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Abstract: The Southeastern European territory is under severe climatic pressure owing to
accelerating dry-thermal trends. The present survey illustrates the spatial and temporal evolution of
the climate regime over the natural and agricultural landcover of South-eastern Europe and
individual countries (Albania, Bosnia Herzegovina, Bulgaria, Croatia, Greece, N. Macedonia,
Montenegro, Romania, Serbia, and Slovenia). For this purpose, an high spatial resolution of the
Johansson Continentality index, Kerner Oceanity index and Pinna Combinative index was estimated
for the first time over two climatic periods (1964-1993; 1994-2023). The Johansson index depicts
increasing continentality over the southern and eastern regions, majorly by the spatiotemporal
expansion of the Continental climate over the agricultural and natural areas of Bulgaria (respectively,
from 49.9% to 73.7% and from 13.3% to 36.8%) followed by Serbia, Romania, and Greece. The Kerner
index illustrates increasing continentality over most of the study area owing to the spatiotemporal
increase of the Sub-Continental climate type over the agricultural and natural areas of Bosnia
Herzegovina (from 68.6% to 84% and from 41.4% to 63.2%), N. Macedonia, Slovenia and the natural
areas of Croatia and Serbia. The extension of the Continental over the agricultural and natural areas
of Romania is also shown. The Pinna index exhibits an increasing aridity trend, which is more intense
in the central and eastern regions. This trend is demonstrated by the higher distribution of the Semi-
Dry in the second period mostly over the agricultural and natural areas of Bulgaria (2.4% to 23.1%
and 0.7% to 5.8%), and a remarkable expansion of the Moderate Wet climate over both area types of
Romania (from 3.3% to 44.8% and from 5.6% to 15.2%) and Bosnia Herzegovina (from 13.7% to 33.5%
and from 3.5% to 13.2%). This study’s results highlight the necessity for intensifying adaptation plans
and actions aiming at the feasibility of agricultural practices and the conservation of natural areas.

Keywords: Climate change; Continentality; Oceanicity/Oceanity; Aridity; temperature; precipitation;
Southeastern Europe; bioclimate

1. Introduction

In universal comparison, the European continent demonstrates significantly faster warming
trends [1]. According to the European Environment Agency [2], the average temperature in Europe
has risen by 1.5 °C between 2006 and 2015, while land temperatures have increased over the 2013—
2023 period by 2.12 to 2.19 °C. Concurrently, precipitation patterns across Europe exhibit a general
increase in total precipitation with wetter conditions in northern Europe but also a significant decline
in total precipitation and an intensified shift, especially since the 1980s, toward a drier climate over
the southern regions [3-7]. Overall, during the past 6 decades, the southern and eastern parts of
Europe have exhibited a notable tendency for drying, especially in summer and autumn [4].

As a result, the rise in warm temperature extremes (1.9% per decade), decrease in cold
temperature extremes, significant increasing trend of extreme drought (3.8% per decade), and

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202504.1193.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 April 2025 d0i:10.20944/preprints202504.1193.v1

2 of 34

increased tendency of extreme precipitation over the Europe-Mediterranean region have been
recorded in approximately the last 40-year period [8]. In recent decades, upward trends in aridity
have been highlighted and accompanied by widespread droughts throughout Europe [9-11], which
have generated complications in critical socio-economic sectors (e.g., water resources, agriculture and
industry) [12], amplifying the potential for sociopolitical and economic disruption in the future [13].

Future projections for Europe for the 2050s will describe an increase in the mean annual air
temperature up to 2.5 °C and the trends towards drought. The precipitation range is expected
between 142 and 3487 mm (vs. 162-3552 mm for the 2020s). In comparison, the annual
evapotranspiration is projected to increase by 534 mm, with high annual values (> 700 mm) identified
for southern Europe. A northward extension of dry and arid European territories (e.g., southern and
eastern Europe and particularly of the Hellenic peninsula, Romania, and Bulgaria) is also foreseen by
the end of the 21st century, demonstrating thus, severe consequences on water resources [14-16].

Climate indices arise as indispensable means of spatial distribution description (mapping) of
various climate types and of aridization status demonstration (e.g., aridity-humidity, continentality-
oceanicity, or oceanity). The spatial distribution of the climate indices, in general, indicates the degree
of wetness/dryness of a specific region’s climate along with its humidity/aridity. By exploiting the
climate indices, the aridity and oceanic continentality may be defined [14]. The indices for climate
identification have been successfully utilized both at the local and regional scales of south and
southeast Europe [17-20]. Thus, the climate indices contribute to the investigations on the current
and future climate evolution and the determination of the water resources regime and management
[21-26].

Typical parameters associated with the variation of climate indices include geomorphology or
the terrain, principally relief units (e.g., Mountains chains, plains, and hilly areas) and vast land
masses or aqueous surfaces (e.g., oceans). With reference to Europe, the Atlantic Ocean majorly
impacts the western part of the continent in terms of humidity, whereas the eastern part is
characterized by intense continentality characteristics [19]. The Mediterranean predominantly
influences the southern part of Europe. Air movement over the North Atlantic Ocean and the
European continent, in conjunction with its orography, strongly influences the formation of the
different climate types across Europe [14].

Aridity is the degree to which a climate lacks effective, life-promoting moisture (opposite of
humidity, in the climate sense of the term) [27]. It is a climatic phenomenon due to the water deficit,
which adversely affects economic and non-economic sectors globally. Aridity alterations may
significantly impact agriculture [22,23,28-32], natural vegetation formations [7,33-35], water
management, and particularly the accessible water supplies, which consecutively influence
ecosystem services, environmental vitality, human survival, and the overall societal, economic
progress [31,36-42].

By accounting for the above, the employment of indices for the investigation of aridity rises as a
fundamental necessity [43]. Aridity indexing comprises a simple way to describe the ratio of
precipitation to temperature while it is highly effective for climate characterization, the assessment
of areas vulnerable to desertification processes, but also for the investigation of past, present and
future aridity trends [44-50]. Several numerical indices have been proposed to quantify the degree of
dryness and the aridity trend over local (e.g. lasi County — Romania, Vojvodina — Serbia), regional
areas of interest (e.g., Europe, Central and Southern Pannonian Basin, northwestern Serbia, southern
Bulgaria) [26,51-56] and on a global level [57].

Among common aridity indices, the Pinna Combinative index (PINNA) [58] is an aridity—
humidity index [17] applied to classify the climate in tropical and subtropical regions in Southern
Europe [59]. It combines the de Martonne index (aridity-humidity index revealing the degree of
moisture at the local scale) with the application of the total precipitation and the mean air temperature
of the driest month of the year [19]. More specifically, it is calculated based on the annual amount of
precipitation, the mean annual surface temperature, and the precipitation and air temperature of the
driest month, providing annual aridity [51,60]. The PINNA best describes the areas and the seasons


https://doi.org/10.20944/preprints202504.1193.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 April 2025 d0i:10.20944/preprints202504.1193.v1

3 of 34

where irrigation is necessary and exhibits high applicability in the seasons deprived of irrigation [61],
provides more focus on the aridity intensity, and makes the spatial comparison more meaningful
[19].

