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Abstract— The subject of the research paper is the exploration of the potential of remote 
sensing techniques for enhanced spatio-temporal monitoring and analysis of drought 
impacts within the Sana River basin area in Bosnia and Herzegovina (B&H). The aim is to 
identify meteorological, hydrological, agricultural, and socio-economic drought 
occurrences by processing remote sensing “products”. An integral part of this aim involves 
calculating the standardized precipitation index (SPI), temperature condition index (TCI), 
vegetation condition index (VCI), and vegetation health index (VHI). Meteorological 
drought monitoring was carried out using the Climate Hazards Group InfraRed 
Precipitation with Station Data (CHIRPS) dataset processed through the Google Earth 
Engine (GEE) platform. A 42-year period (1981–2023) was compared with reference years 
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(2016 and 2017). The occurrence of meteorological drought (lack of precipitation) was 
identified, and SPI was calculated. The period with reduced precipitation and negative SPI 
values during 2016 and 2017 coincided with the pattern of decreasing water levels in the 
main stream of the Sana River, confirming the impact of meteorological drought on the 
occurrence of hydrological drought. Agricultural drought monitoring was conducted using 
Moderate Resolution Imaging Spectroradiometer (MODIS) satellite data, namely 
MOD13Q1 and MOD11A2, to calculate TCI, VCI, and VHI. The results indicate negligible 
drought occurrence for 2016, while extreme agricultural drought was observed in the basin 
area for 2017. The consequences of agricultural drought on the occurrence of socio-
economic drought were examined. The results show an extreme decrease in yields of wheat, 
barley, corn, potatoes, pears, and plums during 2017 compared to 2016. The research 
contributes to a better spatio-temporal understanding of drought phenomena, and the 
presented data and results are significant for numerous practical issues related to 
monitoring, mitigation, and/or prevention of negative consequences of drought in river 
basin areas. 

Key-words: drought, hazard, remote sensing, geographic information systems, mapping, 
Sana River basin, Bosnia and Herzegovina. 

 

1. Introduction 

Drought is an exceptionally complex natural disaster (Xie and Li, 2020a). 
According to Hao and Singh (2015) and Dong et al. (2022), drought is one of the 
most common natural disasters in terrestrial ecosystems, characterized by wide 
coverage, frequent occurrences, and negative impacts, which directly or indirectly 
cause significant economic losses at regional and global levels. Drought leads to 
widespread exhaustion of natural and artificial water resources over an extended 
period (Rossi, 2000). Over the past few decades, under the influence of climate 
change, the impact of drought on agriculture, economy, and society has intensified 
(Council, 1992; Wilhite et al., 2007; Orimoloye, 2022). Drought leads to a 
negative impact on agricultural productivity, desertification, forest degradation, 
and other socio-economic problems (Li et al., 2020a,b; Xie and Li, 2020b). 

Depending on the type of drought, its impacts vary in space and time 
(Žurovec et al., 2017). According to Wilhite (1985), the following types of 
droughts exist: meteorological, hydrological, agricultural, and socio-economic. 
Meteorological droughts are closely related to reduced or lack of precipitation 
(Wilhite, 2000; Gabri  and Plavši , 2019). According to Liu et al. (2023), 
meteorological drought, caused by insufficient precipitation, high temperatures, 
and significant evapotranspiration, can lead to water shortages, manifested 
through soil moisture deficits. Traditional monitoring of meteorological drought 
relies on meteorological data from meteorological stations (MS) (Robock et al., 
2000; Hashim et al., 2016). However, in areas with disparate distribution of MS, 
access to long-term and reliable data for monitoring meteorological drought is 
limited (Tan et al., 2017; Tian et al., 2018). Uneven spatial distribution of MS and 
discontinuous precipitation data trends are characteristic of developing countries, 



401 

such as Bosnia and Herzegovina (B&H). Consequently, there is a shortage of 
research concerning meteorological droughts within the borders of B&H, 
particularly related to specific geographic environments. The lack of an adequate 
number and uneven distribution of MS can be overcome by an alternative 
approach using satellite meteorological data. According to Ezzine et al. (2014) 
and Tang et al. (2020), satellite meteorological data offer the possibility of 
identifying conditions for drought occurrence on various surfaces, as well as 
suitability for monitoring large-scale droughts in real-time with high accuracy and 
implementation. Zhu et al. (2019) highlight the abundance of various satellite 
precipitation data and their wide application in meteorological drought analysis 
(Gao et al., 2018; Tladi et al., 2022; Feng et al., 2023; Kourtis et al., 2023; Torres-
Vázquez et al., 2023; Zhang et al., 2023; Oukaddour et al., 2024). According to 
the authors of this study, satellite meteorological data have not been used to 
investigate meteorological drought in the territory of B&H thus far. According to 
Wilhite (2000), meteorological drought can act as a “trigger” for the occurrence 
of other types of droughts. Lee et al. (2022) emphasize that this type of drought 
directly influences the occurrence of hydrological drought. The mentioned 
drought is traditionally detected through field observations of river flow, surface 
or groundwater levels, providing direct evidence of water scarcity (Nalbantis and 
Tsakiris, 2009; Zhu et al., 2016). 

According to Spinoni et al. (2018), there is an established consensus about 
recent trends of meteorological and hydrological droughts in Europe: in the last 
decades, southern Europe experienced increasing drought frequency and severity 
(Briffa et al., 2009; Vicente-Serrano et al., 2014; Gudmundsson and Seneviratne, 
2015; Spinoni et al., 2015a,b), with the Mediterranean region as a hotspot 
(Hoerling et al., 2012), especially in spring and summer (Spinoni et al., 2017). 
Drought has been present several times in the territory of B&H during the past 
two decades (Žurovec et al., 2017). During the period from 2000 to 2021, extreme 
drought occurred eight times: in 2003, 2007, 2011, 2012, 2013, 2015, 2016, and 
2017 (Trbi  et al., 2022). Trbi  et al. (2013) emphasize that in the future, a greater 
number of hot/tropical days, along with reduced precipitation and the occurrence 
of dryness or aridity, will increase the likelihood of drought in the territory of 
B&H. In this regard, the negative impacts of droughts observed in the past may 
be significant for the future, making areas where more frequent severe droughts 
are expected a very important subject of research (Spinoni et al., 2018). 

Meteorological and hydrological droughts, intensified by high temperatures, 
contribute to soil moisture deficits, thereby causing agricultural drought (Liu et 
al., 2016). Wilhite (2000) emphasizes that due to soil moisture deficits, agriculture 
is the first economic sector affected by drought, especially if the period of 
moisture deficiency is accompanied by high temperatures and windy conditions. 
By processing remote sensing “products” in the form of satellite imagery, it is 
possible to generate various indices for monitoring agricultural drought. 
Specifically, Yoon et al. (2020) highlight that for the identification, monitoring, 
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and analysis of agricultural droughts, remote sensing-based indices have proven 
to be the most helpful supplementary data due to their simplicity, low cost of 
synoptic display, and reliability. The use of indices such as the normalized 
difference vegetation index (NDVI), temperature condition index (TCI), and 
vegetation condition index (VCI) for identifying agricultural drought is globally 
recognized (Nicholson and Farrar, 1994; Kogan, 1995a; Seiler et al., 2000; Wang 
et al., 2001). The uniqueness of these indicators lies in their autonomy from 
various environmental conditions (Anyamba et al., 2001; Ji and Peters, 2003), 
allowing for effective monitoring of agricultural drought in any geographic 
environment. Agricultural drought has a significant impact on reducing 
agricultural production and yields, leading to the manifestation of socio-economic 
drought, which, according to Wilhite and Glantz (1985), involves considering the 
effects that the mentioned drought has on the supply and demand of economic 
goods such as fruits, vegetables, grains, and meat. 

The primary objective of this study is to improve drought monitoring in the 
Sana River basin (B&H) through the utilization of remote sensing techniques. 
This involves conducting integrated spatio-temporal analysis and exploring 
potential mitigation strategies. A fundamental part of this goal involves 
identifying meteorological and hydrological droughts, mapping agricultural 
drought as a causal consequence, and examining environmental impacts through 
the identification and monitoring of socio-economic drought. The research is 
based on the application of modern technologies such as Geographic Information 
Systems (GIS) and remote sensing. The presented methodology is significant for 
identifying and understanding drought as a natural disaster. The research results 
can be beneficial to relevant institutions in policy-making and planning activities 
in the areas of monitoring, prevention, and/or mitigation of the harmful effects of 
drought in the geographic environment. 

2. Study area 

The study area comprises the river basin of the Sana River, which stretches across 
the northwest of B&H [44.18° N – 45.09°N; 16.29° E – 17.09° E] (Fig. 1). The 
Sana River originates from three karstic sources on the border of the 
municipalities of Ribnik and Mrkonji  Grad. The mentioned river is a tributary of 
the Una River and belongs to the larger river basin of the Sava River with a surface 
participation of 3.55%. The length of the Sana River is 146 km, its source is 
located at an altitude of 414 m a. s. l., and its mouth at 122 m a. s. l. It is 
characterized by the Posavina variant of the pluvio-nival water regime, which is 
characterized by high water levels in April, and lower levels in August (Gnjato, 
2018). Based on data from the hydrological station (HS) Prijedor (1961–2014), 
the highest flow rates on the Sana River were recorded in the spring season (119.7 
m3/s), and the lowest in the summer season (42.6 m3/s). The total area of the river 
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basin according to the HydroSHEDS database (https://www.hydrosheds.org/) is 
3470 km2. The average elevation of the river basin is 505 m, while the average 
slope is 10.9°. Based on data from MS Novi Grad, Prijedor, Sanski Most, and 
Ribnik (1981–2023), the average annual precipitation in the river basin area is 
1043.42 mm, while the average annual temperature is 11.09 °C. According to the 
Köppen-Geiger climate classification (Kottek et al., 2016), the Sana River basin 
belongs to the Cfb climate type, which is characterized by moderately cold winters 
and warm summers. 
 
 
 
 

 
Fig. 1. Location of the study area with meteorological stations used in this study. 

 

 

 

 
The Sana River basin extends across both entities in B&H: Republic of 

Srpska (RS) and the Federation of Bosnia and Herzegovina (FB&H). It 
partially or entirely covers the following municipalities in RS: Novi Grad, 
Kostajnica, Prijedor, Oštra Luka, Banja Luka, Ribnik, Mrkonji  Grad, Krupa 
on Una, as well as municipalities in FB&H: Bosanska Krupa, Sanski Most, and 
Klju . According to the latest population census in B&H from 2013, these 
municipalities had a combined population of 454,000 inhabitants (Agency for 
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Statistics of Bosnia and Herzegovina, 2016), which also represents the total 
population in the basin area. Based on the Corine Land Cover database from 
2018 (https://land.copernicus.eu/), concerning land use within the study area, 
built-up areas occupy 38.68 km2, arable land covers 1514.09 km2, forested areas 
cover 1830.82 km2, and water bodies cover 21.79 km2. The significant 
participation of arable land, accounting for 43.64% of the basin area, indicates 
that agriculture as the primary economic sector is exceptionally significant for the 
economic development of this geographical environment. 

