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Abstract— This study analyzes trends in three temperature variables (average annual air 
temperature, maximum air temperature, and minimum air temperature) for 72 time series 
from 24 meteorological stations in Central Serbia, spanning from 1949 to 2018. Data was 
sourced from meteorological yearbooks on the website of the Republic 
Hydrometeorological Institute of Serbia. Three statistical approaches were used: trend 
equation, trend magnitude, and the non-parametric Mann-Kendall (MK) trend test. GIS was 
applied to visualize geospatial data distribution. The results indicate a temperature increase 
in 66 of the 72 time series, with the largest increase of 4.3 °C and the smallest of 0.2 °C. 
Temperature decreases were recorded in 6 time series, with the largest decrease of -0.5 °C. 
The MK trend test revealed a statistically significant positive trend in 53 time series. 
Geospatial analysis showed varying temperatures across the region, with average annual 
air temperatures ranging from 10.6 °C in Dimitrovgrad to 18.1 °C in Belgrade. These 
findings offer insights into climate change in Central Serbia, highlighting areas of 
temperature increase and decrease, and provide a foundation for future climate research 
and strategy development. 
 
Key-words: climate change, Serbia, average annual temperature trends, vegetation period, 
Mann-Kendall trend test, GIS 

1. Introduction 

In this study, for the first time, analyses will be presented for the average annual 
air temperature (YT-VP), average annual maximum air temperature (YT-VPx), 
and average annual minimum air temperature (YTn-VP) for the vegetation period 
on the territory of Central Serbia in the time interval from 1949 to 2018. 
Numerous works in world literature deal with climate change in a similar or 
almost the same way, a very popular topic having great importance at the global 
level. The importance of trend analysis lies in determining changes in a time series 
of no less than 30 years for a certain variable, which can directly affect changes 
in the environment (agriculture, flora and fauna, water resources, climatic 
conditions, ecosystems, etc.), and have an impact also on humans.  

Numerous scientific studies deal with the trend analysis of various variables 
in different parts of our planet (Hamlet et al., 2005; Minetti et al., 2010; Li et al., 
2011; Hua et al., 2013; Zeoural et al., 2013; Martínez-Austria et al., 2016; O'Neil 
et al., 2017; Kabanda, 2018; Birara et al., 2018; Caloiero, 2018; Malik and 
Kumar, 2020; Mallick et al., 2021; Ahmed et al., 2022; Lornezhad et al., 2023; 
Ceyhunlu and Ceribasi, 2024;). Mann's method, which Mann himself presented 
in his paper "Nonparametric Tests Against Trend" in 1945 (Mann, 1945), is most 
often used for such researches. Also, in addition to the abovementioned studies, 
there are numerous reports from the United Nations (UN) organization known as 
the "Intergovernmental Panel on Climate Change" (IPCC) which is responsible 
for assessing scientific knowledge about climate change and whose results point 
to climate change (increasing average temperatures) and give recommendations 
to governments and international organizations on how to deal with the challenges 
posed by climate change (IPCC, 2022). The results from the paper by Hajas and 
Zempléni (2020), which contains an analysis of network data on daily 
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temperatures for the time interval from 1950 to 2017 on the European continent, 
indicate accelerated warming in the last 40 years, especially in the central and 
southwestern areas of Europe. Moreover, an increase in air temperatures has been 
recorded in the eastern and central parts of Europe since the 1990s, mostly in the 
warmer part of the year caused by the greater frequency of arrival of air masses 
from lower latitudes, which is a consequence of advancing global warming 
(Bartoszek and Kaszewski, 2020). An increase in air temperature was also 
recorded in Northern Europe, as temperature drops were occasionally recorded 
between 1940 and 1970 and between 1998 and 2013, which can be correlated with 
the behavior of the Pacific and Atlantic Oscillation and can be considered as 
climatic fluctuations within climate change (Gulev et al., 2013). 

Many scientific studies deal with changes in air temperature in the region, 
namely in Slovenia (Miloševi  et al., 2013; Toši  et al., 2016), Croatia (Radilovi  
et al., 2020), Bosnia and Herzegovina (Trbi  et al., 2017; Popov et al., 2017, 
2018a, 2018b), and Montenegro (Lukovi  et al., 2013; 2024; Buri  et al., 2014, 
2015, 2018). Changes in air temperature patterns have already been recorded in 
the observed area, as indicated by the results obtained by numerous authors. 
Papers on climate change in Serbia can be classified into two categories: papers 
that analyze average air temperatures (Unkaševi  and Toši , 2013, 2015; Goci  
and Trajkovi , 2013; Malinovi -Mili evi  et al., 2016; Putnikovi  et al., 2018; 
Vukoi i  et al., 2018; Toši  et al., 2021; Baumgertel et al., 2024) and papers that 
monitor aridity (Goci  and Trajkovi , 2014a, 2014b; Hrnjak et al., 2014; Gavrilov 
et al., 2019; Radakovi  et al., 2018; Milentijevi  et al., 2018; Trajkovi  et al., 
2020; Buri  et al., 2023; Zivanovic et al., 2024). In most cases, speaking of the 
scientific studies mentioned above, air temperatures are generally increasing, 
which is also in line with this scientific study. A certain number of papers on 
climate change was carried out at the regional level on the territory of Serbia: 
Kosovo and Metohija (Ba evi  et al., 2017, 2018; Gavrilov et al., 2018; 
Radakovi  et al., 2018) and Vojvodina (Hrnjak et al., 2014; Gavrilov et al., 2015, 
2016, 2019; Milentijevi  et al., 2020). 

As pointed out by Chervenkov and Slavov (2021), air temperature is a key 
environmental factor influencing crop growth, development, and yields, 
particularly the rate of development. On one hand, crops require specific 
temperatures to complete certain phenophases or their entire life cycle. On the 
other hand, extremely high and low temperatures can negatively impact crop 
growth, development, and yield respectively (Mandi  et al., 2022). This is why 
variability in average annual air temperature, average annual maximum air 
temperature, and average annual minimum air temperature should be investigated 
to conduct regional impact assessments focused on enhancing climate change 
resilience. 

The main goal of this study is the analysis and assessment of long-term 
trends in average air temperature, average maximum air temperature, and average 
maximum air temperature for the vegetation period during the time period from 
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1949 to 2018 in the territory of Central Serbia. The emphasis is placed on the 
study of the 72 time series for 24 meteorological stations in order to determine 
variability of various climate parameters, with special reference to the vegetation 
period from April to October. The analysis includes the application of a non-
parametric test (Mann-Kendall test) for detecting trends, assessing the 
significance of changes, as well as assessing the risk of rejecting or accepting 
hypotheses about the presence of a trend. Furthermore, one of the goals is to show 
the geospatial data distribution, whereas the ultimate goal is to provide an 
overview and understanding of climate change in Central Serbia, to identify areas 
with an increase or decrease in air temperatures for the analyzed categories, as 
well as to provide a basis for future research and climate strategies.  

2. Material and methods 

2.1. Research area 

Central Serbia has an exceptional geographical position, because it occupies the 
central part of the Balkan Peninsula, and thus, represents the most important land 
connection between the Balkans and this part of Europe. The northern border is 
represented by the rivers Danube and Sava. The eastern border coincides with the 
borders of the Republic of Serbia with the Republic of Bulgaria and Romania. 
The southern border is represented by the border of the Republic of Serbia and 
the Republic of North Macedonia, as well as the contact between the Autonomous 
Province of Kosovo and Metohija and Central Serbia. The western border 
coincides with the borders of Serbia and Montenegro, after which it follows the 
course of the Drina River. In a regional-geographical sense, Central Serbia 
includes the following mesoregions: Western Serbia, Eastern Serbia, Southern 
Serbia, Central Serbia, as well as the microregions of Stari Vlah and Raška and 
Ibar-Kopaonik region (Pavlovi , 2019a, 2019b). 

The mountain ranges of Dinarides, Rhodopes (Serbian-Macedonian massif) 
and Carpatho-Balkanides are crossed by river courses, among which the Velika 
Morava, with its tributaries, dominates. Most of the precipitation comes from the 
east, that is, from the Atlantic Ocean and the Adriatic Sea. The effect from the 
Adriatic weakens rashly during crossing of the Dinarides. The amount of 
precipitation varies from 600 mm, and in some places it exceeds 1100 mm per 
year. In the southeastern and southwestern parts of Central Serbia, the lowest 
average annual air temperature is around 2 °C, while the highest average annual 
temperatures occur in the largest populated places, where the warmest is Belgrade 
with around 12 °C (Milovanovi  et al., 2022a).  
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2.2. Materials 

The average annual air temperature (YT-VP), average annual maximum air 
temperature (YTx-VP), and average annual minimum air temperature (YTn-VP) 
during the vegetation period (P-VG) from 1949 to 2018 were calculated based on 
publicly available data of the Republic Hydrometeorological Institute of Serbia 
(https://www.hidmet.gov.rs/). Twenty-four meteorological stations were used, 
whose data are given in Table 1 (Ba evi , et al., 2021), while their position is 
given in Fig. 1. For the purposes of these studies, data on precipitation from 24 
meteorological stations were used. Details of station names, geographic 
coordinates, geographic location and their altitude are shown in Fig. 1 and Table 
1.  

 

 
 

 

 
Fig. 1. Geographical position of Central Serbia in the regional context and in Europe (upper 
right corner). Meteorological stations used in this study are indicated by black dots. 
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Table 1. List of meteorological stations located in Central Serbia, their geographic 
coordinates and altitude, and the name of time series used in this study  

No. Meteorological station Name of time series  (°N)  (°E) h (m) 

1. Belgrade BG-YT-VP; BG-YTx-VP; BG-YTn-
VP 44º48´ 20º28´ 132 

2. Bujanovac BU-YT-VP; BU-YTx-VP; BU-YTn-
VP 42º27´ 21º46´ 399 

3. uprija CU-YT-VP; CU-YTx-VP; CU-YTn-
VP 43º56´ 21º23´ 123 

4. Dimitrovgrad DI-YT-VP; DI-YTx-VP; DI-YTn-VP 43º01´ 22º45´ 450 
5. Jagodina JA-YT-VP; JA-YTx-VP; JA-YTn-VP 43º59´ 21º23´ 115 

6. Knjaževac KZ-YT-VP; KZ-YTx-VP; KZ-YTn-
VP 43º34´ 22º15´ 263 

7. Kragujevac KG-YT-VP; KG-YTx-VP; KG-YTn-
VP 44º02´ 20º56´ 181 

8. Kraljevo KV-YT-VP; KV-YTx-VP; KV-YTn-
VP 43º43´ 20º42´ 215 

9. Kruševac KS-YT-VP; KS-YTx-VP; KS-YTn-VP 43º37´ 21º15´  166 

10. Kuršumlija KU-YT-VP; KU-YTx-VP; KU-YTn-
VP 43º08´ 21º16´ 384 

11. Leskovac LE-YT-VP; LE-YTx-VP; LE-YTn-VP 42º59´ 21º57´ 231 

12. Loznica LO-YT-VP; LO-YTx-VP; LO-YTn-
VP 44º32´ 19º14´ 121 

13. Negotin NG-YT-VP; NG-YTx-VP; NG-YTn-
VP 44º14´ 22º32´ 42 

14. Niš NI-YT-VP; NI-YTx-VP; NI-YTn-VP 43º20´ 21º54´ 202 
15. Novi Pazar NP-YT-VP; NP-YTx-VP; NP-YTn-VP 43º08´ 20º31´ 545 
16. Pirot PI-YT-VP; PI-YTx-VP; PI-YTn-VP 43º09´ 22º35´ 373 
17. Požega PZ-YT-VP; PZ-YTx-VP; PZ-YTn-VP 43º51´ 20º02´ 311 
18. Sjenica SJ-YT-VP; SJ-YTx-VP; SJ-YTn-VP 43º16´ 20º00´ 1038 
19. Smederevska Palanka SP-YT-VP; SP-YTx-VP; SP-YTn-VP 44º22´ 20º57´ 121 

20. Valjevo VA-YT-VP; VA-YTx-VP; VA-YTn-
VP 44º17´ 19º55´ 174 

21. Veliko Gradište VG-YT-VP; VG-YTx-VP; VG-YTn-
VP 44º45´ 21º30´ 80 

22. Vranje VR-YT-VP; VR-YTx-VP; VR-YTn-
VP 42º33´ 21º55´ 433 

23. Zaje ar ZA-YT-VP; ZA-YTx-VP; ZA-YTn-
VP 43º53´ 22º17´ 144 

24. Zlatibor ZL-YT-VP; ZL-YTx-VP; ZL-YTn-VP 43º44´ 19º43´ 1029 

 

2.3. Methods 

For the purposes this scientific study, three different statistical methods were used 
to analyze trends in average annual air temperature (YT-VP), average annual 
maximum air temperature (Ytx-VP), and average annual minimum air 
temperature (Ytn-VP) during the vegetation period. The first method involves 
calculating of the trend equation for each time series separately (Ba evi  et al., 
2022). The second statistical method is the application of the non-parametric 
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Mann-Kendall trend test to the existing sample (Papi  et al., 2020). The third 
method is determining the trend magnitude based on the trend equation (Ba evi  
et al., 2020). Trend analysis was calculated using the XLSTAT extension 
(https://www.xlstat.com/en) within the EXCEL MICROSOFT OFFICE package.  

Calculation of the trend equation is based on the application of linear 
regression to calculate the precipitation trend equation during the vegetation 
period for each meteorological station, and the equation reads 
 
 = +  . (1) 

 
In this equation, y denotes the average annual air temperature (YT-VP), average 
annual maximum air temperature (YTx-VP), i.e., average annual minimum air 
temperature (YTn-VP) in the vegetation period expressed in °C, a represents the 
trend slope that can be positive, negative, or with no trend, x represents the time 
series, while b represents the value of the air temperature at the beginning of the 
analyzed period (Ba evi  et al., 2018, 2024; 2025 in press; Vukoi i  et al., 2018). 
After this analysis, the determination of the trend magnitude is carried out 
(Gavrilov et al., 2018) 
 
  =  ( ) –  ( ) ,  (2) 
 
where y represents the trend magnitude in °C, y(Pb) is the temperature value 
(YT-VP, YTx-VP, and YTn-VP) in the first year of the observed period, while 
y(Pe) is the temperature value (YT-VP, YTx-VP, and YTn-VP) in the last year of 
the time series. In relation to that, the trend magnitude can be positive (increasing) 
and negative (decreasing). The trend magnitude can be with no trend, if the 
specified values are equal.  

The third method used in this paper is the Mann-Kendall (MK) trend test for 
the analysis of air temperature time series (YT-VP, YTx-VP, and YTn-VP) during 
the vegetation period in Central Serbia (Mann, 1945; Kendall, 1975). Each value 
in the time series is assigned a rank. Differences between pairwise ranks are used 
to calculate the direction and strength of the trend, after which the variance of the 
MK test is determined to show the randomness of the variability in the data. Low 
variance indicates low data dispersion, and vice versa. Then follows the 
calculation of the trend significance, which begins by comparing the calculated 
test statistic with the data distribution, assuming that there is no trend (H0 
hypothesis). If the test statistics is greater than the critical value from the 
distribution, it indicates that there is a statistically significant trend (Ha 
hypothesis). p denotes the value that indicates how much the test statistic exceeds 
the critical value. In the case when p is less than 0.05 or 5%, the trend results are 
statistically significant and the H0 hypothesis is rejected (Gavrilov et al., 2018; 
Razavi et al., 2016). 
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2.3.1. Spatial data analysis 

All digital cartographic analyses were conducted using ArcGIS Pro: 3.2.0. Data, 
which are necessary for mapping, were taken from the Internet and from 
established databases, obtained during statistical processing. GIS and data 
modeling are very powerful tools for assessing and calculating meteorological 
data of an area. In this paper, the kriging method is preferred within the 
interpolation framework to show the geographical distribution of average 
precipitation during the vegetation period in the analyzed period. The results of 
the statistical analysis are spatially represented using the Create Thiessen 
Polygons analysis. This method was developed by Thiessen, a meteorologist, 
more than a century ago, and it refers to the creation of a polygon in the center of 
which a coordinate is entered (Radakovi , 2018), in this case the coordinate of a 
meteorological station. Using this method, the entire territory of Central Serbia is 
divided into areas where the results of linear regression and the Mann-Kendall 
test are the same: the trend in precipitation during the vegetation period exists as 
positive, negative, or no trend. All procedures and approaches used for the 
purpose of this research are presented in the flow chart given in Fig. 2. 

 

 
Fig. 2. Flow chart with all the procedures and methods used in this research. 
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3. Results 

3.1. Trend parameters 

The results of this scientific study are shown in Table 2 and Figs. 3, 4, 5, and 6. 
The analysis for 24 meteorological stations, which are located in the territory of 
Central Serbia for the time interval from 1949 to 2018, is presented. The processed 
data and performed analyses refer to the vegetation period (April - October) for 
the observed area and, based on those variables, the values of the observed 
equations were calculated. Also, the analysis of 72 time series is presented, which 
was conducted using a non-parametric trend test (MK). Table 2 and Fig. 2 visually 
show the results obtained for the average annual air temperature, average annual 
maximum air temperature, average annual minimum air temperature, trend 
equation, linear trend equation, and trend magnitude. Furthermore, Fig. 2 visually 
shows the obtained results for the p values, results of trend testing, and evaluation 
of hypotheses for accepting the trend, that is, rejecting the trend. Spatial 
distributions for the average annual air temperature, average annual maximum air 
temperature, and average annual minimum air temperature are shown in Fig. 7.  
 
