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Abstract: For the investigation of geographical, monthly, seasonal, and annual distributions of
aridity and its annual trend in the region of the Central and Southern Pannonian Basin (CSPB),
which includes the territories of Hungary and Vojvodina (Northern Serbia), the De Martonne Aridity
Index (DMALI) was used. The DMAI was originally calculated from a total of 78 meteorological
stations with the maximum available time series of climatological data in three cases: 1931-2017 for
Hungary; 1949-2017 for Vojvodina; and 1949-2017 for Hungary and Vojvodina jointly. The Palmer
Drought Severity Index (PDSI) was used to control the DMAI results. Temperature and precipitation
trends were also investigated to understand their effects on the aridity trend. Three aridity types
are distinguished on the annual level, five on the seasonal level, and four on the monthly level.
The annual aridity had no trends in all three periods. It seems that aridity can be considered a more
stable climate indicator of climate change than the temperature, at least in the CSPB.

Keywords: De Martonne Aridity Index; Palmer Drought Severity Index; Hungary; Vojvodina; Serbia

1. Introduction

In recent decades, the issues of climate variability and/or climate change have been at the centre of
many scientific studies. Global climate change, caused by natural processes as well as anthropogenic
factors, is a critical environmental issue that may affect the world during the 21st century [1-4].
Governments, the scientific community, as well as the media, and the public all over the world,
have been paying increasing attention to the recent trends of global climate change [5]. Temperature [6]
and precipitation change [7] and the rate of these changes are the most important determinants of the
possible effects of climate change. For this reason, it is often more useful to analyze temperature and
precipitation together. Parameters in which there is a mathematical quotient/ratio between precipitation
or some values of air humidity and temperature are known as aridity indices and are used as a measure
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of aridity. According to the American Meteorological Society [8], aridity is the degree to which a
climate lacks effective, life-promoting moisture, the opposite of humidity, in the climate sense of the
term. An overview of the characteristics and classification of aridity indices are presented in the studies
of Gavrilov et al. [9,10].

Two types of indices will be used in this study: the De Martonne Aridity Index (DMAI) [11]
and the Palmer Drought Severity Index (PDSI) [12]. The first of these includes both temperature
and precipitation and it can be calculated for different time scales, while the latter, as an already
calculated index, will be used to control the calculated results. The DMAI has a formula for annual,
seasonal and monthly values. There are no restrictions on the number of years necessary for the
calculation. The DMALI is used worldwide in order to identify dry/humid climate conditions of
the different regions [13-19]. This index showed particularly good results for the climate regions
and climatic changes in the peripheral area of the Pannonian (Carpathian) Basin (PB): in the east
in Romania [20] and in the south in Serbia [10,21,22] (Figure 1). It seems that the simplicity of the
definition of the DMALI is well suited to describe the climate in the plain landscape of the PB and its
associated mostly steppe and agricultural vegetation. It appears that previous applications of the
recent DMAI have led to the application of this index for aridity research even during the Last Glacial
Maximum [23] in the PB. Such circumstances indicated the need to apply the recent DMAI to as large
an area of the PB as possible, in order to gain a more complete picture of the climate of this region.
Therefore, this study can be considered as an appendix that should improve the knowledge of the
climate in the PB by applying the DMAL
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Figure 1. Territories of Hungary and Vojvodina in the Central and Southern Pannonian Basin (CSPB),
their locations in Europe, and meteorological stations used in this study.

The focus will be on investigating the DMAI in the area of the Central and Southern Pannonian
(Carpathian) Basin (CSPB) in three territories (Figure 1): (1) Hungary (HUN), (2) Vojvodina (VOJ)
(Northern Serbia), and (3) Hungary and Vojvodina together (HUN&VOQ]J) in three periods 1931-2017,
1949-2017, and 1949-2017, respectively. The PDSI was also utilized in this study on the territory of
HUN&VO]J for the period 1920-2014. This index has been widely used to evaluate the hydro-climatic
status of many areas [24], including the southeastern part of the PB [10]. For the CSPB, spatial and
temporal distributions of the DMAI and the PDSI, and their trends will be analyzed.
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The previous methodological considerations will be also carried out with temperatures and
precipitation in the context of exploring the relationship of aridity, as a complex climatic parameter,
which combines temperatures and precipitation as elementary climatic parameters. Thus, the obtained
results can be considered representative as they will be a very good indicator of recent climate changes
for a relatively uniform geomorphological area in the center of Europe, such as the CSPB investigated
here. The analyzed period from 1931 to 2017, contains nearly three 30-year climatic cycles.