The continentality term corresponds to the degree to which a point on the earth's surface is
subject to the impact of a landmass [62]. It describes climate conditions and their abrupt repercussions
(extreme meteorological phenomena) [62]. Continentality is influenced by atmospheric circulation,
the properties of the underlying surface, and the amplitude of the annual incoming solar radiation.
Commonly, continentality is estimated either by the daily range of temperature or the difference
between the average temperature value of the warmest and coldest months. Given that the latter
increases with latitude, the fraction of the annual amplitude of the surface air temperature and the
sine of latitude constitutes a convenient measure [62-64].

Continental climate conditions have been investigated for the description of climatic changes
and the investigation of temporal regularities of continentality considering circulation factors, on a
global level, over the mid and high latitudes of the Northern Hemisphere and over the entire and
major parts of the European territory (e.g., Central Europe) [65-68]. European country-level surveys
on continentality have focused on climatic fluctuations and temporal changes (e.g., over Czechia,
Slovakia) [69,70]. In the company of popular continentality indices, the Johansson Continentality
index (JCI) is included in the vast category of thermal continentality indices [71] and represents a
variant of the Gorczynski index, which has been adapted to better fit a specific region [72]. The index
has been effectively applied to the climate distinction between continental and oceanic climates
around the world [73-75]. Its reliability extends to regional e.g., applications over Southeastern
Europe [19,20], on country level [21] and on local scale investigations [76], where it has demonstrated
adequate characterizations of continentality gradients [73].

The Oceanicity (or Oceanity, Maritimity) describes the degree to which a point on the earth's
surface is in all respects subject to the influence of the sea and corresponds to the opposite term of
continentality [19,77]. The Kerner Oceanity index (KOI) demonstrates a thermoisodynamic fraction
of annual thermal amplitude (A) and spring — autumn thermal inertia, which has been developed
upon the fact that marine (or maritime) climates are characterized by warmer autumn months as
compared with spring months [17,19,78]. Small or negative KOI values express high continentality
whereas high values correspond to marine climate conditions [17]. The index is feasible in regions
with distinct seasonal air temperature alterations [66]. It has been applied in local [17,78,79] and
regional investigations [19,66,73,80] on climate classification, alterations of climate and variability of
aridity. Its significance has also been highlighted in investigating the impact of coupled ocean-
atmosphere phenomena e.g. the ENSO (El Nino-Southern Oscillation) and the Indian Ocean Dipole
(IOD) [80].

Overall, the utilization of knowledge on the aridization regime of an area, based on
continentality and oceanicity characteristics, endorses the determination of the ecological risks and
environmental restraints, allowing thus, sustainable nature management strategies in solving critical
repercussions [81,82].

By considering that the Southern European region experiences the strongest warming
temperature trends [83], the tripling of days with extreme heat and heat stress and the warming of
hot extremes (by 2.3 C on average across Europe from 1950-2018) [84], it becomes evident that the
determination of the aridization status by estimations of the aridity-humidity and continentality—
oceanity degree and trends over critical time periods and regions is considered crucial. It is
highlighted that apart from very limited surveys on aridization at more extended spatial scales e.g.,
over Southeastern Europe and entire Europe [14,19,20], the majority of investigations refer to small
areas in Southeastern Europe. In addition, agriculture and natural landscape viability rely on the
environmental conditions and, therefore, corresponding climate indices originate as indispensable
tools for the mapping of potentially susceptible regions but also regions already prone to extreme
weather incidents.
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In view of the above pivotal issues, the present investigation aims at illustrating the
spatiotemporal evolution of climate indices; the Pinna combinative index (PINNA), Johansson
Continentality index (JCI) and the Kerner Oceanity index (KOI), over Southeastern Europe and
individual countries (Albania: AL, Bosnia Herzegovina: BA, Bulgaria: BG, Croatia: HR, Greece: EL,
N. Macedonia: MK, Montenegro: ME, Romania: RO, Serbia: RS and Slovenia: SI) during two
timeframes reflecting the earlier and recent past (pl: 1964-1993 and p2: 1994-2023, respectively).
Within the above concept, there is a lack of relative research information with reference to the
agricultural and natural areas of individual countries included in the territory of interest. Thus, in the
present study, the specific indices” exploitation outcomes may serve as valuable enlightenment for
surveys on climate change, on agricultural and natural landscape sustainability and on water
resource management.

2. Materials and Methods

2.1. Study area

The study area (Figure 1) includes the countries of the Balkans peninsula (Albania, Bosnia
Herzegovina, Bulgaria, Croatia, Greece, N. Macedonia, Montenegro, Romania, Serbia and Slovenia)
which is the northeastern part of the Mediterranean basin. As we see by the Corine Land Cover (2018)
generalized map (Figure 1) the study area is covered almost evenly by agricultural and natural
landcover. The study area selection reflects the high interest in the climatic variability of this region
in terms of ecology and agricultural productivity.

2.2. Data and methods

The present survey is based on the ERA5-Land [85] high spatial resolution (~9 km) reanalysis
dataset. Generally, we can describe this as an evolution of the ERA5 [86] dataset, which directly
assimilates observations from satellites, from ground meteorological stations along with a modified
version of the ECMWF weather prediction model. The ERA5-Land has hourly temporal resolution
and serves parameters related to precipitation, radiation, air temperature, wind speed, and surface-
level air pressure. It is one of the niche datasets and has been used for several studies focused on
environmental conservation, agricultural applications, human health, urban environment, and more
[87-91].
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Figure 1. Generalized CORINE land cover 2018 (CLC 2018) illustrating the study area’s natural and agricultural
areas (AL: Albania, BA: Bosnia Herzegovina, BG: Bulgaria, HR: Croatia, EL: Greece, MK: N. Macedonia, ME:
Montenegro, RO: Romania, RS: Serbia and SI: Slovenia).

In order to evaluate the climatic evolution of the Balkans area have been selected three indices
the Johansson Continentality Index (JCI), the Kerner Oceanicity Index (KOI), and the Pinna
Combinative Index (PINNA).

Johansson Continentality index

The core concept of the index is the measure of the continent's influence on climatic formation,
and it has been applied in several climatic studies [92,93]. The JCI calculation formula is the following:

A
JCl1=1.7*——-20.4
sing

Where A is the annual temperature range (Mean air temperature of the warmest month minus
the mean air temperature of the coldest month), and ¢ is the latitude in radians. The range of JCI
classes are presented in Table 1.

Table 1. Johansson continentality index categories by Cheval et al. [93].

JCI Climate classification
>20 Marine
[20,32) Moderate marine
[32-34] Transitional
>34 Continental

Kerner Oceanity Index (KOI)

The second calculated index refers to oceanity (a complemented feature of continentality), and
its formula is:
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100(T,-T,)
A
Where T. is the mean air temperature of October, Tais the mean air temperature of April, and

KOI=

the symbol A represents the annual temperature range (KOI categories in Table 2).

Table 2. Kerner Oceanity Index categories by Cheval et al. [93].

KOI Climate classification
>20 Hyper - Oceanic
(10,20] Oceanic
(0,10] Sub-Continental
(-10,0] Continental

Pinna Combinative Index (PINNA)

The most demanding climatic index in terms of data and calculations is the Pinna Combinative
Index, which is a fraction of precipitation and air temperature according to the following formula:

PINNA—l( P, 12P">
~2\T+10 ' T,;+10

When P is the annual precipitation, Pu is the precipitation of the driest month, T is the annual

mean air temperature, and T4 is the mean air temperature of the driest month of the year. This index
is similar to the De Martonne index enriched by the driest month’s conditions, and its classification
is described in Table 3.