 
 
 
 

 
Fig. 3. Results of the average annual surface air temperature YT-VP (blue), average maximum 
annual surface air temperature YTx-VP (red), and average minimum annual surface air 
temperature YTn-VP (green) for the vegetation period (April-October, 1949–2018) for 24 
meteorological stations in Central Serbia. 
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Table 2. Names of time series, trend equation y, trend magnitude Dy, average annual air 
temperature, average annual maximum air temperature and average annual minimum air 
temperature for the vegetation period for 72 time series, which refer to the territory of 
Central Serbia  

Time series Trend equation DyYT-VP (°C) Average temperature (°C) 
BG-YT-VP y=0.018x+17.442 1.24 18.1 
BG-Ytx-VP y=0.022x+30.472 1.52 31.3 
BG-Ytn-VP y=0.0291x+6.0625 2.0 7.1 
BU-YT-VP y=0.0153x+16.149 1.0 16.7 
BU-YTx-VP y=0.0296x+29.337 2.0 30.4 
BU-YTn-VP y=0.0203x+2.7914 1.4 3.5 
CU-YT-VP y=0.0052x+16.71 0.3 16.9 
CU-YTx-VP y=0.0318x+30.572 2.2 31.7 
CU-YTn-VP y=-0.0042x+3.3835 -0.3 3.2 
DI-YT-VP y=-0.0068x+10.864 -0.5 10.6 
DI-YTx-VP y=0.0101x+ 30.049 0.7 30.4 
DI-YTn-VP y=-0.0002x+2.9237 -0.01 2.9 
JA-YT-VP y=0.0236x+16.677 1.6 17.5 
JA-YTx-VP y=-0.0025x+31.49 -0.2 31.4 
JA-YTn-VP y=0.0454x+3.4071 3.1 5.0 
KZ-YT-VP y=0.0184x+16.003 1.3 16.7 
KZ-YTx-VP y=0.0618x+29.609 4.3 31.8 
KZ-YTn-VP y=0.0148x+3.0053 1.0 3.5 
KG-YT-VP y=0.0142x+16.507 1.0 17.0 
KG-YTx-VP y=0.0211x+30.607 1.4 31.4 
KG-YT-nVP y=0.0126x + 4.101 0.9 4.5 
KV-YT-VP y=0.0116x+16.63 0.8 17.0 
KV-YTx-VP y=0.0167x+30.529 1.1 31.1 
KV-YTn-VP y=0.0183x+4.0596 1.3 4.7 
KS-YT-VP y=0.0131x+16.537 0.9 17.0 
KS-YTx-VP y=0.0164x + 30.99 1.1 31.6 
KS-YTn-VP y=0.0147x+3.6799 1.0 4.2 
KU-YT-VP y=0.0034x+15.72 0.2 15.8 
KU-YTx-VP y=0.022x+29.825 1.5 30.6 
KU-YTn-VP y=0.0057x+2.9885 0.4 3.2 
LE-YT-VP y=0.0034x+16.758 0.2 16.9 
LE-YTx-VP y=0.0237x+30.78 1.6 31.6 
LE-YTn-VP y=0.0034x+3.6806 0.2 3.8 
LO-YT-VP y=0.0263x+15.948 1.8 16.9 
LO-YTx-VP y=0.0274x+30.31 1.9 31.3 
LO-YTn-VP y=0.0256x+4.5669 1.8 5.5 
NG-YT-VP y=0.0239x+16.943 1.6 17.8 
NG-YTx-VP y=0.0145x+30.613 1.0 31.1 
NG-YTn-VP y=0.025x+4.4012 1.7 5.3 
NI-YT-VP y=0.0099x+17.273 0.7 17.6 
NI-YTx-VP y=0.0159x+31.541 1.1 32.1 
NI-YTn-VP y=0.0167x+4.443 1.1 5.0 
NP-YT-VP y=0.0394x+13.65 2.7 15.0 
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Time series Trend equation DyYT-VP (°C) Average temperature (°C) 
NP-YTx-VP y=0.0578x+28.711 3.9 30.8 
NP-YTn-VP y=0.0443x+0.9202 3.0 2.5 
PI-YT-VP y=0.0335x+15.487 2.3 16.7 
PI-YTx-VP y=0.0261x+30.161 1.8 31.1 
PI-YTn-VP y=0.0198x+2.8272 1.4 3.5 
PZ-YT-VP y=0.0203x+14.514 1.4 15.2 
PZ-YTx-VP y=0.0151x+30.039 1.0 30.6 
PZ-YTn-VP y=0.0121x+2.7561 0.8 3.2 
SJ-YT-VP y=0.016x+11.323 1.1 11.9 
SJ-YTx-VP y=0.0261x+24.947 1.8 25.9 
SJ-YTn-VP y=0.0198x-1.7503 1.4 -1.0 
SP-YT-VP y=0.0124x+16.702 0.8 17.1 
SP-YTx-VP y=0.0208x+30.593 1.4 31.3 
SP-YTn-VP y=0.017x+3.434 1.2 4.0 
VA-YT-VP y=0.0236x+16.047 1.6 16.9 
VA-YTx-VP y=0.0189x+30.582 1.3 31.3 
VA-YTn-VP y=0.028x+3.7065 1.9 4.7 
VG-YT-VP y=0.014x+17.452 0.9 17.9 
VG-YTx-VP y=0.0168x+30.288 1.1 30.9 
VG-YTn-VP y=-0.0079x+4.7418 -0.5 4.5 
VR-YT-VP y=0.0083x+16.565 0.6 16.9 
VR-YTx-VP y=0.0331x+29.091 2.3 30.3 
VR-YTn-VP y=-0.0144x+4.9345 -1.0 4.4 
ZA-YT-VP y=0.0168x+16.283 1.1 16.9 
ZA-YTx-VP y=0.0265x+30.501 1.8 31.4 
ZA-YTn-VP y=0.004x+3.2652 0.3 3.4 
ZL-YT-VP y=0.0152x+12.362 1.0 12.9 
ZL-YTx-VP y=0.0352x+24.335 2.4 25.6 
ZL-YTn-VP y=0.0048x+2.2384 0.3 2.4 

 
 

The presentation of the obtained results of the above parameters, which are 
visually shown in Fig. 3 and Table 2, indicates an increase in the average annual air 
temperature (YT-VP), average annual maximum air temperature (YTx-VP), and 
average annual minimum air temperature (YTn-VP) for the vegetation period in the 
observed area. Out of a total of 72 time series, a positive balance (increase in 
temperature) was recorded in 66 time series, and a negative balance (decrease in 
temperature) was recorded in 6 time series. The recorded increase in temperature for 
the variables mentioned above ranges from 0.2 °C (time series KU-YT-VP, LE-YT-
VP, and LE-YTn-VP) to 4.3 °C (time series KZ-YTx-VP). Negative balance was 
recorded for a total of six time series (CU-YTn-VP, DI-YT-VP, DI-YTn-VP, JA-
YTx-VP, VG-YTn-VP and VR-YTn-VP), whose values range from -0.01 °C (time 
series DI-YTn-VP) to -0.5 °C (time series DI-YT-VP and VG-YTn-VP). The 
average annual air temperature for the vegetation period is 16.2 °C. The average 
annual maximum air temperature for the vegetation period is 30.7 °C. The average 



12 

annual minimum air temperature for the vegetation period is 3.9 °C. More detailed 
results for other time series are shown in Table 2. Moreover, in the same table, the 
results for the average annual air temperature, average annual maximum air 
temperature and average annual minimum air temperature, in the vegetation period 
are shown separately for each meteorological station in the past 70 years in the 
observed territory.  

3.2. Trend assessment 

The spatial description of the results obtained by the MK trend test analysis and the 
evaluation of hypotheses (p values, type of hypothesis - the risk of rejecting the 
hypothesis) are shown in Figs. 4, 5, and 6. Out of a total of 72 time series, most show 
a statistically significant positive trend. More precisely, Ha hypothesis prevails in 53 
time series, where the p value is lower than the significance level , whose value is 
0.05. In the remaining 19 time series, there is no trend, where H0 hypothesis prevails 
and where the p value is higher than the significance level , whose value is 0.05. 
Out of 53 time series (Figs. 3, 4, and 5), where a statistically positive trend and Ha 
hypothesis prevail, a very small percentage of the risk of rejecting this claim, ranging 
between 0.01% and 1.00%, was recorded in 39 time series. In the remaining 14 time 
series, the percentage of risk to reject such a claim is insignificantly higher and ranges 
between 1.00% to 5.00%.  

These results for the abovementioned time series indicate that in most cases, 
the trend is positive and that the temperature has increased in the entire analyzed 
territory, and that it will continue to be so in the future as well. Also, after the 
analyses performed in the MK trend test, results were obtained, where there is no 
trend in 19 time series. The percentage of risk to reject such a claim is significantly 
higher compared to the recorded risk for time series, where the trend is positive. 
The risk percentage ranges from 5.14% to 77.17%. In 4 time series (KV-YTx-VP, 
KS-YTx-VP, PZ-YTx-VP, and VR-YTn-VP) the risk percentage ranges from 
5.14% to 6.59%, which indicates that there will certainly be no trend in the future. 
In 12 time series (CU-YT-VP, CU-YTn-VP, DI-YT-VP, DI-YTx-VP, KZ-YTn-
VP, KU-YT-VP, KU-YTn-VP, LE-YT-VP, VG-YTn-VP, VR-YT-VP, ZA-YTn-
VP, and ZL-YTn-VP) the percentage of risk to reject this claim ranges from 
10.06% to 47.47%, which indicates that a positive trend is possible in the future 
and that the air temperature may increase. In the remaining 3 time series, the risk 
percentage of rejecting this claim is above 50.00%. More precisely, the percentage 
of risk is 57.94% for the time series LE-YTn-VP, 77.17% for the time series DI-
YTn-VP, and 77.57% for the time series JA-Ytx-VP, which indicates that it will 
certainly change to a positive trend in the future and that an increase in air 
temperature will be recorded.  

The obtained results for the trend equation differ from the obtained results 
of the MK trend test analysis, where a greater number of time series with positive 
trend was recorded. A total of 59 time series were recorded, where a positive trend 
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was recorded for 6 more. In 7 time series there is no trend, and in 6 time series the 
trend is negative, which is also less for 6 time series in relation to the results 
obtained using MK trend test. These results are shown in more detail in Figs. 3, 
4, 5, and 6.  

 
 

 
Fig. 4. Cartographic presentation of the obtained results of the linear trend equation movement 
of A) average annual maximum, B) average annual, and C) average annual minimum air 
temperatures for the vegetation period in Central Serbia, in the time interval from 1949 to 2018.  
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Fig. 5. Cartographic representation of the results obtained from Mann-Kendall trend test of A) 
average annual maximum, B) average annual, and C) average annual minimum air 
temperatures for the vegetation period in Central Serbia, in the time interval from 1949 to 2018.  
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Fig. 6. Comparative presentation of the obtained results of the linear and Mann-Kendall trends 
of A) average annual maximum, B) average annual, and C) average annual minimum air 
temperatures for the vegetation period in Central Serbia, in the time interval from 1949 to 2018. 
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3.3. GIS numerical analysis 

Spatial distributions of the average annual air temperature, average annual 
maximum air temperature, and average annual minimum air temperature for the 
vegetation period in the time interval from 1949 to 2018 in Central Serbia are 
shown in more detail in Fig. 6 (a-c).  
 

 
Fig. 7. Spatial distribution of A) average annual maximum, B) average annual, and C) average 
annual minimum air temperatures for the vegetation period in Central Serbia in °C, in the time 
interval from 1949 to 2018.  
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Fig. 6 shows the average annual air temperature (YT-VP), average annual 
maximum air temperature (YTx-VP), and average annual minimum air temperature 
(YTn-VP) for the vegetation period in Central Serbia for the time interval from 
1949 to 2018. The isotherms follow the temperature values and indicate the 
influence of the geographical position, orography, altitude, proximity to the 
Adriatic Sea, and in the last period, the anthropogenic influence should also be 
mentioned. Average annual air temperatures for the vegetation period in the 
observed area range from 10.6 °C in Dimitrovgrad to 18.1 °C in Belgrade. Other 
values of the average annual air temperature for the vegetation period are shown 
from the lowest to the highest, namely: Sjenica 11.9 °C, Zlatibor 11.9 °C, Novi 
Pazar 15 °C, Požega 15.2 °C, Kuršumlija 15.8 °C, Bujanovac 16.7 °C, Knjaževac 
16.7 °C, Pirot 16.7 °C, uprija 16.9 °C, Loznica 16.9 °C, Leskovac 16.9 °C, 
Valjevo 16.9 °C, Vranje 16.9 °C, Zaje ar 16.7 °C, Kragujevac 17 °C, Kraljevo 
17 °C, Kruševac 17 °C, Smederevska Palanka 17.1 °C, Jagodina 17.5 °C, Niš 
17.6 °C, Negotin 17.8 °C, Veliko Gradište 17.9 °C.  

Average annual maximum air temperatures for the vegetation period in the 
observed area range from 32.1 °C in Niš to 25.6 °C in Zlatibor. Other values of 
the average annual air temperature for the vegetation period are shown from the 
lowest to the highest, namely: Sjenica 25.9 °C, Vranje 30.3 °C, Bujanovac 
30.4 °C, Dimitrovgrad 30.4 °C, Kuršumlija 30.6 °C, Požega 30.6 °C, Novi Pazar 
30.8 °C, Veliko Gradište 30.9 °C, Kraljevo 31.1 °C, Negotin 31.1 °C, Pirot 
31.1 °C, Belgrade 31.3 °C, Loznica 31.3 °C, Smederevska Palanka 31.3 °C, 
Valjevo 31.3 °C, Jagodina 31.4 °C, Kragujevac 31.4 °C, Zaje ar 31.4 °C, 
Kruševac 31.6 °C, Leskovac 31.6 °C, uprija 31.7 °C, Knjaževac 31.8 °C.  

Average annual minimum air temperatures for the vegetation period in the 
observed area range from -1 °C in Sjenica to 7.1 °C in Belgrade. Other values of 
the average annual air temperature for the vegetation period are shown from the 
lowest to the highest, as follows: Zlatibor 2.4 °C, Novi Pazar 2.5 °C, 
Dimitrovgrad 2.9 °C, uprija 3.2 °C, Kuršumlija 3.2 °C, Požega 3.2 °C, Zaje ar 
3.4 °C, Bujanovac 3.5 °C, Knjaževac 3.5 °C, Pirot 3.5 °C, Leskovac 3.8 °C, 
Smederevska Palanka 4 °C, Kruševac 4.2 °C, Vranje 4.4 °C, Kragujevac 4.5 °C, 
Veliko Gradište 4.5 °C, Kraljevo 4.7 °C, Valjevo 4.7 °C, Jagodina 5 °C, Niš 5 °C, 
Negotin 5.3 °C, Loznica 5.5 °C. 

4. Discussion 

Such or similar research, referring to the average annual air temperature, average 
annual maximum air temperature, and average annual minimum air temperature 
for the vegetation period in the time interval from 1949 to 2018 has not been done 
so far in Central Serbia. The obtained results, their differences and similarities 
were compared with similar results of previous research, whose research subject 
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is partly the same or similar to the research subject of this scientific study, and 
they refer to the same observed area, region, European continent, and the world.  

With this scientific study, key aspects related to the analyzed climate 
variables can be highlighted and the followings can be stated. A total of 72 time 
series were analyzed. Analyses were conducted using trend equations, trend 
magnitude indicating average increase or decrease in the average annual air 
temperature, average annual maximum air temperature and average annual 
minimum air temperature, non-parametric MK test and GIS numerical analysis. 
The results of the trend equation and trend magnitude indicate an increase in air 
temperature in most time series. A positive balance was recorded in 66 time series.  

Meanwhile, negative balance was recorded in 6 time series. The recorded 
increase in temperature for the variables mentioned above ranges from 0.2 °C 
(time series KU-YT-VP, LE-YT-VP, and LE-YTn-VP) to 4.3 °C (time series KZ-
YTx-VP). The recorded decrease in air temperature for the variables mentioned 
above ranges from -0.01 °C (time series DI-YTn-VP) to -0.5 °C (time series DI-
YT-VP and VG-YTn-VP) (Table 2). The results obtained from the analysis of the 
MK trend test indicate a positive trend in 53 time series, with a small percentage 
of risk to reject this claim. No trend was recorded in the remaining 19 time series, 
with a high percentage of risk to reject this claim (Figs. 3, 4, and 5).  

Average annual air temperatures for the vegetation period in the observed 
area range from 10.6 °C in Dimitrovgrad to 18.1 °C in Belgrade. Average annual 
maximum air temperatures for the vegetation period in the observed area range 
from 32.1 °C in Nis to 25.6 °C in Zlatibor. Average annual minimum air 
temperatures for the vegetation period in the observed area range from -1 °C in 
Sjenica to 7.1 °C in Belgrade (Table 2 and Figs. 5, 6, and 7). From the results 
presented above, it can be concluded that the increase in the average annual air 
temperature, average annual maximum air temperature, and average annual 
minimum air temperature for the vegetation period is dominant in Central Serbia.  

Similar results were presented in the work of Ba evi  et al. (2021), which 
refers to the same observed territory. The aforementioned paper uses the same 
research methodology but deals with a different variable. The differences between 
these studies lie in the variables: while one analyzed the entire annual period, the 
other focused on the vegetation period. The results obtained based on the trend 
equation and trend magnitude indicate an increase in temperature in 70 time 
series, and a decrease in temperature in the remaining two time series, which is 
the difference in 4 time series, when it comes to a positive balance. Whereas, in 
the case where a negative balance occurs, the difference is in 4 time series.  

The largest increase in the average air temperature was recorded in the case 
of the average annual maximum air temperatures for KZ-YTx time series, where 
the temperature increased by 4.2 °C. This is the same result as in this scientific 
study, with the exception that the average annual maximum air temperature 
increased by 4.5 °C. The lowest increase in air temperature was recorded in the 
case of the average minimum air temperatures (time series ZA-YTn). In this 
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particular case, an average increase in air temperature of only 0.1 °C was 
recorded. This differs from the obtained results of this study, where the lowest 
increase in air temperature of 0.2 °C was recorded in three time series (KU-YT-
VP, LE-YT-VP, and LE-YTn-VP).  

A decrease in air temperature was recorded in two time series (VR-YTn and 
VG-YTn), the values of which are -0.6 °C and -0.4 °C, and in this work, this is the 
case with 6 time series (CU-YTn-VP, DI-YT-VP, DI-YTn-VP, JA-YTx-VP, VG-
YTn-VP, and Vr-YTn-VP), whose values range from -0.01 °C to -0.5 °C. (Tables 
2 and 3). Such differences lie in the number of time series, amounts and range of 
reduction in the average air temperature. The first case shows a smaller range of 
values that vary compared to the second case, where the range of obtained values 
is significantly larger.  

Using the MK trend test, the results from the study by Ba evi  et al. (2021) 
indicate that a positive trend was recorded in 61 time series, while there was no 
trend in 11 time series. In this paper, the results are somewhat different: a positive 
trend is observed in 53 time series, while in 19 time series there is no trend. The 
difference between the results obtained by MK trend test analysis is primarily in 
the number of time series in which a positive trend is recorded and those in which 
there is no trend. This means that, in this paper, there is a smaller number of time 
series (by 8) with a positive trend and a larger number of time series (by 8) with 
no trend (Figs. 4 and 8).  

This study can serve as a basis for future research, which would contribute 
to new additional knowledge about climate changes in the observed territory. 