2. Study Areaand Data

2.1. Study Area

The study area is the CSPB that covers the territories of Hungary and Vojvodina with an area of
(93.030 km? + 21.506 km?) = 114.536 km? (Figure 1). Since the complete study area in the recent period
is not geophysically depicted as a whole, we will present basic geophysical characteristics for each of
these territories.

2.1.1. Hungary

Hungary is a country in Central Eastern Europe, situated between 45°45’ N and 48°35" N,
approximately halfway between the equator and the North Pole. The country is located in the
Carpathian Basin and more than half of its territory is represented by plains with altitudes below
200 m Above Mean Sea Level (AMSL) (Figure 1). Less than 2% of the area lies above 400 m AMSL.
Hungary is situated in between four climatic zones, the oceanic climate to the west, polar to the north,
the continental climate to the east, and the Mediterranean in the south. Hungary has a continental
climate, with hot summers with low overall humidity levels but frequent rain showers and cold snowy
winters [25]. The average annual temperature is 9.7 °C. The highest summer temperature (41.9 °C) was
measured on 20 July 2007 at Kiskunhalas, while the lowest air temperature (—35.0 °C) was measured in
Miskolc-Gorombolytapolca on 16 February 1940.

In the analyzed period, the average summer temperature in Hungary (calculated as the average
temperature of June, July and August) is 20.5 °C while the average winter temperature (calculated
as the average of December of the previous year, and January and February of the following year) is
—0.1 °C. The average amount of precipitation reaches approximately 600 mm per year [26].

2.1.2. Vojvodina

Vojvodina is a lowland region where more than 60% of the area is covered by loess and loess-like
sediments [27]. The loess-palaeosol sequences, situated in the Vojvodina region, represent the most
detailed archive of climatic and environmental fluctuations during the Middle and Late Pleistocene
on the European continent [28-30]. The most distinctive landforms of the Vojvodina region are two
mountains: Frugka Gora Mountain (539 m AMSL), which is situated between the Danube and Sava
rivers, and the VrS§ac Mountains (641 m AMSL), which are located in the south-eastern part of the
region. Sandy and lower areas and alluvial plains are also present in some parts of the Vojvodina
region [31].

The climate of Vojvodina is moderate continental, with cold winters, and hot, humid summers,
with a wide range of extreme temperatures and a very irregular distribution of precipitation per
month, which led to different values of calculated aridity types [21]. Surface winds blow from two
prevailing opposite directions. The NW wind is cold and humid, and the SE wind is warm and dry.
This contributes to the climate diversity of Vojvodina [31,32]. The mean annual surface air temperature
is ~11 °C [5,33] and the annual amount of precipitation is approximately 606 mm [34].

2.2. Data

The aridity was calculated from 1931 to 2017 for 78 meteorological stations situated in the territories
of Hungary and Vojvodina (Figure 1). These stations and data bases are operated by the Hungarian
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Meteorological Service [26] and the Republic Hydrometeorological Service of Serbia [35]. Data sets
from each station were processed and analyzed in order to obtain the mean monthly values of surface
air temperatures (Tm) and the monthly amount of precipitation (Pm). Correspondingly, the time series
of Tm and Pm were used to calculate new time series for the DMAI, and to analyze the trends in all
time series. Prior to this analysis, the data homogeneity on meteorological stations was investigated,
according to the Alexandersson test [36]. This test is based on the assumption that the difference/ratio
between temperature/precipitation amounts at the station being tested and the reference series is
fairly constant in time. The correlation coefficients between the candidate stations and the reference
stations were above 0.7, because of the relatively low and uniform flat terrain of the study area.
The homogeneity analysis showed that the time series of the data for all stations are homogeneous.

The PDSI network is based on meteorological records of global land areas on 2.5° x 2.5° grid
points available at the National Center for Atmospheric Research [37]. The gridded PDSI values were
extracted for the period 1920-2014 from nine nearby grid points. As not all of these nine points are
located on the territory of Hungary and Vojvodina, the interpolation of their values was used to create
three new points on the required territory. In this manner two points were created in the central part
of Hungary, and one in southern Vojvodina. Finally, as the entire area was well covered with points,
the annual, seasonal, and monthly PDSI values were interpolated and presented.