Table 3. PINNA index categories by Cheval et al. [93].

PINNA Climate classification
>40 Wet

(30,40] Moderate Wet

(20,30] Moderate Dry

(10,20] Semi-Dry

(2.5,10] Dry

The data management, along with the spatial calculations of the indices and the related statistics,
have been made by R language scripts and terra and Tidyverse R packages [94-96]. The most
demanding part of the calculations pipeline was identifying and mapping the driest month of the
study area.

3. Results
3.1. The Johansson Continentality Index (JCI)

3.1.1. Period 1 (p1: 1964-1993)

According to the results illustrated in Figures 2, 4 and 5 for p1 (1964-1993), the JCI classes over
the natural and agricultural areas (henceforth abbreviated as AgrA and NatA, respectively) of South-
eastern Europe (henceforth abbreviated as SEEu) correspond to the Marine, Moderate Marine,
Transitional and Continental climate types. Oceanic influences, as described mainly by the Moderate
Marine class, dominate the western countries, an extensive northeastern area, but also the
southeastern coastal zones and eastern countries of the SEEu (overall attributed mainly to the
presence of the Adriatic Sea, Ionian Sea, Aegean Sea, and Black Sea), over both AgrA and NatA,
respectively (Figure 2).

More specifically, results in Figures 4 and 5 reveal significant Moderate Marine relative surface
areas (%) over the AgrA and NatA of the SI (100% and 100%, respectively), HR (74.2% and 90.3%),
BA (75.4% and 98.2%), ME (100% and 100%), AL (86.6% and 75.3%) and EL (42.1% and 55.4%).
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Furthermore, the Moderate Marine conditions are distributed mostly over the NatA of RO (75% vs.
24.7% over AgrA) and BG (53.7% vs. 19.5% over AgrA). Figures 1, 2, 4, 5, illustrate also that the
Moderate marine great arc of the Carpathians is enclosed by Continental features over the
agricultural plains of southeastern RO (surface area of 45.8%) and of northern and southern BG
(surface area of 49.9%). The Continental class covers almost the entire MK given high surface
distributions over both AgrA (79.8%) and NatA (44.1%), while it characterizes extensive AgrA of EL
(surface area of 40.7%). Transitional climatic conditions are mostly evident over the AgrA and NatA
of RS (72.7% and 36.8%, respectively), secondly of BG (30.6% and 33%) and the AgrA of RO (29.5%).
Finally, limited distributions of the Marine category are shown over the coastal agricultural zones of
HR (1.1%), and AL (1.4%). The Marine conditions are also exhibited over both the AgrA and NatA of
EL, concentrated in the Ionian and Aegean Islands.

JCI P1

46°N 4

44°N 4
Class

Marine
Moderate Marine

Transitional

. Continental

38°N 4

Figure 2. The Johansson Continentality index (JCI) distribution over the study area during p1 (1964-1993).

3.1.2. Period 2 (p2: 1994-2023)

Comparisons of the JCI distribution between the p1 (1964-1993) and more recent p2 (1994-2023)
(Figure 2 vs. 3) reveal an increasing continentality trend, mainly over the southern and eastern
regions of the SEEu. Higher distributions (Figures 4 and 5) of the Continental class are most evident
for both the AgrA and NatA of BG, respectively from 49.9% relative surface area in p1 to 73.7% in p2
and from 13.3% in p1 to 36.8% in p2. The more expanded continental regime in p2 occurs also for RS
(from 15.5% to 37.5% for the AgrA and from 14.6% to 27.6% for the NatA), RO (from 45.8% to 55.8%
for the AgrA and from 6.5% to 13.6% for the NatA) and for EL (from 40.7% to 51.4% for the AgrA and
from 19.8% to 36% for the NatA). Also, the significant trend towards continentality is shown for the
NatA of AL (from 1.3% in pl to 16.9% in p2) and MK (from 44.1% in pl to 68.9% in p2). The
continentality trend is justified also by the spatial increase in p2 of the Transitional category shown
for both AgrA and NatA of AL (respectively, from 9.7% to 18.9% and from 23.4% to 37.1%) and for
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the NatA of EL (from 23% to 29.6%). Also, the same category appears over the AgrA of ME (13.2%),
for the first time.

The resulting climate evolution towards more Continental climatic characteristics arises at the
expense majorly of the Moderate Marine regime (Figure 3), found to be highly distributed over the
SEEu during p1 (Figure 2). Finally, estimations of the JCI between the two time periods also reflect
unchanged Moderate Marine conditions for both the AgrA and NatA of the SI (Figures 4 and 5).

JCI P2
48°N
46°N
44°N
Class
- Marine
42°N
. Moderate Marine
Transitional
40°N . Continental
38°N
36°N

15 20°E 25°E 30°E
Figure 3. The Johansson Continentality index (JCI) distribution over the study area during p2 (1994-2023).
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Figure 4. The relative surface area per class and country for the Johansson Continentality index during p1 (1964-

1993) and p2 (1994-2023) over the agricultural areas.
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Figure 5. The relative surface area per class and country for the Johansson Continentality index during p1 (1964-
1993) and p2 (1994-2023) over the natural areas.

Overall, according to estimations on the main differences between the two time periods
investigated (Figure 6), it is apparent that results of the JCI demonstrate the relatively neutral
evolution over extended regions of the SEEu. The more continental regime is observable in the central
and eastern domain where the more continental climate conditions are shown to be evolved by 1 class
of the JCL On the country level, larger areas exhibiting the more continental evolution by 1 class of
the JCI are detected over RS, BG, AL, and EL, while slightly detected areas appear as more continental
by 2 classes of the JCI in RO, AL, BG and EL. The more marine conditions are illustrated only for the
northwestern RO.
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Figure 6. Climate evolution between p1 (1964-1993) and p2 (1994-2023) based on the JCI.
3.2. The Kerner Oceanicity index (KOI)

3.2.1. Period 1 (p1: 1964-1993)

Outcomes on the KOI estimations for pl (1964-1993), demonstrate climate conditions over the
AgrA and NatA of the SEEu falling within the Hyper-Oceanic, Oceanic, Sub-Continental and
Continental classes (Figures 7, 9, 10). A major part of the SEEu encompassing approximately the
whole of RO, BG, and RS, along with substantial areas of SI, HR, BA and MK are dominated by the
Sub-Continental climate regime. As distributed, the Oceanic and the Hyper-Oceanic categories follow
in descending order, mostly concentrated in the western part of the area investigated (Figure 7).