 
 
 
 
 

 
Fig. 8. The results of linear equation trends and MK test: a) average annual surface air 
temperature; b) average maximum surface air temperature; c) average minimum surface air 
temperature (Ba evi  et al., 2021). 
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Table 3. Names of times series, trend equation y, trend magnitude y, and probability value 
p of the confidences for 72 time series (Ba evi  et al., 2021) 

Time series Trend equation y (°C) Average temperature (°C) 
BG-YT y = 0.0292x + 11.36 2.0 12.1 
BG-YTx y = 0.0319x + 24.636 2.2 25.8 
BG-YTn y = 0.0307x + 0.5603 2.1 1.6 
BU-YT y = 0.0157x + 10.481 1.1 11.0 
BU-YTx y = 0.0363x + 22.988 2.5 24.3 
BU-YTn y = 0.0237x - 3.1391 1.6 -2.3 
CU-YT y = 0.0131x + 10.747 0.9 11.2 
CU-YTx y = 0.0358x + 24.629 2.5 25.9 
CU-YTn y = 0.0065x - 2.5549 0.5 -2.3 
DI-YT y = 0.0085x + 9.7802 0.6 10.1 
DI-YTx y = 0.0259x + 23.89 1.8 24.8 
DI-YTn y = 0.0035x - 2.887 0.2 -2.8 
JA-YT y = 0.0204x + 10.954 1.4 11.7 
JA-YTx y = 0.0027x + 25.412 0.2 25.5 
JA-YTn y = 0.0438x - 2.3001 3.0 -0.7 
KZ-YT y = 0.0183x + 10.148 1.3 10.8 
KZ-Ytx y = 0.0611x + 23.941 4.2 26.1 
KZ-YTn y = 0.0157x - 2.7361 1.1 -2.2 
KG-YT y = 0.0194x + 10.792 1.3 11.5 
KG-YTx y = 0.0319x + 24.8 2.2 25.9 
KG-YTn y = 0.0143x - 1.7176 1.0 -1.2 
KV-YT y = 0.0319x + 24.8 1.1 11.4 
KV-YTx y = 0.0319x + 24.8 1.6 25.6 
KV-YTn y = 0.0319x + 24.8 1.4 -1.0 
KS-YT y = 0.0178x + 10.666 1.2 11.3 
KS-YTx y = 0.03x + 24.93 2.1 26.0 
KS-YTn y = 0.0193x - 2.3684 1.3 -1.7 
KU-YT y = 0.0069x + 10.179 0.5 10.4 
KU-YTx y = 0.0231x + 24.366 1.6 25.2 
KU-YTn y = 0.0064x - 2.8218 0.4 -2.6 
LE-YT y = 0.0081x + 10.895 0.6 11.2 
LE-YTx y = 0.0253x + 25.078 1.7 25.9 
LE-YTn y = 0.0054x - 2.1455 0.4 -2.0 
LO-YT y = 0.0296x + 10.387 2.0 11.4 
LO-YTx y = 0.0287x + 25.353 2.0 26.3 
LO-YTn y = 0.0331x - 1.3454 2.3 -0.2 
NG-YT y = 0.0279x + 10.641 1.9 11.6 
NG-YTx y = 0.0272x + 24.042 1.9 25.0 
NG-YTn y = 0.0281x - 1.9027 1.9 -1.0 
NI-YT y = 0.0168x + 11.263 1.2 11.1 
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Time series Trend equation y (°C) Average temperature (°C) 
NI-YTx y = 0.0235x + 25.561 1.6 26.4 
NI-YTn y = 0.0185x - 1.0556 1.3 -0.3 
NP-YT y = 0.0405x + 8.1268 2.8 9.5 
NP-YTx y = 0.0514x + 23.047 3.5 24.9 
NP-YTn y = 0.0413x - 4.8405 2.8 -3.4 
PI-YT y = 0.0305x + 9.9109 2.1 11.0 
PI-YTx y = 0.0244x + 24.522 2.1 25.4 
PI-YTn y = 0.0198x - 2.9205 1.4 -2.2 
PZ-YT y = 0.0207x + 8.8474 1.4 9.6 
PZ-YTx y = 0.0232x + 24.139 1.6 24.9 
PZ-YTn y = 0.0239x - 3.7112 1.7 -2.8 
SJ-YT y = 0.0207x + 5.8387 1.4 6.6 
SJ-YTx y = 0.0371x + 19.309 2.6 20.6 
SJ-YTn y = 0.0243x - 8.8094 1.7 -8.0 
SP-YT y = 0.0191x + 10.818 1.3 12.0 
SP-YTx y = 0.0346x + 24.482 2.4 25.7 
SP-YTn y = 0.0171x - 2.2929 1.2 -1.8 
VA-YT y = 0.0303x + 10.342 2.1 11.4 
VA-YTx y = 0.0275x + 25.246 2.0 26.2 
VA-YTn y = 0.041x - 2.4819 2.8 -1.1 
VG-YT y = 0.016x + 10.743 1.1 11.4 
VG-YTx y = 0.0261x + 23.804 1.8 24.8 
VG-YTn y = -0.0062x - 0.9246 -0.4 -1.1 
VR-YT y = 0.012x + 10.739 0.8 11.2 
VR-YTx y = 0.0369x + 23.108 2.6 24.4 
VR-YTn y = -0.0092x - 0.9409 -0.6 -1.3 
ZA-YT y = 0.0172x + 10.227 1.2 10.8 
ZA-YTx y = 0.0359x + 24.518 2.5 25.8 
ZA-YTn y = 0.0011x - 2.6094 0.1 -2.6 
ZL-YT y = 0.0211x + 6.8797 1.5 7.6 
ZL-YTx y = 0.0437x + 19.045 3.0 20.5 
ZL-YTn y = 0.0148x - 3.9099 1.0 -3.4 

 
 
 

The trends for the average annual air temperature were also analyzed in the 
papers of Gavrilov et al. (2018) and Milentijevi  et al. (2022). The first paper 
covers the territory of Kosovo and Metohija (southward of the observed area), 
while the second paper covers the territory of Backa (northward of the observed 
area). In both papers, trends in the average annual air temperature were analyzed, 
where a slight increase in air temperature was established, which is confirmed by 
the trend equation and trend magnitude. The results obtained by the MK trend test 
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indicate that the Ha hypothesis (positive trend) prevails in most cases. These 
results match the results of this study, because the distance between the observed 
meteorological stations is very small.  

Similar results were obtained in most of the research conducted in the 
observed area, showing an increase in the average air temperature and a positive 
trend. This is consistent with the results of this scientific study (Bajat et al., 2015; 
Mimi  et al., 2017; Milentijevi  et al., 2021; Milovanovi  et al., 2022b; Toši  et 
al., 2022). Also, the obtained results are in accordance with the research 
conducted in the region, which coincide with the results of other authors 
(Kendrovski and Spasenovska, 2011; Buri  et al., 2019, 2023; Miloševi  et al., 
2017; Popov et al., 2019; Tadi  et al., 2019; Ba evi  et al., 2020, 2022; Papi  et 
al., 2020). The results coincide with the findings of other authors who investigated 
the area of the Balkan Peninsula (Tsiotas et al., 2021; Georgoulias et al., 2022; 
Nikolov and Dimitrov, 2022; Sakalis, 2023).  

There are also researches that were conducted on the European continent and 
at the global level, that is, in different parts of the world (Li et al., 2013; Almazroui 
et al., 2017; Fallah-Ghalhari et al., 2019; Pasten-Zapata et al., 2019; Buri  and 
Penjiševi , 2023; Gentilucci et al., 2023; Zareaatkar et al., 2024). Finally, it is 
important to mention the official report of the International Panel on Climate 
Change (IPCC), which also supports these results. These data contribute to the 
general understanding of climate trends and climate change at local, regional, and 
global levels.  

5. Conclusion 

Based on the obtained results of the analyzed variables, as well as the geospatial 
distribution of the average annual air temperature, average annual maximum air 
temperature, and average annual minimum air temperature for the vegetation 
period in the time interval from 1949 to 2018 in the observed area, the following 
conclusions can be drawn. Necessary data used in this scientific study were taken 
from meteorological yearbooks of the Republic Hydrometeorological Institute of 
Serbia, with a total of 24 meteorological stations. Mann-Kendall trend test was 
used for data processing and trend analysis, for a total of 72 time series. Also, 
trend equation and trend magnitude were calculated. The geospatial data 
distribution was done using GIS numerical analysis.  

The general conclusion of this scientific study, after the obtained results, is 
that the average annual air temperature, average annual maximum air temperature, 
and average annual minimum air temperature for the vegetation period in the 
territory of Central Serbia are increasing. Based on the trend equation and trend 
magnitude, an increase in the specified temperatures was recorded in 66 time 
series, while a decrease in temperature was recorded in 6 time series. The smallest 
increase of 0.2 °C in the average annual air temperature for the vegetation period 
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in the observed area was recorded in three time series: KU-YT-VP, LE-YT-VP, 
and LE-YTn-VP, while the largest increase was recorded in one time series KZ-
YTx-VP, and its value is 4.3 °C. The smallest decrease in the average annual air 
temperature for the vegetation period was recorded in the DI-YTn-VP time series 
(-0.01 °C), while the largest decrease was recorded in 2 time series, namely: DI-
YT-VP and VG-YTn-VP, both with a temperature decrease of -0.5 °C (Table 2).  

The MK trend test results show that in 53 time series, Ha hypothesis is 
dominant, where the p value is lower than the significance level  (0.05). On the 
other hand, there is no trend in the remaining 19 time series, where H0 hypothesis 
prevails, with a p value greater than the significance level  (0.05). The geospatial 
data distribution shows the average air temperature values for each time series 
individually: a) Average annual air temperatures for the vegetation period in the 
observed area range from 10.6 °C in Dimitrovgrad to 18.1 °C in Belgrade; b) 
Average annual maximum air temperatures for the vegetation period in the 
observed area range from 32.1 °C in Nis to 25.6 °C in Zlatibor; c) Average annual 
minimum air temperatures for the vegetation period in the observed area range 
from -1 °C in Sjenica to 7.1 °C in Belgrade (Fig. 7). For the entire territory of 
Central Serbia, the obtained values are as follows. The average annual air 
temperature for the vegetation period is 16.2 °C. The average annual maximum 
air temperature for the vegetation period is 30.7 °C. The average annual minimum 
air temperature for the vegetation period is 3.9 °C.  

These results indicate a warming trend in Central Serbia, which may have 
significant consequences on the local climate and agriculture, as well as on other 
aspects of the ecosystem (Mandi  et al., 2022). A decrease in precipitation in some 
areas, combined with an increase in temperature, may lead to an increased risk of 
droughts and forest fires (Ba evi  et al., 2024). This indicates the need for 
adaptation and development of climate change mitigation strategies in this area, 
as well as in other areas. 
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Abstract— This study investigates the influence of the Southern Oscillation and North 
Sea-Caspian Pattern on maximum rainfall intensities in the Black Sea Region of Türkiye. 
Annual maximum rainfall intensity series from 16 meteorological stations were analyzed, 
and correlation coefficients were calculated and evaluated at  = 0.01, 0.05, and 0.10 
significance levels. Results indicate that the Southern Oscillation predominantly affects 
short- and medium-duration rainfall in Sinop, whereas the North Sea-Caspian Pattern 
shows significant correlations with medium- and long-duration rainfall in Bart n, Bayburt, 
and Gümü hane. These findings highlight the spatially varying influence of atmospheric 
oscillations on rainfall extremes in the region. 
 
Key-words: Southern Oscillation, North Sea-Caspian Pattern, rainfall intensity; 
atmospheric oscillation; Türkiye 

 
 
 

1. Introduction 

Climate refers to the long-term average of atmospheric parameters observed in a 
specific region. It encompasses not only average conditions but also statistically 
significant variations, which distinguish climate from weather, defined as 
instantaneous atmospheric states. To characterize a region's climate, statistical 
analyses of at least 30-year records of variables such as temperature, precipitation, 
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wind direction and intensity, relative humidity, and sea level pressure are 
required. Climate change should be expressed as meaningful long-term variations 
rather than daily fluctuations, while extreme weather events may reflect or result 
from such changes (Sen, 2019). Recent attention to climate change stems from its 
wide-ranging effects on human life, socio-economic conditions, and 
environmental systems. 

Hydrometeorology, which bridges hydrology and meteorology, plays a 
critical role in planning and managing water resources by assessing changes in 
precipitation, temperature, humidity, evaporation, and river flow, as well as their 
drivers. With ongoing global climate change, studies utilizing these 
hydrometeorological parameters have gained increasing importance, as they 
inform both resource management and disaster mitigation strategies. 

The variability of climate parameters is partly influenced by local and global 
atmospheric circulations. Some circulation patterns exhibit periodic behaviors 
that can affect regions at large distances simultaneously. Such teleconnections, 
including the Southern Oscillation (SO) and the North Sea-Caspian Pattern 
(NCP), represent large-scale atmospheric interactions with significant 
hydrometeorological impacts (Hurrell et al., 2003). Numerous studies have 
investigated the influence of atmospheric oscillations on hydrometeorological 
variables. For example, temperature has been linked to SO and NCP phases 
(Türke , 1990; Kutiel et al., 2002; Türke  and Erlat, 2008; Iqbal et al., 2016; Sezen 
and Partal, 2019; Hassan and Al-Asadi, 2023), precipitation has shown 
correlations with SO, North Atlantic Oscillation (NAO), and NCP (Rodo et al., 
1997; Ropelewski and Halpert, 1987; Kad o lu et al., 1999; Chowdhury and 
Beechem, 2010; Givati and Rosenfeld, 2013; West et al., 2021; Hosseini et al., 
2022), and river flow has also been associated with these indices (Cullen et al., 
2002; Zhang et al., 2007; Karabork and Kahya, 2009; Tabari et al., 2014). 

Previous research has revealed that the SO affects precipitation patterns 
across the Pacific basin (Ropelewski and Halpert, 1987), while NAO and SO 
modulate seasonal precipitation in Southern Europe, particularly in autumn and 
winter (Rodo et al., 1997). Halpert and Ropelewski (1992) reported stronger SO-
related temperature effects in tropical regions, excluding the Western Pacific. 
Petriello (1999) linked sea level pressure, temperature, and precipitation to NAO 
phases in Europe, America, and Africa, whereas Hurrell and van Loon (1997) 
demonstrated that decadal climate variability is influenced by NAO indices. 
Studies focusing on NCP have also shown region- and season-specific effects on 
temperature and precipitation (Ghasemi and Khalili, 2008; Brunetti and Kutiel, 
2011; del Rio et al., 2013; Nastos et al., 2011; Talaee et al., 2014). 

Türkiye’s climate is influenced by both maritime and continental air masses, 
as well as low- and high-pressure systems, including Iceland, Siberia, Azores, and 
Basra lows (Göktürk and Karaca, 2006). Several atmospheric oscillations, such 
as NAO, Arctic Oscillation (AO), SO, and NCP, have been shown to significantly 
affect Türkiye’s hydrometeorological variables (Kahya and Karabörk, 2001; 
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Türke  and Erlat, 2003; Kalayc  et al., 2004; Göktürk, 2005; Karabörk et al., 
2005, 2007; Kutiel and Türke , 2005; Kerimo lu, 2008; Marti et al., 2010; Özturk 
et al., 2011; Tosunoglu et al., 2018; Partal, 2018; Yarba  and Marti, 2019; 
Akkoyunlu et al., 2019; Yilmaz et al., 2020; Sezen and Partal, 2020; Demir and 
Koc, 2021; Kebapcioglu and Partal, 2022). In particular, ENSO events have been 
shown to alter precipitation regimes in southern Türkiye (Kad o lu et al., 1999), 
while NAO and SO influence river flows in central and eastern regions (Cullen 
and deMenocal, 2000; Kahya and Karabork, 2001; Turkes and Erlat, 2003; 
Göktürk, 2005; Kutiel and Türke , 2005; Karabörk and Kahya, 2009; Bozyurt and 
Özdemir, 2017; Tosunoglu et al., 2018; Sezen and Partal, 2019). 

Despite extensive research on atmospheric oscillations and 
hydrometeorological variables, few studies have examined the relationship 
between extreme rainfall intensities and oscillation indices (Lepore et al., 2016; 
Gehlot et al., 2021; Salameh et al., 2022; An et al., 2023; Ulke Keskin et al., 2024). 
Therefore, this study focuses on evaluating the influence of SO and NCP on 
annual maximum rainfall intensities across the Black Sea Region of Türkiye. By 
analyzing these relationships, the study aims to contribute to the understanding of 
extreme precipitation events, which is critical for flood risk assessment, water 
resource planning, and regional climate adaptation strategies. 

This paper is structured as follows: Section 1 provides the general 
background and motivation for this study, Section 2 introduces the atmospheric 
indices, Section 3 presents the data sources, Section 4 details the analysis 
methods, Section 5 evaluates the results, and Section 6 provides the conclusions. 

2. Atmospheric indices 

2.1. Southern Oscillation (SO) 

The Southern Oscillation (SO) is a large-scale oscillation that expresses the 
exchange of atmospheric pressure between the western and eastern parts of the 
Pacific Ocean at tropical latitudes. SO is considered the most notable sign of 
interannual climatic changes. The extreme phases of this oscillation are known as 
El Niño and La Niño events. El Niño events correspond to higher-than-normal 
atmospheric pressure in the southeast Pacific. La Niña events, on the other hand, 
express the opposite conditions of El Niño events (Karabork and Kahya, 2009; 
Tosunoglu, 2014; Tosunoglu et al., 2018). 

The Southern Oscillation Index (SOI) expresses the pressure difference 
between the western and eastern Pacific and is defined as the difference between 
the standardized sea level atmospheric pressure in Tahiti and the sea level 
atmospheric pressure in Darwin (Australia). SOI refers to the pressure difference 
between the eastern and western Pacific. When the SOI value, which is positive 
under normal conditions, drops to negative values, the atmospheric pressure in the 
eastern Pacific decreases and eastern trades weaken or blow from the west (Kahya 
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and Dracup, 1993; Tosunoglu, 2014; Tosunoglu et al., 2018). For more details, 
please refer to Ropelewski and Jones (1987), Allan et al. (1991), and Können et 
al. (1998). 

2.2. North Sea-Caspian Pattern (NCP) 

The North Sea-Caspian Pattern by Kutiel and Benaroch (2002), one around the 
North Sea, the other around the Caspian Sea, is defined as the large-scale 
atmospheric pressure fluctuation between two regions (Kutiel and Benaroch, 
2002). Kutiel and Benaroch (2002) revealed the North Sea-Caspian Pattern Index 
(NCPI). They used this index to indicate the magnitude of the North Sea-Caspian 
Pattern. When the NCPI is in the positive phase, the negative pressure in the center 
of the Caspian Sea causes a counterclockwise movement, whereas the pressure in 
the center of the North Sea causes a clockwise movement. As a result of these two 
movements, the cold and dry air mass affects the Eastern Mediterranean region 
from Russia. When the NCPI is in the negative phase, a hot and rainy weather 
occurs, unlike the situation in the positive phase, and the effect of this air mass is 
seen in the regions from the South to the Mediterranean. The North Sea-Caspian 
Pattern generally shows its effect in autumn, winter, and spring, while in summer, 
its effect is less than the effects of the others (Tosunoglu, 2014; Tosunoglu et al., 
2018). For more details, please refer to van Kutiel and Benaroch (2002), Kutiel et 
al. (2002) and Kutiel and Turkes (2005). 

3. Materials 

The Black Sea Region of Türkiye, which receives the highest annual precipitation 
in the country, plays a critical role in human activities and water resources (Yilmaz 
et al., 2020). The eastern part of the region experiences particularly heavy rainfall 
(Gürgen, 2004). Geographically, the region is located between 40°–42° N latitude 
and 30°–42.5° E longitude, covering approximately 135000 km², about 18% of 
Türkiye's total area. 

The North Anatolian Mountains, extending parallel to the coast, largely 
determine the region’s topography and climate. Kaçkar Peak, the highest point at 
3932 m, is located in the eastern part. Mountain slopes create differences in 
climate between coastal and inland areas: coastal zones are humid with moderated 
temperatures due to the sea, whereas inland areas experience lower humidity and 
greater temperature variation. However, the central part of the Black Sea region 
allows partial penetration of the sea effect due to relatively lower altitudes (Turak 
et al., 2011). 

Annual maximum rainfall intensity series (mm/min) for 14 standard 
durations—5', 10', 15', 30', 60', 120', 180', 240', 300', 360', 480', 720', 1080', and 
1440'—were recorded at 16 meteorological stations operated by the Turkish State 
Meteorological Service (TSMS) in the Black Sea Region. For classification 
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purposes, 5–30-minute rainfalls are considered short-term, 60–360-minute 
rainfalls medium-term, and 480–1440-minute rainfalls long-term (Karahan, 
2011, 2019; Zeybekoglu and Karahan, 2018). Table 1 lists the stations, their 
coordinates, altitude, and record periods, while Figure 1 shows their geographical 
distribution. 

 
 
 
 

 
Fig. 1. Spatial distribution of meteorological stations throughout Black Sea Region Türkiye  

 

 

 

 

 
Table 1. Meteorological observation stations and their records periods in the Black Sea 
Region 

Station Name Record period Altidute (m) Longitude (N) Latitude (E) 
Amasya 1965-2015 40 40.667 35.835 
Çorum 1958-2015 776 40.546 34.936 
Ordu 1965-2015 5 40.984 37.886 
Samsun 1957-2015 4 41.344 36.255 
Sinop 1965-2015 32 42.03 35.155 
Tokat 1966-2015 611 40.331 36.558 
Artvin 1965-2015 613 41.175 41.819 
Bolu 1949-2015 743 40.733 31.602 
Kastamonu 1948-2015 800 41.371 33.776 
Rize 1940-2015 3 41.040 40.501 
Düzce 1965-2015 146 40.844 31.149 
Giresun 1966-2015 38 40.923 38.388 
Bart n 1966-2015 33 41.625 32.357 
Bayburt 1966-2015 1584 40.255 40.221 
Gümü hane 1966-2015 1216 40.460 39.465 
Zonguldak 1945-2015 135 41.449 31.778 
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4. Methodology 

In this study, the Pearson correlation coefficients were calculated to distinguish 
between the atmospheric oscillation index and the rainfall intensity (Bayaz t and 
O uz, 2005): 
 
 , =  (1) 

 
where  is the value of the rainfall intensity in the ith year of the timeseries,  is 
the average of rainfall intensity,   is the ith value of the atmospheric oscillation 
index (AOI),  is the average of AOI,  represents the number of data,  is the 
standard deviation value of the rainfall intensity, and  is the standard deviation 
of the tmospheric oscillation index data. 