3. Methods

3.1. The De Martonne Aridity Index

The annual (Iapys), seasonal (Ispys), and monthly (Impy) values of the DMAI can be presented
with the following generalized equation,

G X Pp

m/ (1)

IIZDM, ISDM/ ImDM =
where, G, Pp, Tp is a triplet of parameters which take three sets of values: (i) 1, Pa, Ta; (ii) 4, Ps, T5,
and (iii) 12, Pm, Tm for the annual, seasonal, and monthly precipitation amounts (Pa, Ps, Pm) in mm
and mean surface air temperatures (Ta, Ts, Tm) in °C for the same periods, respectively; C = 10 °C is the
value of De Martonne’s constant. As can be seen from Equation (1), the DMAI has dimensions mm/°C,
however in this study, the numerical value of the DMAI will be presented in the usual manner without
mentioning of dimension. Humidity grows with the increase in values of Iapy, Ispys, and Impy and
vice versa. Finally, using Equation (1), the database is supplemented with time series of lapys, Ispyy,
and Impy, for each meteorological station. The classification of the De Martonne aridity climate is given
in Table 1 with a total of 7 types of aridity climate. As can be seen from Table 1, humidity increases
with the increase of the DMALI values and vice versa.

Table 1. The De Martonne Aridity Index (DMAI) classification.

Types of Climate Values of Ipy
Arid Ippm < 10
Semi-arid 10 < Ipp <20
Mediterranean 20<Ipp <24
Semi-humid 24 <Ipp <28
Humid 28 <Ipy <35
Very-humid 35<Ipy £55
Extremely humid Ipp > 55

From Equation (1), we can observe that the values from Table 1 are obtained only if the temperatures
are greater than —10 °C. For temperatures that are exactly equal to —10 °C, infinite (singular point)
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DMAI values appear, and for temperatures lower than —10 °C, negative values of DMAI are obtained,
which in both cases do not exist in Table 1. In order to avoid this obvious inconvenience, it will be
considered that all DMAI values when Tm was equal to or lower than —10 °C belong to extremely
humid (Table 1) climate. As the temperature decreases with unchanged precipitation, the DMAI value
gets higher, which is interpreted as increased humidity. This is consistent with the notion of relative
humidity, which increases with decreasing temperature with an unchanged amount of water vapor
in the air. This discussion was required because cases with Tm values less than or equal to —10 °C
occurred in this study.

3.2. The Palmer Drought Severity Index

The PDSI is a drought index based on a soil water balance equation [38], which measures the
balance between moisture demand (evapotranspiration being driven by temperature) and moisture
supply (precipitation). Monthly precipitation, potential and actual evapotranspiration, infiltration of
water into a given soil zone, and runoff are parameters for the PDSI calculation. The related equation
is as follows:

X =px X1 +qx2Zy, 2

where X; and X;_;1 are PDSI values for the actual and previous month, respectively. The terms p
(0.897) and g (1/3) are coefficients or duration factors, demonstrating how sensitive the PDSI is to the
monthly moisture anomaly Z; and the PDSI’s amount of autocorrelation. The classification of the
Palmer drought climate is given in Table 2 with a total of 11 types of drought climate. Similar to the
DMALI, humidity increases with the increase of the PDSI values and vice versa.

Table 2. The Palmer Drought Severity Index (PDSI) climate classification.

Types of Climate Values of PDSI
Extremely Wet 4.00 or more
Very Wet 3.00t03.99
Moderately Wet 2.00 to 2.99
Slightly Wet 1.00 to 1.99
Incipient Wet Spell 0.50 to 0.99
Near Normal 0.49 to —0.49
Incipient Dry Spell —0.50 to —0.99
Mild Drought —-1.00 to -1.99
Moderate Drought —-2.00 to —2.99
Severe Drought —3.00 to —3.99
Extreme Drought —4.00 or less

3.3. Trend

Two statistical approaches were used to analyze the aridity, temperature, and precipitation trends.
First, the tendency (trend) equation was calculated for each time series using linear interpolation [39].
This approach presents a very simple method for the interpretation of results. When the coefficient
direction of the trend equation is greater than zero, less than or equal to zero, the sign of the trend is
positive (increase), trend is negative (decrease) or there is no trend (no change), respectively.

In the second statistical approach, the Mann-Kendall (MK) test is used [40—43] for estimating all
trends. According to the MK test, two hypotheses were tested: the null hypothesis, HO, that there is no
trend in time series; and the alternative hypothesis, Ha, that there is a significant trend in the series,
for a given «a significance level [44]. Probability, p, in percent was calculated [10,41] to determine the
level of confidence in the hypothesis. If the computed value p is lower than the chosen significance



Atmosphere 2020, 11, 1269 6 of 18

level a (e.g., @ = 5%), the HO (there is no trend) should be rejected, and the Ha (there is a significant
trend) should be accepted. In case p is greater than the significance level «, the HO (there is no trend)
cannot be rejected.

The MK test is widely used in environmental sciences, for example to measure: temperature,
precipitation, sunshine hours, cloud cover, relative humidity, and wind speed [45]; temperature
and precipitation [10,41]; precipitation [46]; extreme temperatures [31,33,47,48]; hail [49-51];
aridity [9,10,21,22,52]; evapotranspiration [53,54]; and atmospheric deposition [55]. The MK test
has widespread use because it is simple to apply, robust, and it can cope with missing values.