3. Methods and data 

Monitoring drought in the research is based on processing remote sensing 
“products” in the form of satellite imagery. The Google Earth Engine (GEE) 
platform, based on cloud technology, was used for processing. In order to identify 
the period of meteorological drought within the research, satellite precipitation 
estimate data called Climate Hazards Group InfraRed precipitation with Station 
data (CHIRPS) were used. The mentioned data are of a global nature, with 
relatively high spatial resolution (0.05o× 0.05o ~ 5.3 km) and long-term temporal 
coverage (1981 – almost real-time) (Funk et al., 2015). Before using CHIRPS 
data, they were validated based on data from the meteorological stations. The 
validity of CHIRPS data based on MS data has been confirmed in several studies 
(Katsanos et al., 2016; Hsu et al., 2021; Alsilibe et al., 2023), and they have been 
used in drought analyses (Rivera et al., 2018; Habitou et al., 2020). At the study 
area level, CHIRPS data were previously validated in a research by Sablji  et al. 
(2023). According to the methodology of the mentioned authors, the validity 
assessment process involved comparing the average precipitation amount of 
CHIRPS and meteorological data from MS Prijedor and Sanski Most (1992–
2022). In this research, and according to the mentioned methodology, during the 
validity assessment process, meteorological data from a larger number of MS 
stations were additionally taken into account, and a longer time period was 
observed (1981–2023). Meteorological data were obtained from the Republic 
Hydro-Meteorological Institute of the Republic of Srpska (RHMIRS) and the 
Federal Hydro-Meteorological Institute of the Federation of Bosnia and 
Herzegovina (FHMIFB&H). Meteorological data from MS stations located 
within the basin area were considered, as well as data from MS stations located in 
its immediate vicinity (Table 1). The reason for including MS stations located 
outside the basin boundaries is explained by the lack of such stations at higher 
elevations within the basin. 
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Table 1. MS stations whose data were used in the validity assessment process 

Row 
number 

Name Location Time period Elevation (m) 

1 Novi Grad 45°05’ N; 16°37’ E 1981–2023 122 
2 Prijedor 44°97' N; 16°71' E 1981–2023 133 
3 Banja Luka 44°79’ N; 17°20’ E 1981–2020 150 
4 Sanski Most 44°46’ N; 16°42’ E 1981–2022 158 
5 Ribnik 44°40’ N; 16°81’ E 2000–2023 293 
6 Šipovo 44°28’ N; 17°09’ E 1999–2023 454 
7 Mrkonji  Grad 44°41’ N; 17°08’ E 1981–2023 570 
8 Drini  44°50’ N; 16°46’ E 1981–2023 722 

 
Meteorological drought is characterized by a lack of precipitation, and to 

establish its occurrence, a comparison is made between the 42-year average 
precipitation (1981–2023) and the average precipitation of reference years (2016 
and 2017). Therefore, following the recommendations of the World 
Meteorological Organization, the meteorological element covering one full 
climatological cycle was observed (Luki  et al., 2021). The aim of this process is 
to identify the time period during the reference years when the precipitation was 
below the 42-year average. The time period during which a lower amount of 
precipitation than the average is observed is characterized by the occurrence of 
meteorological drought. 

The occurrence of meteorological drought was further analyzed by 
calculating the standardized precipitation index (SPI). This indicator, presented 
by McKee et al. (1993), represents the deviation z from the mean value in units of 
standard deviation. In the research, SPI was calculated based on CHIRPS 
precipitation data at the location of each pixel composite period for each year 
during the reference period (Fig. 2). The formula for calculating SPI is as follows: 

 

 =  , (1) 
 

where SPIijk is the z-value for the pixel (i) during timeframe (j) for year (k), Pijk is 
the precipitation value for pixel (i) during timeframe (j) for year (k), Pij is the mean 
for pixel (i) during timeframe (j) over n years, and ij is the standard deviation of 
pixel (i) during week (j) over n years. 

Meteorological drought acts as a trigger for the occurrence of other types of 
droughts. Hydrological drought arises from meteorological drought (lack of 
precipitation), often developing slowly and lasting for months, with serious 
consequences for ecosystems, the environment, agricultural production, and water 
resource systems (Van Loon, 2015). Within the scope of the study, the impact of 
meteorological drought on the occurrence of hydrological drought was established 
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through the analysis of the water level of the main stream of the Sana River. The 
average mean water level on the main stream of the Sana River was calculated, 
incorporating data from the HS Prijedor and Sanski Most for the studied time 
period (2001–2019). The average mean water level of the 18-year period was 
compared with the average mean water level of the reference years (2016 and 
2017). Months during which a lower average mean water level than the 18-year 
average was evident are characterized by the occurrence of hydrological drought. 

 

 

 
Fig. 2. Methodology for processing and monitoring meteorological and hydrological droughts. 

 
 
 
 

The time periods characterized by clear differences in the amount of received 
precipitation, negative SPI values, as well as periods with significant decreases in 
the water level of the main stream of the Sana River, represent the basic temporal 
data for the process of identification and mapping of agricultural drought at the 
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study area level. The process of mapping agricultural drought is based on the 
computation of TCI and VCI, and the results of these indices are used to calculate 
VHI (Fig. 3). The mentioned indices are computed by processing remote sensing 
data in the form of satellite data through the GEE platform. In this regard, 
Moderate Resolution Imaging Spectroradiometer (MODIS) satellite data were 
used, specifically: MOD13Q1 and MOD11A2. An overview of the characteristics 
of these satellite data is provided in Table 2 (Didan, 2021; Wan et al., 2021). 

 
 
Table 2. Overview of MOD13Q1 and MOD11A2 satellite data characteristics 

COLLECTION GRANULE – MOD13Q1 
Characteristic Description Characteristic Description 

Collection Terra MODIS Number of science dataset 
(SDS) layers 12 

Temporal resolution Multi-Day Columns/Rows 4800 × 4800 
Temporal extent 2000-02-18 – now Pixel size 250 m 

Spatial extent Global GRANULE – MOD11A2 
Coordinate system Sinusoidal Characteristic Description 

Datum N/A Number of science dataset 
(SDS) layers 12 

File format HDF-EOS Columns/Rows 1200 × 1200 
Geographic 
dimensions 1200 ×1200 km Pixel size 1000 m 

 
 
TCI represents the initial indicator of water stress and drought. It was 

developed by Kogan (1995a) using the thermal bands of the Advanced Very High 
Resolution Radiometer (AVHRR) to determine vegetation stress caused by 
temperature, as well as stress induced by excessive moisture. The input satellite 
data for calculating TCI is the MOD11A2 satellite data. The formula for 
calculating TCI according to the previously mentioned author is: 

 

 = ( ) × 100 , (2) 
 
where TCImax and TCImin are the maximum and minimum values of TCI in a multi-
year dataset. j is the TCI value of the current month in the calculation. 

VCI is applied when assessing the status of agricultural drought. Its 
component is NDVI. It was developed by Kogan (1995a, 1997). VCI estimates the 
current NDVI by comparing it with a range of values observed during previous 
years. The input data for its calculation is the MOD13Q1 satellite data. The result 
of VCI is expressed in numerical values, where lower values indicate poorer 
vegetation conditions, while higher values indicate better vegetation conditions. 
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According to Kogan (1997) and Bento et al. (2018), the calculation of VCI for 
each pixel and period during the reference years is based on the formula: 

 

 = ( ) × 100 , (3) 
 
where NDVImax and NDVImin are the maximum and minimum values of NDVI in 
a multi-year dataset. j is the NDVI value for the current month in the calculation. 

VHI represents an index used in monitoring agricultural drought. According 
to Bhuiyan et al. (2006), VHI takes into account local biophysics (soil and slope) 
as well as climatic conditions, making it highly applicable in monitoring drought 
in various agrometeorological regions. Prasad et al. (2006) and Kogan et al. 
(2012) emphasized that the results of VHI are highly correlated with crop yields, 
particularly during critical phases of crop growth. To be successfully calculated, 
its computation requires the integration of the results of the two previously 
mentioned sub-indices: VCI and TCI, and the final formula for calculation is: 

 
 =   × + (1  ) ×   , (4) 
 

where  is the “weight” for measuring the contribution of VCI and TCI in 
assessing drought status. Generally, the value of  is set to 0.5 due to challenges 
arising in differentiating the contributions of surface temperature and NDVI 
during vegetation stress measurements. 
 

 
Fig. 3. Data processing methodology for identifying and mapping agricultural drought. 
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The results of the mentioned indices (TCI, VCI, and VHI) range from -1 to 1. 
Negative values indicate the occurrence of drought, while positive values indicate 
the absence of drought. In the study, following recommendations (Kogan, 1990, 
1995b) and previous research (Monteleone et al., 2020; Zeng et al., 2022), the 
standardization of these indices was performed through their reclassification into 
values from 0 to 100, in an equal number of drought categories (Table 3). 

 
 
Table 3. Categorization of drought types 

Row 
number Value Drought type 

1 < 10 Extreme drought 
2 < 20 Severe drought 
3 < 30 Moderate drought 
4 < 40 Mild drought 
5 >= 40 No drought 

 

 
The consequences of identified agricultural drought are examined through 

the occurrence and analysis of socio-economic drought. This type of drought was 
identified by analyzing statistical data on crop yields during the reference period. 
The data were obtained from the Institute of Statistics Republic of Srpska (ISRS) 
and Federal Institute of Statistics of the Federation of Bosnia and Herzegovina 
(FISFB&H). Data on yields at the municipal level within the Sana River basin 
were considered, including: Bosanska Krupa, Klju , Sanski Most, Banja Luka, 
Novi Grad, Kostajnica, Prijedor, Oštra Luka, Ribnik, and Mrkonji  Grad. Yield 
data were compared for the reference years (2016 and 2017) for the following 
crops: wheat, maize, barley, potatoes, apples, pears, and plums, and the causes 
and consequences of this type of drought were examined. 

4. Results and discussion 

The validation of CHIRPS satellite precipitation data was performed according to 
the previously described methodology. A comparison of the average precipitation 
quantity between CHIRPS and the MS indicates a high degree of validity of the 
satellite data (Fig. 4). December is characterized by 89.40% agreement between 
satellite and real data. Five out of twelve months (April, May, September, 
October, and November) are characterized by >90% agreement, while six out of 
twelve months (January, February, March, June, July, and August) are 
characterized by >95% agreement between satellite and real data. 
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Fig. 4. Evaluation of meteorological data validity (1981–2023). 

 
 
 
 

The average annual precipitation (1981–2023) aligns with the data obtained 
from the MS stations at a rate of 94.95%, while the total precipitation matches at 
a rate of 98.19%. Previous research (Sablji  et al., 2023) assessing the validity of 
the average annual precipitation (1992–2022) for the Sana River basin resulted in 
a match of 92.63%, as well as 92.38% for total precipitation. Considering the 
inclusion of a greater number of MS stations at different altitudes, as well as the 
observation over a longer time period, led to more accurate results in the 
validation process of satellite precipitation data. Taking into account that HM data 
relates to seven points in space representing MS stations, while satellite data 
covers the entire area, along with the spatial resolution factor of satellite data, it 
is concluded that satellite data is valid for the research and monitoring of 
meteorological drought. 

According to the methodology described earlier, to identify meteorological 
drought, a comparison was made between the average precipitation for a 42-year 
period (1981–2023) and the average precipitation for the years 2016 and 2017 
(Fig. 5). During the year 2016, lower precipitation amounts (Fig. 5a) were 
identified in April (-15.27 mm), September (-19.7 mm), October (-5.85 mm), and 
December (-85.67 mm). On the other hand, during the year 2017, lower 
precipitation amounts (Fig. 5b) were identified in May (-9.21 mm), June  
(-22.57 mm), July (-20.92 mm), August (-30.85 mm), and October (-12.75 mm). 
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Fig. 5. Comparison of average precipitation amounts per month (1992–2022) with the reference 
years (2016 and 2017) 

 
 

To confirm the occurrence of meteorological drought, the SPI was 
calculated. The input meteorological data for SPI calculation are previously 
validated CHIRPS data. SPI was calculated for the years 2016 and 2017 (Fig. 6). 
The SPI values for 2016 range from -1.73 to 2.69, and for 2017, they range from 
-0.85 to 1.25. According to McKee et al. (1993), drought occurs when the  
SPI value is less than 0. During 2016, SPI <0 was identified in April (-0.75), 
August (-0.14), September (-0.21), October (-0.24), and December (-1.73). For 
2017, SPI <0 was identified in May (-0.31), June (-0.63), July (-0.85), August  
(-0.81), and October (-0.31). 