After obtaining the correlation coefficients the significance levels of  
= 0.01,  = 0.05 and  = 0.1 were evaluated by using Student's t-test. The 
correlation breakpoints were obtained with the distribution (Bayaz t and O uz, 
2005): 

 =  , (2) 
 
where  represents the test statistic,  represents the correlation value, and  
represents the number of data. 

5. Results of the relationship between rainfall intensities and atmospheric 
indices 

The correlation coefficients between rainfall intensities and the SO and the NCP 
indices at the 16 meteorological stations in the Black Sea Region are presented in 
Tables 2 and 3. For each standard duration, correlations were tested for 
significance at  = 0.01, 0.05, and 0.1 using the Student’s t-test. Significant 
correlations are illustrated in Figures 2 and 3, where upward triangles indicate 
positive correlations and downward triangles indicate negative correlations, with 
red, blue, and green corresponding to  = 0.01, 0.05, and 0.1, respectively. Non-
significant correlations are not displayed. 
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Table 2. Correlation coefficients between SO and rainfall intensities (5’indicates 5-minute 
rainfall, and so forth) 

Station 5' 10' 15' 30' 60' 120' 180' 240' 300' 360' 480' 720' 1080' 1440' 
Amasya -0.11 -0.14 -0.10 -0.05 -0.03 0.00 0.05 0.12 0.15 0.17 0.19 0.22 0.17 0.16 

Çorum -0.13 -0.05 -0.03 0.03 0.06 0.11 0.10 0.08 0.08 0.07 0.06 0.07 0.05 0.06 

Ordu 0.09 0.20 0.11 0.15 0.09 0.07 0.11 0.13 0.17 0.21 0.18 0.16 0.18 0.16 

Samsun -0.02 0.03 0.03 0.06 0.01 0.03 0.04 0.03 0.04 0.04 0.06 0.09 0.07 0.05 

Sinop 0.35 0.36 0.33 0.30 0.23 0.22 0.22 0.27 0.27 0.27 0.26 0.28 0.22 0.12 

Tokat -0.16 -0.16 -0.15 -0.11 -0.12 -0.09 -0.08 -0.05 -0.04 -0.02 -0.04 -0.04 0.07 0.19 

Artvin 0.16 0.23 0.25 0.23 0.21 0.20 0.19 0.19 0.20 0.21 0.19 0.20 0.20 0.28 

Bolu 0.03 0.03 0.03 0.06 0.05 0.06 0.06 0.04 0.04 0.03 0.01 0.01 0.02 -0.05 

Kastamonu 0.01 -0.03 -0.01 0.00 -0.02 -0.03 -0.03 -0.02 -0.01 0.01 0.01 0.01 0.04 -0.07 

Rize -0.03 -0.06 -0.05 -0.14 -0.20 -0.22 -0.19 -0.15 -0.10 -0.07 -0.08 -0.07 -0.06 -0.08 

Düzce -0.07 -0.03 -0.04 -0.07 -0.07 -0.06 -0.04 -0.03 -0.03 -0.01 -0.01 0.01 0.04 0.09 

Giresun 0.06 0.04 0.04 0.01 0.03 0.06 0.05 0.05 0.05 0.06 0.04 0.03 0.00 0.03 

Bart n 0.01 0.02 0.04 -0.05 -0.03 -0.04 -0.02 0.03 0.03 0.04 0.10 0.11 0.07 0.09 

Bayburt 0.00 -0.02 -0.01 -0.02 -0.04 -0.11 -0.16 -0.19 -0.20 -0.21 -0.24 -0.25 -0.22 -0.22 

Gümü hane -0.08 -0.09 -0.07 -0.06 -0.07 -0.09 -0.10 -0.10 -0.09 -0.09 -0.11 -0.11 -0.12 -0.03 

Zonguldak 0.11 0.10 0.10 0.09 0.06 0.05 0.04 0.05 0.06 0.07 0.06 0.06 0.06 0.07 

 
 

 
 

 

 
Fig. 2. Spatial distribution of correlation between SO and rainfall intestiy series of 14 standard 
durations in the Black Sea Region Türkiye. 
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According to Table 2 and Fig. 2, significant correlations between rainfall 
intensities and SO were predominantly observed at Sinop, indicating that higher 
SO index values generally lead to increased rainfall. Short-term rainfalls (5–30 
minutes) displayed positive correlations at  = 0.01 for 5' and 10', and at  = 0.05 
for 15' and 30'. For medium-term rainfalls (60–360 minutes), significant positive 
correlations were found at  = 0.05 for 240', 300', and 360', and at  = 0.1 for 60' 
and 480'. Long-term rainfalls (480–1440 minutes) showed significant correlations 
at  = 0.05 for 720', and at  = 0.1 for 360', 480', and 1440'. 

Other stations also showed occasional significant correlations. Artvin had 
positive correlations at  = 0.1 for 15' and 1440' durations, while Bayburt showed 
a negative correlation at  = 0.1 for 720'. No significant correlations were 
observed for 120' and 180' rainfalls across most stations. These results suggest 
that the influence of SO is highly localized, with Sinop showing the most 
consistent response across multiple rainfall durations. Short-duration rainfalls 
tend to be more consistently affected, whereas medium- and long-duration 
rainfalls show sporadic correlations in other stations, likely due to local 
topography and regional climatic conditions. 

 
 

 
 

 
Table 3. Correlation coefficients between NCP and rainfall intensities (5’indicates  
5-minute rainfall, and so forth) 

Station 5' 10' 15' 30' 60' 120' 180' 240' 300' 360' 480' 720' 1080' 1440' 
Amasya 0.00 -0.02 -0.01 0.06 0.10 0.09 0.08 0.07 0.08 0.10 0.12 0.08 0.03 -0.03 

Çorum -0.11 -0.07 -0.08 -0.02 0.00 0.02 0.06 0.07 0.08 0.08 0.09 0.06 0.04 -0.05 

Ordu 0.05 0.09 0.14 0.10 0.16 0.09 0.09 0.07 0.08 0.09 0.08 0.08 0.12 0.19 

Samsun 0.14 0.14 0.03 0.02 0.01 -0.02 -0.04 -0.04 -0.03 -0.06 -0.02 0.00 -0.01 0.00 

Sinop 0.00 -0.01 -0.02 -0.01 0.01 -0.06 -0.09 -0.10 -0.11 -0.12 -0.16 -0.20 -0.16 -0.13 

Tokat 0.06 0.14 0.11 0.10 0.13 0.11 0.13 0.12 0.11 0.06 0.10 0.10 -0.08 -0.28 

Artvin 0.15 0.24 0.19 0.08 -0.01 -0.09 -0.12 -0.10 -0.05 0.04 0.12 0.15 0.17 0.33 

Bolu 0.00 0.03 0.06 0.10 0.07 0.07 0.11 0.12 0.14 0.18 0.19 0.27 0.20 0.12 

Kastamonu 0.06 0.12 0.16 0.14 0.10 0.06 0.05 0.04 0.07 0.08 0.07 0.01 -0.01 0.04 

Rize -0.10 -0.16 -0.12 -0.13 -0.23 -0.20 -0.17 -0.13 -0.11 -0.14 -0.15 -0.18 -0.18 -0.21 

Düzce 0.02 0.12 0.13 0.09 0.10 0.07 0.06 0.04 -0.04 -0.07 -0.09 -0.08 -0.01 0.02 

Giresun -0.20 -0.20 -0.20 -0.14 -0.07 -0.02 -0.06 -0.09 -0.11 -0.11 -0.15 -0.16 -0.11 -0.09 

Bart n 0.03 0.06 0.10 -0.14 -0.08 -0.10 -0.05 0.08 0.08 0.12 0.28 0.30 0.20 0.26 

Bayburt 0.00 -0.05 -0.04 -0.04 -0.11 -0.31 -0.45 -0.51 -0.55 -0.57 -0.65 -0.68 -0.60 -0.60 

Gümü hane -0.21 -0.25 -0.20 -0.15 -0.18 -0.24 -0.28 -0.28 -0.25 -0.25 -0.29 -0.29 -0.33 -0.08 

Zonguldak 0.21 0.20 0.21 0.18 0.12 0.10 0.08 0.10 0.13 0.14 0.12 0.12 0.11 0.15 



37 

 
Fig. 3. Spatial distribution of correlation between NCP and rainfall intestiy series of 14 standard 
durations in the Black Sea Region ofTürkiye. 

 
 
 
According to Table 3 and Fig. 3, Significant correlations with NCP were mainly 
observed at Bart n, Gümü hane, and Bayburt, predominantly affecting medium- 
and long-term rainfall durations. Short-duration rainfalls (5–60 minutes) did not 
show significant correlations. For medium-term rainfalls: 120' rainfall showed 
negative correlation in Bayburt (  = 0.05); 180' rainfalls had negative correlations 
in Gümü hane (  = 0.1) and Bayburt (  = 0.01); 240' rainfalls were negatively 
correlated in Gümü hane (  = 0.1) and Bayburt (  = 0.01); 300' and 360' rainfalls 
were negatively correlated in Bayburt at  = 0.01. 

Long-term rainfalls also displayed station-specific correlations. At 480', 
positive correlation was observed in Bart n (  = 0.1), negative in Gümü hane (  
= 0.1) and Bayburt (  = 0.01). For 720' rainfalls, Bart n showed positive 
correlation (  = 0.05), Bayburt negative (  = 0.01), and Gümü hane positive at  
= 0.1. At 1080', a negative correlation was found in Gümü hane (  = 0.05). For 
1440', negative correlations were observed in Bayburt (  = 0.01) and Artvin (  = 
0.05), while Tokat and Bart n showed negative and positive correlations, 
respectively, at  = 0.1. 

These patterns indicate that NCP predominantly influences medium- and 
long-duration rainfalls, with positive correlations in Bart n and negative 
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correlations in Bayburt and Gümü hane. The differences in sign and significance 
across stations highlight the spatial variability of NCP effects, likely modulated 
by elevation, topography, and distance from the coast. 

6. Discussion and conclusion 

This study examined the effects of atmospheric oscillations on rainfall 
intensities in the Black Sea Region of Türkiye, focusing on the SO and the NCP 
indices. The analysis of 16 meteorological stations revealed that SO primarily 
affects Sinop, while NCP shows significant correlations in Bart n, Bayburt, and 
Gümü hane. These findings are consistent with previous studies demonstrating 
that Türkiye's hydrometeorological parameters are sensitive to large-scale 
atmospheric oscillations (Turkes and Erlat, 2003; Karabork and Kahya, 2003, 
2009; Kutiel and Turkes, 2005; Tosunoglu et al., 2018; Sezen and Partal, 2019, 
2020). 

The results indicate that SO generally intensifies rainfall in Sinop across 
short-, medium-, and some long-term durations, whereas its effect on other 
stations is limited or absent. This aligns with previous findings suggesting that the 
impact of SO on precipitation is often highly localized and influenced by local 
topography and coastal effects (Kahya and Karabork, 2001; Karabork and Kahya, 
2009; Çak roglu et al., 2017). On the other hand, NCP predominantly affects 
medium- and long-duration rainfall in the eastern and northern parts of the region, 
with positive correlations in Bart n and negative correlations in Bayburt and 
Gümü hane, reflecting the spatial heterogeneity of NCP influence. This is 
consistent with earlier studies showing that NCP impacts temperature and 
precipitation patterns differently across regions due to elevation, proximity to the 
coast, and local climatological conditions (Kutiel and Turkes, 2005; Göktürk, 
2005; Çak roglu et al., 2017; Tosunoglu et al., 2018). 

These findings have important implications for hydrometeorology and water 
resource management in the Black Sea Region. Understanding the relationships 
between atmospheric oscillations and rainfall intensities can contribute to better 
planning for flood risk, water supply, and disaster management. For instance, 
stations showing consistent positive correlations with SO or NCP may experience 
intensified precipitation under certain atmospheric conditions, which could 
increase the risk of floods or landslides. Incorporating these indices into predictive 
models could improve the forecasting of extreme rainfall events and support 
proactive measures in local disaster preparedness strategies (Celik et al., 2020; 
Gunduz, 2022; Usta, 2023). 

This study also highlights the need for further regional analyses across 
Türkiye. By extending similar investigations to other geographic regions, 
researchers can better understand the spatial variability of atmospheric oscillation 
effects and their contributions to climate change and extreme weather events. 
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Moreover, evaluating rainfall intensity along with other hydrometeorological 
variables, such as temperature, humidity, and flow, may provide a more 
comprehensive understanding of regional climate dynamics. 

In conclusion, the study demonstrates that atmospheric oscillations play a 
significant and duration-dependent role in shaping rainfall intensities in the Black 
Sea Region. SO primarily affects short- and medium-duration rainfalls in Sinop, 
while NCP influences medium- and long-duration rainfalls in Bart n, Bayburt, and 
Gümü hane, with both positive and negative correlations depending on the 
station. These insights are valuable for climate-related risk assessment, water 
resource management, and disaster mitigation strategies, and contribute to the 
national and international literature by focusing on rainfall intensity, which is a 
critical parameter for understanding extreme hydrological events.  
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Abstract— The database of the present examination is the homogenized and interpolated 
precipitation time series of Hungary, which is diurnal amounts of precipitation for the 1233 
grid cells, covering the area of the country for 1971–2022, in the state of the database in 
2023. Firstly, the diurnal amount of precipitation over the area of the country, which is the 
sum of precipitation that falls in each grid cell over the area of the country has been chosen 
as a variable to be analyzed. Its annual and monthly characteristics have been analyzed for 
different independent variables. Secondly, spatial characteristics of the diurnal amount of 
precipitation, that is its distribution among the grid cells have been examined as well. Based 
on the above time series, nationwide dry, nationwide rainy, and locally rainy/dry days can 
be distinguished. In this article, we examine the frequency and precipitation yield of both 
nationwide, and locally rainy days. Precipitation tendency of an area is measured by the 
frequency of rainy days on the area and their precipitation yield based on the statistics of 
rainy days per grid. Our basic goal is to explore the temporal and spatial distribution of 
rainy days nationwide and locally. 
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1. Introduction 

The database of our study comprises the homogenized and interpolated 
precipitation time series of Hungary, specifically the daily precipitation totals for 
1233 grids covering the country from 1971 to 2022, as of 2023 (HungaroMet, 
2023). As a variable to be analyzed, we chose the daily precipitation falling on 
the territory of the country, i.e., the sum of the daily precipitation of all grids. We 
analyze the annual and monthly properties of this precipitation sum in the case of 
various independent variables. On the other hand, we also examine the properties 
of the spatial, i.e., grid-by-grid distribution of daily precipitation. 

To analyze the temporal structure of different precipitation characteristics, 
we used the national daily precipitation time series, which consist of the daily 
precipitation amounts in all grids. Based on this time series, nationwide dry, 
nationwide rainy, and locally rainy/dry days can be distinguished. On a 
nationwide dry day, no measurable precipitation falls in any grid, and on a 
nationwide rainy day, there is precipitation in all of them. On a rainy/dry day, 
there is at least one grid, but fewer than all, in which measurable precipitation 
falls. The spatial structure of precipitation characteristics was explored by 
analyzing the rainy days per grid. 

The frequency of 0 mm precipitation per day or grid is a measure of drought. 
In our previous article (Tar et al., 2025) we analyzed the temporal and spatial 
statistical structure of nationwide dry and locally dry days. 

In this article, we examine the frequency and precipitation yield of 
nationwide rainy days and rainy (nationwide or locally) days. The precipitation 
tendency of an area is measured by the frequency of rainy days on the area and 
their precipitation yield based on the statistics of rainy days per grid. That is, the 
area unit is 1 grid. 

Our basic goal is to explore the temporal and spatial distribution of rainy 
days nationwide and locally. 

2. Spatial and temporal statistics of rainy days  

A rainy day/grid is defined as a day when/where the amount of precipitation 
exceeds 0.1 mm per day/grid. Statistical features of rainy grids per day and rainy 
days per grid have been analyzed in this chapter.  

2.1. Nationwide rainy days  

The days when there is precipitation in each grid that is the number of dry grids 
is 0 are the nationwide rainy days. Their number is 847, namely about half 
(51.2%) of the number of nationwide dry days and 4.5% of the total 18628 days 
of the studied period. It means that every 22nd day is a nationwide rainy day on 
average.  
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Nationwide rainy days are separated by locally rainy days and nationwide 
dry days. The length of the periods containing such days is between 0 and 171, it 
is 21 days on average during the studied period in good accordance with the 
previous estimation. The length of the above-mentioned period is 0 if a nationwide 
rainy day is followed by a similar day. The length of the intervals is between 0 
and10 days in 45% of the cases. Most of them have a length of 0 days, which is 
12% of the total nationwide rainy days. It means that a nationwide rainy day is 
followed by a locally rainy day or a nationwide dry day with a higher (88%) 
probability in the time series.  

Nationwide rainy days (RDC) provide more than a quarter (26.1%, 
9,795,494 mm) of the total amount of precipitation (37,580,312 mm).  

Most important statistics of the number of nationwide rainy days per year 
can be seen in Table 1.  
 
 
 

Table 1. The most important statistics of the number of nationwide rainy days per year 

average, 
days 

1stand.dev.,  
days 

2coeff.  
of var. 

median, 
days 

3maximum, 
days 

4minimum,  
days 

mode,  
days 

16.6 5.04 0.30 16 36 9 18 
Legends: 1: standard deviation; 2: coefficient of variation; 3: 2010; 4: 1973, 1983;  

 
 
 

There have been 16.6 nationwide rainy days on average per year during the 
studied period. Their annual number are between 36 (2010) and 9 (1973, 1983) 
days, respectively. All of them are between 26 and 9 days, except for the 
maximum. There is a weak linear trend in their temporal change with about a 1-
day increase per 10 years.  

Based on the values of the average, the median and the mode, the empirical 
distribution can be approximated with a normal distribution. It has been confirmed 
via a classification using 5-day-wide classes (Fig. 1). However, this way, there 
have been only 7 classes. Due to this, the degree of freedom of the χ2-test is 1 
(because of contractions), which makes the 0.05 level of acceptance uncertain. It 
is visible that in 74.5% (38 years) of the studied period, the number of nationwide 
rainy days has been between 10 and 20 annually (Fig. 1).  
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Fig. 1. Distribution of the annual number of nationwide rainy (RDC) days. 

 
 
 
 
Annual precipitation yield of the nationwide rainy days has been examined, 

as well. The most important statistical characteristics of the precipitation on the 
847 nationwide rainy days are presented in Table 2.  
 
 
 
 

Table 2. The most important characteristics of precipitation on nationwide rainy days 

1average, 
mm 

2stand. dev. 
mm 

3coeff. of var. 
4minimum, 

mm 
5maximum, 

mm 
median,  

mm 
11,564.9 6,077.5 0.53 1,754.0 38,613.9 10,310.8 

Legends: 1: precipitation per nationwide rainy day; 2: standard deviation; 3: coefficient of 
variation; 4: December 13, 1998; 5: May 15, 2010;  

 
 
 
 

According to the table, the average precipitation on the nationwide rainy 
days (11,564.9 mm) is 5.73 times higher than the average precipitation per day 
during the total studied period (2,017.4 mm).  

The mode can be determined from the frequency distribution of the 
precipitation (between 1,754 and 38,614 mm) of the nationwide rainy days 
unequivocally.  

The maximum of the distribution (140 days, 16.5% of the total nationwide 
rainy days) is in the 6,000–8,000 mm interval. Therefore, the mode is about 7,000 
mm (Fig. 2).  
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Fig. 2. Frequency distribution and approximation of rainfall on nationwide rainy days with 
the lognormal and gamma distributions. 