3.4. Software

The mean surface air temperatures, amount of precipitation, the DMAI, trend equations, and linear
trend lines were computed and plotted for each time series, using the program Microsoft Excel (v. 2010,
Seattle, WA, USA). Results were interpolated and mapped via the Kriging method, using ArcMap.
For calculating the probability, p, and hypothesis testing, XLSTAT's statistical analysis software was
used [56]. PDSI/NCAR data was read (extracted) using the Python software with a custom script
written for conversion of data to CSV (comma separated values) format files [57].

As the study area is very spacious for a simple Pearson correlation, the territories of Hungary
and Vojvodina were divided into six regions by the Create Thiessen Polygons tool in ARCMAP 10.1.,
where input points were six PDSI points. Meteorological stations were joined into these regions to
the closest PDSI point. The values of DMAI were again calculated on a monthly, seasonal and annual
level, but in this case for every region separately. The Pearson correlation was investigated between
the PDSI and the DMAI on an annual, seasonal, and monthly level, after adjusting the time scales to
equal periods.

4. Results
4.1. The Distribution of Aridity

4.1.1. The Annual DMAI

The spatial distribution of the annual DMALI, Iapy,, for both territories HUN in the period 1931-2017
and HUN&VQJ in the period 1949-2017 is shown in Figure 2.

(A) Hungary 1931-2017 (B) Hungary and Vojvodina 1949-2017
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Figure 2. The spatial distribution of the annual De Martonne Aridity Index for: (A) Hungary during
the period 1931-2017 and (B) Hungary and Vojvodina jointly during the period 1949-2017.

During the longest period, the territory of Hungary is dominated by three types of aridity climate
(Figure 2A). In the central part of the territory values of lapys are low and there is the semi-humid
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type of aridity, while humid aridity is in the greater part of the rest of the territory, and very humid
aridity only exists in a small area in the southwest. It seems that such spatial distribution aridity can be
explained by the specific geophysical conditions that exist in Hungary. Hence, if the area is closer to the
central part of CSPB the value of the aridity index is lower. Contrary to this, areas close to the mountain
sources of moisture, for example at the southwest toward the Alps, at the east toward the Carpathian
Mountains, and to the north towards the Tatra Mountains, the aridity index is higher. Two deviations
that exist in the meteorological stations Komarom and Szendrolad, where there is a semi-humid type
of aridity, require additional explanations that cannot be obtained from the analysis of existing data.
Figure 2B shows the aridity for territories of Hungary and Vojvodina together during the period
from 1949 to 2017. As in the previous case, two types of aridity dominate in Hungary. The semi-humid
type is present in the central part and in the surrounding of this central area; while very humid aridity
is noted only at the station Nagykanizsa in the southwest. Here it appears that the distribution of
semi-humid aridity in Hungary is homogeneous, and not fragmented as in the longer interval in
Figure 2A. The configuration of aridity in Hungary is in some way naturally spread to Vojvodina.
The semi-humid type from central Hungary continues south over the northeastern part of Vojvodina,
while the humid type extends to the west and to the south of Vojvodina and it is close to the sources of
mountain moisture from the Slavonian, Dinaric, and Rhodope mountains. There was a very similar
annual distribution of aridity for Vojvodina during the period from 1949 to 2006 with only two types of
aridity climate, the semi-humid and humid type, that data was also presented in the study of [21].

4.1.2. The Seasonal DMAI

The spatial distribution of the seasonal DMAI, Isppy, for HUN territory from 1931 to 2017 is shown
in Figure 3. In this case, when analyzing only Hungary there is a greater variety of aridity types per
season—a total of five, than there were per annual—a total of three. During the winter the whole
territory is dominated by a very humid aridity climate type, with the exception of Paryod station,
where the maximum aridity index value of 62.41 was calculated, which makes this station extremely
humid during the winter. The spring becomes less wet when dominated by semi-humid climates on a
larger part of the territory, and the perimeter of the territory towards mountainous sources of moisture
reaches more humid types of climate. In the central part, there are two different aridity types in the
surroundings of stations Mér and Szolnok, where even the Mediterranean type was registered. During
the summer, the very dry Mediterranean climate of the Szolnok region spreads to the central part of
Hungary, where it is dominant, while the rest of the territory has the same types of climate and in a
similar arrangement as in the spring. Autumn becomes wetter, the Mediterranean climate disappears,
and a very humid climate area appears to the southwest near the wet Alps.