 
 

 
Fig. 6. Monthly SPI values (2016 and 2017). 
 
 
To identify hydrological drought, a comparison of the average water level 

for 18-year period (2001–2019) with the average water level of 2016 and 2017 
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was conducted (Fig. 7). During 2016, at the location of the hydrological station 
in Prijedor (Fig. 7a), lower average water levels were identified in January  
(-12 cm), April (-72.7 cm), June (-27.1 cm), September (-4.1 cm), and December 
(-94.9 cm). In the same year, at the location of the hydrological station in Sanski 
Most (Fig. 7b), lower average water levels were identified in January (-21.1 cm), 
March (-4.5 cm), April (-55.2 cm), June (-31.6 cm), July (-0.4 cm), August  
(-2.7 cm), September (-11.3 cm), November (-1.6 cm), and December (-62.3 cm). 
During 2017, at the location of the hydrological station in Prijedor (Fig. 7c), lower 
average water levels were identified in January (-80.5 cm), June (-45.7 cm), July 
(-12.4 cm), August (-12.1 cm), and October (-7.4 cm). Similarly, in the same year, 
at the location of the hydrological station in Sanski Most (Fig. 7d), lower average 
water levels were identified in January (-58.1 cm), March (-6.5 cm), April  
(-23.2 cm), May (-13.4 cm), June (-35.6 cm), July (-41.4 cm), August (-41.7 cm), 
September (-31.3 cm), October (-24.5 cm), and November (-19.6 cm). 

 
 

 
Fig. 7. Comparison of average mean water level (2001–2019) with the reference years (2016 
and 2017) at the Prijedor and Sanski Most hydrological stations. 

 
 
 

According to the results of Duci  et al. (2014), frequent occurrences of 
severe and extreme meteorological droughts have been evident in B&H during 
the last decades. There has been an increasing number of dry days, while the 
number of days with intense rainfall has also increased (Trbi  et al., 2013, 2014; 
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Popov et al., 2019). The occurrence of these phenomena in B&H, coupled with 
rising temperatures, leads to more intense and extreme droughts, especially during 
the summer period (Trbic et al., 2022). During the past decade (2001–2010), 
Žurovec et al. (2011) identified 24 months as dry in central B&H. In the recent 
past, iderlija et al. (2023) identified a lack of precipitation, negative SPI, and 
high temperatures during 2017 in the Sarajevo canton area of B&H. Similarly, in 
the basin of the Sana River, during 2016 and 2017, deficiencies in precipitation 
and negative SPI were observed at the monthly level, indicating the occurrence of 
meteorological drought. Considering the time series, these occurrences were not 
temporally continuous during 2016, and therefore did not show characteristics of 
severe meteorological drought. In contrast, during 2017, reduced precipitation and 
negative SPI were identified continuously over a four-month period (from May to 
August). The occurrence of meteorological drought with this duration can have 
serious consequences for the geographical environment and the occurrence of 
other types of droughts. According to the results of adro et al. (2017), in the 
time period from 1961 to 2010, the occurrence of hydrological drought was noted 
several times in the lower course of the Sana River. Within the results of this 
research, there is a clear temporal coincidence of periods with lower precipitation 
and lower water levels in the main course of the Sana River during 2016 and 2017. 
This phenomenon indicates that meteorological drought influenced the 
occurrence of hydrological drought. Taking into account the presented results 
regarding the occurrence of meteorological and hydrological droughts during 
2016 and 2017, as well as the agricultural potential of this geographical 
environment (Korjeni , 2012), it is assumed that these occurrences could have 
significantly affected the occurrence of agricultural, as well as socio-economic 
drought during the reference years. 

The identification, mapping, and monitoring of agricultural drought at the 
study area level were conducted by calculating the TCI, VCI, and VHI indicators. 
Taking into account the planting and harvesting calendar of major crops in B&H 
(Baji  et al., 2022), agricultural drought monitoring with the calculation of these 
indicators was performed with an instantaneous assessment in July of the 
reference years. 

Monitoring agricultural drought involved creating maps categorizing drought 
according to TCI and VCI values (Fig. 8). The initial results of TCI and VCI (Fig. 8a-
d) range numerically from -1 to 1. According to Karnieli et al. (2006), negative TCI 
values indicate vegetation stress. In this regard, high temperatures can worsen 
vegetation dryness, leading to elevated vegetation stress levels. Similarly, negative 
VCI values indicate stress and poor vegetation conditions. Conversely, positive 
values of these indices represent healthy or “unstressed” vegetation, indicating areas 
free from agricultural drought. Spatially, negative TCI values (< 0) during 2016 (Fig. 
8a) prevail in the southern part of the river basin, while during 2017 (Fig. 8b), they 
dominantly cover the entire river basin area, indicating pronounced drought. On the 
other hand, negative VCI values (<0) during 2016 (Fig. 8c) are negligibly present in 
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the southern part of the river basin, while during 2017 (Fig. 8d), they are present 
throughout the river basin area, with dominant spatial outlines in the valley of the 
main stream of the Sana River. 

Values of spatially represented indices (ranging from -1 to 1) were 
reclassified according to the recommendation of Kogan (1995a) into the following 
categories: extreme drought, severe drought, moderate drought, mild drought, and 
areas without drought (Fig. 8e-h). During 2016, according to the TCI results 
(Fig. 8e), mild and moderate droughts were identified in the river basin area, with 
these types of drought present in the southern, eastern, and central parts of the 
basin. Similar results during the same year were observed with the VCI indicator 
(Fig. 8g). “Small signs” of drought with negligible consequences are visible in 
the southern and southwestern parts of the basin. During 2017, according to the 
TCI results (Fig. 8f), a dominant spread of severe and extreme droughts was 
identified throughout the river basin area. These results were confirmed by the 
VCI results (Fig. 8h), based on which the occurrence of severe and extreme 
drought in the river basin area was identified. The lack of precipitation, low SPI 
values, and a decrease in the water level of the main stream (from May to August) 
are the main causes of the occurrence of extreme vegetation stress, manifested by 
the deterioration of vegetation “health” throughout the basin, especially in the 
northeastern, western, and southeastern parts of the basin. The occurrence of 
extreme drought is dominant in the valley of the main stream of the Sana River. 
 
 

 
Fig. 8. Mapped and reclassified results of TCI and VCI for the year 2016 and 2017. 
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The overall “picture” of the negative impact of agricultural drought at the 
river basin level was obtained by calculating the VHI and creating a map of 
different drought types based on the results of this index (Fig. 9). The initial 
results of VHI, like other indices, range numerically from -1 to 1, where negative 
values indicate poor vegetation conditions, and positive values indicate good 
vegetation conditions. During 2016 (Fig. 9a), negative values were noticeable in 
a negligible spatial extent in the southern part of the river basin. In contrast, during 
2017 (Fig. 9c), negative values were noticeable throughout the entire river basin 
area. Like TCI and VCI, the VHI index was reclassified into different drought 
categories according to the recommendation of Kogan (1995a) (Fig. 9b,d). 
According to the results from 2016 (Fig. 9b), the category representing areas 
without drought dominates the entire river basin area. The presence of mild and 
moderate agricultural drought categories is observed in the southern part. On the 
other hand, according to the results from 2017 (Fig. 9d), a significant drought 
occurrence is visible. Almost the entire river basin area is affected by some 
category of drought (mild, moderate, severe, or extreme). Severe and extreme 
droughts predominate in the area of the main stream of the Sana River. 

 
 

 
Fig. 9. Comparison of VHI indicator results (2016 and 2017) 
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Seiler et al. (1998) confirm in their research results that the VHI (by 
combining TCI and VCI) closely aligns with precipitation patterns in the studied 
areas, and it is of crucial importance in characterizing the spatial extent and 
severity of agricultural droughts. Additionally, Tsiros et al. (2004) and Parviz 
(2016) have confirmed in their research results that VCI and TCI in combination 
yield satisfactory outcomes at the global level when used for drought 
identification, assessing the impact of weather on droughts, and evaluating 
vegetation conditions. According to Gidey et al. (2018), previous studies have 
shown that low values of VCI and TCI, or warm weather, largely indicate stressful 
conditions for vegetation and eventually the occurrence of agricultural droughts. 
Similarly to the results of the mentioned authors, through the results of this 
research at the level of the Sana River basin, a high degree of mutual alignment 
of TCI, VCI, and VHI has been demonstrated, as well as alignment with 
precipitation patterns and water level. The calculation of SPI successfully 
identified the occurrence of meteorological drought, and the consequent 
occurrence of hydrological drought. These droughts acted as triggers for the 
occurrence of agricultural drought, which was successfully identified by 
calculating TCI, VCI, and VHI. Marufah et al. (2017) have shown through their 
research results that it is possible to establish the duration, spatial distribution, 
severity, and category of agricultural drought using VHI. Similarly, during 2016 
and 2017, the spatial extent of agricultural drought was identified in the Sana 
River basin. Moderate drought was observed in 2016 to a negligible extent, while 
severe and extreme drought were observed dominantly in the Sana River valley 
in 2017. 

During 2017, agricultural drought resulted in the manifestation of socio-
economic drought. According to the report of the Ministry of Foreign Trade and 
Economic Relations in Bosnia and Herzegovina (MOFTER, 2017), there was a 
decrease in yields and total production of crops, vegetables, fruits, and grapes at 
the national level. The most significant negative impact of the drought was 
observed in the corn crop, with a yield of 3.7 t/ha, which was 39% lower than the 
yield achieved in the previous year. The reduced corn yield per hectare also led to 
a 40% decrease in the total corn production. The yield of wheat was lower by 6%, 
with a yield of 4.1 t/ha, while the yield of potatoes was lower by 21%, with a yield 
of 9.6 t/ha, during 2017 compared to 2016. Additionally, according to the 
aforementioned report, significant crops with a decline in yields included: 
soybeans (-36.95%), carrots (-35.92%), green corn (-33.35%), peas (-29.51%), 
grass-clover mixtures (-29.40%), cabbage (-26.15%), tobacco (-23.97%), white 
onion (-23.40%), black onion (-21.45%), alfalfa (-21.21%), tomatoes (-19.10%), 
clover (-18.56%), peas (-13.27%), green lettuce (-11.07%), peppers (-10.85%), 
cucumbers (-10.79%), strawberries (-4.19%), and watermelons (-2.13%). 

Monitoring of socio-economic drought at the level of the Sana River basin 
was conducted by comparing agricultural yields at the study area level for the 
period of 2016 and 2017 (Fig. 10). Yield data were aggregated at the municipal 
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level and included the yields of the following crops: wheat, corn, barley, potatoes, 
apples, pears, and plums. During 2017 compared to 2016, a decrease in potato 
yield by 26.39% (18707 – 13770 t), corn by 41.36% (92803 – 54416 t), barley by 
1.13% (6885 – 6807 t), potatoes by 20.76% (61692 – 48882 t), pears by 19.57% 
(4507 – 3625 t), and plums by 63.07% (25650 – 9472 t) was identified. A 
negligible increase in apple yield was observed during the observed period, 
specifically by 2.02% (9134 – 9287 t). 