Based on analytical reference to the relative surface area per class and country over the AgrA
(Figure 9) and NatA (Figure 10), significant spatial distributions of the Sub-Continental class result
over RO (97.5% of AgrA and 93.1% of NatA), RS (95.4% and 83.7%), BG (91.6% and 75.5%), SI (88.24%
and 60.8%), HR (83.3% and 50.7%), MK (73.1% and 38.8%) and BA (68.6% and 41.4%). As already
mentioned, the Oceanic climate category dominates the western SEEu and more specifically, both the
AgrA and NatA of ME (94.1% and 84.5%, respectively), AL (81.6% and 93.6%) and EL (55.3% and
78.5%) (Figures 1, 9 and 10). The Oceanic conditions are developed also over the AgrA and NatA of
BA (31.4% and 58.6%, respectively), of MK (26.9% and 61.2%) and over less extended, mostly NatA,
of SI (surface area of 39.2%), BG (24.5%), RS (16.3%) and RO (6.5%). The proximity to the sea (Figure
7) shapes Hyper-Oceanic climate conditions, as exhibited along the western coastal zone of the SEEu,
over the Ionian Islands and nearly the whole of the Aegean islands of EL. It is highlighted that the
comparatively less extended Hyper-Oceanic category appears majorly over the western coastal,
southern and Aegean AgrA and NatA of EL (25.4% and 12.4%, respectively) and over the NatA of
ME (14.5%). Finally, compared with the rest of the KOI climate classes, the Continental climate
conditions appear to a much lesser extent and only over RO (1.3% of AgrA and 0.4% of NatA).
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Figure 7. The Kerner Oceanity index (KOI) distribution over the study area during p1 (1964-1993).

3.2.2. Period 2 (p2: 1994-2023)

With reference to p1 (1964-1993) (Figure 7), observations on the distribution results of the KOI
over the AgrA and NatA of the SEEu during p2 (1994-2023) reveal changes of the climate conditions
(Figures 1 and 8). These changes are interpreted as a decreasing oceanity trend justified mainly by
the spatiotemporal decrease of the Oceanic and Hyper-Oceanic categories, majorly evident in the
western part of the SEEu, in favor of the Sub-Continental and Continental climate regimes in the
western and northeastern parts.

Between the pl and p2 intervals investigated, the distribution increase of the Sub-Continental
class (Figures 9 and 10) is demonstrated for both the AgrA and NatA of BA (respectively, from 68.6%
to 84% and from 41.4% to 63.2%), MK (from 73.1% to 82.1% and from 38.8% to 50.6%) and SI (from
88.2% t0 99% and from 60.8% to 88.9%). This is also the case for the NatA of HR (from 50.7% to 66.3%)
and RS (from 83.7% to 92.7%). The continentality trend is also highlighted for ME given the
occurrence for the first time in p2 of the Sub-Continental conditions over both the AgrA (11.8%) and
NatA (0.9%) and the concomitant absence of the Hyper-Oceanic conditions (from 5.9% in p1 to 0% in
p2 over the AgrA and from 14.5% in p1 to 0% in p2 over the NatA). The spatiotemporal reduction of
the Hyper-Oceanic category is also demonstrated for both AgrA and NatA of AL (18.4% to 9.2% and
from 6.4% to 4.6%).

Additionally, Figures 9 and 10 demonstrate a relative surface area increase of the Continental
category for the AgrA and NatA of RO (from 1.3% to 7.9% and from 0.4% to 4.1%, respectively) while
these conditions appear, for the first time, to a very low degree over the NatA of RS (0.3%). BG
exhibits oceanity trends given the spatiotemporal increase of the Oceanic class over the AgrA (from
8% to 14.1%) and NatA (from 24.5% to 30.2%). A slight trend towards oceanity results also for EL,
where a small increase of the Oceanic regime is shown over the AgrA (from 55.3% in p1 to 58.8%)
and a limitation of the Sub-Continental conditions over the NatA (from 9.1% to 4.6%).
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Figure 8. The Kerner Oceanity index (KOI) distribution over the study area during p2 (1994-2023).
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Figure 9. The relative surface area per class and country for the Kerner Oceanity index during p1 (1964-1993)
and p2 (1994-2023) over the agricultural areas.
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Figure 10. The relative surface area per class and country for the Kerner Oceanity index during p1 (1964-1993)
and p2 (1994-2023) over the natural areas.

Generally, the KOI depicts an evolution towards more continental regimes mostly over the
western regions of the SEEu (Figure 11). Apparently, the neutral trend is shown over major parts of
the area explored, while the oceanicity trend is shown over coastal sporadic eastern parts of the SEEu.
By referring to individual countries, estimations on the main differences between the two time
periods investigated demonstrate more continental conditions mainly over SI, HR, BA, ME and to a
lesser extent over RS, MK, AL, EL and RO. The more marine conditions are illustrated only for the
southern/eastern BG and northern/eastern EL.
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Figure 11. Climate evolution between p1 (1964-1993) and p2 (1994-2023) based on the KOI.
3.3. The Pinna Combinative index (PINNA)

3.3.1. Period 1 (p1: 1964-1993)

As shown in Figure 12, overall, the dry month for p1 occurs gradually later in the year, following
a north-southern direction over the SEEu. In general, the spatial distribution of the dry month
corresponds to the winter period (mostly January and secondly February and December), Autumn
(mostly October and secondly September) and lastly March (detected only for central RO).

The aforementioned status governs the whole of RO and SI, almost entire BG and RS and
significant parts mainly of HR, BA and ME. The remaining area which includes extensive areas of
ME, BG and approximately the entire MK, whole of AL and EL, exhibit the dry month occurrence in
the summer season and specifically during July and August.

It is evident that the more adverse xerothermic conditions are developed over the southern half
of the SEEu as the conditions of the summer dry months are further strengthened to their adversity
by considering the increased temperature regime during July and August.
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Figure 12. Dry month over the study area during p1 (1964-1993).

As depicted in Figure 13, the climate conditions of the areas investigated are characterized by
the five PINNA categories from Wet to Dry (Wet, Moderate Wet, Moderate Dry, Semi-Dry, Dry).
Overall, the wetter regimes are distributed mostly in the northern, western and lesser in the central
regions of the SEEu. On the other hand, drier conditions are developed mostly over approximately
the eastern half of the SEEu.

The relative surface area per class and country for the PINNA (Figures 16 and 17) demonstrates
higher distributions of the Moderate Wet and notably the Wet class over the AgrA and NatA of SI,
HR, BA, ME, AL, RS and RO. The significantly extended surface area of the Wet conditions appears
for both the AgrA and NatA of SI (100%, respectively), HR (79.6% of AgrA and 87.3% of NatA), BA
(84.8% and 96.5%), ME (100% and 98.5%) and RO (53.2% and 87.3%). The Moderate Wet and Wet
categories are almost evenly distributed among the AgrA of RS (31.9% and 38%, respectively) and
NatA of RS (48.4% and 31.3%) and of AL (45.2% and 45.9%).

Towards the east of the area investigated (Figures 1, 13, 16 and 17), significant parts are
characterized by the Moderate Dry regime and are detected over the AgrA of AL (44.8%) and RO
(43.1%), over both the AgrA and NatA of BG (78.2% and 36%, respectively), MK (43.2% and 52.6%)
and EL (40.2% and 44.4%). The Moderate Dry conditions influence also quite extended AgrA of RS
(30.1%). Even drier conditions correspond to the Semi-Dry category, firstly impact the AgrA of EL
and MK (respectively, of 44.1% and 43.2%) and secondly the NatA of EL and MK (19.1% and 9.5%).
Finally, the Dry class is illustrated only over EL and more specifically over 8.5% of its AgrA and 3.1%
of its NatA, majorly concentrated in central eastern and southern parts of the country (southern
Attica, northeastern/southeastern Peloponnese, eastern Crete and the Aegean Islands).
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Figure 13. The Pinna combinative index (PINNA) distribution over the study area during p1 (1964-1993).