 
 
 
 
 

The observed frequencies have been approximated with lognormal and 
gamma distributions. The lognormal distribution fits the empirical frequencies at 
a 0.05 significance level. Since the gamma distribution is frequently applied in 
climate statistics, especially in modeling parameters related to precipitation 
(Dobosi and Felméry, 1971; Dévényi and Gulyás, 1988; Matyasovszki, 2002), an 
approximation has been made with this distribution, as well. According to the χ2-
test, it has provided a better fit than the previous one, but the significance level 
has not improved.  

The relationship between the annual number and annual amount of 
precipitation of nationwide rainy days has also been studied. Fig. 3 shows a strong 
linear relationship between these parameters, according to the Miller-test (Miller, 
1997; Hadnagy, 2020; 2023) at a significance level of 0.01, with a correlation 
coefficient of r = 0.8932. According to the regression coefficient, a change of 1 
day in the number of nationwide rainy days results in a change of 12,036 mm in 
the precipitation of these days, on average. Based on the determination 
coefficient, the number of nationwide rainy days determines the amount of 
rainfall of these days in 80%.  
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Fig. 3. Linear regression between the annual precipitation of nationwide rainy days and the 
annual number of such days 

 
 
 
 

The relationships between the annual sums of the precipitation that fell 
nationwide and the precipitation that fell on rainy days nationwide have been 
examined also.  

According to Fig. 4, the highest amount of precipitation fell in 2010 with 
1,205,816 mm over the area of the country which is 3.2% of the total precipitation 
of the 51 years of the studied period. However, the absolute minimum of annual 
precipitation occurred in the next year with 515,299 mm (1.4%). Close to this, the 
precipitation in 2000 was 519,498 mm which can be considered as 1.4% as well. 
The maximum and minimum of the precipitation of the nationwide rainy days 
occured in 2010 and 2011 also. Annual precipitation of the nationwide rainy days 
in 1981 and 2002 are close to the minimum. The ratio of the precipitation of 
nationwide rainy days compared to the annual precipitation is the second and third 
lowest as well in those years with 14.1% and 15.5%, respectively. The highest 
percentage occurred in 2010 too with 40.8%, but there are values close to it in the 
2000’s with 38.1% in 2016, 39.0% in 2000, and 39.5% in 2005. 26% of the annual 
precipitation fell on the nationwide rainy days on average during the studied 
period.  
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Fig. 4. The annual sums of the precipitation that fell nationwide and the precipitation that fell 
on rainy days nationwide, as well as the % values of the latter. 

 
 
 

It has been examined also, whether the amount of precipitation or the number 
of nationwide rainy days has a stronger impact on the annual amount of 
precipitation. According to the linear regression between the annual amount of 
precipitation and the number and precipitation of nationwide rainy days, the 
correlation coefficients are r = 0.7231 for the precipitation and r = 0.5880 for the 
days. According to the Miller-test cited, both correlation coefficients are 
significantly different from 0. Their determination coefficients are 52% and 35%, 
respectively. Because of the strong relationship between the two variables (see 
Fig. 4), it cannot be stated that they determine the annual national amount of 
precipitation together in 87% anyway.  

The “days” curve in Fig. 5 shows the monthly distribution of the number 
(847) of rainy days nationwide. It is visible, that nationwide precipitation has the 
highest probability in November followed by October, May, September, and 
December. Nationwide precipitation has the lowest probability in July. 
Seasonally, the ratio of nationwide rainy days is the following: autumn, 31.3%, 
winter, 26.2%, spring, 22.6%, summer, 19.8%. The second curve (precipitation) 
shows the annual trend of the amount of precipitation in % of all such daily 
precipitation amounts (9,795,494 mm). The similarity between the two curves 
proves the strong relationship that the monthly amount of precipitation of 
nationwide rainy days is determined by both the intensity of the precipitation and 
the number of such days. The determination coefficient is 65%.  
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Fig. 5. The monthly distribution of rainy days nationwide (days) and the annual trend of the 
amount of precipitation in % of all such daily precipitation amounts (precipitation). 

 
 

Fig. 6 shows the annual trend of the monthly number of nationwide rainy 
days (%1) as a percentage of the total number of months of the studied period 
(51*31, 51*30, …). The absolute minimum is in July, when the relative frequency 
of nationwide rainy days is 3%. There are two local maxima in May with 5% and 
in November with 7%. The latter is the absolute maximum: the most nationwide 
rainy days occur in that month in Hungary.  

 
 

 

 
Fig. 6. Annual trend of the monthly number of nationwide rainy days (%1) and monthly 
precipitation (%2) nationwide. 

 
 

The second curve in the figure (%2) shows the annual trend of the monthly 
precipitation nationwide as a percentage of the monthly precipitation amounts, 

0
5
10
15
20
25
30
35
40
45

0
1
2
3
4
5
6
7
8

Ja
nu

ar
y

Fe
br

ua
ry

M
ar

ch

Ap
ril

M
ay Ju
n

Ju
ly

Au
gu

st

Se
pt

em
be

r

O
ct

ob
er

N
ov

em
be

r

D
ec

em
be

r
%2%1

%1
%2



 

53 

namely, it shows how the precipitation of the nationwide rainy days is related to 
the total monthly amount of precipitation. There are only two extremities of the 
curve now in harmony with the maximum and minimum of the first curve. 
According to this, the precipitation of the nationwide rainy days provides 16% 
and 40% of the total monthly precipitation in June and November, respectively.  

2.2. Rainy days 

The days when the national daily precipitation is not 0, namely it is more than 
0.1 mm in one grid cell at least, are rainy days. The number of these days is 16,983 
(all days are nationwide dry days numbers), 5% (847 days) of them are the 
nationwide rainy days. Rainy days (including nationwide rainy days), according 
to this definition, involve 91.2% of all days. Therefore, it is the probability of 
precipitation anywhere over the country during a day with a good approximation.  

Most important statistical characteristics of the national daily precipitation 
(in all grids) of rainy days during the studied period are presented in Table 3. The 
average precipitation amount on rainy days is 2,203.5 mm/day, which is 
approximately 190 mm higher than the national average for the period, including 
nationwide dry days, too (Tar et al., 2025). 
 

 

Table 3. Characteristics of the nationwide daily precipitation (in all grids) in the sample of 
rainy days 

average, 
mm 

1stand. dev.,  
mm 

2coeff. of  
var. 

minimum, 
mm 

maximum,  
mm 

median, 
mm 

mode,  
mm 

2,203.5 3,820.2 1.73 0.1 3,8 613 524.7 0.28 
Legends: 1: standard deviation; 2: coefficient of variation;  
 
 
 
There is no significant difference between the variation coefficients, 

supposedly; while there is a significant difference between the values of the 
median and the mode, probably.  

Based on the distribution of the sample, 92.4% of the precipitation amounts 
of rainy days are between 0.1 and 8,000 mm. Almost 50% of them fall in the  
0.1–500 mm interval. In this interval, the highest frequency is between 0.1 and 
100 mm (33.5%), and 14.5% is between 0.1 and 10 mm. In the latest interval, the 
maximum is in the 0.1-1 mm class, that is, the mode is in that interval.  

The annual number of rainy days is alternating between 355 (1999, 2014) 
and 305 (1992). It is 333 days, on average. The standard deviation is 10.9 days, 
so the variation coefficient is 0.03, which is the lowest value among the 
parameters examined so far. It means that this characteristic is highly stable. The 
median is 332 days, while the mode is 330 days. It means that it is reasonable to 
approximate the distribution of the sample with the normal distribution.  
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Fig. 7 shows the observed and approximated frequencies. The approximation 
is very good according to the χ2-test; although it is uncertain because of the 
unification of classes, which was necessary to make the test executable.  

 

 
Fig. 7. Empirical distribution of annual rainy days and approximation to the normal 
distribution 

 
 

Fig. 8 shows the linear stochastic relationship between the annual national 
precipitation sum (APA) and the number of rainy days (RDC), per year. As both 
variables have normal distribution, the significant difference of the correlation 
coefficient from 0 can be determined using the t-test (Vincze, 1975). According 
to the test, the r = 0.4118 correlation coefficient differs from 0 at a significance 
level of 0.01. This way, the two variables are considered as weakly correlated. 
Based on the determination coefficient (r2), the annual number of rainy days 
determines the annual national precipitation sum in about 17% only. It is 
determined by other factors, mainly the intensity of the precipitation in 83%. 
Based on the regression coefficient, a 1-day change in the number of rainy days.  

 
 

 
Fig. 8. Linear regression of the annual national precipitation sum (APA) and the number of 
rainy days (RDC) per year. 
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The annual precipitation intensities (APA/RDC), namely, the amount of 
precipitation of a rainy day (mm/day) have been calculated as well. It is between 
1,541.9 (2011) and 3,475.9 (2010) mm/day. It is 2,210.2 mm/day on average and 
its standard deviation is 354,3 mm/day. Therefore, the variation coefficient is 
0.16. The median is 2,200.9 mm/day, and the value of the mode is 2,300 estimated 
from the distribution. The conditions required for approximation using the normal 
distribution are given this way. Since both original variables have a normal 
distribution, the parameter derived from them can be considered as having a 
normal distribution as well without testing.  

The times of the extreme values of the annual intensities are in coincidence 
with the minimum and maximum of the annual precipitation sums. The temporal 
pattern of APA/RDC is in harmony with the trend of APA; the trend lines are 
parallel, as it can be seen in Fig. 9.  

 
 

 
Fig. 9. Time change of the annual precipitation amount (APA) and the annual precipitation 
intensity (APA/RDC) 

 
 
 

The annual trend of rainy days, namely the distribution of their number per 
month, is presented in Fig. 10.  

The first curve (%1) shows the annual trend of the number of rainy days per 
month compared to the total number of rainy days (16,983). This data, with a 
standard deviation of 1.7%, gives the probability of having precipitation anywhere 
over the country (in any grid cells) on any days of a given month. This probability 
is around 9% in January and December, followed by May, June, and July with 
8.5%. This probability is the lowest in September with 7.4% and February with 
7.8%. Seasonal data are: winter: 25.8%, summer: 25.0%, spring: 24.8%, and 
autumn: 24.3%, respectively.  
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Fig. 10. 
Annual trend of the number of rainy days per month as a percentage of all rainy days (%1) and of all days 

of the months included in the processing (%2) 
 
 
 
 

There is no constant base of reference in the case of the second curve (%2) 
in Fig. 10, since the number of rainy days per month is given as a percentage of 
all days of the months included in the processing (51*31, 51*30,…). Therefore, 
the numbers show the percentage of rainy days somewhere/anywhere in the 
country within a month. These ratios are over 90% in November, December, 
January, and February (namely, in the late autumn and winter), and in April, May, 
June, and July, respectively. Consequently, there is a high probability of 
precipitation anywhere in the country on almost all days of these months. The 
occurrence of the studied phenomenon has a probability of less than 90% in the 
early spring, late summer, and early autumn, with a minimum of 82% in 
September.  

2.3. The most important statistical characteristics of rainy days per grid cell  

The spatial pattern of precipitation can be analyzed by studying the sum of rainy 
days per grid cell. The sum of rainy days per grid cell (the number of rainy grids) 
is 10,916,603, which is 47.5% of the total number of cases (22,968,324). 9.6% of 
the rainy grid cells are the grid cells of the nationwide rainy grids (847*1,233= 
1,044,351). The most important statistical characteristics of the sum of rainy days 
per grid (DWPg) and their average number per year (DWPg/year) are given in 
Table 4.  

There are 8,854 rainy days per grid cell on average, which is 0.08% of the 
number of all rainy grid cells (the number of rainy days in all grid cells is 
10,916,603). The variation coefficient supports the relative stability of this 
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variable around the average. The number of values over and under the average are 
640 (51.9%) and 592 (48.1%), respectively. 
 
 

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

statistical characteristics DWPg DWPg/year 
average, days 8,854 174 
1stand. dev., days 531 10 
2coeff. of var. 0.06 0.06 
3minimum, days 5,473 107 
4maximum, days 10,142 199 
median, days 8,878 174 
mode, days 8,891 174 
Legends: 1: standard deviation; 2: coefficient of variation;  
3(ϕ = 47.5;  = 16.8); 4(ϕ = 47.8;  = 21.8), (ϕ = 47.8;  = 21.9);  

 
 
 

The spatial distribution of rainy days per grid cell is between 10,142 and 
5,473 during the studied period. The increasing order of DWPg values shows that 
the higher values are concentrated between the 20.8°E and 22.1°E longitudes and 
the 47.8°N and 48.4°N latitudes. This is more or less the same area that has been 
identified in our previous paper (Tar et al., 2025), since dry (DNPg) and rainy 
(DWPg) days per grid are complementary to each other. There is no such 
geographical concentration identified in the case of the lower values at the 
beginning of the line. The minimum with 29.4% occurs in the western part of the 
country, which is followed by a grid in the east with 29.7%.  

The dry (DNPg) and rainy (DWPg) days per grid are complementary to each 
other, so their sum is the total number of days of the studied period (18,628). In 
the case of annual averages, it is DNPg/year + DWPg/year = 365 or 366, that is 
the number of days in a year. From this, according to the comments made in 
connection with Fig. 8, it follows that was described in the distribution analysis 
of the number of dry days per year (DNPg/year, Tar et al., 2025), which also 
applies to the DWPg/year characteristics. Therefore, the empirical frequencies 
cannot be acceptably approximated by the possible theoretical distributions. 

The relationship between the annual average of rainy days per grid 
(DWPg/year) and the geographical coordinates of the grid cells ( , λ) has also 
been examined using linear regression. Because of the above-mentioned 
relationships between the DNPg/year and DWPg/year characteristics and the 
statements in Tar et al. (2025), correlation coefficients differ significantly from 
0, again. Therefore, the statements regarding dry days are also true for this case, 
considering the change in the sign of the correlation and regression coefficients. 
Based on the realistic stochastic relationship, we prepared the complement of 
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DNPg/year (Tar et al., 2025), a map showing the distribution of the annual average 
of rainy days per grid (DWPg/year) during the examined period (see Fig. 11). 

The map of the spatial distribution of the annual average of rainy days per 
grid is the inverse of the map of the annual average of dry days per grid. According 
to this, the annual averages of rainy days per grid are the highest in the 
northeastern part of the country in the Nyírség, and the Hajdúság regions. Minima 
occur sporadically within the Hungarian Small Plain over the Hanság and the 
Rábaköz regions.  
 
 
 

 
Fig. 11. Distribution of the annual average of rainy days per grid (DWPg/year) in the 
examined period. 

 
 
 

2.4. Statistics of the amount of precipitation per grid  

The most important characteristics of the amount of precipitation per grid (APRg) 
and its annual average (APRg/year) during the studied period are shown in 
Table 5. The two coefficients of variation are equal trivially, which proves the 
relatively high stability of the measure of standard deviation around the average. 
Supposedly, there are some concentration points in the distribution of both 
datasets around some values. Values of the mode have been estimated from the 
distributions.  
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Table 5. The most important characteristics of the amount of precipitation per grid (APRg) 
and its annual average (APRg/year) 

statistical characteristics APRg APRg/year 
average, mm 30,478.8 597.6 
1stand. dev., mm 3,292.6 64.6 
2coeff. of var. 0.11 0.11 
3minimum, mm 26,127.1 512,3 
4maximum, mm 42,352.5 830,4 
median, mm 29,456.4 577,6 
5mode, mm 28,500.0 570.0 

Legends: 1: standard deviation; 2: coefficient of variation;  
3: (ϕ = 47.1;  = 20.3); 4: (ϕ = 48.1;  = 20.5); 5: from distribution 

 
 
 
Frequency distribution of both data sets has been determined. Applying 

1,000 mm classes for APRg, 46.7% of the values have been between 27,000 and 
30,000 mm. The maximal frequency is 212 grid cells, and 17.2% of which falls 
into the 28,000-29,000 mm class; this way the mode is 28,500 mm. 20 mm classes 
have been applied in the case of the annual average of the precipitation amount 
per grid (Fig. 12). APRg/year values fall into the 520 and 600 mm class in 60.3% 
of the grid cells. The maximal frequency is 213 grid cells, and 17.3% of which is 
in the 560-580 mm class; so the mode is 570 mm. The coincidence of the latter 
with the previous results is due to the application of appropriate classes. Attempts 
have been made to approximate both distributions with the theoretical 
distributions used previously. Unfortunately, all these attempts have failed.  

 
 
 
 

 
Fig. 12. Distribution of the annual average of precipitation per grid (APRg/year). 
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A detailed analysis of the distribution of the annual average precipitation per 
grid cell has been presented, as follows.  

Adding the 500–520 mm class to the former four classes of between  
520–600 mm and modifying the upper limit of the fourth to 597.6 mm, the number 
of grid cells, which have an average annual precipitation amount, that is lower 
than the nationwide average, can be determined. Their number is 765, which is 
62% of all grids (namely, 62% of the total area of Hungary). 28,335.8 mm per 
grid on average, that is 57.7% of the total precipitation of the studied period has 
fallen in these five categories, which involves nearly the two-thirds of all grid 
cells. The annual mean precipitation (the average of APRg/year) is 555.6 mm in 
these grid cells. The geographic coordinates of these grid cells are =16.6°E − 
22.5°E and ϕ=45.9°N − 48.6°N, that is, they are dispersed over almost the total 
area of the country. The distribution of the grid cells according to  is wider, since 
the grids involved are spaced over 60 from the possible 69 lines of longitude, 
while, according to ϕ, they are spaced over 27 lines from the possible 30.  

The average annual precipitation amount is higher than the nationwide 
average in the remaining 468 grid cells, which is 38% of the country’s area. 
3,3981.7 mm per grid on average, that is 42.3% of the total precipitation of the 
studied period has fallen into these grid cells. The average of APRg/year is 
666.3 mm in this case. The geographic coordinates of these grid cells are spaced 
in a wider line of longitude interval than the former ones: they are spaced λ=16.1°- 
22.9° and =45.7°- 48.6°. The distribution of the grid cells according to  covers 
an even wider interval, as they are spaced over 63 lines of longitude, while their 
distribution according to ϕ is spaced over 27 of the possible 30 again.  

The following examination has been carried out to study the spatial pattern 
of the above-defined 765 and 468 grid cells. 

Considering the distribution according to  in the case of the APRg/year ≤ 
597.6 mm, there are 765 grid cells spaced over 60 lines of longitude, namely 12.85 
grid cells per line of longitude on average. This value is presented in Fig. 13 part 
a, beside the values given for the lines of longitude. Values higher or equal to this, 
occur between 18.6°E and 21.9°E, namely, between the meridians that cross the 
northeastern corner of the Lake Velence and the town of Nagykálló. The 468 grid 
cells, where the average annual precipitation amount is higher than the nationwide 
average, are spaced over 63 lines of longitude, which means 7.4 grid cells per line 
(6 lines where there are no such grids are not involved in the average). According 
to Fig. 13 a, the grid cells with high precipitation amounts are concentrated along 
the lines of longitude that cross the K szegi Mountains, the towns of Szekszárd 
and Dunaújváros between the lines of 16.4°E and 18.6°E longitudes, respectively.  
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Fig. 13. Distribution of grids having an average annual precipitation amount that is lower or 
higher than the national average (597.6 mm), according to longitude (a: ) and latitude (b: ϕ),. 

 
 
 
 

In the case of the distribution according to ϕ, the 765 grid cells where the 
annual mean precipitation is under the nationwide average, are spaced over 28 
lines of latitude, and the average is 27.3 grid cells per line. Values equal or higher 
than this are spaced between the 46.6°N and 48°N latitudes that is about between 
the lines of Lenti – Paks − Békéscsaba and Pétervására – Tiszalök – 
Baktalórántháza, according to Fig. 13 b. In the case of CSMg/year > 597.6 mm, 
468 grid cells are spaced over 30 lines of latitude; namely, 15.6 grid cells per line 
of latitude. Based on Fig.13 b, values higher than this are spaced between 45.9°N 
and 47.4°N, and 48°N and 48.1°N, which is between the lines that of Mohács - 
K szeg, and Budapest - Debrecen, respectively.  