 
 
 
 

 
Fig. 10. Comparison of agricultural production yields for selected crops 

 
 
 

The presented data clearly indicate that the occurrence of agricultural 
drought had serious consequences for agricultural yields in 2017, and that it also 
contributed to the manifestation of socio-economic drought. The sensitivity of the 
agricultural sector to drought is largely reflected in its dependence on land and 
water resources affected directly or indirectly by drought. Additionally, according 
to Zurovec et al. (2015), significant challenges for the agricultural sector in B&H 
stem from the complex governance structure, whereby all levels of authority 
(from local to national) have jurisdiction over planning and management in 
agriculture. For these reasons, it is necessary to invest additional efforts in 
activities, measures, processes, and plans aimed at mitigating drought. Some 
examples of good practices and implemented activities include establishing 
methods for calculating drought indices, processing time series data, analyses and 
mapping (using GIS), as well as using software for irrigation planning during 
crisis situations. By enhancing the capacity for drought preparedness and 
management, including the formulation of comprehensive manifestation plans at 
the local and national levels, B&H could further develop comprehensive 
vulnerability assessment approaches that incorporate remote sensing methods and 
techniques for drought monitoring and management. This would entail the 
implementation of effective mitigation strategies, as well as the creation and 
improvement of policies for planning and responding to crisis situations. 
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5. Conclusion 

Modern technologies and data collection methods, such as GIS and remote 
sensing, offer the possibility of advanced monitoring of natural disasters like 
droughts. Using these technologies, it is possible to identify and track negative 
occurrences in space, conduct assessments of their harmful impact, and assist in 
the development of projects to rehabilitate degraded areas. So far, there is a 
limited number of drought studies in the territory of B&H, while integrated 
research based on remote sensing about droughts, their causes, and consequences 
is almost non-existent for now. 

Spatio-temporal monitoring at the study area level for a defined time period 
(2016 and 2017), through satellite data processing, identified the onset of drought. 
CHIRPS satellite precipitation data, available from 1981 to nearly real-time, 
enabled efficient monitoring of precipitation changes over a wide time range 
(1981–2023). Based on the mentioned data, a precipitation deficit was identified 
for the observed time period (2016 and 2017), the standardized precipitation 
index, SPI, was calculated, and the occurrence of meteorological drought was 
established. The lack of precipitation led to a decrease in the average mid-level 
water level of the Sana River, and consequently, the the occurrence of 
hydrological drought. These events directly impacted the manifestation of 
agricultural drought during the period of intensive agricultural activities (planting 
and harvesting). Processing MOD13Q1 and MOD11A2 satellite data calculated 
various temperature and vegetation indices, and the occurrence of agricultural 
drought was identified and mapped. It should be noted that higher spatial 
resolution of satellite data for mapping agricultural drought would contribute to 
more precise results of spatial drought identification compared to those presented 
in this study. The identified agricultural drought affected agricultural production, 
through reduced yields, and consequently led to the onset of socio-economic 
drought. By analyzing statistical yield data, socio-economic drought was 
identified in the study area, with a deficit in yields of wheat, maize, barley, 
potatoes, pears, and plums. 

The results of the research can be valuable to relevant institutions for drought 
monitoring, timely warning of its occurrence, and for the development of studies 
for drought adaptation and mitigation in river basin areas. Further advancement 
in research based on the presented results would involve the application of 
supervised classification processes of land use with elements of precision 
agriculture. This process would entail detailed classification of various 
agricultural crops in the study area. Integrating this type of classification into the 
presented research would contribute to a clearer spatial identification and 
reflection of agricultural drought on individual agricultural crops in the study area. 
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Abstract— A numerical simulation of the 15 knots tailwind triggering the go-around 
maneuver of 8 flights at the Soekarno-Hatta International Airport was explored. The 
Advancer Weather Research an Forecasting (WRF-ARW) numerical weather prediction 
model was used to simulate the events. The results showed that WRF-ARW with temporal 
and spatial resolutions of 2 minutes and 1 km could simulate the tailwind events. The 
tailwind was triggered by the background wind from the Indian Ocean and by cloud 
initiation near the final approach path (FAP), then the tailwind speed was reduced by the 
wind gust south of the FAP at 11:00 UTC, on November 3, 2021. These findings cannot be 
resolved by analyzing in-situ, weather satellite, and radar data with limited coverage and 
sensing the wind out of the cloud. It suggests that high-resolution numerical simulation can 
be used in the operation of aviation weather investigation. Assimilating observation data to 
the model is essential to be investigated for further study to understand the tailwind 
mechanism more accurately. 

 
Key-words: background wind, downburst, airplane trajectory, final approach path. 

  



426 

1. Introduction 

Airplane accidents related to weather primarily stem from dynamic factors, with 
wind being a significant contributor (Gultepe et al., 2019). Wind is defined as the 
movement of air in any direction (Ahrens and Henson, 2014; Stull, 2020), and its 
assessment necessitates the utilization of both on-site and remote sensing 
technologies to provide quantitative measurements at surface and upper air levels 
(WMO, 2021; Arta Kusuma et al., 2022). Data from these sources enables 
meteorologists to evaluate wind conditions for aviation safety accurately. The wind 
generation is attributed to a combination of forces, including the pressure gradient 
force, gravity, Coriolis force, centrifugal force, and friction (Oliver, 2005). 

A flight's approach and landing phases account for more than half of all fatal 
accidents (Boeing, 2021). To address this, the go-around maneuver is employed, 
which involves discontinuing the approach or landing, and instead, initiating 
another attempt or diverting to alternate airports. The implementation of this 
procedure has proven to be effective in preventing 54% of potential accidents. 
Additionally, permissible crosswind components, as the Federal Aviation 
Administration (FAA) and the International Civil Aviation Organization (ICAO) 
stipulated, range from 10 to 20 knots (19 to 37 kilometers per hour), depending 
on runway dimensions and the airport reference code (Chang, 2015). Tailwinds 
can lead to accidents when they exceed speeds of 10 knots (Blajev, 2017). 
Depending on the aircraft type, the minimum tailwind value for a go-around is 
generally set at 10 knots (Es and Karwal, 2001). A tailwind is a wind blowing in 
the same direction as an airplane's flight path. Tailwinds are calculated based on 
the projection of wind direction onto the direction of the runway in use (Rais et 
al., 2020), providing additional thrust during the landing phase. 

On November 3, 2021, the pilots executed a go-around maneuver for eight 
aircrafts in the process of approaching the runway at the Soekarno-Hatta 
International Airport. The pilots reported encountering a 15-knot tailwind near 
runways 07 right (07R) and 07 left (07L) within a brief timeframe from 09:58 to 
10:12 UTC. The presence of this tailwind can have an impact on aircraft 
operations at the Soekarno-Hatta International Airport. Given the extensive 
volume of over two million domestic flights and aircraft movements in 2018, the 
potential risks associated with such winds should not be underestimated 
(PUSTIKOM, 2019). 

Numerical weather prediction (NWP) has proven to be a valuable instrument 
in investigating aviation incidents, allowing researchers to probe meteorological 
factors in regions and altitudes devoid of direct observations. In a study by Regmi 
et al. (2020), 13 plane accidents in Nepal attributed to near-surface turbulence 
were researched utilizing NWP. Verayanti and Kusuma (2021) and Andari et al. 
(2022) used NWP simulations to identify turbulence in the vicinity of clouds, 
which contributed to the turbulent flight paths of aircraft ID6890 on October 24, 
2017, and EY474 on May 4, 2016. Chan (2014) also focused on forecasting 
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tailwinds resulting from wind interaction with terrain via NWP simulations. Tse 
et al. (2014) showcased NWP's capability to predict tailwinds associated with 
thunderstorms. Meanwhile, Sardjono et al. (2021) simulated tailwinds with the 
weather research and forecasting (WRF) model that closely matched observations. 

The analysis of tailwinds during the approach phase at various altitudes using 
NWP has been a relatively underexplored area of research. Chan (2014) and Tse et 
al. (2014) conducted some of these limited studies. Most of the existing research 
primarily relies on surface wind data (Fadholi, 2013; Perdana and Putra, 2017; 
Nanda et al., 2020; Sardjono et al., 2021), sometimes in combination with satellite 
imagery and 1000 feet (305 meters) wind data to investigate the atmospheric 
dynamics during tailwinds (Rais et al., 2020). To further delve into this phenomenon, 
we intend to employ the Weather Research and Forecasting (WRF) model to 
comprehensively analyze the mechanisms that induce tailwinds and enhance our 
comprehension of the underlying atmospheric processes. 

2. Materials and method 

We analyzed go-around reports from four aircrafts over runway 07L, namely 
JT023, GA221, QG251, and QG331, and four aircrafts over runway 07R, namely 
JT291, ID6871, GA113, and JT335. These reports highlight go-around actions 
due to 15-knot tailwinds during approaches at the Soekarno-Hatta International 
Airport on November 3, 2021. These reports were sourced from the air navigation 
services provider AirNav Indonesia, and we cross-referenced them with aircraft 
trajectories obtained from flightradar24 for confirmation. The details of these go-
around incidents are provided in Table 1. 

 
Table 1. AirNav Reports of the Go-around 

Aircraft Go-around Landing 
JT023 09:58UTC  

RWY 07L 
10:28 UTC 
RWY 25R 

JT291 10:05UTC  
RWY 07R 

10:30 UTC 
RWY 25L 

GA221 10:06UTC  
RWY 07L 

10:30 UTC 
RWY 25R 

ID6871 10:07UTC  
RWY 07R 

10:33 UTC 
RWY 25L 

QG251 10:08UTC  
RWY 07L 

10:40 UTC 
RWY 25R 

GA113 10:09UTC  
RWY 07R 

10:36 UTC 
RWY 25L 

QG331 10:12UTC  
RWY 07L 

10:35 UTC 
RWY 25R 

JT355 10:11UTC  
RWY 07R 

10:39 UTC 
RWY 25L 
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We employed the Advanced Research Weather Research and Forecasting 
(ARW-WRF) version 4.1 numerical weather prediction model (Skamarock et al., 
2019). The WRF-ARW model is widely used in aviation meteorological analysis. 
Chan (2014), Tse et al. (2014), Regmi et al.(2020), Verayanti and Kusuma (2021), 
Sardjono et al. (2021), and Andari et al. (2022) use the WRF-ARW in their 
research. For the initial conditions, we utilized data from the NCEP GDAS/FNL 
(Global Data Assimilation System/Final Analysis of the National Centers for 
Environmental Prediction, USA) with a horizontal grid resolution of 0.25° and a 
temporal resolution of 6 hours, covering the period from November 2, 2021, 18 
UTC to November 3, 2021, 12 UTC. The WRF-ARW configuration is detailed in 
Table 2. To validate the cloud top temperature of the WRF-ARW model, we used 
satellite observation data of the Himawari 8 geostationary meteorological satellite 
operated by the Japan Meteorological Agency and computed the correlation 
coefficient between 09:50 and 11:00 UTC. Further information regarding the 
model configuration can be found in Table 2. Fig. 1 presents the three models 
domains (D1, D2, and D3) used for simulations by the WRF-ARW model. 
 

Table 2. WRF-ARW configuration for domain 1 (D1), domain 2 (D2), and domain 3 (D3) 

 
 
 
 
 
 
 
 
 
 

We employed tropical-specific physical parameterizations, which included 
the WRF single moment 6 class (WSM6) scheme for microphysics, the newer 
Tiedtke scheme for cumulus convection, the rapid radiation transfer model for 
global circulation models (RRTMG) scheme for shortwave and longwave 
radiations, and the Yonsei University scheme for the boundary layer. Notably, the 
WSM6 scheme encompasses graupel production within the microphysical 
processes (Song-You Hong and Jeong-Ock Jade Lim, 2006), a feature that 
distinguishes it from WSM5 (Lim and Hong 2005). The newer Tiedtke scheme 
calculates mixing ratios for cloud and ice, momentum tendencies, and shallow 
convection (Skamarock et al., 2019). This scheme has demonstrated the ability to 
capture the fundamental characteristics of the marine boundary layer structure and 
low clouds (Zhang et al., 2011), as well as to offer improved diurnal precipitation 
simulation (Sun and Bi, 2019). Additionally, the RRTMG scheme delivers 
radiative forcing results that exhibit closer agreement with high-resolution 
calculations (Iacono et al., 2008). 