The mean seasonal distribution of the seasonal DMALI, Ispy, for both territories HUN& VO] from
1949 to 2017 and HUN from 1931 to 2017 shows remarkable similarities. Only two types of climate can
be found on a seasonal basis. Spring, summer, and autumn have a semi-humid climate, while winter is
very humid. The average winter in Hungary from 1931 to 2017 has a larger value of humidity (47.5)
then the average winter in both Hungary and Vojvodina from 1949 to 2017 (46.7). In the other three
seasons the aridity varies from 25.7 in summer to 26.9 in autumn for Hungary. For the other case these
values are 25.4 to 27.7, respectively.

The spatial distribution of the seasonal DMAI, Ispyy, for the territory HUN&VO] in the period
1949-2017 is shown in Figure 4. In this case, when analyzing aridity for territories of Hungary and
Vojvodina together in the shorter period from 1949 to 2017, as in the previous case there are five types
of aridity climate per season. Again as in the case of Hungary, during the winter the whole joint
territory is dominated by a very humid aridity climate type, except in Paryod station. During the
spring, it seems as the Mediterranean climate around station Szolnok spread to a larger part of central
Hungary, while around this area a semi-humid type of climate is dominant, whereas in the border
areas close to humid mountain regions a humid aridity climate type prevailed. During the summer,
climatic conditions are very similar to spring, with the difference being that now the Mediterranean
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climate zone spreads through central Hungary and the northeastern part of Vojvodina, while the humid
climate that extends to the northeastern part of Hungary and in Vojvodina occurs only on the southeast.
Autumn becomes wetter, the area of the Mediterranean climate is decreasing and the humid climate is
increasing in both regions, while in the southwestern part of Hungary the conditions are very humid.

(A) Winter (B) Spring
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Figure 3. The spatial distribution of the seasonal De Martonne Aridity Index for Hungary during the
period 1931-2017; (A) winter, (B) spring (C) summer, and (D) autumn.

(A) Winter (B) Spring
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Semi-humid 24 <Ipm <28
Humid 28 < Ipm< 35
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2000 Km

Figure 4. The spatial distribution of the seasonal De Martonne Aridity Index for Hungary and Vojvodina
jointly during the period 1949-2017; (A) winter, (B) spring (C) summer, and (D) autumn.
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4.1.3. The Monthly DMAI

The monthly distribution of the mean monthly DMAI, Impy,, for both territories HUN and
HUN&VOQJ in periods 1931-2017 and 1949-2017 are shown in Figure 5. Our results show that Hungary
and Vojvodina have similar values of monthly aridity when analyzed together (1949-2017), or separately
(just Hungary, 1931-2017).

(A) Hungary and Vojvodina monthly aridity 1949-2017 = (B) Hungary monthly aridity 1931-2017
50
45
40
35
30
i I s
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Figure 5. The monthly distribution of the mean monthly De Martonne Aridity Index for: (A) Hungary
and Vojvodina jointly duringthe period 1949-2017 and for(B) Hungary during the period 1931-2017.

In the first case (Figure 5A), November, December, January, and February have very humid aridity
and Impy of 40.26, 52.11, 53.88, and 49.37, respectively. The driest months are August and September
when Impy, displays values of 22.39 and 21.74 respectively which indicates the Mediterranean type of
climate. Semi-arid climate occurs in March, April, July, and October, when Impy, takes values of 26.14,
24.45,24.88, and 24.83, respectively. During the remaining two months of May and June, a humid type
of climate was determined with calculated Impy values of 28.16 and 30.22, respectively.

Figure 5B shows mean monthly aridity only for Hungary in the period 1931-2017. It includes a
longer period but a smaller area. However, all months fit into the same aridity categories as the ones
shown in Figure 5A. The sole differences are the increased aridity values during November, January,
February, March, May, August, and October, when the dissimilarity is the greatest. The period of
World War II (according to the Hungarian database) shows extraordinary values. The Tm of January
1940 and 1942 at some stations were less or equal than —10°C, which, according to the discussion in
Section 3.1, implies that this type of aridity can be considered as Extremely Humid (Table 1).

4.2. The Time-Spatial Distribution of PDSI

The spatial distribution of the annual and seasonal PDSI for the HUN&VO]J study area in the
period 1920-2014 is shown in Figures 6 and 7, respectively. It can be seen that both distributions are
very similar and all PDSI values are negative. These values are somewhat lower (-0.57) in the central
and southern parts of the study area (classified as Incipient Dry Spell (Table 2). However, towards
the northeast, PDSI values are increasing (—0.13) and reach the Near Normal type of drought climate
(Table 2). This suggests that the humidity increases from the south, where the plain dominates, towards
the north, and especially towards the northeast, where the influence of the Carpathian Mountains is
crucial for the increased humidity.