The results of the analyses above have been summarized in Fig. 14, which 
shows the spatial pattern of annual mean precipitation. The annual average of the 
rainfall per grid has a basically meridional-zonal distribution due to the 
strengthening continental effect from the west to the east on one hand, and the 
orographic effect on the other. The rainiest areas in southwest Transdanubia, the 
Central Transdanubian Mountains, Alpokalja, Mecsek, and the Bakony 
Mountains – where the Mediterranean effect is significant – get nearly twice as 
much precipitation than the Central Great Hungarian Plain, such as the regions of 
Jászság, Hortobágy, Nagykunság, and the plain between the Maros and Körös 
Rivers, and partly the Kiskunság. Due to the orographic effect, the amount of 
precipitation is over the nationwide average in the Transdanubian low mountains, 
the highest parts of the North Hungarian Mountains: Börzsöny, Mátra, Bükk, and 
Zemplén, and the Szatmár–Bereg Plain (due to the orographic effect of the 
northeastern Carpathians in the case of this latter one).  
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Fig. 14. Distribution of the annual average of the rainfall per grid (APRg/year, mm) in the 
examined period 
 
 
 
Values of the precipitation intensity per grid (IPRg=APRg/DWPg given in 

mm/day) have been determined as well. Its most important statistical 
characteristics have been presented in Table 6.  
 
 
 

Table 6. The most important statistical characteristics of the precipitation intensity per grid 
(APRg/DWPg) 

average 
mm/day 

1stand. dev.,  
mm/day 

2coeff. of  
var. 

3minimum, 
mm/day 

4maximum, 
mm/day 

median, 
mm/day 

5mode,  
mm/day 

3.46 0.48 0.14 2.72 5.92 3.34 3.2 
Legends: 1: standard deviation; 2: coefficient of variation; 3: (ϕ = 47.1;  = 20.3);  
4: (ϕ = 48.1;  = 20.5); 5: from distribution 

 
 
 

The location of the minimum and maximum of precipitation intensity per 
grid is in coincidence with the coordinates of the extreme values of rainy days per 
grid (DWPg), namely, this parameter has a stronger impact on it. The minimum is 
where the maximum DWPg is, while the maximum is located where this parameter 
reaches its minimum. The spatial pattern is like that of dry days per grid (DNPg). 
These values have no direct relationship to the spatial pattern of DWPg.  

Linear correlation coefficients between the precipitation intensities per grid 
and the geographic coordinates (ϕ, ) of the grid cells can be considered 



 

63 

significant, since it is valid for both components (APRg and DWPg). Now the 
correlation coefficients are r  = -0.6374, and r  = -0.3468. For DNPg, the 
correlation coefficients are r  = -0.4308, and rϕ = -0.3357. Dependence on the 
longitude is stronger in both cases and stronger in the case of APRg/DWPg than 
for DNPg. However, according to the regression coefficients of the precipitation 
intensity per grid (-0.1862 and -0.2452), changes in the latitude cause larger 
differences in the precipitation intensity per grid than changes in the longitude.  

On the basis of the latter results, the map of spatial distribution of 
precipitation intensity per grid (IPRg, mm/day) during the studied period has been 
compiled. The map is shown in Fig. 15.  

 
 

 
Fig. 15. Spatial distribution of precipitation intensity per grids (IPRg, mm/day) during the 
examined period. 

 
 

Similarly to annual precipitation amounts, higher values can be found along 
the Dráva River and over the regions of the Central Transdanubian Mountains, 
the Alpokalja, and the highest areas of the Northern Central Mountains. Lowest 
values are concentrated in the central part of the Great Hungarian Plain over the 
regions of Jászság, Nagykunság, Hortobágy, Hajdúság, and Nyírség.  

3. Discussion and conclusions 

The database of the present study is the homogenized and interpolated precipitation 
time series of Hungary, namely diurnal precipitation data from the 1233 grid cells 
that cover the area of Hungary for the 1971–2022 period. The diurnal amount of 
nationwide precipitation, namely the sum of diurnal precipitation in all grid cells, has 
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been chosen as the studied variable. Firstly, the annual and monthly characteristics 
of this variable have been analyzed in the case of different independent variables. 
Secondly, spatial patterns of precipitation, or otherwise their distribution per grid cell 
has been analyzed as well. In our previous article (Tar et al., 2025), we analyzed the 
statistical structure of dry days and areas. We considered a day as dry when there 
was no measurable precipitation (greater than 0.1 mm). The dryness of an area was 
measured by the frequency of dry days there. 

In this article, we explored the statistical structure of rainy days in four levels. 
The days, when there is precipitation in each grid, namely the number of dry 

grids is 0, are the nationwide rainy days. Their number is 847, namely about half 
of the nationwide dry days and 4.5% of the total days of the studied period. It 
means that every 22nd day is a nationwide rainy day on average. 

Nationwide rainy days are separated by locally rainy days and nationwide dry 
days. The length of the periods containing such days is between 0 and 171; it is 21 
days on average during the studied period, in good accordance with the previous 
estimation. The length of the period is 0 if a nationwide rainy day is followed by a 
similar day. The length of the intervals is between 0 and 10 days in 45% of the cases. 
Most of them have a length of 0 day, which is 12% of the total nationwide rainy days. 
It means that a nationwide rainy day is followed by a locally rainy day or a 
nationwide dry day with a higher (88%) probability in the time series.  

There have been 16.6 nationwide rainy days on annual average during the 
studied period. Their annual number are between 36 (2010) and 9 (1973, 1983), all 
of them are between 26 and 9, except for the maximum. There is a weak linear trend 
in their temporal change with about a 1-day increase per 10 years. 

The average precipitation on the nationwide rainy days is 5.73 times higher than 
the average precipitation per day during the total studied period. The observed 
frequencies have been approximated with lognormal and gamma distributions. The 
lognormal distribution fits the empirical frequencies at a significance level of 0.05. 
Since the gamma distribution is frequently applied in climate statistics, especially in 
modeling parameters related to precipitation, an approximation has been made with 
this distribution, as well. According to the χ2 test, it has provided a better fit than the 
previous one, but the significance level has not improved. 

The relationship between the annual number and annual amount of 
precipitation of nationwide rainy days has also been studied. A strong linear 
relationship has been found according to the test applied at a significance level of 
0.01 with a correlation coefficient of r = 0.8932. According to the regression 
coefficient, a change of 1 day in the number of nationwide rainy days results in a 
change of 12,036 mm in the precipitation of these days on average. Based on the 
determination coefficient, the number of nationwide rainy days determines the 
amount of rainfall on these days in 80%.  

The annual sums of the precipitation that fell nationwide and the 
precipitation that fell on rainy days nationwide has also been compared. The 
highest amount of precipitation fell in 2010 with 1,205,816 mm over the area of 
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the country, which is 3.2% of the total precipitation of the 51 years of the studied 
period. However, the absolute minimum of annual precipitation occurred in the 
next year with 515,299 mm (1.4%). The precipitation in 2000 is close to this with 
519,498 mm, which can be considered as 1.4% as well. The maximum and 
minimum precipitation of the nationwide rainy days occurred both in 2010 and 
2011. Annual precipitation of the nationwide rainy days in 1981 and 2002 is close 
to the minimum. The ratio of the precipitation of nationwide rainy days compared 
to the annual precipitation is the second and third lowest in these years with 14.1% 
and 15.5%, respectively. The highest percentage occurred in 2010, with 40.8%, 
but there are values close to it in the 2000’s with 38.1% in 2016, 39.0% in 2000, 
and 39.5% in 2005. 26% of the annual precipitation fell on the nationwide rainy 
days on average, during the studied period. 

The monthly distribution of the number (847) of rainy days nationwide has 
been studied as well. Nationwide precipitation has the highest probability in 
November followed by October, May, September, and December. Nationwide 
precipitation has the lowest probability in July. Seasonally, the decreasing order 
of the proportion of the ratio of nationwide rainy days is autumn, winter, spring, 
and summer. The annual course of the number of nationwide rainy days and the 
amount of precipitation per month is very similar. This shows the clear 
relationship that the amount of precipitation of monthly nationwide rainy days 
strongly depends on the number of such days in addition to the intensity of 
precipitation. However, the coefficient of determination in this case is 65%. 

The days when the national daily precipitation is not 0, namely it is more 
than 0.1 mm in one grid cell at least, are rainy days. The number of these days is 
16,983 (all days are nationwide dry days), 5% of them are the nationwide rainy 
days. Rainy days, according to this definition, involve 91.2% of all days. 
Therefore, it is the probability of precipitation anywhere over the country during 
a day with a good approximation.  

Average precipitation of rainy days is 2,203.5 mm/day, which is 
approximately 190 mm higher than the average for the whole studied period 
comprising the nationwide dry days. Based on the distribution of the sample, 
92.4% of the precipitation amounts of rainy days are between 0.1 and 8,000 mm. 
Almost 50% of them fall in the 0.1-500 mm interval. In this interval, the highest 
frequency is between 0.1 and 100 mm (33.5%), and 14.5% is between 0.1 and 10 
mm. In the latest interval, the maximum is in the 0.1-1 mm class, that is, the mode 
is in that interval.  

The annual number of rainy days is alternating between 355 (1999, 2014) 
and 305 (1992). It is 333 on average. According to the variation coefficient, this 
characteristic is highly stable. Due to the small differences between the average, 
the median, and the mode, the approximation with the normal distribution has 
been successful.  

The relationship between the annual national precipitation sum and the number 
of rainy days per year has been proved to be linear according to the t-test. According 
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to the test, the r = 0.4118 correlation coefficient differs from 0 at a significance level 
of 0.01. This way, the two variables are considered as weakly correlated. Based on 
the determination coefficient (r2), the annual number of rainy days determines the 
annual national precipitation sum in about 17% only. This parameter is determined 
by other factors, mainly the intensity of the precipitation, in 83%. Based on the 
regression coefficient, a 1-day change in the number of rainy days results in a 4,811 
mm change in the annual mean nationwide precipitation amount.  

Annual precipitation intensity, namely the amount of precipitation of a rainy 
day (mm/day), has also been calculated. Its value is between 1,541.9 (2011) and 
3,475.9 (2010) mm/day. It is 2,210.2 mm/day, on average. Since both original 
variables have a normal distribution, the parameter derived from them can be 
considered normally distributed without testing.  

The times of the extreme values of the annual intensities are in coincidence 
with the minimum and maximum of the annual precipitation sums. The temporal 
pattern of APA/RDC is in harmony with the trend of APA, the trend lines are 
parallel as in Fig. 9.  

The ratio of the number of rainy days per month and all rainy days (16,983) 
gives the probability of having precipitation anywhere over the country (in any 
grid cells) on any days of a given month. This probability is around 9% in January 
and December, followed by May, June, and July with ~8.5%. This probability is 
the lowest in September with 7.4% and February with 7.8%. Seasonal data are as 
follows: winter: 25.8%, summer: 25.0%, spring: 24.8%, and autumn: 24.3%.  

The number of rainy days per month, given as a percentage of all days 
included in the processing, shows the percentage of rainy days 
somewhere/anywhere in the country within a month. These ratios are over 90% 
in November, December, January, and February (namely, in the late autumn and 
winter), and April, May, June and July, respectively. Consequently, there is a 
quite high probability of precipitation anywhere in the country on almost all days 
of these months. The occurrence of the studied phenomenon has a probability of 
less than 90% in the early spring, late summer, and early autumn, while its 
minimum is 82% in September.  

The spatial pattern of precipitation can be analyzed by studying the sum of 
rainy days per grid cell. The sum of rainy days per grid cell (the number of rainy 
grids) is 47.5% of the total number of cases. 9.6% of the rainy grid cells are the 
cells of the nationwide rainy grids.  

The distribution of rainy days per grid cells is between 10,142 and 5,473 
days, with an average of 8,854 days. Their annual minimum and maximum are 
107 and 174 days, respectively. 

The linear relationship between the annual average of rainy days per grid and 
the geographical coordinates of the grid cells has also been examined. Because 
dry and rainy days per grid cell are complementary to each other, the statements 
regarding dry days are true for this case, also considering the change in the sign 
of the correlation and regression coefficients. Based on the realistic stochastic 
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relationship, the map of the distribution of the annual average of rainy days per 
grid in the examined period has been compiled. The map of the spatial distribution 
of the annual average of rainy days per grid is the inverse of the map of the annual 
average of dry days per grid. According to this, the annual averages of rainy days 
per grid are the highest in the northeastern part of the country. Minima occur 
sporadically within the Small Hungarian Plain.  

The amount of precipitation per grid, the extremities, its annual average, and 
the variation coefficient during the studied period prove the relatively high 
stability of this characteristic. Supposedly, the distribution of both datasets 
contains some concentration points around some values. The value of the mode 
has been estimated from the distributions.  

Details of the distribution of the annual average precipitation per grid have 
been studied. In 60.3% of the grid cells, its values fall into the 520−600 mm class. 
The maximal frequency is 213 grid cells, which is 17.3% of the 560-580 mm class, 
so the mode is 570 mm. The amount of annual average precipitation in Hungary 
during the studied period was 597.6 mm.  

The average annual precipitation amount is higher than the national average 
in 765 cells, which is 62% of all grids (that is 62% of the total area of Hungary), 
where 57.7% of the total precipitation of the studied period has fallen. The annual 
mean precipitation is 555.6 mm in these grid cells. The average annual 
precipitation amount is higher than the nationwide average in the remaining 
468 grid cells, which is 38% of the area of the country. The annual mean 
precipitation is 666.3 mm in these grid cells. The geographic coordinates of these 
grids are spaced almost over the total area of Hungary.  

Spatial distribution of these grid cells according to longitude and latitude has 
been examined to trace the concentration of precipitation along certain 
coordinates, that is, over some regions of Hungary.  

We found that those grid cells, where the average annual precipitation 
amount is lower than the nationwide average, are spaced between the 18.6°E and 
21.9°E longitudes. The 468 grid cells, where the average annual precipitation 
amount is higher than the nationwide average, are spaced west of these grids, 
between the 16.4°E and 18.6°E longitudes. Regarding the latitude-related 
distribution, the same intervals are spaced between the 46.6°N and 48°N, and 
45.9°N and 47.4°N latitudes, with a much stronger overlap.  

The spatial distribution of the annual average of the rainfall per grid cell is 
governed by the strengthening continental effect from the west to the east on one 
hand, and the orographic effect on the other. The rainiest areas in southwest 
Transdanubia get nearly twice as much precipitation as the Central Great 
Hungarian Plain. Due to the orographic effect, the precipitation amount is over 
the nationwide average in the highest parts of the Central Transdanubian 
Mountains and Northern Central Mountains, as well as the Szatmár–Bereg Plain 
(due to the orographic effect of the northeastern Carpathians, in this latter case).  
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Precipitation intensity per grid cell have also been determined. Their most 
important statistical characteristics are as follows: the average is 3.46, the 
minimum is 2.72, and the maximum is 5.92 mm/day, respectively.  

The location of the minimum and maximum is now aligned with the extrema 
of the number of rainy days per grid. The minimum of the intensity is in the grid 
where the latter parameter has its maximum, and the maximum is where the latter 
parameter has its minimum. In other words, the intensity depends more strongly 
on the number of rainy days. The spatial distribution of intensity, therefore, 
approaches the spatial distribution of dry days per grid. 

Linear correlation coefficients between the precipitation intensity per grid 
and the geographic coordinates of the grid cells differ from 0, since they are valid 
for both components. Zonal dependence is stronger than meridional again and 
stronger than in the case of dry days. However, according to the regression 
coefficients of the precipitation intensity per grid, changes in the latitude cause 
larger differences in the precipitation intensity per grid than changes in the 
longitude. Based on the latter results, the map of the spatial distribution of 
precipitation intensity per grid during the studied period has been compiled.  

Similarly, to the annual precipitation amounts, higher values can be found 
along the Dráva River and over the regions of the Central Transdanubian 
Mountains, Alpokalja, and the highest areas of the Northern Central Mountains. 
At the same time, lowest values are concentrated into the central part of the Great 
Hungarian Plain, over the regions of Jászság, Nagykunság, Hortobágy, Hajdúság, 
and Nyírség.  
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Abstract—Accurate management of weather conditions plays a critical role in ensuring 
safe and efficient flight operations in the aviation industry. In this context, the wind factor 
has a direct impact on aircraft performance and pilot decision-making mechanisms, 
especially during landing and takeoff processes. Within the scope of the study, 16 years of 
wind data recorded between 2008 and 2023 at Samsun Çar amba, Zonguldak, and Trabzon 
airports located in the Black Sea Region are analyzed. Innovative Trend Analysis (ITA) 
and Innovative Polygon Trend Analysis (IPTA) methods are used to analyze the trends of 
wind direction, speed, and sudden changes. According to the results obtained, the dominant 
wind direction at Samsun Çar amba and Zonguldak airports was determined as east (E), 
while a dominant wind effect was determined in the south-southwest (SSW) direction at 
Trabzon Airport. The study reveals the effects of wind factor on flight safety and 
operational efficiency and provides recommendations for the measures to be taken in the 
aviation sector and future practices. 
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1. Introduction 

One of the key components of safe and efficient flight operations in the aviation 
industry is the correct management of weather conditions. In this context, the 
wind plays an important role in all phases of flight, but especially in the landing 
and takeoff processes. Based ont he aviation accident database of the National 
TransportationSafety Board, Fig. 1 shows the percentage of the different phases 
of flight in the total number of flight accidents (NTSB, 2019) 
 
 

 
Fig.1. Aircraft accidents by positions in 2019. 

 

 
2022 data of the Flight Safety Foundation also provides up-to-date support 

for this information (FSF, 2022; Fig.2). 
 

 
Fig.2. Aircraft accidents according to positions in 2022. 

 
 

Wind direction, speed, and sudden changes directly affect both aircraft 
performance and pilots decision-making processes. While headwind shortens the 
takeoff distance and enables the aircraft to take off quickly, tailwind lengthens 
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this distance and can make takeoff more complicated. Similarly, crosswind makes 
it difficult for the aircraft to move stably on the runway and increases the risk of 
deviation from the runway during landing (Hahn, 1989; Robins and Delisi, 1993; 
Slihta et al., 2015; Stival et al., 2017; Castilho et al. 2018; Nechaj et al., 2019; 
Onwuadiochi et al., 2019; Maslovara and Mirkovi , 2021; Nae, 2021; Jiang et 
al., 2023; Ghozali et al., 2024; Khattak et al., 2024; Li et al., 2024; Lu, 2024; 
Scherllin-Pirscher et al., 2025; Yan and Song, 2024). 

Wind shear, which refers to sudden changes in wind direction and speed, is 
considered one of the most dangerous weather events in aviation. These events, 
especially during takeoff and landing, cause sudden speed and direction changes 
at low altitudes, making it difficult to control the aircraft. The FAA (Federal 
Aviation Administration) has been promoting advanced radar technologies and 
simulation systems to reduce the rate of wind shear-related accidents since the 
1980s (Kurdyukov et al., 2004; FAA, 2021; Zhang et al., 2019; Chen et al., 2025; 
Huang et al., 2024; Salahudden, 2024). However, it has been proven by many 
studies that pilot training plays a key role in dealing with such situations (Van 
Zante and Bond, 2003; Yang et al., 2021; Dolzhenko et al., 2024; Korecki et al., 
2024). 

When evaluated from an aerodynamic perspective, the effect of wind on the 
aircraft is related to basic parameters such as lift, drag, and thrust. For example, a 
strong headwind reduces the aircraft's speed relative to the ground, significantly 
shortening the takeoff distance. In addition to reducing fuel consumption, this also 
increases operational efficiency (FSF, 1999). However, in the case of a tail wind, 
this advantage is lost and take-off distance increases significantly (Aviation NZ, 
2023; Liu et al., 2022). Especially on short runways or high-density altitudes, tail 
wind can make the negative effects on aircraft performance more obvious 
(Fahlgren, 2007). 