 D1 D2 D3 

Resolution 9 km 3 km 1 km 
Temporal interval 3 hours 1 hour 2 minutes 
Vertical Layer 34 34 34 

Parameterization Tropical Tropical, 
Cu=0 

Tropical, 
Cu=0 

Topography GMTED GMTED SRTM 1s 
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Fig. 1. WRF-ARW domain 1 (D1), domain 2 (D2), and domain 3 (D3). 

 
 

The following equation was used to calculate the tailwind based on vector 
projection to the runway in use (Belo-Pereira, 2015; Maruhashi et al., 2019; Rais 
et al., 2020) : 
  
 cos , (1) 

 
where Tw is the tailwind (kt), f is the wind speed (kt), d is the wind direction (°), 
and r is the direction of the runway in use (°). 

3. Results and discussion 

3.1. Track analysis 

Fig. 2 shows that aircraft destined for runway 07L follow a relatively shorter final 
approach path (FAP), denoted as A-B compared to the trajectories leading to 
runway 07R, marked as C-D. A-B and C-D measure 9.15 nautical miles 
(approximately 16.94 kilometers) and 15 nautical miles (roughly 
27.78 kilometers), respectively. It is worth noting that the maximum allowable 
FAP length, as per ICAO standards (ICAO, 2018), is 15 nautical miles. Aircraft 
flying over segment A transitioned from an altitude of 2175 feet to 2875 feet, 
while those over segment C experienced altitude changes from 4150 feet to 
4225 feet. Moreover, runway 07 is more susceptible to tailwinds due to a higher 
incidence of wind blowing from the direction of runway 07 than runway 25, as 
indicated by windrose analysis (Sardjono et al., 2021). 
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Fig. 2. Flights tracking to runway 07L (red line), runway 07R (cyan line), ARENA (small box), 
and FAP (small box + big box). 

 
 
 
 
 

In sections A-B (Fig. 3), four flights, namely JT023, GA221, QG251, and 
Q331 traverse the A-B segment within specific time windows: 09:56 to 10:00, 
10:04 to 10:08, 10:06 to 10:08, and 10:08 to 10:12, respectively. Among these 
aircraft JT023, GA221, and QG251 approach altitudes of 700 feet (213 meters), 
500 feet (152 meters), and 450 feet (137 meters) above the surface, respectively, 
before executing a go-around maneuver and subsequently taking off again. These 
planes performed the go-around near the ARENA area, located at 3 nautical miles 
(5556 meters) from the runway, as indicated by Chan and Hon (2016). 

Conversely, the QG331 aircraft maintains an approach altitude of only up to 
1675 feet (510 meters). Notably, all aircraft experienced a consistent tailwind of 
approximately 15 knots (8 meters per second) at altitudes of up to 1500 feet 
(457 meters). This specific altitude represents the low-level wind shear region, 
where atmospheric dynamics significantly influence aircraft take-off and landing 
procedures, in accordance with ICAO guidelines (ICAO, 2005). 
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Fig. 3. Tailwind/Headwind (kt) in the A-B section overlayed by vertical flight track to runway 
07L in every 2 minutes. The red box is ARENA, and the black line at the bottom right is the 
runway.  

 
Fig. 4. Tailwind/Headwind (kt) in the C-D section  overlayed by vertical flight track to runway 
07L in every 2 minutes. The red box is ARENA, and the black line at the bottom right is the 
runway. 
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Within the C-D segment (Fig. 4), flights JT291, ID6871, GA113, and JT355 
traverse the C-D portion during specific intervals: 10:00 to 10:04, 10:02 to 10:06, 
10:06 to 10:10, and 10:08 to 10:12 UTC, respectively. The altitudes at which these 
aircrafts operate at the lowest points are 250 feet (76 meters) for JT291, 1100 feet 
(335 meters) for ID6871, 1600 feet (487 meters) for GA113, and 3050 feet 
(929 meters) for JT355. Of these, JT291 is in closest proximity to the runway. 

As observed in the A-B sections, tailwinds persist at lower altitudes along 
the C-D route. These tailwinds, measured at 15 knots (8 m/s), surpass the 
minimum limit for B737 aircraft (10 knots or 5 m/s) and reach the tailwind limit 
for A320 aircraft, set at 15 knots or 8 m/s, as reported by Es and Karwal (2001). 
It is worth noting that the final approach path (FAP) to runway 07L experiences 
lower tailwind speeds than the FAP for runway 07R. Further exploration of this 
aspect will be undertaken in the Numerical Weather Prediction analysis section. 

3.2. NWP analysis 

This outcome validates the cloud top temperature of the WRF-ARW model, 
indicating a correlation coefficient of 0.6286 compared to the cloud top 
temperature of Himawari 8. This value closely resembles the correlation found in 
the study of Chae and Sharewood at an altitude of 14 km (Chae and Sherwood, 
2010). 

In Fig. 5, it is evident that a 15-knot (8 m/s) wind is present over the Indian 
Ocean, located to the south of Java, from 09:58 UTC to 10:12 UTC, at an altitude 
of 1500 feet (457 meters), and it shifts towards the final approach path (FAP). 
According to Kurniawan et al. (2011), wind speeds in this region, specifically the 
Indian Ocean, can reach up to 20 knots or 10 m/s during November. These strong 
winds result from the still-active Australian winter monsoon (Alifdini, 2021). 

In area A, the wind entering the FAP is not obstructed by any terrain features, 
as indicated by the absence of white contours. As a result, the wind within the 
FAP region maintains a speed of 15 knots (8 m/s). Furthermore, the air mass 
located over the FAP is drawn into an area of wind convergence, denoted as area 
B. Wind convergence describes the phenomenon, where wind vectors converge 
towards a common point (Stull, 2020). This convergence of winds is closely 
associated with cloud formation, as Banacos et al. (2005) outlined.  
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Fig. 5. Composite wind 1500 ft (457 m) over D3 from 09:58 to 10:12 UTC. The red box is the 
FAP. Box A and Box B are the areas of interest in the analysis. 

 

 

 
The tailwind speed over the A-B segment is comparatively lower than the  

C-D segment (Figs. 3 and 4). This disparity is because the wind from the Indian 
Ocean initially reaches the C-D segment before progressing to A-B. As 
mentioned, C-D represents a longer trajectory than A-B, resulting in a broader 
wind coverage. 

Fig. 6 shows a notable presence of vertical wind in area B, extending to an 
altitude of 20,000 meters (approximately 65,616 feet). This upward vertical 
movement of air masses at lower levels is significant. As Shinozaki et al. (2019) 
discussed, cloud analysis can be conducted based on cloud fraction. A higher 
cloud fraction indicates a greater cloud density. It is worth noting that at 09:59 
UTC, convective clouds were still forming, reaching an altitude of 10,000 meters 
(around 32,808 feet). The convection in this area draws air masses from the Indian 
Ocean, causing a 15-knot wind to enter the FAP in a parallel direction. 
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Fig. 6. A vertical section of wind in area B (Fig. 5) is overlayed with cloud fraction. 

 
 

At 11 UTC (Fig. 7), a cloud with a cold top (around -80 °C), is observed 
south of the FAP. A cold top indicates a high cloud altitude. In area A, there is a 
presence of wind divergence. This divergence causes the wind, which previously 
flowed in the same direction as the FAP, to veer towards the north. This, in turn, 
influences the d-r component in Eq.(1), causing it to expand and reduce  the cosine 
value. As a result, the tailwind magnitude becomes smaller. 
 
 

 
Fig. 7. Wind at 1500 ft (457 m) over D3 at 11:00 UTC. The red box is the FAP. Box A is the 
area of interest in the analysis. 
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Fig. 8 shows that high-altitude clouds with tops reaching 20,000 meters 
(65,616 feet) are present in area A. Concurrently, there is noticeable downdraft 
activity blown from this mature cloud at lower altitudes. This downdraft generates 
divergence at a height of 1500 feet, similar to the findings in Yoshino's study 
(Yoshino, 2019). It is worth noting that compared to the research conducted by 
Auly et al. (2018), the wind gust observed in this case is not a result of the 
downdraft itself. Instead, it is initiated by the background wind originating from 
the Indian Ocean, which experiences a reduction due to the downdraft's influence, 
particularly in a direction perpendicular to the wind gust. 
 

 
Fig. 8. A vertical section of wind over area A in Fig. 7 is overlayed with cloud fraction. 

 

 

4. Conclusions 

We conducted weather simulations related to eight aircraft go-arounds to 
understand wind dynamics better. These simulations were performed using the 
WRF-ARW model with a spatial and temporal resolution of 1 km and 2 minutes, 
verified against Himawari 8 cloud top temperatures. Eight flights executed go-
around maneuvers triggered by tailwinds, as depicted in Figs. 3 and 4, and these 
could be accurately simulated using WRF-ARW. In Figs. 5 and 6, we analyze that 
wind from the Indian Ocean, in conjunction with the cloud formation process, 
generated tailwinds over the FAP. Meanwhile, at 11:00 UTC, as evident in  
Figs. 7 and 8, we documented a reduction in wind speed due to gusts originating 
from downdrafts southward near the FAP. 
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This study has revealed the significant impact of background winds on 
tailwinds, a factor not explicitly addressed in previous researches. By expanding 
our analysis beyond the airport's observation points and utilizing the WRF-ARW 
model, this research provides valuable insights into how background winds can 
influence the occurrence of tailwinds. This knowledge holds the potential to 
enhance aviation safety and operational efficiency. Future research must 
assimilate observation data into the NWP for more precise investigations. 

Funding: The research was performed without external funding. 
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Abstract— The study aims to examine the relation between rainfall intensities and times 
of concentration based on rainfall-runoff modeling using the recently developed features 
of the Hydrologic Engeneering Center – Hydrologic Modeling System (HEC-HMS) 
modeling software. The time of concentration is generally considered a constant 
characteristic of a catchment. However, various publications have shown that response time 
is a dynamic property and a function of rainfall intensity. Model simulations were 
performed to gain more insight into the relationship mentioned. The applicability of the 
dynamic time of concentration was examined with the help of a recent version of the HEC-
HMS software that can interpret the dynamic relationship between time of concentration 
and rainfall intensity. The models were built for characteristic and dynamic cases. In the 
characteristic case, the time of concentration values of the catchments were calculated 
using the commonly applied Wisnovszky empirical equation, while in the dynamic case, 
the applicability of the rainfall intensity, i.e., the time of concentration function, was 
examined.  The applicability of the new HEC-HMS feature was reviewed, and the 
relationship between the time of concentration and rainfall intensity was confirmed. The 
dynamic approach improved the models’ performance, especially where the Wisnovszky 
equation yields an inadequate estimation of the time of concentration based on the results.  
 
Key-words: rainfall, rainfall-runoff, modeling, event-based, lumped, time of concentration, 
rainfall intensity, HEC-HMS 
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1. Introduction 

Numerical modeling became one of the most important tools in hydrological 
sciences. The rapid development of informatics has allowed us to use different 
software to build various models for countless purposes, even simulating highly 
complex phenomena. Several hydrological programs enable us to build accurate 
and efficient models. A precise hydrological model depends critically on available 
data (Beven, 2012). If our input data is unreliable, it can lead to numerous 
uncertain parameters and an inaccurate or falsely accurate model. Therefore, the 
thorough analysis of different data types and the approaches of inserting input 
data in a model can help the users select the most appropriate sources and tools 
for their tasks. 

