|-1.53 137.7 150.40(28.6
Gradiste

Vranje 5.9%% 11.9 10.09|0.99 607.6 562.86| -0.46 28.58 28.40(-1.98 134.7 144.00(22.2
Zajecar 6.3*** 11.2 9.84 |0.37 617.1 588.75| -0.78 29.59 30.21|-1.56 124.6 129.60|25.4

Note: *** level of significance=0.001; bold values - level of significance=0.05
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4. Conclusion

Based on the results of the spatial and temporal distribution of the aridity index in
the analyzed area, we can conclude that there was no statistically significant trend
of change. An increase in aridity and temperature is expected in the future, which
will have a negative impact on agriculture, soil, and water resources. Climate
change, increasingly characterized by long periods of drought combined with
heavy rainfall and global warming, will make it increasingly difficult for
humanity to adapt to natural and environmental conditions to ensure sufficient
food and agricultural yields and the availability of clean and safe drinking water.
The annual values of the De Martonne Index (Ipm) indicate humid climate, except
for MS Ni§, where the semihumid climate is dominant. The annual values of the
Ipm index show a statistically significant positive trend at only two stations. The
Emberger index and the Pinna Combinative index revealed that humid climate
dominated throughout the entire research area. A comparison of the results of the
Ipm, I and Ip indices revealed that the Ipm gives better results and more precisely
defines the climate of the selected area. It can be concluded that the climate of the
analyzed area shows a weak tendency to increase aridity (no significant trend) but
may entail certain risks for the development of the agricultural sector and water

supply.
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their numbers and legends

artwork submission.
More information for authors is available:
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should be marked by Arabic
numbers and printed in separate sheets with
given below
them. Avoid too lengthy or complicated
tables, or tables duplicating results given in
other form in the manuscript (e.g., graphs).
Figures should also be marked with Arabic
numbers and printed in black and white or
color (under special arrangement) in separate
sheets with their numbers and captions
given below them. JPG, TIF, GIF, BMP or
PNG formats should be used for electronic

~

J




Published by the HungaroMet Hungarian Meteorological Service

Budapest, Hungary

ISSN 0324-6329 (Print)

ISSN 2677-187X (Online)