3.3.2. Period 2 (p2: 1994-2023)

In p2 (Figure 14) the dry month’s occurrence over the SEEu is demonstrated for an additional
spring month (April) and summer month (June), impacting quite limited areas of northern RO and
central eastern continental EL, respectively. Also, an extra winter month (November) is evidenced
over the western, nearly half of BG and eastern and northern RO.

The more recent p2 exhibits an overall northward and westward expansion of the areas with
more xerothermic climate conditions corresponding to the dry month incidence within the summer
period. As such, greater parts, mostly BA, ME, AL, RS and EL experience dry thermal pressure as
they are impacted by the July and August dry months.
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Figure 14. Dry month over the study area during p2 (1994-2023).

Based on the PINNA classes’ distribution results for p2 (Figure 15), it is shown that an increasing
aridity trend occurs with reference to the previous pl (Figure 13). Overall, this tendency is more
evident in central and eastern SEEu where an increase of the Semi-Dry and Moderate Wet climate
categories in the expense of the Wet conditions takes place, in most cases.

A significantly higher distribution of the Semi-Dry class (Figures 16 and 17) is exhibited for both
the AgrA and NatA of BG, respectively from 2.4% relative surface area in p1 to 23.1% in p2 and from
0.7% in p1 to 5.8% in p2. The spatially more expanded presence of the Semi-Dry conditions occurs
also for both the AgrA and NatA of MK (respectively, from 43.2% to 51.1% and from 9.5% to 15.3%)
and EL (respectively, from 44.1% to 54.5% and from 19.1% to 26.6%). This is also the case for the AgrA
of RO (from 0.4% to 4%) and RS (from 0.01% to 1.6%). Also, a noteworthy spatiotemporal expansion
of the Moderate Wet conditions impacts the AgrA and NatA of RO (respectively, from 3.3% to 44.8%
and from 5.6% to 15.2%) and BA (respectively, from 13.7% to 33.5% and from 3.5% to 13.2%), and to
a lesser extent, of HR (from 10.8% to 15.9% and from 7.8% to 15%) and MK (from 9.5% to 12.8% and
from 27.2% to 29.6%). This is also the case only for the AgrA of BG (from 14% to 22.9%) and RS (from
31.9% to 41.6%), while the Moderate Wet class appears over the AgrA of ME for the first time (1.6%)
and exhibits spatial increase over its NatA (from 1.6% to 5.3%). The Wet climatic conditions over SI
remain practically unchanged while very limited increase of the Dry conditions occurs mostly over
the AgrA of EL (from 8.5% to 9.5%).
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Figure 15. The Pinna combinative index (PINNA) distribution over the study area during p2 (1994-2023).
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Figure 16. The relative surface area per class and country for the Pinna combinative index during p1 (1964-1993)

and p2 (1994-2023) over the agricultural areas.
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Figure 17. The relative surface area per class and country for Pinna combinative index during p1 (1964-1993)
and p2 (1994-2023) over the natural areas.

Estimations on the main differences between the two time periods investigated demonstrate the
significant occupation of the neutral climate evolution over large areas of the SEEu (Figure 18).
However, a substantial expansion of drier conditions by 1 class of the PINNA is evident throughout
the territory. Also, the more wet regime by 1 class is highlighted for the central and eastern regions.
The more intense climate evolution involving the drier and wetter conditions by two classes of the
PINNA, between periods, is denoted respectively for northern RS, western RO, and very limited parts
of RO and BG.
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Figure 18. Climate evolution between p1 (1964-1993) and p2 (1994-2023) based on the PINNA.

4. Discussion

The spatiotemporal evolution of the JCI, KOI, and the PINNA has been investigated on a
European scale, on a SEEU and country level and on a specific area extent.

Nistor [14] has utilized the JCI, KOIL and the PINNA, for the aridity-humidity assessment over
the 1990s (1961-1990) on a European scale. Overall, based on the three analyzed indices, the southern
and eastern parts of Europe consistently exhibit a dry climate. Both the JCI and KOI have verified
Continental climate conditions in the east and southeast. The PINNA has indicated dry climate
conditions in the eastern part of Europe along with the southern region, mainly the coastal lines.
When referring to the up to present climate variations and the respective future situations (by 2050),
the authors highlighted the drier regime expected to be developed in more territories of the continent
resulting in serious consequences on water resources of southern and eastern Europe, reflected in
water availability decrease and groundwater recharge depletion.

Cheval [19] by means of the PINNA, JCI and KOI have evaluated the past and projected aridity
changes in SEEu during the years 1961-2050 (1961-1990, 1991-2020, 2021-2050) at the 25-km spatial
resolution. According to the PINNA results, a quite similar general pattern to the present
investigation’s p1 (1964-1993), of the classes distribution over the SEEu is demonstrated for the 1961—
1990 interval. As such, the half northern and western parts of the SSEu (RO, RS, SI, HR, BA, ME,
northern half of AL and BG, western EL) are characterized by the Wet to Moderate Dry climates while
the southern half and eastern regions (southern half of AL, MK, southern and eastern half of EL) fall
within the Semi-Dry and Dry categories of the PINNA. By comparison of the 1961-1990 and 1991-
2020 (present investigation’s p2: 1994-2023) an aridity trend is exhibited owing to a westward spatial
expansion of the Moderate Dry conditions over RO, BG, AL and MK. This is also the case for EL
where the more adverse Semi-Dry category impacts approximately the entire EL except for a limited
northwestern part characterized by Moderate Dry conditions. Results of the JCI for the 1961-1990
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exhibit mostly a Continental regime and to a lesser extent Transitional conditions over the eastern
half of the SEEu (most of RO, BG, MK and northern half of EL). The rest of the territory is influenced
mostly by Moderate marine conditions. When comparing the 1961-1990 and 1991-2020 periods, a
west-east transition to continentality is illustrated by the spatial increase of the Continental regime
mostly over BG, MK and northeastern EL, but also by the increase of Transitional conditions over RS.
The KOI outcomes for the years 1961-1990 demonstrated the dominance of the Continental climatic
conditions over SEEu, spatially surrounded by the Moderate Continental characteristics majorly
impacting areas adjacent to the Adriatic and Black Sea, including most of MK and northern EL. The
remaining territory exhibits influences by the Moderate Oceanic and Oceanic climates with the latter
appearing in southern EL. Illustrations for the following 1991-2020 period reveal a north-south shift
from Continental to the Moderate Continental climate type. This development is justified by the
spatiotemporal increase of the latter mostly over BG, MK and RS in the expense of the former type
and the increase of the Oceanic in the expense of and Moderate Oceanic in southern SEEu (mostly
over the southern half of EL).

Apostol and Sirghea [97] have highlighted the continental characteristics of Europe’s climate,
with respect to the multiannual thermal averages. The spatiotemporal evolution of the Gorczynski
continentality index (JCI in the present study) over a 50-year-old lapse time (1961-2010) revealed
significant temporal decrease in the Eastern half of the continent pointing to the diminishing of
thermal continentalism. The researchers emphasized the strong relation of the index with longitude.

Wypych [98], based on estimations of the thermal continentality Johansson-Ringleb index
(modified version of JCI) for the 1901-2000 time-frame, has confirmed the weakening of oceanic
influences from the West to the East of the European continent.