One of the most significant parts of hydrological modeling is rainfall-runoff 
modeling. In the case of such models, the unit hydrograph theory became the most 
commonly used hydrograph modeling technique. The unit hydrograph represents 
a discrete transfer function for effective rainfall to reach the basin outlet, lumped 
to the catchment scale (Beven, 2012). Response time parameters are essential 
when using unit hydrograph theory in modeling. These parameters can be the lag 
time, the time to peak, the time to equilibrium, or the time of concentration (  or 
TC). The most commonly applied parameter is the time of concentration, which 
can also be defined in many ways (Nagy and Szilágyi, 2020).  In this study, time 
of concentration is reviewed as the period of time required for storm runoff to 
flow to the outlet from the point of a drainage basin having the longest travel time 
(WMO, 1974). In both Hungarian and international engineering practice, it is 
usually considered a constant characteristic of a catchment; however, this 
simplification results in unreliable model simulations in the case of extreme 
precipitation events. Many publications have shown that the response time is a 
dynamic property, as it decreases exponentially with increasing rainfall intensity 
(Szilágyi, 2007; Reed et al., 1975; Saghafian et al., 2002; Zhang et al., 2007; 
Mathias et al., 2016; Cuevas et al., 2019). Unfortunately, the intensity of current 
rainfall events varies noticeably due to climate change (Mattányi et al., 2015). 
Higher intensity leads to a shorter response time, which has a significant effect on 
the hydrograph shape. It results in a steeper rising limb and a higher flood peak; 
the latter is a crucial value in the case of any designing parameter. This aspect also 
justifies the need to better understand response time and its relationship with 
rainfall intensity. 

The problem of time of concentration estimation is also widely discussed 
worldwide. In international publications,  several different empirical equations 
can be found. Due to the many definitions and methods found to determine the 
time of concentration, the estimation is one of the most uncertain elements of 
modern hydrology and is also generally reviewed as a paradox (Grimaldi et al., 
2012; Michailidi et al., 2018). This research applies the Clark Unit Hydrograph 
method, a modified version of the UH theory. Short-term water storage 
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throughout a watershed – in the soil, on the surface, and in the channel – plays an 
important role in transforming precipitation excess into runoff. The linear 
reservoir model is a common representation of the effect of this storage. 
(Feldman, 2000)  

The Hydrologic Engineering Center – Hydrologic Modeling System (HEC-
HMS) modeling software was applied to analyze the characteristic and dynamic 
approaches of time of concentration estimation. HEC-HMS is a US-developed 
software, and its application is widespread both abroad and in Hungary. The 
program is freely available and can be easily downloaded and installed from the 
Hydrologic Engineering Center’s website. The software’s recent versions include 
the so-called “variable parameter” method in the Clark Unit Hydrograph method, 
which means applying a dynamic time of concentration. This latest option can 
help us produce more realistic and precise models in the future. The following 
chapters examine the characteristic and dynamic approaches of time of 
concentration with the help of literature review and simulation runs using the 
recent modules of HEC-HMS. Thereby, the performance of the rainfall-runoff 
models is analyzed, and the rainfall intensity-time of concentration relationship is 
further confirmed. 

2. Study area and materials 

Two different river catchments (Zala and Kiskomárom) were examined in western 
Hungary (Fig. 1) The catchment of Zala with the outlet point of Zalalöv  has an 
area of 188 km2. In contrast, Kiskomárom has an area of 99 km2. According to the 
Köppen climate classification, the catchments' climate is predominantly warm-
summer humid continental (Peel et al., 2007). The region has high precipitation 
rates; the long-term mean annual precipitation is above 800 mm at Zala and 
around 660 mm at Kiskomárom. In both cases, the maximum precipitation values 
occur in June and July, while January has the least precipitation. Precipitation 
occurs 100–110 days per year and can exceed 10 mm on 20 days annually. The 
region's maximum precipitation values were 80–120 mm/day (NYUDUVIZIG, 
2016). 
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Fig. 1. Study catchments in Hungary.  

 
 
 

A watershed's land use and soil characteristics are significant during rainfall-
runoff modeling. Based on the CORINE Land Cover maps, the ratio of artificial 
surfaces is very similar between the two catchments; at Kiskomárom it is 4%, 
while at Zala this value is 5%. Agricultural areas are more significant at 
Kiskomárom (61%), while this rate is significantly lower at Zala (36%). 
Consequently, the rate of forests and semi-natural areas is notably higher at Zala 
(60%) than at Kiskomárom (34%) (CORINE, 2018). Regarding the soil texture of 
the study area, Kiskomárom is covered mostly with loam, but a smaller area of 
sand, and clay loam can also be found. Zala is almost completely covered with 
loam or clay loam. A negligible area of coarse fragments is present at the eastern 
part of the catchment (AGROTOPO, 2016). 

In a previous study by Nagy (2018), an exponential relationship between 
rainfall intensity and time of concentration was detected. This study included the 
analysis of rainfall-runoff events at six Hungarian catchments, out of which two 
were selected for the present study. The precipitation and discharge time series, 
the suitable events for modeling, and the geometric models of the catchments were 
already available from this previous study. The local water directorates from staff 
gauges of Zalakomár and Zalalöv  provided discharge time series (Nagy, 2018). 
Precipitation data were collected from the European Centre for Medium-Range 
Weather Forecasts (ECMWF) ERA5-Land re-analysis database (Muñoz Sabater, 
2019), which is the database of an independent organization, supported by plenty 
of European countries, providing grid-based precipitation data with a spatial 
resolution of 0.1° (~ 9 km). All data was used with an hourly time resolution.  

Zala 

Kiskomárom 
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Seven events were selected for model calibration for both catchments, while 
six were chosen to validate the model. The events were selected from the snow-
free (or summer) season between 2006 and 2014 to avoid the complex process of 
snowmelt modeling. This way, the number of free parameters is reduced, which 
can lead to more reliable results regarding the research of time of concentration 
and its relationship to rainfall intensity. During the selection of the events, it was 
essential to avoid possible measurement errors seen from the analysis of runoff 
rates and the shapes of the hyeto- and hydrographs. Runoff rates can be calculated 
as the observed runoff volume divided by the precipitation volume. If a runoff 
rate is above one, the precipitation and/or runoff data is insufficient, while values 
within 0.01 and 0.2 are typical for summer events (Kovács, 1979). The events 
selected in this study showed reasonable values regarding the runoff rates ranging 
from 0.05 to 0.24. 

3. Methods 

The HEC-HMS software was applied in this study, including the Clark Unit 
Hydrograph transform method. This method can be used to perform simulations 
with a characteristic value of time of concentration (standard method) or with a 
dynamic approach (variable parameter method). The standard method was 
applied for the characteristic case, in which the time of concentration and storage 
coefficient are the input parameters. The Wisnovszky equation estimated the 
characteristic value of time of concentration, while the storage coefficient was 
calibrated by trial and error. For the dynamic approach, the variable parameter 
method was selected. In this case, the curves of time of concentration – rainfall 
intensity and storage coefficient – rainfall intensity were calibrated. 

 

3.1. Characteristic case 

The time of concentration can be determined through measurements or by semi-
empirical or empirical methods. The most common method for calculating the 
time of concentration in Hungary is the empirical equation introduced by 
Wisnovszky in 1958, which was derived from the Chézy equation and based on 
the observations regarding the geometry of Hungarian catchments: 
 
 =  ,    (1) 

 
where L is the length of the longest flow path [km], I is the slope of the longest 
flow path [-], A is the catchment area [km 2]. 

 



444 

In this study, Eq.(1) was applied in the characteristic case as it is the most 
commonly applied form of the Wisnovszky formula. However, Eq.(1) is only a 
simplified version of the formula introduced by Wisnovszky. The original 
equation had a multiplier dependent on the catchment size. Based on the 
publication, the complete equation is applicable for catchments with areas 
between 500 and 2000 km2. Wisnovszky stated that it cannot be proved that his 
equation gives a better result than the other former equations he presented in his 
publication (Wisnovszky, 1958). The uncertainty of the time of concentration 
calculated by the Wisnovszky equation was proved in 2016 by Nagy et al. Based 
on their results, the equation does need revision and it can also be stated that we 
cannot expect to find a universal formula for all Hungarian watersheds (Nagy et 
al., 2016). In 2021, Nagy and Szilágyi further confirmed the need for revision of 
the Wisnovszky equation and found that error in the estimation of time of 
concentration can be more than halved using the appropriate morphological 
parameters (Nagy and Szilágyi, 2021a). Despite the described problems, the 
current study analyzes the applicability of the Wisnovszky equation in the 
characteristic case, since the Hungarian engineering practice generally still uses 
this formula. In HEC-HMS, the characteristic value of time of concentration can 
be applied within the Clark Unit Hydrograph standard method. 

3.2. Dynamic case 

The reason for the dynamic property of the response time is related to the dynamic 
property of the aquifer: the subsurface soil saturates faster during high-intensity 
rainfall events, resulting in surface runoff sooner. This dynamic behavior of the 
aquifer and its effect on runoff generation is often overlooked (Szilágyi, 2007). 
The dynamic property of the response time of a catchment is acknowledged in 
many international studies. In general, it is most often associated with the 
characteristics of rainfall in the formulas and methods which have been published 
in recent decades (Izzard and Hicks, 1946; Henderson and Wooding, 1964; 
Morgali and Linsley, 1965; Aron et al., 1991; Corps of Engineers, 1954; Askew, 
1970; Kadoya and Fukushima, 1977; Papadakis and Kazan, 1987; Loukas and 
Quick, 1996; Schmidt and Schulze, 1984; McCuen et al. 1984; Nagy et al., 2022). 
It should also be noted that these formulas could not be applied in Hungary 
without analyzing their applicability. To the authors' best knowledge, no formula 
has been developed in Hungary that considers rainfall intensity when calculating 
the time of concentration. 

Starting from HEC-HMS version 4.3 (Scharffenberg et al., 2018), the  
so-called variable parameter method is available within the Clark Unit 
Hydrograph (UH) method, which deals with dynamic response characteristics. In 
this study, HEC-HMS version 4.7. was applied. UH theory assumes a linear 
relationship between precipitation and the runoff response. This assumption can 
lead to errors in timing and peak magnitude when simulating events that result 
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from extremely large excess precipitation rates. When using the Clark Unit 
Hydrograph, tables relating the time of concentration and storage coefficient to 
the excess precipitation can be used to vary the runoff response throughout the 
simulation. The Index Excess is an excess precipitation rate that is used to relate 
the time of concentration and storage coefficient defined in the editor against the 
variable parameter relationships. Typically, this rate is 1 mm/hour, indicating the 
intensity of rainfall. The variable parameter relationships must be defined as 
monotonically increasing percentage curves. The x-axis of the percentage curves 
defines the excess precipitation rate relative to the index excess. The y-axis of the 
percentage curves defines either the time of concentration or storage coefficient 
for each percent excess precipitation rate (again, relative to the index excess). 
(Scharffenberg et al., 2020) The starting values of the variable parameter method 
can be determined easily. However, the calibration of the curves can be difficult 
as the whole range of rainfall intensities has to be considered for an accurate 
model for all events with different rainfall characteristics. 

The approach of dynamic calculation can provide a method for using UHs 
for a range of flood events. The variable Clark Unit Hydrograph method could be 
the most useful for modeling extreme events since it can apply the dynamic 
relationship. The linearity assumption with UHs often leads modelers to 
arbitrarily adjust the UH parameters when using models for simulating extreme 
floods.  

3.3. Applied model  

The rainfall-runoff model applied in this study is deterministic, event-based, and 
lumped. Fig. 2 is a flowchart of the calculation steps in HEC-HMS, including the 
selected methods. The effect of surface, routing, and loss/gain methods were 
taken into consideration within the loss method. The parameters for the canopy, 
loss, and baseflow method were calibrated.  The transform method is the key 
component of the study. It performs the actual surface runoff calculations 
contained within the subbasin. Out of the nine available transform methods, the 
Clark Unit Hydrograph method was applied. With the Clak method, the user is 
not required to develop a unit hydrograph through the analysis of past observed 
hydrographs; instead, a time versus area curve (time-area curve) is used to develop 
the translation hydrograph resulting from a burst of precipitation. The resulting 
translation hydrograph is routed through a linear reservoir to account for storage 
attenuation effects across the subbasin (Scharffenberg, 2020). In practice, this 
method can be used to perform simulations with a characteristic value of time of 
concentration (standard method) or with a dynamic approach (variable parameter 
method).  
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Fig. 2. Scheme of the rainfall-runoff model created in HEC-HMS. 