The monthly distribution of the mean monthly PDSI for Hungary and Vojvodina jointly in the
period 1920-2014 is presented in Figure 8. It can be observed that, as in the spatial distribution,
the PDSI values for all months range between two types of drought climate: Incipient Dry Spell
and Near Normal. The lowest values are present in the winter and summer months. The minimum
value is recorded in July, reaching —0.59. The month with the closest value to this is February (-0.55).
The highest PDSI was in October (—0.25), followed by November (-0.26).
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0 280 Km

Figure 6. The spatial distribution of the annual Palmer Drought Severity Index for Hungary and
Vojvodina, presented jointly during the period 1920-2014.
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Figure 7. The spatial distribution of the seasonal Palmer Drought Severity Index for Hungary and

Vojvodina presented jointly during the period 1920-2014; (A) winter, (B) spring, (C) summer, and
(D) autumn.
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Figure 8. The monthly distribution of the mean monthly Palmer Drought Severity Index for Hungary
and Vojvodina presented jointly during the period 1920-2014.

4.3. Annual Distribution, Trends, and Correlations

4.3.1. The De Martonne Aridity Index

Figure 9 shows the distribution of the mean annual DMALI, Iapys, and its trend for the following
territories: VOJ in the period 1949-2017, HUN&VO] in the period 1949-2017, and HUN in the period
1931-2017. The results presented in Figure 10 show that the Iapy trend for VOJ is positive, and the
lapp trends for HUN& VO] and HUN are negative. In all cases the calculated p values of the DMAI of
87.2%, 25.2%, and 24.4% are greater than a (5%), hence, according to the MK test, the null hypothesis,
HO (there is no trend), must be accepted (cannot be rejected). The risks of rejecting HO while it is
true are 87.2%, 25.2%, and 24.4%. The presented values, when referencing the mean annual DMAI,
suggest that there are no changes in aridity for all three territories in the mentioned period.

(A) Vojvodina 1949-2017
4

1=0.003x+28 45
p=872%

F
=

Year

!
2015

» y=-0.025x+29.22

p=252%

DMAI
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1982
1983

1949
1950
5

Year

(C) Hungary 1931-2017
0

p=244%

DMAI

2017

2014
2015

1981
1983
8

1931
1932
1934
1935
4
4
4
4
"
4
4
5
5
5
1957
58
1959
6
1968
1971

I Semi-arid 10 < Ipw <20
Mediterranean 20 <Ipm < 24
Semi-humid 24 < Ipm <28

I Humid 28 < Ipv< 35

I Very humid 35 < Ipv < 55

Figure 9. The distribution of the mean annual De Martonne Aridity Index and its trend for: (A) Vojvodina
during the period 19492017, (B) Hungary and Vojvodina presented jointly during the period 1949-2017,
and (C) Hungary during the period 1931-2017. The aridity trend is presented with a solid, black line
and trend equation, and p is the probability.
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Based on the results presented in Figure 9A it can be concluded that in the 21st century there are
great jumps in lapys from semi-arid (12.1) and Mediterranean years to humid and even very humid
years, which was not the case in the past. The year 2010 stands out for being the most humid (42.2)
followed by 1955, 2016, and 2014, when Serbia experienced disastrous floods [58].

Figure 9B represents the same period but for both Vojvodina and Hungary included in the
calculation. While some jumps from very humid years to semi-arid (for example 1999 to 2000, 2010 to
2011) can still be observed, it is noticeable that the values of laps are now considerably lower with
(mean value 28.34). Some years with extreme precipitation in Vojvodina now belong to the humid
category. The Pearson correlation shows the value of 0.85 between Figures 9A and 9B. This implies
that there are some minor differences in the aridity trend when Hungary is included.

4.3.2. Palmer Drought Severity Index

The distribution of the mean annual PDSI and its trend for the territory HUN&VO] in the period
1920-2014 is presented in Figure 10; it shows that the PDSI trend is negative. The computed p value of
PDSI is 0.7%, which is less than « (5%), the alternative hypothesis, Ha (there is a significant trend)
must be accepted according to the MK test. The presented values, when referencing the mean annual
PDSI, suggest that there is an increase in drought in the investigated 95-year period.