By applying a simple continentality index (difference between the monthly mean temperatures
of the warmest and coldest month), Hirschi et al. [65] have demonstrated more intense increase of
thermal continentality in Eastern and Southeastern Europe during more recent decades (1995-2005)
in comparison with the past (1948-2005), as show in the present study.

Croitoru et al. [99] have employed the PINNA for the identification of the critical areas mostly
prone to drought in crucial agricultural regions of RO and more specifically, in 30 locations of the
extra-Carpathian area. In agreement to the present study’s outcomes, results based on data over the
years 1961-2007, illustrated, that there are no dry regions, while the most vulnerable to semi-aridity
are the southeastern regions (extreme east of the country, the Danube Delta), which fall within the
category of the semi-dry climate. For the remainder area, the PINNA ranged between the values of
22 (in the southeastern and southwestern areas) and 40 (in the central southern and the northern
areas).

Nistor et al. [100] have conducted a temporal analysis of the JCI and PINNA over 5 decades
(1961-2013) in the Belis district (Cluj County, Western Carpathians of RO). As also exhibited in the
present study, overall, the climate indices indicated that very humid and marine climate conditions
influence the Western Carpathians. More analytically, the authors refer to JCI values varying between
41.5 and 16.2, suggesting a transition from the continental to the Marine climate based on the
representative value of 27.4 (over the 1961-2013 interval) which corresponds to the present study’s
Moderate Marine conditions. The resulting PINNA representative value of 36 is indicative of the
humid climate and corresponds to the present investigation’s Moderate Wet conditions.

Vlddut et al. [76] have investigated the spatial and temporal variability of several thermal
continentality indices in southern RO (Romanian Plain, Dobrogea Plateau and the Danube Delta) and
northern BG (Danube plain and the northern slopes of the Fore-Balkan foothills) during the years
1961 to 2015. In agreement with the present study’s illustrations, results based on the Gorczynski
Continentality Index (JCI) emphasized the Continental character of the climate in most of the areas
studied. The authors pointed out that a more intense continentality (values of JCI > 40) is exhibited
for the western and central sectors, especially along the Danube Valley. In contrast to the current
study’s results which indicate a Sub-Continental regime, the average values of the KOI were negative
in most of the stations investigated indicating Continental climate conditions. However, there is
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agreement of the two studies with reference to the areas situated on the Black Sea coast which are
characterized by the Oceanic climate category. Additionally, the authors highlighted that the stations
exhibiting the highest JCI displayed some of the lowest KOI values, thus confirming the continental
character of the climate. It was also reported that although the temperature increase was documented
for the last two decades of the investigated period, the continentality trends were characterized as
statistically insignificant.

VIddut et al. [101] have also attempted the spatiotemporal occurrence evaluation of the aridity
conditions in the same regions (southern RO and northern BG) by utilizing the PINNA for the 1961-
2015 period. The PINNA values ranged between 30 and 35, corresponding to humid climate
conditions within almost the entire area PINNA. Semi-dry climate conditions were identified
particularly for the shore of the Black Sea (Varna) and the Danube Delta (Tulcea), while dry
conditions were only exhibited for the southeastern tip of RO (Sulina). These outcomes are consistent
with the respective obtained for the specific region by Croitoru et al. [99] and Cheval et al. [19].
Similarly, in the present survey for the p1 (1964-1993), the drier conditions (Semi-Dry category) are
found in the southeastern part of RO, while the less humid conditions (Moderate Dry category)
dominate over the entire studied area. Although an increasing aridity trend is exhibited for the
consecutive period (1994-2023), again the more humid conditions (Moderate Wet category) influence
most of the studied area, while the dryer regime (Moderate Dry and Semi Dry categories) appears in
the eastern part.

VIddut and Licurici [102] have analyzed the spatial distribution and temporal variability of three
aridity indices over Oltenia (Southwestern RO) based on the data covering the 1961-2015 time-
period. Among them, the PINNA indicated humid conditions throughout the area investigated,
when considering the basic categorization corresponding to the Dry (values PINNA less than 10),
Semi-Dry (between 10 and 20) and Humid (above 20). Croitoru et al. [99] have demonstrated a similar
territorial pattern for the extra-Carpathian regions for the 1961-2007 period. However, when Vladut
and Licurici [102] include the extra three PINNA categories for values above 20 (20.1-30:
Moderately Dry; 30.1-40: Moderately Wet; > 40: Wet) as performed in the present study, different
climate regimes are shaped over the area of interest. Moderately Dry conditions appear along the
Danube River, Moderately Wet conditions within the plain, piedmont and most of the Sub-
Carpathians, while Wet conditions result for the western extremity of the Subcarpathians and in
higher altitudes, as well as in the mountain area. These conditions result also in the present survey
where the Moderate Dry class influences almost the entire study area (very limited distribution of
Moderate Wet and Wet conditions) in p1 (1964-1993) giving ground, in p2 (1994-2023), mostly to the
Moderate Wet regime and to a lesser extent to the Wet conditions.

VIddut [71] has assessed the thermal continentality in RO based on temperature data series
covering the 1961-2018 interval. Although different employed indices (simple continentality index,
Currey continentality quotient, Ewert index of continentality, and Ivanov index of thermal
continentality) documented an upward continentality trend within most of the country. Downward
trends resulted only for Transylvania and the northern extra-Carpathian areas.

Eremija et al. [103] have examined the climate characteristics in the belt of mountain beech
forests on Manjaca (southwestern part of the Republic of Srpska, northern BA) over a ten-year old
period (1971-1980). The researchers determined the degree of climate continentality based on the
Kerner Thermodromic Coefficient or Thermodrom quotient (KP%). This index expresses the
landmass influence degree (value of KP>15% corresponds to the Maritime climate whereas of
KP<15% to the Continental climate; the lower the value of KP is from 15%, the higher the degree of
continentality). Results (KP = 9.8%) highlighted the study areas’ characterization by the Humid
Continental — mountain climate. In the current study northern BA is impacted by the Sub-Continental
climate in both time frames.

Hrnjak et al. [104] have investigated the aridity tendency over Vojvodina (southeastern part of
Pannonian Basin, northern RS) from 1949 to 2006. Their survey’s outcomes displayed no annual
aridity trends over the 6 decades investigated, corresponding to the calculated values of PINNA
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(from 14.0 to 20.0). Lower values resulted for the northwestern and northeastern parts of Vojvodina
(PINNA=14.2 and 16.7, respectively). The higher values (19.8 and 21.0) corresponded to southern
Vojvodina. By utilization of the basic categorization corresponding to the Dry (values PINNA < 10),
Semi-Dry (between 10 and 20) and Humid (> 20), the Semi-dry Mediterranean with formal
Mediterranean vegetation appeared as the most dominant climate type, while a small part of
Southwestern Vojvodina was characterized by humid conditions. In the present survey most of the
specific area is characterized by the Wet class (in p1) which is substituted (in p2) majorly by the drier
Moderate Wet and lesser by the Moderate Dry classes. However, no recent aridity changes were
depicted by Hrnjak et al. [104] given the absent annual trends of the index’s calculated values.
Similarly, although employing the Forestry Aridity Index, Gavrilov et al. [105] have also shown no
particular annual aridity trends over Vojvodina for the same interval (from 1949 to 2006).