 
The model performance was evaluated by two metrics: the Nash-Sutcliffe 

efficiency coefficient (NSE) and the differences between measured and observed 
peak times. The NSE values were reviewed for each simulation calculated 
according to the following formula:  

 

 1 ,   1,2, … , .  , (2) 

 
where   is the mean of observed discharges,  is the modeled discharge,  is 
the observed discharge at time t, n the number of the observed discharges (Nash 
and Sutcliffe, 1970).  

The value of NSE can vary between –  and 1.0. If NSE < 0, calculation with 
the average of the observed time series gives a better approximation than the 
model, which means that the model performance is unsatisfactory. If the value is 
between 0 and 0.5, the results are satisfactory, while between 0.5 and 0.8, the 
model simulation results are good. Above 0.8, the model performance is excellent. 
The perfect fit occurs when NSE = 1; therefore, the higher the value of NSE, the 
better the model. (Nash and Sutcliffe, 1970) The results were also categorized by 
noting the differences between observed and modeled time of peak discharges 
( t [hr]). When t is close to zero, it is considered excellent. The model is 
categorized as good if the difference is smaller than three hours. Values between 
three and five hours were labeled satisfactory, while differences above five hours 
were categorized as unsatisfactory. 

4. Results and discussion 

The results of the simulations can be seen in Fig. 3/a, where the lighter the color, 
the better the model performance is. The ID-s of the events of Zala start with Z, 
while the events of Kiskomárom have an ID starting with K. In Fig. 3/b, the results 
are summarized according to the previously described categories of 
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unsatisfactory, satisfactory, good, and excellent. The dynamic case's NSE values 
are improved both at Zala and Kiskomárom, which is also shown in the categories, 
where more events shifted towards the excellent category. The differences 
between peak times in the case of the calibration events also improved based on 
the categories. However, it is visible that in the case of events K26 and K28, the 
dynamic case yielded significantly worse results. The greatest improvements due 
to applying the dynamic approach can be seen during the calibration at the Zala 
catchment. 

During validation, the events of the Zala catchment have worse or only 
slightly improved values of NSE in most cases. However, the events of 
Kiskomárom have enhanced NSE values after applying the dynamic approach 
since the categories of the events are moving more towards the direction of 
excellent. Reviewing the differences in peak time can show similar but less 
significant tendencies.  

Overall, it is visible that applying the dynamic approach results in better NSE 
and t values in most of the cases, as the increasing number of simulated events 
falling into the excellent or good category clearly shows.  

 
 
 

 
Fig.3. a) Results of simulations (NSE and t). b) Categorization of results. 

a) b) 
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To summarize the results, the model performance according to the NSE and 
the differences in the time of peak discharges can be improved using the dynamic 
approach of the time of concentration, especially when the Wisnovszky equation 
yields an inadequate estimation.  The calibration is more difficult to perform than 
in the characteristic case as a whole range of rainfall characteristics has to be taken 
into consideration. However, if the proper curves are applied, the simulations can 
give significantly better results. Fig. 4 shows the calibrated percentage curves for 
the time of concentration and storage coefficient. It is notable that the curves of 
the two catchments are different as the catchments have different characteristics.  

 
 

 
Fig.4. The calibrated percentage curves of the time of concentration and the storage coefficient. 

 

 
In the current study, the dynamic approach did not improve the results in a 

few cases. The reason could be that the curves were not calibrated suitably for the 
rainfall characteristics of the given events. To avoid the mentioned errors, 
reviewing the possibility of applying measured data for the input curves to 
improve the model performance in a future study would be practical. Another 
interesting aspect for the extension of the study is the analysis of rainfall data. In 
the ECMWF rainfall database, the high-intensity rainfall events can be 
underestimated if a local rainfall event has a smaller spatial scale than the grid 
size of the ECMWF data (Nagy and Szilágyi, 2021b). In a following study, it 
would be interesting to see the calibration process and the simulation results using 
rainfall gauge data, which could further confirm the current paper's outcome.  
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The variable parameter, a recent feature of HEC-HMS, proved to be 
applicable, while the need to revise the commonly applied Wisnovszky equation 
is further emphasized. In addition, the results verify the dynamic relation between 
the time of concentration and the rainfall intensity. Since the Wisnovszky 
equation proved to give inaccurate estimations in general, and the value of time 
of concentration is confirmed to vary with rainfall intensity, using the dynamic 
approach is highly recommended in the Hungarian modeling practice, despite the 
complexity of the calibration. 
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Abstract— This study presents the trend analysis for a specific category of variables, 
namely the average annual precipitation. The geospatial distribution of the obtained results 
in Central Serbia is visualized using Geographic Information System (GIS) numerical 
analysis. The primary objective of this study is to identify potential changes in the trends 
of average annual precipitation within the observed area. Methodologically, the Mann-
Kendall trend test, trend equation, and trend magnitude were employed for trend analysis. 
The data used for the analysis were sourced from the Meteorological Yearbooks of the 
Republic Hydrometeorological Service of Serbia, encompassing a total of 24 
meteorological stations and spanning the period from 1949 to 2018. Based on the obtained 
results, statistically significant positive trends were observed in 17 time series, favoring the 
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alternative hypothesis. Conversely, a decline in precipitation was noted in the remaining 7 
time series. Among the time series, the largest increases in the total amount of precipitation 
over the past 69 years were recorded ont he area of the Dinaric Mountains. Conversely, the 
lowest increase in average precipitation was observed in the central part od the 
country.Furthermore, the time series with the greatest decrease in average annual 
precipitation was recorded ont he southeastern part of the country. In order to effectively 
address water-related challenges associated with precipitation fluctuations, it is essential to 
gain a comprehensive understanding of the shifting trends in precipitation over the region 
of Central Serbia. 

 
Key–words: climate change, precipitation variability, Central Serbia, average annual 
precipitation trends, Mann-Kendall trend test, GIS 

 
 

1. Introduction 

We are witnessing increasingly frequent modern climate changes, which, in the 
opinion of many world scientists, are faster, more dynamic, and more intense in 
the last three decades than those from some past eras. The basic property of 
precipitation is its spatial and temporal variability. Each climate element is 
variable, to a greater or lesser extent, while the spatial and temporal variability of 
precipitation is particularly pronounced (Jones, 1999). Variations in precipitation 
patterns have direct implications for the sustainable development of the 
environment, agriculture, energy production, and the planning and management 
of water resources. These variations can also impact the realization of sustainable 
development goals related to water (Amiri and Gocic, 2021a). Consequently, there 
has been a concerted effort over the past few decades to analyze trends in 
precipitation time series on different spatiotemporal scales. Different statistical 
methods have been employed, often with assumptions about the normality, 
independence, and temporal consistency of the time series, to actively explore 
these trends (Amiri and Gocic, 2021b). 

The variability of the total amount of precipitation was among the first to be 
investigated by the scientist Biel (1929), who covered the space of the entire Earth. 
He came to the conclusion that the variability of the total amount of annual 
precipitation increases in areas with a small amount of precipitation, and vice 
versa, it decreases in areas with a bigger amount of precipitation.  

According to Biel (1929), Europe has the smallest range of variability compared 
to other continents. On the territory of Europe and North America, in the subpolar 
and polar zones, the variability of precipitation is lower than the average values. On 
the other hand, the areas above the oceans and their coasts of the abovementioned 
continents, which are under the influence of cold sea currents, have high values of 
variability of the total amount of precipitation in relation to the average (Conrad, 
1941). At the global level, observing the influence of the general air mass circulation 
in the atmosphere on the variability of the total annual amount of precipitation, led 
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to the conclusion, that the variability is bigger in the tropical and subtropical zones 
than in the temperate zone (Morales, 1977).  

Similar claims as stated above are confirmed by the results obtained from the 
following modern scientific studies by the group of authors (Trenberth et al., 
2003; Tebaldi et al., 2006; Pall et al., 2007; Lenderink and Van Meijgaard, 2008; 
Hardwick Jones et al., 2010; Lenderink et al., 2011, 2017; Utsumi et al., 2011; 
Mishra et al., 2012; Berg et al., 2013; Collins et al., 2013; Kharin et al., 2013; 
Westra et al., 2014; Roderick et al., 2019, 2020; Ali et al., 2021; Visser et al., 
2021). 

Previous research in the area of the Balkan Peninsula and surrounding countries 
dealt with the problem of analyzing trends in the total amount of precipitation and 
their variability (Maradin, 2011; Radevski et al., 2013; Ivanova andRadeva, 2016; 
Popov et al., 2018; Alsafadi et al., 2020; ulafi  et al., 2020; Porja and Nunaj, 2020; 
Spiridonov and Balabanova, 2021; Barbulescu and Postolache, 2023; Luki  et al., 
2019). The obtained research results in the Balkans (Valcheva and Spiridonov, 2023) 
are very similar to the results of scientific studies for the analyzed area of Central 
Serbia, which in most cases indicate a slight increase in the total annual amount of 
precipitation and a positive trend, which is characteristic for almost the entire area of 
Southeastern Europe (Leš ešen et al., 2023).  

The existing or similar studies for the observed and analyzed area of Central 
Serbia are rare and scarce, but there is a lot of research that refer to the entire 
territory of Serbia. The analysis of precipitation trends in the last few decades as 
a part of climate change is the subject of research of many researchers in Serbia 
(Duci  and Lukovi , 2005; or evi , 2008; Duci  et al., 2009, 2010; Stanojevi , 
2012; Lukovi  et al., 2014; Gavrilov et al., 2015; Živanovi  et al., 2020; Eri  et 
al., 2021; Popov and Svetozarevi , 2021; Velimirovi  et al., 2021; Amiri and 
Goci , 2021a,b, 2023). The results obtained in the previously mentioned research 
indicate a slight increase in the total annual amount of precipitation for the 
observed area, and that climate variability is not expressed sufficiently. They also 
indicate a higher total annual amount of precipitation in the western part of Central 
Serbia compared to its eastern parts. Furthermore, they indicate the influence of 
the Atlantic Ocean, the Mediterranean, and the orography of the terrain, which 
relate to the total annual amount of precipitation for the observed territory.  

In the previous decade, the trend in the research of climate elements was 
taken over by climate models. Due to the area of the researched territory, regional 
climate models performed the best, and their results can be useful for agriculture 
as well (Ruml et al., 2012). Precipitation predictions until the end of this century, 
based on climate models, indicate that the frequency of extreme precipitation will 
increase, and that their spatial distribution will shift to the south of Serbia (Eri  et 
al., 2021). However, there is no single best climate model; therefore, the results 
from multiple climate models for a specific region are always considered. Due to 
their unreliability, measured data will be utilized in this paper. 
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Knowledge of precipitation regimes has great scientific and practical 
importance in almost all domains of modern society, and they are of particular 
importance in water supply, ecology, and flood protection. This study tries to 
answer the following questions: (1) if the total annual precipitation in Central 
Serbia changed in the period 1949–2018, (2) whether the precipitation trends are 
decreasing or increasing, (3) if the obtained trends are statistically significant, and 
finally, (4) what is the regional context of precipitation changes in Serbia.  

The answers to the given questions are provided by the analysis of the annual 
amount of precipitation at 24 meteorological stations located in the observed area. 
The main goal of this study is to perform the necessary analysis of the variability 
of the change in the total average annual precipitation in Central Serbia for the 
time period 1949–2018, using the Mann Kendall (MK) trend test, trend equation 
and trend magnitude analysis. Also, the geospatial distribution of the obtained 
results over the investigated territory were shown with the help of GIS numerical 
analysis.  