The effects of crosswind present a different aerodynamic challenge. 
Crosswind makes it difficult for the aircraft to remain in line with the runway 
during landing and is highly dependent on the pilot's control ability (Ebbatson et 
al., 2007). Aircraft manufacturers such as Airbus and Boeing have differentiated 
crosswind limits according to aircraft models, and these limits vary depending on 
the aircraft type and pilot experience (Van Es et al., 2001; Airbus, 2020; Boeing, 
2019; Wu and Liu, 2021). Simulation-based studies have been conducted to better 
understand crosswind effects, and it has been emphasized that pilots' decision-
making mechanisms in such conditions depend on the quality of training (Castilho 
et al., 2018; Sumaja et al,. 2019). 

The impact of wind on flight operations is not limited to the landing and 
takeoff phases. On long-haul flights, jet streams can significantly affect aircraft 
fuel consumption and flight times. Flight routes that are correctly aligned with jet 
streams provide great advantages both economically and environmentally.  

The effect of wind on landing and takeoff is related not only to weather 
conditions, but also to the location of the airport and the runway arrangements. 
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Geographically, airports in areas subject to frequent wind shear present a higher 
risk during landing and takeoff. For example, the old Kai Tak Airport in Hong 
Kong witnessed great difficulties in landing aircraft due to frequent crosswind 
conditions, and this has inspired many analysis studies in aviation history (Grace 
et al., 1957). 

In addition, other factors such as atmospheric density, temperature, and 
humidity can increase the impact of wind. In hot and humid weather conditions, 
air density decreases, which negatively affects the ability of aircraft to generate 
lift. Especially at airports located at high altitudes, these effects become more 
pronounced. It is of great importance for pilots to correctly manage aircraft 
performance in such conditions (Aviation NZ, 2023). 

Carefully monitoring the wind factor around airports is vital to ensure flight 
safety and operational efficiency. The use of weather radar systems and wind 
measuring devices enables accurate assessment of wind conditions. Predicting 
wind patterns by analyzing long-term weather conditions is also important for 
infrastructure planning of airports. In this context, international authorities 
recommend using at least 10 years of data in wind and wind trend studies. Both 
the NOAA Climate Prediction Center (NOAA, 2020) and the Federal Aviation 
Administration (FAA, 2020) support using 10 years or more of data in such 
operational and analysis studies. In this study, Samsun, Zonguldak, and Trabzon 
airports, which are three provinces from the Black Sea Region where wind has 
intense influence, were examined. 16 years of data between 2008 and 2023, which 
could provide maximum data for three cities, were used within the scope of the 
study. 

Mismanagement of the wind factor can lead to adverse effects not only on 
aircraft performance but also on operational costs. Accurate analysis of 
atmospheric phenomena such as jet streams can reduce fuel consumption in long-
haul flights and contribute to environmental sustainability. However, at airports 
in regions with frequent wind shear, the implementation of advanced simulation 
and training programs can strengthen safety by increasing pilots ability to cope 
with such situations. 

As a result, constantly monitoring the wind factor around airports and taking 
appropriate measures not only increases flight safety, but also increases sectoral 
efficiency by shortening flight times and saving fuel. Maintaining such 
monitoring and management processes in an integrated manner will provide both 
technical and economic benefits in the aviation sector. 

Also wind speed and direction play a critical role in airport design, because 
taking off and landing from the wind increases safety. Therefore, runways are 
positioned according to the long-term wind direction and speed in the region. 
Using wind rose analysis, prevailing wind directions are determined and the 
layout of the runways is planned accordingly. Since crosswinds can make flight 
operations difficult, this situation is also taken into account; if necessary, runways 
are designed in different directions. Since excessive wind speeds can increase the 
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risk of turbulence, this factor is evaluated during airport site selection. In addition, 
environmental factors and terrain structure can affect the behavior of the wind. 
All these analyses are necessary for airport operations to be safe and efficient. 

The present study has been conducted for the purpose of investigating the 
temporal changes in wind speed values at Samsun, Trabzon, and Zonguldak 
airports in the Black Sea Region of Türkiye. To this end, monthly average wind 
speeds and directions from the Turkish State Meteorological Service for the 
period 2008–2023 were analyzed by Innovative Trend Analysis (ITA) and 
Innovative Polygon Trend Analysis (IPTA). The present paper is comprised of 
four chapters. Section 1 comprises a comprehensive literature review and the 
purpose of the paper. Section 2 delineates the study area and the methodologies 
that was employed. Section 3, the findings obtained as a result of the analyses are 
evaluated. Finally, Section 4 presents the conclusions of the study. 

2. Materials and methods 

2.1. Study area 

The Black Sea Region is a region where the wind effect is felt intensely due to its 
environmental characteristics and geographical location. The region has the large 
water mass of the Black Sea in the north and the Eastern Black Sea Mountains in 
the south. This location causes the winds resulting from the pressure differences 
between the sea and the land to become stronger. Especially northerly winds 
blowing from the north and land winds from the northwest are dominant in the 
region. While the breeze blowing from the sea to the land provides coolness in the 
summer months, strong winds and storms are generally observed in the winter 
months. In addition, the fact that the Eastern Black Sea Mountains lie parallel to 
the coast creates an orographic effect on the speed and direction of the winds, 
which can lead to sudden wind changes and turbulence in the region. This is a 
decisive and critical factor for both local life and aviation operations. 

Samsun-Çar amba Airport is an airport located in the Black Sea Region and 
one of the important transportation points of the region. The airport, which was 
opened in 1998, serves domestic and international flights. The runway layout is 
designed parallel to the Black Sea and offers landing and takeoff opportunities for 
wide-body aircraft with its 3,000-meter-long runway. Since it is geographically 
close to the seashore, the effect of wind is carefully evaluated in operational 
activities. Especially northerly winds and northwesterly winds can be decisive on 
runway operations. In addition to commercial flights, the airport also serves 
training flights and cargo transportation (DHMI, 2023). 

Zonguldak Airport is an airport located on the Black Sea coast and opened 
to civil aviation service in 2007. It is the only airport serving the Western Black 
Sea Region of Türkiye. The airport's runway is 1,881 meters long and is generally 
suitable for the landing and takeoff of small and medium-sized aircraft (DHMI, 
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2023). Due to its geographical location, intense winds and sudden changes coming 
from the Black Sea may occasionally put flight operations at risk. In addition to 
this information, the airport, located in the congested area between the sea and the 
mountains, can create difficult conditions during landing and takeoff. 

Trabzon Airport is one of the busiest airports in the Eastern Black Sea Region 
and was put into service in 1957 (DHMI; 2023). The airport, which serves both 
domestic and international flights, is an important transportation gateway as it is 
the tourism and trade center of the region. The runway layout is designed parallel 
to the Black Sea and has a length of 2,640 meters. Due to its geographical location, 
the tight space between the sea and the mountains can cause wind turbulence. 
Crosswinds and sudden wind changes can pose difficulties for pilots, especially 
during landing (Scherllin-Pirscher et al., 2025; Yan and Song, 2024). Trabzon 
Airport is the main entry point for many international flights to the Black Sea 
Region and plays a critical role in the economic development of the region. The 
location of these three airports can be seen in Fig. 3. 

 
 

 
Fig.3. The location of airports. 

 

2.2. Innovative Trend Analysis (ITA) 

ITA was proposed by en (2012) with the objective of graphically examining the 
trends of hydrometeorological parameters. The method involves dividing the time 
series into two equal parts, sorting these parts from smallest to largest, and placing 
the first part on the horizontal axis and the second part on the vertical axis, with 
these parts positioned opposite each other in the distribution graph. The points 
situated in the upper part of the 1:1 (45°) line demonstrate an increasing trend, 
whilst the points positioned in the lower part exhibit a decreasing trend. ITA, as 
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developed by en (2012), was further refined by en (2017a, 2017b) through the 
incorporation of a statistical significance test (Eqs.(1–6)). 
 
 =  (1) 

 
 = 2  (2) 
 
 =  (3) 

 
 = 1  (4) 

 
 = 1  (5) 

 
 = 0 ±  (6) 
 
In Eqs.(1–6),  represents the first-order moment of the slope,  represents the 
data length,  represents the cross-correlation coefficient between the two halves, 

 represents the standard deviation of the entire data series,  represents the 
variance of the trend slope and  represents the standard deviation of the slope. 

 represents the  value obtained from the standard normal distribution at 
a certain confidence level. Should the gradient of the trend exceed the upper 
confidence limit, it is considered to be an increasing trend; conversely, if it 
exceeds the lower limit, it is considered to be a decreasing trend. If these 
conditions are not met, it is considered that there is no statistically significant 
trend at a certain confidence level. In this study, the ITA significance test was 
performed at a 95% confidence level ( en, 2017a,2017b; Gümü  et al, 2021, 
2022; Nacar et al., 2022). 

2.3. Innovative Polygon Trend Analysis (IPTA) 

In the IPTA method developed by en et al. (2019), which can be applied to 
different time scales, parameters such as the mean, minimum, maximum, standard 
deviation and skewness of time series of hydrometeorological climate parameters 
can also be used as input. Average values of parameters were used in this study. 
In this method, as in ITA, time series are divided into two halves for all segments. 
The mean of the two half-series for each segment is calculated and plotted in the 
Cartesian coordinate system to create a polygon. In the graphical evaluation, the 
process steps in ITA are followed ( en et al., 2019; Çeriba  et al., 2021; Gümü  
et al., 2022; Hussain et al., 2023; Günes et al., 2024). 
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3. Results 

Knowing the prevailing wind direction is of critical importance for airport 
designers, pilots and air traffic controllers to ensure the safety of flight operations. 
First of all, the prevailing wind direction is a fundamental factor in runway design 
and orientation. Runways are usually built against a headwind, because the 
headwind allows aircraft to move safely over shorter distances during takeoff and 
landing (ICAO, 2020). Knowing the prevailing wind direction also enables safer 
approach and landing plans. By minimizing side and cross wind effects, pilots can 
make a safer landing. 

Moreover, information of prevailing wind direction provides effective 
guidance in creating emergency strategies. It supports pilots in making the right 
decisions by influencing the selection of alternative runways or airports in case of 
a potential emergency landing situation. In addition, wind direction should be 
taken into account when designing the land around the airport. As a result, it can 
be said, that accurate analysis of the prevailing wind direction not only increases 
flight safety, but also offers strategic advantages in terms of operational efficiency 
and environmental sustainability. 

In this study, monthly prevailing wind directions for the 16 years between 
2008 and 2023 were examined for Samsun, Zonguldak, and Trabzon airports. In 
this context, the prevailing wind directions are given in Table 1. 
 
 
 

Table 1. Prevailing wind direction table 

Airports 1 2 3 4 5 6 7 8 9 10 11 12 GENERAL 

Samsun S E E E E NNW NNW NNW SSE,E SE,E E E E 
Trabzon SSW E E E E E SSW SSW SSW SSW SSW SSW SSW 
Zonguldak S E E N N N NNW NNW E E E,S E,S E 
 
 
 

In this context, according to the results obtained from the data, the prevailing 
wind direction for Samsun Çar amba Airport was determined as east (E), for 
Trabzon Airport as south-southwest (SSW) and for Zonguldak Airport as east (E). 
Airports were selected as Zonguldak in the west of the Black Sea Region, Samsun 
in the middle, and Trabzon in the east in order to examine the behavior of the data 
more effectively. 

The temporal changes of the monthly mean wind speed values of Samsun, 
Trabzon, and Zonguldak airports in the Black Sea region were investigated using 
ITA and IPTA. The ITA results of the airports are presented in Table 2 and 
Figs. 4, 5, and 6, while the IPTA results are presented in Table 2 and Fig. 7. 

 



77 

Table 2. ITA and IPTA results 

 Samsun Trabzon  Zonguldak 
 ITA IPTA ITA IPTA  ITA IPTA 
 CL0.95 S Trend Trend CL0.95 S Trend Trend  CL0.95 S Trend Trend 

Jan. 0.16 0.02   0.28 0.11    0.14 0.03   
Feb. 0.17 0.03   0.33 0.09    0.18 0.06   
Mar. 0.18 -0.02   0.26 0.06    0.19 0.06   
Apr. 0.15 0.00   0.39 0.14    0.18 0.05   
May. 0.15 0.03   0.39 0.13    0.18 0.05   
Jun. 0.16 -0.03   0.27 0.08    0.17 0.04   
Jul. 0.16 0.01   0.31 0.10    0.18 0.04   
Aug. 0.16 0.02   0.36 0.07    0.19 0.03   
Sep. 0.14 0.01   0.30 0.11    0.16 0.03   
Oct. 0.15 -0.02   0.29 0.12    0.15 0.03   
Nov. 0.15 -0.02   0.32 0.14    0.17 0.06   
Dec. 0.16 0.02   0.29 0.13    0.16 0.02   

 

 
Fig. 4. ITA graphical results for Samsun. 
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Fig. 5. ITA graphical results for Trabzon. 
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Fig. 6. ITA graphical results for Zonguldak. 

 
 
 

 
Fig. 7. IPTA graphical results for Samsun, Trabzon, and Zonguldak. 
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As demonstrated in Table 2 and Fig. 4, which incorporate the ITA results for 
Samsun Airport situated within the Black Sea Region, it has been ascertained that 
wind speed trends exhibit variation by month. An increasing trend was identified 
in wind speed values in January, February, May, July, August, September, and 
December. Conversely, a decreasing trend was identified in March, June, October, 
and November. It is noteworthy that these increasing/decreasing trends are not 
statistically significant, as they are below the limit values at the 95% confidence 
level. In April, a value of “0” was calculated, indicating that wind speed did not 
exhibit a trend in that month. According to the IPTA results presented in Table 2 
and Fig. 7, they are parallel to ITA, with the exception of December. In 
December, IPTA determined a decreasing trend. As demonstrated in Table 2, 
Figs. 5 and 6, which incorporate the ITA and IPTA results of Trabzon airport in 
the east of the Black Sea Region and Zonguldak airport in the west, an increasing 
trend has been determined in all months at these two airports. These trends are not 
statistically significant when they remain below the limit values at the 95% 
confidence level. 

The trend analysis of wind speed values at airports located in the center, 
western and eastern of the Black Sea Region has revealed an increasing trend in 
wind speeds in all months. According to the analysis results of Samsun, which is 
located in the center of the region, has shown variations in the determined trends 
according to the months of the year. The trend analysis results of the methods 
employed across the region indicate a generally supportive relationship between 
ITA and IPTA. 

The influence of wind on air transportation holds significant importance in 
terms of operational efficiency and flight safety. Research and practical 
applications demonstrate that wind conditions play a pivotal role in shaping pilot 
decision-making processes and influencing the performance of aircraft, 
particularly during critical phases such as takeoff and landing. In this context, 
such studies are useful and important. 

The study makes a unique and important contribution to the literature on 
reducing accident risks in airline transportation with the methods used and the 
analysis of meteorological factors. In particular, the effects of wind factor on 
flight safety are analyzed in detail and applicable recommendations are developed 
in many areas from runway arrangements to pilot training programs. The study 
provides a strategic basis for safer flight operations by determining the prevailing 
wind directions at Samsun, Zonguldak, and Trabzon airports. In addition, by 
predicting seasonal changes, the planability of flight operations is improved. The 
integration of simulation technologies to mitigate wind-related risks in pilots' 
decision-making processes has been proposed, and the sectoral benefits of these 
applications have been emphasized. The effects of wind factor on fuel 
consumption and flight times are also discussed in the context of environmental 
sustainability, and it is stated that these findings can shed light on sectoral 
innovations. In long-term planning, the potential impacts of climate change on 
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wind patterns should be considered. This study makes an important contribution 
to the future of the aviation industry, both theoretically and practically. 

4. Conclusion 

The effects of wind on air transport play a critical role in terms of operational 
efficiency and flight safety. In this study, 16 years of wind data for Samsun, 
Zonguldak, and Trabzon airports are analyzed, and the wind dynamics of the 
region are presented in detail. The findings of the study once again emphasized 
the importance of the wind factor not only in terms of flight safety but also in 
terms of airport infrastructure planning, development of pilot training 
programmes, and sectoral efficiency. 

1. Regional wind characteristics and environmental factors 
Geographical and climatic features in the Black Sea Region are the main 
factors determining the wind behavior in the region. Especially the locations 
of Samsun, Zonguldak, and Trabzon airports between the sea and the 
mountains cause difficulties such as orographic effects and sudden wind 
changes. In this study, it was determined that south-southwesterly winds 
prevail in Trabzon and easterly winds prevail in Samsun and Zonguldak. 
This information can be used to make flight operations in the region safer. 
2. Contribution of methods: ITA and IPTA analyses 
Innovative Trend Analysis (ITA) and Innovative Polygon Trend Analysis 
(IPTA) methods are the main analysis tools of this study. Thanks to these 
methods, changes in wind speeds and directions were analyzed in detail. 
Especially understanding the seasonal changes will increase the 
predictability in flight operations. The usability of these methods in airport 
design, risk management, and long-term planning provides a significant 
advantage. 
3. Airport design and safety improvements 
Wind factor plays a critical role in runway routing and airport layout. The 
findings of the study show that runway arrangements considering the 
prevailing wind directions will increase takeoff and landing safety. It can be 
emphasized that alternative runway designs should be evaluated, especially 
in areas where the side wind effect is intense. 
4. Updating pilot training programmes 
The effects of wind on flight are of great importance in the decision-making 
processes of pilots. In this context, the development and integration of 
simulation technologies into pilot training programmes will play a key role 
in the management of wind-related risks. Pilots who experience especially 
hazardous weather conditions in simulation environment will be more 
prepared for real operations. 
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5. Operational efficiency and environmental sustainability 
The impact of the wind factor on fuel consumption and flight times is also 
important in terms of environmental sustainability. More effective utilization 
of natural advantages such as jet streams can reduce environmental impacts 
by saving fuel. The study reveals the potential for such impacts to improve 
operational efficiency. 
6. Climate change and future strategies 
Climate change may lead to changes in wind patterns, posing new 
operational challenges. Therefore, the effects of climate change need to be 
taken into account in long-term planning. The ITA and IPTA methods used 
in this study provide a suitable basis for long-term monitoring of such 
changes. 
7. Importance of local microclimatic analyses 
Microclimatic analyses specific to each airport will provide a better 
understanding of wind factors. Especially at airports with different 
geographical characteristics such as Trabzon, Zonguldak, and Samsun, local 
analyses can provide critical data to improve flight safety. 
8. Land use and landscaping 
Planning the land arrangements around the airports by considering the wind 
directions will be effective in reducing operational risks. The prevailing wind 
directions determined in the study can provide guidance for environmental 
regulations and construction around the airport. 
9. Standardisation of data use and technology integration 
Standardization of long-term wind data and integration with new 
technologies can increase operational efficiency. In particular, the 
integration of artificial intelligence-supported decision support systems will 
enable real-time analysis of wind data, offering both security and economic 
advantages. 
10. Multidisciplinary cooperation and future investments 
Effective management of the wind factor requires the cooperation of 
different disciplines such as meteorology, engineering, air traffic control, and 
pilotage. Strengthening this co-operation will contribute to the sector both 
technically and economically. Furthermore, increasing investments in 
technological developments should be a strategic priority for the future of 
the aviation sector. 