Radakovi¢ et al. [106] have analyzed the aridity in Central RS (between Vojvodina, Kosovo and
Metohija provinces) during the period 1949-2015. Based on the Dry (values PINNA < 10), Semi-Dry
(between 10 and 20) and Humid (> 20) classification, the annual PINNA identified Humid and Semi-
Dry climate types with Mediterranean vegetation. The PINNA ranged between 17.1 and 40.4 with
Western RS having the highest values (Zlatibor Mountain) and eastern RS the lowest (gradual
decrease towards the east). Furthermore, no changes in the aridity trend were depicted. In the present
study, calculations of the PINNA demonstrate the Wet, Moderate Wet and Moderate Dry conditions
in both p1 and p2 examined, with the drier Moderate Dry conditions appearing, in the 2nd interval,
as influential over a more extended area of the central RS.

By examining a shorter timeframe, Bacevic¢ et al. [107] have highlighted the unchanged aridity
trend over Kosovo and Metohija provinces (RS) in 35 years (1965-1999). Following calculations of the
PINNA index, which ranged from 17.0 to 24.0, the climate types registered (based on the standard 3
classes categorization) involved the dominative Semi-Dry climate, with some Mediterranean
vegetation in the south-west part and a small area of the Semi-Dry type in the central part of the
investigated region. In the present study, the domination of the Moderate-Dry climate is apparent
over the entire region in p1 (1964-1993)(respective 1965-1999 in Bacevic et al.).

Gocic et al. [108] have analyzed the spatiotemporal patterns and trends of aridity in southern
and eastern RS based on the calculation of 5 aridity indices including the PINNA, according to
temperature and precipitation data spanning from 1971 to 2022. Throughout the latter period, the
PINNA spatial distribution demonstrated slight variation, ranging from 22.4 (at Vranje, Southern
part of study area) to 31.8 (at KurSumlija Southwestern part). The resulting values of the index
reflected consistent Humid conditions across the area investigated (values of PINNA> 20 reflected
the Humid climate based on the 3 classes categorization). Similarly in the present study the Wet,
Moderate Wet and Moderate Dry classes are distributed over the area (corresponding to PINNA
values > 20) with the latter conditions appearing spatially extended in p2.

For the comprehension of the changes in climate during 1951-2010, Buric¢ et al. [109] have studied
the specific climatic conditions over the entire Serbian territory based on the JCI, KOI, and PINNA.
Results showed that the continentality effect is present in most of Serbia, while oceanicity is observed
locally, mainly in the western and southwestern parts of the country. Furthermore, the demonstrated
temperature increase, and precipitation decrease during the vegetation period in the second 30—year
period (1981-2010), highlighted arid climatic trends. Although Buric et al. exploited different indices’
classifications, the increasing aridity trend is in agreement with the present study given the
spatiotemporal increase of the Continental, Sub-Continental and Moderate Dry categories
respectively by the calculated JCI, KOI and PINNA indices.

Lukovic et al. [110] have examined the spatial pattern and trend in aridity in ME from 1961 to
2020 as well as in the first and second half of this period (1961-1990, and 1991-2020). The results of
the PINNA (based on the 3 classes categorization) indicated the dominance of the Humid climate
over the entire country from 1961 to 2020. Furthermore, the index demonstrated slightly lower values
for the most recent period (1991-2020), particularly in the easternmost part of the country. Results of
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the PINNA in the present survey reveal the dominance of the Wet conditions in both p1 and p2, and
a slight extended appearance of the Moderate Wet over the northwestern part of the country in p2.

Buric et al. [111] have studied the continentality of Podgorica (Southern ME) for the period 1951-
2017. The considered thermal indices included the Gorczynski Continentality index (JCI) and the
Kerner’s Thermodrom quotient (K%)(KP>15%: Maritime climate; KP<15%: Continental climate).
According to the values of the JCI (33.5%) and K (8.3%), the climate of Podgorica has weak continental
characteristics. The K indicated that the climate of Podgorica cannot be characterized as either
Maritime or real Continental. The authors concluded that although the influence of the continent is
present, the thermal continentality values are such that maritime impacts are primary and
predominant. In the present study both indices reveal a continentality trend over Podgorica owing
to the transition between periods, from the Oceanic to the Sub-Continental conditions and from the
Moderate Marine to the Transitional climate according to the computed KOI and the JCI indices,
respectively.

Buric et al. [112] have also determined the degree of continentality characteristics of Danilovgrad
(Bjelopavli¢a Plain, Southern ME) over the 1955-2011 time-period. Results revealed the dominance
of the continental influence on temperature, along with less pronounced oceanicity. Among other
indices, continentality was estimated based on the the Gorczynski Continentality Index (k,
transitional maritime with k from 0 to 33%, continental with k from 33 to 66% and extreme continental
k from 67 to 100%) and the Kerner Thermodrome quotient (K, K>15%: Maritime climate; K<15%:
Continental climate). The estimated values (k of 33.5%, and K of 6.0%) corresponded to the Moderate
Continental characteristics. The weaker Continental characteristics for Podgorica (K value of 8.3%)
found in Buric et al. [111] were justified given that it is in higher proximity and more exposed to the
influence of the Adriatic Sea than Danilovgrad.

Among several indices, Prodanova et al. [113] have also estimated the PINNA over Northcentral
BG. The PINNA with threshold values of <10 corresponded to the Arid climate; of 1020 to the
Mediterranean Semi-Dry and of > 20 to the Humid. The air temperature data covered 40 years (1931-
1970), and precipitation data 54 years (1931-1985). Most stations resulted in PINNA values > 30 and
as such, the investigators described the climate of Northcentral BG as Humid. Based on the present
study’s Dry to Wet classification of the PINNA, an unchanged humid regime over the northcentral
part of BG is also documented as the area is found to be influenced by the Wet category in p1 and in
p2.

For the assessment of the climate of Northern EL, Baltas (2007) [17], has applied the JCI, KOI and
PINNA indices based on climate conditions occurring over 30 years (from 1965 to 1995). The KOI
threshold value higher than 10 corresponded to the Oceanic regime. The JCI, when varied between 0
and 33, implied Marine conditions, when between 34 and 66 Continental, and when between 67 and
100 exceptionally Continental conditions. The PINNA, when less than 10 reflected Dry conditions
and when varied between 10 and 20, pointed to the Semi-Dry Mediterranean climate with formal
Mediterranean vegetation. The values of the JCI varied between 19 and 38 over the entire investigated
area. Stations located in the interior of the area (at a distance from the sea) denoted Continental
climate (index values > 33), while the rest of the stations corresponded to the Marine climate. This is
in line with the present findings where the Continental class is distributed majorly in the interior of
Northern EL during the pl (1964-1993) and appears framed mostly by the Moderate Marine
conditions in areas adjacent to the sea. The KOI, which varied between 0.47 and 28.74, exhibited lower
values distributed in the interior of the country, pointing to the Continental climate, as the JCL. During
p1l, the presence of the drier Sub-Continental category is also illustrated in the present study for the
interior northern part of the area examined, whereas the Oceanic climate appears as more spatially
extended. According to Baltas the PINNA ranged from 10 to 20 corresponding to a Semi-Dry
Mediterranean climate with formal Mediterranean vegetation in most of the stations, with the rest
few stations of annual precipitation volume >1000 mm, found to exceed the value of 20. Overall,
results illustrated a drier climate from the western to the eastern coast. In the present investigation,
the presence of the Wet to Semi-Dry PINNA categories is documented, with the Moderate Dry
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conditions appearing as mostly expanded over Northern EL. The drier conditions formed from the
western to the eastern coast are also evident given the distribution of the more humid Moderate Wet
climate in the west and the drier Moderate Dry and Semi-Dry climates in the east.