Even though from Figure 10 it appears that the PDSI varies around 0.0, the mean value for the
whole period is actually negative (—0.4). The extreme positive values were present during World War II,
reaching 3.2 in 1940 and 1941. Similar value occurred in 2010, when the maximum of 3.5 for the entire
analyzed period was recorded. Longer period of negative values was present from the beginning of
eighties to the middle of the nineties of the last century. The minimum value, which indicates extreme
drought occurred in 2012, when the value was —5.5.

y=-0.0168 +0.3983
AHM I N I
}_I . | || | 1 |||.I..|.ii I,.||‘. 11

PDSI

& kS LS e = w

- 3.00 < PDSI < 3.99 Very Wet

- 2.00 < PDSI < 2.99 Moderately Wet
- 1.00 < PDSI < 1.99 Slightly Wet

I 050 <PDSI <0.99 Incipient Wet Spell
—0.49 < PDSI < 0.49 Near Normal

—0.50 < PDSI < —0.99 Incipient Dry Spell
—1.00 < PDSI < —1.99 Mild Drought
—2.00 < PDSI < —2.99 Moderate Drought

—3.00 < PDSI < —3.99 Severe Drought

—4.00 < PDSI Extreme Drought

Figure 10. The distribution and trend of the PDSI for Hungary and Vojvodina presented jointly during
the period 1920-2014. The PDSI trend is presented with a solid, black line and trend equation, and p is
the probability.

As the regions of the study area were created (see Section 3.4.) the Pearson correlation index
was investigated between the DMAI and the PDSI. All the correlations were positive throughout the
study area, on monthly, seasonal, and annual level. The highest annual correlation was 0.75 in the
northern part of Hungary, while the correlations at the south were the smallest (0.62). The seasonal
Pearson correlation in spring has the highest correlation, of 0.61 in the west. The summer has the
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highest correlation in all of the regions, reaching a value of 0.81 in the northeast region. The autumn
correlation goes up to 0.54 in the northeast. The winter has the lowest correlation of all the seasons,
with maximum and minimum values of 0.31 and 0.18, respectively. Monthly correlation between the
DMAI and PDSI shows that June, July, and August have the highest values in all of the six investigated
regions (above 0.50), while January and February have the lowest values (below 0.30).

4.3.3. Temperature and Precipitation

The distribution of the mean annual temperatures, Ta, and mean annual precipitation, Pa, and
their trends for the following territories: VOJ in the period 1949-2017, HUN in the period 1931-2017,
and HUN&VOJ in the period 1949-2017 are presented in Figure 11. MK test was performed, and the
final MK results are summarized in Table 3. The presented results of the MK tests show that out of six
tested cases, trends exist in only two cases, in the mean annual temperatures for the territories of VO]
and HUN&VQJ, while in the remaining four cases the trend does not exist. It is interesting to note that

the trends do not exist for both temperature and precipitation for Hungary over a longer time period
(1931-2017).

(A) Vojvodina 1949-2017 (B) Hungary and Vojvodina 1949-2017
(A1) Temperature (Ta) trend (A2) Precipitation (Pa) trend (B1) Temperature (Ta) trend (B2) Precipitation (Pa)trend
"Ty=0022x +1057 Y=0.679x +583.84 y=0016x +1033 y=0.189 x + 585.63
s {p<0.01% oo | P=39.6% T s [ P<01% " =963%
[

Precipitation [mm]

Temperature [°C]
Temperature [°C]

== w9 19w o 19 19 1919
Year Year Year

1979
Year
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Figure 11. The distributions and trends of the mean annual temperature, T, and the mean annual
amount precipitation, Pa, for (A) Vojvodina during the period 19492017, (B) Hungary and Vojvodina
jointly during the period 1949-2017, (C) Hungary during the period 1931-2017, and (D) Hungary during
the period 1949-2017, respectively. Trends of the Tz and the Pa are presented with solid, black lines and
trend equations, and p are probabilities.

Table 3. Summary results of Mann-Kendall (MK) tests for temperature and precipitation trends for
Vojvodina in the period 1949-2017, Hungary in the period 1931-2017; and Hungary and Vojvodina
jointly in the period 1949-2017.

Territory & Period Vojvodina Hungary Hungary and
Parameter 1949-2017 1931-2017 Vojvodina 1949-2017
Temperature trend Yes No Yes
Precipitation trend No No No

In Figure 11 it can be seen that the mean annual temperatures are 11.3 °C and 10.5 °C, with the
extremes ranging from 9.6 °C (1953) to 13.0 °C (2000) and 8.3 °C (1940) to 11.9 °C (1934), for the territories
VOJ and HUN, respectively. Interestingly, both extreme temperatures for Hungary were reached during
the fourth decade of the 20th century. The difference in temperatures between Vojvodina and Hungary,
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as territories belonging to the same geomorphological area (CSPB), is mostly a consequence of the
meridionality of these territories. Figure 11D is added to show whether the shorter period of analyzed
years will result in a difference of temperature or precipitation for the territory of Hungary. It is
important to note that in this case, the trend in temperature is present. The mean annual precipitation
for both territories reaches approximately 600 mm, which is determined by the similar frequency and
behavior of the Polar Front as the dominant atmospheric circulation for both territories.