As a result, wind factor management is of great importance not only for flight 
safety but also for operational efficiency, environmental sustainability, and 
infrastructure planning. This study has made significant contributions to the 
understanding and management of wind effects and has shed light on future 
studies. With long-term strategic plans, technological innovations, and 
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interdisciplinary cooperation, the aviation industry can achieve a safer, more 
efficient, and sustainable structure. 
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Abstract—This study evaluates the risk of wood decay in cultural heritage sites across the 
European part of Russia by analyzing climatic influences on timber deterioration. Timber, 
a critical component of many heritage structures, is particularly vulnerable to fluctuations 
in air temperature and moisture, which accelerate biological decay processes. Using the 
Scheffer Climate Index (SCI) – a metric based on average monthly temperature and the 
number of precipitation days –, the research assesses decay risk over the period 1961–2020 
with daily data from the ERA5 reanalysis. The SCI was decomposed into temperature and 
precipitation components, and trends were quantified using the nonparametric Mann–
Kendall test, with analyses performed for both the 1961–1990 and 1991–2020 periods. 
Results reveal a southwestward increase in SCI values, with the highest risks (SCI > 100) 
along the Black Sea coast and Caucasus. Notably, northern regions, home to key heritage 
sites like Kizhi Pogost, exhibited statistically significant upward SCI trends (up to 
0.6/year), driven primarily by rising temperatures. Between 1961–1990 and 1991–2020, 
low-risk areas decreased by 9%, transitioning to moderate risk, while high-risk zones 
remained stable (~13%). Temperature contributions to SCI increased by 5–20%, whereas 
precipitation impacts declined, except in northern regions. Sequential analysis highlighted 
trend onset in the 2000s, particularly in the northwest and Caucasus. These findings 
underscore a rising climatic threat to wooden architectural heritage and emphasize the need 
for enhanced conservation strategies to mitigate future decay risks. 
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1. Introduction 

Wooden architectural heritage constitutes a significant portion of cultural heritage 
sites worldwide, with many structures and their components crafted from this 
traditional building material. As an organic material, timber is particularly 
susceptible to environmental degradation, with its physical and mechanical 
properties deteriorating under various atmospheric influences (Brimblecombe and 
Richards, 2024). Among environmental factors, moisture and temperature 
fluctuations play the most critical role in the degradation processes of historical 
wooden structures (Sabbioni et al., 2009, 2010; Brimblecombe et al., 2011). 

The hygroscopic nature of wood makes it vulnerable to damage caused by 
variations in atmospheric humidity, whether through excessive or insufficient 
moisture levels (Blavier et al., 2023; Sobo  and Bratasz, 2022). Precipitation 
further exacerbates wood deterioration when water penetrates surface cracks and 
pores (Blavier et al., 2023). Biological agents, including fungi, bacteria (Koziróg 
et al., 2016), and insects, pose additional threats, with decay fungi representing 
the most significant cause of economic losses in wooden heritage (Brimblecombe 
and Lankester, 2013; Sesana et al., 2021; Prieto et al., 2020). Fungal activity 
depends critically on specific temperature and moisture conditions (Curling and 
Ormondroyd, 2020), while higher temperatures generally accelerate both 
biological degradation and insect infestation (Flyen et al., 2020). 

Photochemical degradation from ultraviolet and visible light leads to surface 
discoloration, increased moisture absorption, and enhanced biodegradation 
(Andrady et al., 2019). Additionally, atmospheric salts contribute to structural 
damage through crystallization processes and pore formation (Mi et al., 2020; 
Wang et al., 2024).  

Recent climatic changes have significantly impacted global hydrological 
cycles, with substantial precipitation variations observed since the mid-20th 
century (IPCC, 2021; WMO, 2021). These systemic climate changes present new 
challenges for cultural heritage preservation (Sesana et al., 2021; Hall et al., 
2016). Numerous studies indicate that increasing atmospheric humidity, coupled 
with rising temperatures, creates favorable conditions for enhanced biological 
activity, accelerating the decomposition of wooden structures by fungi, mold, 
algae, and insects (Sesana et al., 2021; Prieto et al., 2020; Camuffo, 2019). 

The Scheffer Climate Index (Scheffer, 1971) remains one of the earliest and 
most widely used tools for assessing climate-related risks to wood. Originally 
developed for the contiguous United States, this index estimates regional decay 
potential based on temperature and precipitation parameters. Subsequent 
applications have extended to Canada (Wang and Morris, 2008; Morris and Wang, 
2011), Europe (Fernandez-Golfin et al., 2016; Brimblecombe and Richards, 
2023a,b), Korea (Oh et al., 2022), and Africa (Richards et al., 2023).  

The European part of Russia boasts numerous masterpieces of wooden 
architecture, including UNESCO World Heritage sites like the Kizhi Pogost (18th 
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century) in Karelia, the Malye Korely open-air museum in Arkhangelsk Oblast 
(featuring 400-year-old structures), and the Vitoslavlitsy museum in Novgorod 
Oblast. Other significant examples include the Kostroma Sloboda Museum 
reserve, historical buildings in Suzdal and Vologda, and architectural monuments 
throughout Leningrad, Nizhny Novgorod, Smolensk, and Tver regions. 

This region exhibits substantial climatic diversity and has experienced 
significant warming trends (+0.55°C per decade) with variable precipitation 
patterns (The Third Assessment Report, 2022). These changing conditions 
differentially affect wooden structures across the region, necessitating detailed 
assessment. This study, therefore, aims to evaluate the potential risks of climate-
induced degradation to wooden architectural heritage throughout European 
Russia, providing crucial data for conservation planning in the context of ongoing 
climate change. 

2. Materials and methods 

The daily data on air temperature and precipitation from the ERA5 reanalysis 
(spatial resolution 0.5°*0.5°) (Hersbach et al. 2020) for the period 1961–2020 for 
the European part of Russia were used. Data are freely available from the 
Copernicus Climate Data Store (Copernicus Climate Change Service). The study 
region is limited by coordinates 40°–65° N, 25°–50° E. 

The analysis of the influence of climatic conditions on wooden heritage sites 
was carried out using the Scheffer index (Scheffer, 1971). The index selects two 
parameters (air temperature and precipitation) and helps to assess the risk of wood 
decay. 

The Scheffer Climate Index (SCI) is calculated using the formula: 
 

 = ( )( ).  , (1) 
 

where T is the average monthly temperature (° ) and D is the average number of 
days per month with precipitation greater than 0.3 mm per day (Scheffer, 1971; 
Lisø et al., 2006). 

Months with average air temperatures below 2 °C and/or very little 
precipitation add nothing to the climate decay potential, as these conditions are 
not conducive to decay development. Moreover, the reduction that negative 
values of (T – 2) or (D – 3) introduce into the sum of Eq.(1) is irrelevant to the 
conceptual basis for developing the Scheffer index. Therefore, in the present 
study, the product (T  2) × (D  3) is always equal to or greater than zero (i.e., if 
(T  2) or (D  3) is negative for the i-th month of the year, then it is set equal to 
zero for that month) (Nikolitsa and Giarma, 2019; Kim and Ra, 2013; Brischke 
and Selter, 2020). 
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Additionally, the contribution of the temperature component (TSCI) and the 
precipitation component (DSCI) were calculated while maintaining the conversion 
factor of 16.7: 

 
 = ( 2) 16.7   (2) 
 
 = ( 3) 16.7  (3) 

 
The overall risk is assessed based on the SCI values as follows: a value less 

than 35 indicates low risk, values from 35 to 65 indicate moderate risk, values 
from 65 to 100 indicate high risk, and values above 100 indicate very high risk 
(Scheffer, 1971). 

The calculation results are presented as spatial maps for the reanalysis grid 
points to avoid distortions associated with data interpolation. Trends were 
calculated using the least squares method, and statistical significance was assessed 
using the nonparametric Mann-Kendall test with a statistical significance level of 
0.05. For each period, the median value of the index was calculated for each grid 
point. The median was chosen because the values of the SCI are not characterized 
by a normal distribution (Richards et al., 2023). 

The sequential form of the non-parametric Mann-Kendall test was used as a 
method for analyzing progressive trends of the time series, which allows one to 
detect the approximate beginning of a developing trend (Sneyers, 1990). The 
sequential Mann-Kendall (Moraes et al., 1998) was used to test the start of a trend 
within the series x1, …, xn. The magnitudes of annual or seasonal mean time 
series xj (j = 1, …, n) were compared by xk(k = 1, …, j  1). For each comparison, 
the number of xk > xj was counted and denoted by nj (Zhao et al., 2015). The test 
statistic was given as follows: 

 
 = ( = 2,3, … , )  (4) 
 
 ( ) = ( )  (5) 
 
 = ( )( )  (6) 

 
The sequential value of statistic U(t) which is the forward sequence was 

calculated as 
 
 ( ) = ( )( ) , (7) 
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where u(t) is a standardized variable with a zero mean and standard deviation 
equal to one, which fluctuates around zero as the time series progresses.  

U’(t), which is the backward sequence, was calculated with the same formula 
with the reverse data time series.  

The intersection of the curves U(t) and U’(t) indicates the year of the 
beginning of the trend, and the intersection point should be between the critical 
values of the confidence interval, i.e., between -1.96 and +1.96 (Barbieri et al., 
2017; Temeliyeh et al., 2022; Chatterjee et al., 2014). If U(t) exceeded the upper 
or lower 95 % confidence limits (+1.96 and 1.96 for an =5 % significance 
level), there was a significant upward or downward trend in the time series (Liu 
et al., 2008). The intersection of forward and backward curves of the test statistic 
detected the approximate time of occurrence of the trend (Barbieri et al. 2017). If 
the curves U(t) and U’(t) intersect in the critical range several times or U(t) crosses 
the confidence line several times, then there are no significant trends in the time 
series (Dufek and Ambrizzi, 2007; Alijani et al. 2011, Temeliyeh et al. 2022).  

The results are obtained for the entire period (1961–2020), as well as for two 
sub-periods (1961–1990 and 1991–2020) which are defined by WMO as climate 
norms. 

3. Results 

3.1. Spatial distribution of the SCI values, temperature and precipitation 
components 

The median values of the SCI in the study area in the period 1961–2020 vary 
within the range from 0 to 160 (Fig. 1a). The highest values (above 80) were 
found on the Black Sea coast of the Caucasus. Throughout the analyzed period, 
there was an increase in the index values from the northeast to the southwest. In 
the second climatic period (1991–2020), relative to the first period, there was an 
increase in the SCI across almost the entire analyzed area, especially pronounced 
in the northeast of the region (an increase of up to 100%) (Fig. 1b). The southern 
regions of the European part of Russia are characterized by a slight decrease in 
the SCI index to 20%, with the exception of the Caucasus ridge, where there is an 
increase in SCI by 80–90% in the highland part (Fig. 1b). The risk of wood decay 
under the influence of climatic factors increases in the southwest direction 
(Fig. 1c). Very high risk (SCI values above 100) was found for the Black Sea 
coast of the Caucasus, Ciscaucasia, and Transcaucasia. 

 



92 

 

Fig. 1. Spatial distribution of (a) median values of the SCI for the entire period (1961–2020); 
(b) the difference (in %) of the index between the two sub-periods (1961–1990 and 1991–
2020); (c) wood decay risk for the period 1961–2020. The diamonds in (a) correspond to the 
main sites of wooden architecture: 1 –Kostroma Sloboda Museum reserve, 2 –Malye Korely 
open-air museum in Arkhangelsk Oblast, 3 – Kizhi Pogost, 4 –Vitoslavlitsy museum in 
Novgorod Oblast, 5 and 6 – historical buildings in Suzdal and Vologda. 

 
 
 

The presentation of the results in gradations of the SCI values shows that in 
the second climatic period (1991–2020), compared to the first period, there was a 
decrease (by 9%) in the area of the territory with a low risk of wood decay, due 
to an increase in the area with a moderate risk (from 34% to 43%). In the period 
1991–2020, the areas of the territory with low and moderate risks become almost 
equal. The area with a high risk did not change between the two climatic norms 
and is about 13%. 

The SCI includes two components: temperature and precipitation. Spatial 
maps of these components are shown in Fig. 2. The entire study area is 
characterized by an increase in the contribution of the temperature component to 
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the SCI. The change (growth) of the temperature component between the two 
subperiods in most of the study region is 5–15%. The maximum increase in the 
contribution of the temperature component to the SCI in the second climatic 
period was found for the territory of Lake Onega (location of the UNESCO 
cultural heritage site Kizhi Pogost) up to 20%. The opposite picture is observed 
for the precipitation component. Almost the entire territory shows a decrease in 
the contribution of precipitation to 15% in the second climatic period compared 
to the first. A slight increase in the contribution of precipitation (up to 5%) to the 
SCI is observed in the northern regions. 

 
 
 

 
Fig. 2. Change (in %) in the contribution of the temperature (a) and precipitation (b) 
components of the SCI between two periods 1991–2020 and 1961–1990 

 
 
 

3.2. Trends of SCI, temperature, and precipitation components 

 
The SCI trends for the period 1961–2020 are predominantly positive in the study 
area. North of 50 degrees latitude, the trend values are statistically significant. The 
maximum trend values reach 0.6/year in the northwest of the region (Fig. 3). The 
Ciscaucasia is characterized by negative, but statistically insignificant trends, 
while the Caucasus Mountains itself has a positive SCI trend with values from 0.2 
to 0.4/year for the period 1961–2020. The trends in the temperature component of 
the SCI are positive and statistically significant throughout the region, with the 
highest trend values on the northwest coast of the Black Sea and in the White Sea 



94 

area. Negative statistically significant trends in the precipitation component of the 
SCI are typical for the northern Black Sea region, the Caucasus Mountains, and 
the western coast of the Black Sea (Sukhonos et al., 2024). 

 
 
 
 
 

 
Fig. 3. Trends of the SCI for the period 1961–2020. Black dots are statistically significant trends 
(p<0.05) 

 
 
 
 

Using the Mann-Kendall sequential test, estimates of the approximate date 
of the onset of a significant trend in the SCI are obtained. The Fig. 4 shows spatial 
maps of statistically significant (p<0.05) intersection of the U(t) and U'(t) curves 
for the entire period 1961–2020. As it can be seen, the SCI index is characterized 
by upward trends in the northwestern areas of the study region and in the Caucasus 
Mountains. Single downward trends are found in the Ciscaucasia on the Caspian 
Sea coast. The temperature component of the SCI has upward trends throughout 
almost the entire territory of the study region for the period 1961–2020, with the 
exception of the Caucasus Mountains. The precipitation component is 
characterized by a small number of reanalysis grid points with statistically 
significant downward trends in the central regions and the Ciscaucasia. 
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Fig. 4. Spatial distribution of grid points with statistically significant intersection of the U(t) 
and U'(t) curves (p<0.05) for the period 1961–2020 for SCI (a), temperature component (b), 
and precipitation component (c). 

 
 
 

The percentage of grid points with trends of opposite signs is presented in Table 
1. The maps presented in Fig. 4 show the total number of statistically significant 
intersections of the U(t) and U'(t) curves for the entire period. The distribution by 
years of the number of grid points with the total number of intersections of the U(t) 
and U'(t) curves and the statistically significant ones for the period 1961–2020 are 
presented in Fig. 5a. In some years, the percentage of grid points with intersections 
reaches 5.3% (1980), while the percentage of significant intersections reaches 
approximately 2.5% in the same 1980 and in 2003. When comparing the two 
subperiods, it is clear that the number of intersections of the U(t) and U'(t) curves in 
the first period 1961–1990 is higher compared to the second period, but the 
percentage of statistically significant transitions increases in the second period. The 
largest number of statistically significant intersections of the curves U(t) and U'(t) 
occurs in the 2000s. The spatial distribution of grid points with statistically 
significant intersections of the U(t) and U'(t) curves related to the two sub-periods 
(Fig. 5b) shows that in the first period (1961–1990), grid points are concentrated in 
the central region of the study region, while in the second period (1991–2020), 
statistically significant intersections are localized in the Caucasus Mountains and in 
the northwest of the region (Fig. 5b). 

 
 
Table 1. Percentage of grid points with significant intersections (p<0.05) of the U(t) and 
U'(t) curves 

Indicator 
Number of grid points (%) 

total quantity upward downward 

SCI 16.84 15.48 1.36 
TSCI 72.80 72.80 0.00 
DSCI 3.64 0.00 3.64 
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Fig. 5. (a) Percentage of grid points (blue bars) that intersect in each year and are statistically 
significant at the 95% level intersection (brown bars) of the SCI; (b) distribution of significant 
intersections of the curves U(t) and U'(t) for the SCI index, related to two periods without taking 
into account the sign of the trend. 

 

 

4. Discussion and conclusions 

Using the Scheffer Climate Index and the data from ERA5 re-analysis, the risk of 
wood decay of cultural heritage sites in the European part of Russia was assessed 
for the period 1961–2020. The risk of wood decay increases in the southern 
direction, the maximum values of the SCI were found for the Black Sea coast of 
the Caucasus, the Ciscaucasia, and Transcaucasia. Masterpieces of wooden 
architecture in the European part of Russia are located mainly in its northern 
regions, where the largest values of statistically significant trends of SCI were 
found. Previously, statistically significant trends in the number of freeze-thaw 
cycles and the number of days with relative air humidity over 80% for the same 
time period were obtained for the northern regions of the European part of Russia 
(Vyshkvarkova and Sukhonos, 2023). 

A positive trend in the SCI values, and the resulting increase in the risk of 
wood decay, is found elsewhere in other studies. An increase in the SCI values, 
temperature and precipitation components, from 1900 to 2020 with varying 
intensity was found for three stations in Russia (St. Petersburg, Arkhangelsk, and 
Shenkursk in the Arkhangelsk region) (Brimblecombe and Richards, 2023a). 
There has been a significant increase in SCI for locations across the UK between 
1990 and 2019. The highest values are found in the northern and western parts of 
the UK, but increases have been seen across the country (Curling and 
Ormondroyd, 2020). 

Positive trends in the SCI values are expected to continue in the future, 
according to regional and global climate models in different regions of the globe. 
For example, the results of the global HadGEM3 model predict an increase in the 
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SCI values from 50 (1850–1879) to 75 (2070–2099) across Europe (Richards and 
Brimblecombe, 2022). In the coming years, an increase in the risk of wood decay 
can be expected in the Trentino-South Tyrol region, according to the CORDEX 
model ensemble for RCP4.5 and RCP8.5 scenarios (Blavier et al., 2024). For 
Africa, 13 CMIP6 models and the SPS585 scenario found that projections of 
future changes in the SCI are driven primarily by changes in temperature rather 
than precipitation. Despite significant disagreement in the simulated magnitude 
of the SCI, there was good agreement between models on the direction of change 
in Equatorial Africa, where the SCI is highest (Richards et al., 2023). Results from 
the HadGEM3-RA model under the RCP4.5 and 8.5 scenarios for Korea show 
that climate change will significantly increase the potential decay risk and, as a 
result, the vulnerability of wooden cultural heritage to fungal decay by the end of 
the century, even under the RCP 4.5 scenario (Oh et al., 2022). Based on 
meteorological station data, the risk of wood decay for Iran is assessed as low in 
most areas and moderate in the northern part of the country along the Caspian Sea 
coast (Helali et al., 2021). Using long-term observational data (since the late 19th 
century), the authors (Brimblecombe and Richards, 2023b) assessed the past and 
future change in the SCI for Europe and concluded that the threat to wood heritage 
is increasing in temperate and continental regions of Europe, and decreasing along 
the northern Mediterranean coast. Vandemeulebroucke et al. (2021) showed the 
increase in mould and wood decay under RCPs 4.5 and 8.5 scenarios by the end 
of the 21st century using a solid masonry case study in Brussels, Belgium. 

The use of sequential Mann-Kendall test allowed to establish some patterns 
of change in the sign of the SCI index trend. The two identified sub-periods have 
differences in the spatial distribution of upward and downward trends. The first 
period is characterized by a statistically significant change in the sign of the trend 
in the central regions, while in the second period, the areas of statistically 
significant intersections of the curves are in the northwest of the region and in the 
Caucasus Mountains. 

Our results are consistent with those of other studies and show an increase 
in the risk of decay of wood of cultural heritage sites in many regions of the globe 
against the background of observed climate change. The northern regions of the 
European part of Russia, despite moderate values of the SCI, have the greatest 
positive trend, which indicates an increasing threat to wooden structures. 
Intensification of measures to support and protect cultural heritage sites consisting 
of wood or having wood components is required. 
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