By utilizing the same classifications of the JCI, Baltas (2008) [21] has also analyzed the climatic
conditions across Greece based on the spatial distribution of the index over a 30-year period (1965-
1995). The JCI values varied between 15 and 38 over the entire country. Value of JCI > 33 at 11 of the
40 stations located in the northern part of the country denoted Continental climatic conditions as
influenced by their proximity to the mountains or by the continental part of Europe. The rest of the
country was found to be impacted by the Marine climate regime.

Lappas et al. [114] have described the climate’s differentiation across the Water District of
Central — Eastern Greece covering a 22-year study period (1980-2001). The authors exploited the
spatial distribution of several climate indices including the JCI (k), the KOI and the PINNA. The
climate was regarded as Marine for JCI between 0 and 33, as Continental for JCI between 34 and 66
and Exceptionally Continental for JCI between 67 and 100. The JCI values spanned between 8 and 34
over the coastal areas and from 34 to 80 over the continental areas, demonstrating, thus, the increasing
continentality influence by the distance from the coastal areas. These are in line with the present
investigation given the domination, in p1 of the Moderate Marine climate in areas close to the Aegean
Sea and the presence of the Transitional and Continental in the inner parts of the study area.
Additionally, the current findings show a continentality trend owing to the partial substitution of the
Moderate Marine by the Transitional and Continental climates in p2. In Lappas et al. [114] the KOI
fell within the 8-22 values (for KOI > 10, the climate was considered Oceanic), with the higher values
corresponding to the Oceanic climate over the lesser continental areas. Similarly, the corresponding
current outcomes in p1 illustrate the influence of the Oceanic climate over the entire area except very
limited eastern coastal areas with Hyper-Oceanic. The latter is further westerly spatially expanded in
p2. Finally, by considering the Dry (values PINNA < 10), Semi-Dry (between 10 and 20) and Humid
(> 20) categories, estimations of the PINNA (between 15 and 35) corresponded to the Semi-Dry and
to the Humid climate, distributed mainly over the continental and coastal parts, respectively. These
findings arise partly in the present work since the entire area is majorly characterized by the Semi-
Dry and to a lesser extent by the Moderate Dry conditions in both periods examined.

Mavrakis et al. [115] have investigated climatic alterations over the Thriassio Plain, an industrial
basin of the Eastern Mediterranean (Northwestern Athens, Greece) based on 60-year-old data (1958
to 2008). Results of the KOI showed a positive but insignificant trend and, thus, the Thriassio Plain’s
climate could not be characterized as a Marine (for KOI > 10, the climate was considered Oceanic),
despite its proximity to the sea (Elefsis Bay). The JCI values were > 90 for 41 years and < 90 for 7 years
characterizing the area as very Continental. The PINNA gave values of > 5 for 41 years and <5 for 9
years (PINNA < 10: Dry climate; 10 < PINNA < 20: Semi-Dry climate) corresponding to the Semi-Dry
Mediterranean with typical Mediterranean vegetation climate type. The authors concluded that the
area exhibits continental characteristics as demonstrated by the KOI and JCI, while the PINNA
confirmed the Semi-Dry climate. Respective results of the KOI, JCI and PINNA exhibited,
respectively, Oceanic, Transitional and Dry climate regimes, for both the p1 and p2.

5. Conclusions

In general, the findings of this survey come to the following conclusions:

e Independently of the employed index (JCI, KOI or PINNA), the climatic footprint of the SEEu
reveals spatiotemporal increasing continentality and aridity trends.

e The exploited indices seriously contribute to realizing and comprehending the overall
alterations of the climate undergone territorially and regionally.

e  The JCI demonstrates an increasing continentality trend mostly over the southern and eastern
regions of the SEEu. This trend is basically shown by the spatiotemporal expansion of the
Continental category over both the AgrA and NatA majorly of BG followed by RS, RO and EL.
This is exhibited also over the NatA of AL and MK. The changing climate towards intense
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continentality arises at the expense mostly of the Moderate Marine conditions. The latter remain
spatiotemporally stable over the SI.

e  The KOI outcomes illustrate decreasing oceanicity (or increasing continentality) over most of the
SEEu attributed to the spatial increase of the Sub-Continental and Continental regimes in the
western and northern areas and the concomitant decrease of the Oceanic and Hyper-Oceanic
categories over time. The Sub-Continantal expansion is evident over both AgrA and NatA of
BA, MK, SI but also over the NatA of HR and RS. The spatiotemporal expansion of the
Continental category is exhibited over the AgrA and NatA of RO. On the contrary, oceanicity
trends are shown over the AgrA and NatA of BG and to a lesser extent over the AgrA of EL.

e  The PINNA climate categories’ distribution displays an increasing aridity trend over the SEEu
which appears more intense in the central and eastern regions. This evolution is attributed to the
spatiotemporal increase of the Semi-Dry and Moderate Wet climate types at the cost of the Wet
conditions in most cases. The higher distribution of the Semi-Dry is majorly apparent over the
AgrA and NatA of BG and on a smaller scale over both areas of MK and EL and the AgrA of
RO. A remarkable expansion of the Moderate Wet climate is demonstrated over the AgrA and
NatA of RO and BA and to a less degree over the respective areas of HR and MK and the AgrA
of BG and RS. Slight increase of the Dry is shown over EL, while the Wet regime over SI remains
spatiotemporally unmodified.

e  Opverall, the tendency towards increased continentality and aridity initiates great concern
involving the conservation, sustainability and development of the agricultural and natural
ecosystems. The increasing temperature and decreasing precipitation expected to comprise more
intense phenomena in the future, particularly over the SEEu, may be evaluated as serious risk
features and furthermore maybe labeled as threats to sustainability mainly regarding water
availability.

e It is moreover highlighted that more agricultural areas are impacted by the Semi-Dry and
Continental regimes and depend on irrigation or need supplementary water inputs for the
achievement of sustainability goals. Expanded natural formations are influenced by the evolved
more xerothermic climates and are therefore already more susceptive to adverse conditions.

e  This reality bequeaths the obligation for the implementation of mitigation plans and adaptation
measures by considering the gradual spatiotemporal evolution of a dry-thermal trend which
appears to be continually increasing up to present but also in the future particularly of the
Southeastern European territory.
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Abbreviations

The following abbreviations are used in this manuscript:

SEEu South-Eastern Europe
AL Albania

BA Bosnia Herzegovina
BG Bulgaria

SI Croatia

EL Greece

ME Montenegro

MK North Macedonia

RO Romania
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RS Serbia

SI Slovenia

JCI Johansson Continentality Index

KOI Kerner Oceanity Index

PINNA Pinna Combinative Index

AgrA Agricultural Areas

NatA Natural Areas

pl First period (1964-1993)

p2 Second period (1994-2023)
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