5. Discussions

The basis of this study was aridity research for the territories of Hungary and Vojvodina, both of
which belong to the region of the CSPB. This region is unique in that it is mostly flat, intersected by
rivers, and surrounded by the most massive and highest mountains in Europe. As such, it represents
a uniform geomorphological entity, where the state of aridity is perhaps its most important climatic
characteristic. The greatest importance for this research was the ability to jointly process historical
meteorological data for Hungary and Vojvodina from a total of 78 stations for the relatively long periods
1931-2017 and 1949-2017, respectively. The DMAI was used to study aridity mainly because it proved
to be a very good parameter for its assessment in the CSPB region. The geographical distribution of
aridity shows a clear regularity in behavior. The DMAI has the smallest values in the central parts of
the CSPB, and it increases for both annual and seasonal values towards the periphery as the stations are
closer to the surrounding high mountains. The DMAI is also lowest during the summer months and
warmer seasons and increases toward the colder months and seasons. Trend analysis showed that the
DMAI does not have a significant trend, which is why it can be considered that the mean annual aridity
of the CSPB remained unchanged in both investigated periods of 87 years and 69 years, which has
already been confirmed in the studies of Hrnjak et al. [10] and Gavrilov et al. [21], although for smaller
areas of the CSPB.

The PDSI taken from the NCAR database was used to control DMIA results, which is why it can be
considered as an independent parameter in relation to the DMIA. The PDSI could not provide a subtle
depiction of drought as shown by the DMIA, as it was given only at six grid points. The geographical
distribution of the PDSI almost coincides with the DMIA. In the center of the CSPB, the drought is
greatest, and towards the periphery it decreases. However, the trends are not consistent. PDSI shows
a declining trend for the CSPB in the period 1920-2014, which means that drought has increased.
For comparison, in the study of [10] for the smaller investigated area of CSPB these two indices had
the same trend sign. It seems that this difference is primarily a consequence of the difference in the
length of the time series. For this purpose, both time series were shortened to the maximum length in
the common/control period 1949-2014. The trend results are shown in Figure 12. As can be seen in
both cases, no statistically significant trends exist in CSPB.

Long series of temperatures and precipitation were used to construct and assess trends.
For precipitation, it was concluded that there were no trends in both series of 87 years and 69 years,
while the temperature did not have a trend for a longer series. This indicates that the increase in
temperature in the recent period does not have to be recorded in every sub-period and in every
geographical area.
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Figure 12. The distribution of the mean annual (A) the DMAI and (B) the PDSI, and their trends forthe
CSPB (Hungary and Vojvodina jointly) during the control period 1949-2014. Trends of the DMAI and
the PDSI are presented with solid, black lines and trend equations, and p is probability.

6. Conclusions

This study shows how multiple factors can control the final results and conclusions about climate
change in the Central and Southern Pannonian Basin. It is not sufficient to make statements on this
topic by solely using one climatic parameter, such as temperature. The main intention of this paper
was to investigate the aridity in Hungary and Vojvodina (north province of Serbia) on the basis of a
very rich and dense network of observed meteorological data of long time series. The use of the DMAI,
as an independent climatic factor very similar to aridity, was supposed to enable the control of aridity
research, while the analysis of annual changes in temperature and precipitation over the same time
period was intended to prove their compliance to aridity behavior.

From the tasks set in this way, two general conclusions can be made. Climate research using
different methods, of the same or similar content, may not give the same exact results. For example,
the DMALI and the PDSI gave similar geographical distributions of aridity and drought, but their
annual trends were different; the DMAI had no trend, while the PDSI had a negative trend. It seems
that it was a consequence of different lengths of the time series; the DMAI was 87 years long, and the
PDSI series was seven years longer while in the control case where a series of the same lengths were
used, the same trend sign was obtained for both indices. Perhaps this difference was influenced by a
large difference in spatial data density, where the DMAI was derived from 78 grid data points (station)
and the PDSI from only 6 grid data points. It should be noted that the results of climate research can be
significantly influenced not only by climate data but also by the method of climate research.

In all three cases of the DMALI, there was no significant aridity trend, both for the longer time
series of 87 years and for the shorter series of 69 years.While the temperature trend existed only for
the shorter series, the precipitation trend did not exist throughout the entire study. It appears that
the change in aridity trend cannot be the result of only a change in temperature trends. In other
words, a change in temperature trends is not sufficient, to trigger a change in the aridity trend by
itself. It appears that some critical values in the temperature trend and/or the precipitation trend exist,
potentially leading to a change in the aridity trend, which has already been observed in the previous
work of Gavrilov et al. [10].
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