2. Data and methods 

2.1. Research area 

Central Serbia is located in the central part of the Balkan Peninsula and is a 
toponym referring to the territory of Serbia without the Autonomous Provinces 
(Fig. 1). The total area of the observed territory is 55.947 km². The natural borders 
of Central Serbia towards neighboring countries are represented by the following 
natural entities: 1) to the west, there is the Drina River, which forms a natural 
border with Bosnia and Herzegovina; 2) to the north, it extends to the rivers Sava 
and Danube, which separate the observed territory from Vojvodina in the north 
and from Romania in the northeast; 3) to the east, the Balkan and Rhodope 
Mountains represent the border with Bulgaria; 4) and to the south and southwest, 
the state border is determined by the administrative line with the Republic of 
North Macedonia, as well as the provincial border with the Autonomous Province 
of Kosovo and Metohija, which continues to the state border with Montenegro 
(Radakovi , et al., 2018). 

The morphological structure of this territory is complex and consists of three 
main mountain areas: the Dinaric Mountains stretching to the west, the 
Carpathian-Balkan Mountains to the northeast and the Rhodope Mountains to the 
east and southeast (Ba evi , et al., 2021). The hypsometric differences of the 
terrain are distinguished: the highest point of the terrain is the mountain peak 
Midzor, 2168 m above sea level (Stara planina), and the lowest point is the 
confluence of the Timok river with the Danube (28 m above sea level) (Markovi , 
1966). The total difference in altitude between these two points is 2140 m. The 
following orographic units have a great influence on the climate and 
transformation of air masses in Central Serbia: the Pannonian Basin and two 
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mountain ranges – the Dinarides and the Carpatho-Balkanides. Arctic continental 
air masses arrive in the observed area over the Pannonian Basin in the colder half 
of the year, while the Dinarides and Carpatho-Balkanides represent an orographic 
barrier which weakens the flow of air masses (Duci  and Radovanovi , 2005).  

As a consequence of this atmospheric circulation, three main climate types 
prevail in Central Serbia: continental, moderate-continental, and modified 
Mediterranean climates (Bajat, et al., 2015). According to the Köppen's 
classification, Central Serbia falls under two climate categories: 1) Cfa climate 
(average temperature above 20 °C during warmer months and above -3 °C during 
colder months), 2) Dfa climate on high mountains (above 1500 m) (average 
temperature below 20 °C during warmer months and below -3 °C during colder 
months) (Radinovi , 1981). The average annual air temperature for the time 
interval from 1949 to 2018 in Central Serbia is 10.7 °C, and the average amount 
of precipitation is 685.3 mm.  

 
 
 
 
 

 
Fig. 1. The location of the meteorological stations in the studied area. 
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2.2. Materials 

During the research, testing and analysis of trends was performed for one category 
of parameters, that is, for the total average annual precipitation as a climate variable 
for the area that includes Central Serbia. It is a time series of a total of 69 years 
(1949–2018). The data necessary for this type of research were taken from the 
Meteorological Yearbooks of the Republic Hydrometeorological Service of Serbia 
(RHMZ) (http://www.hidmet.gov.rs/) covering two 30-year cycles, which is in 
accordance with the World Meteorological Organization (WMO) standards. For the 
purposes of this study, precipitation data from 24 meteorological stations were used. 
The altitude of meteorological stations in Central Serbia varies: a) up to 200 m: 
Negotin, Veliko Gradište, Jagodina, Loznica, Smederevska Palanka, Belgrade, 

uprija, Zaje ar, Kruševac, Valjevo, and Kragujevac, b) from 200 to 500 m: Niš, 
Kraljevo, Leskovac, Knjaževac, Požega, Pirot, Kuršumlija, Bujanovac, Vranje, and 
Dimitrovgrad, c) from 500 to 1000 m: Novi Pazar, and d) over 1000 m: Zlatibor and 
Sjenica (Ba evi , et al., 2021).  

Station names, geographic coordinates, and elevation belts are shown in 
Fig. 1 and Table 1. The homogeneity of the annual precipitation series was 
examined according to Alexandersson (1986). The homogeneity test showed that 
the precipitation time series for 24 stations used in this study are homogeneous. 

2.3. Methods 

Three statistical approaches were used in the analysis of trends in the total average 
annual precipitation. The first approach is the linear trend equation (Ba evi  et 
al., 2020; Mudelsee, 2014), which is determined for each time series individually. 
Completely independent of the first step, all trends were tested using the non-
parametric MK trend test (Milentijevi  et al., 2018; Zele áková et  al., 2018). The 
third step consists of determining the trend magnitude obtained on the basis of the 
trend equation (Ba evi  et al., 2022; Gavrilov et al., 2016). The Exel program 
from the Microsoft Office software package was used to determine trends in the 
total average annual precipitation. The XLSTAT software was used for 
calculating the confidence level p, as well as for testing of the hypotheses 
(https://www.xlstat.com/en). 
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Table 1. List of meteorological stations located in Central Serbia, names of time series, 
geographic coordinates, and altitudes. 

No. Meteorological  
station 

Name of 
time series  (°N)  (°E) h (m) 

1. Belgrade BG-P 44º48´ 20º28´ 132 
2. Bujanovac BU-P 42º27´ 21º46´ 399 
3. uprija U-P 43º56´ 21º23´ 123 
4. Dimitrovgrad DI-P 43º01´ 22º45´ 450 
5. Jagodina JA-P 43º59´ 21º23´ 115 
6. Knjaževac KŽ-P 43º34´ 22º15´ 263 
7. Kragujevac KG-P 44º02´ 20º56´ 181 
8. Kraljevo KV-P 43º43´ 20º42´ 215 
9. Kruševac KŠ-P 43º37´ 21º15´  166 

10. Kuršumlija KU-P 43º08´ 21º16´ 384 
11. Leskovac LE-P 42º59´ 21º57´ 231 
12. Loznica LO-P 44º32´ 19º14´ 121 
13. Negotin NG-P 44º14´ 22º32´ 42 
14. Niš NI-P 43º20´ 21º54´ 202 
15. Novi Pazar NP-P 43º08´ 20º31´ 545 
16. Pirot PI-P 43º09´ 22º35´ 373 
17. Požega PŽ-P 43º51´ 20º02´ 311 
18. Sjenica SJ-P 43º16´ 20º00´ 1038 
19. Smederevska Palanka SP-P 44º22´ 20º57´ 121 
20. Valjevo VA-P 44º17´ 19º55´ 174 
21. Veliko Gradište VG-P 44º45´ 21º30´ 80 
22. Vranje VR-P 42º33´ 21º55´ 433 
23. Zaje ar ZA-P 43º53´ 22º17´ 144 
24. Zlatibor ZL-P 43º44´ 19º43´ 1029 

 
 

2.3.1. The linear regression and the trend equation 

The linear trend method is a technique of extreme importance for the analysis, 
evaluation, and distribution of short-term and long-term changes in the total 
average annual precipitation (Bacevic et al., 2018; Mudelsee, 2019). Its general 
form is:  
 
 = + ,  (1) 
 
where y represents the total average annual precipitation expressed in mm,  is 
the magnitude of the slope, x is the time series, while b represents the total annual 
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precipitation at the beginning of the period. The value of the precipitation trend is 
a function of the magnitude of the slope. There are three possible cases: a) the 
magnitude of the slope is greater than zero – the trend is positive (growing); b) 
when it is less than zero – the trend is negative (declining); c) when it is equal to 
zero – there is no trend (no changes).  

2.3.2. The trend magnitude 

The trend magnitude is determined from the linear trend equation (Gavrilov et al., 
2016):  
 
 y = y(Pb) – y(Pe), (2) 
 
where y represents the trend magnitude expressed in mm, y (1949) in the trend 
equation represents the total annual amount of precipitation at the beginning of 
the period, and y (2018) represents the total annual amount of precipitation at the 
end of the period. Speaking of the trend magnitude, there are three possible cases: 
a) when it is greater than zero - the trend is negative (decreasing); b) when y is 
less than zero – the trend is positive (growing); c) when it is equal to zero – there 
is no trend (no changes). 

2.3.3. The Mann-Kendall non-parametric test 

In addition to the regression analysis, the non-parametric MK trend test (Mann, 
1945; Kendall, 1975) was used for additional assessment of the existence or 
absence of a trend. Using the MK test, two hypotheses were tested: the null 
hypothesis ( ), which indicates the absence of a trend in the time series; and the 
alternative hypothesis ( ), where there is a statistically significant trend in the 
time series for the set significance level ( ). The p value plays a central role in the 
MK test (Karmeshu, 2012). The p value determines the confidence level of the 
hypothesis. If the p value is lower than the chosen significance level  (typically 

=0.05 or 5%), the hypothesis  should be rejected and the hypothesis  
accepted. On the contrary, if the p value is greater than the significance level , 
then the null hypothesis is accepted (Razavi et al., 2016).  

2.3.4. QGIS analysis 

All digital cartographic analyzes were approved using three open-source 
software programs, namely the Quantum Geographical Information System 
(QGIS 3.12), System for Automated Geoscientific Analyzes (SAGA 8.2.0), and 
Google EarthEngine. Satellite data were downloaded from the National 
Aeronautics and Space Administration's two databases EarthData (NASA), 
(https://ladsweb.modaps.eosdis.nasa.gov/search/imageViewer/1), at 30 m 
resolution. 
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The digital elevation model (DEM) was downloaded from the official United 
States Geological Survey (USGS) website at 30 m resolution. These data were 
recorded in AsterDem (Valjarevi  et al., 2022). After the accurate determination 
of geographic coordinates (longitude, latitude, altitude), the next step was to 
determine the kriging belt of monthly and annual average precipitation data for 
the meteorological stations. For this purpose, SAGA 8.2.0 and QGIS 3.12 were 
used.  

In the last step, superpixel classification was used with the Google Earth 
Engine software to better analyze the spatial distribution of meteorological 
stations (Valjarevi  et al., 2018). These methods are also useful for analyzing 
climate characteristics within an area (see Fig. 1). Following the remote sensing 
and GIS analyzes, the kriging and interpolation belts are analyzed to better 
represent the precipitation distribution and characteristics in the analyzed periods 
(Valjarevi  et al., 2023; Alexakis et al., 2013). 

3. Results 

3.1. Trend parameters 

In this paper, the main results are presented in Table 2 and Figs. 2 and 3. 
Furthermore, the paper presents the analysis for a total of 24 meteorological 
stations which are located in the area of Central Serbia and for the same number 
of time series. The obtained results for the average annual precipitation, the results 
of the trend equation, linear trend equation, and trend magnitude are presented 
visually in Fig. 2 and Table 2. The p value, results of trend testing using the MK 
trend test, and evaluation of hypotheses for accepting or rejecting the trend are 
shown in Fig. 2, for each meteorological station in the territory of Central Serbia.  



460 

 
Fig. 2. Visual representation of average annual precipitation, trend equation, and linear trend 
for selected meteorological stations, arranged from the station with the lowest to the station with 
the highest average annual precipitation in Central Serbia for the observed time period from 
1949 to 2018. 
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Table 2. Time series names, trend equation, trend magnitude y, and the average amount 
of precipitation, for 24 time series.  

Time series Trend equation y (mm) Average amount of 
precipitation (mm) 

BG-P y = 0.1551x + 687.34 10.7 692.8 
BU-P y = -0.6316x + 646.14 -43.6 623.7 

U-P y = 0.5536x + 637.93 38.2 658.1 
DI-P y = 0.8719x + 614.78 60.2 644.4 
JA-P y = -0.1305x + 596.07 -9.0 591.4 
KŽ-P y = 0.4094x + 598.74 28.2 613.3 
KG-P y = 0.6743x + 612.23 47.0 635.4 
KV-P y = -0.1497x + 764.39 -10.3 757.8 
KŠ-P y = 0.4411x + 640.38 30.4 656.0 
KU-P y = 0.7866x + 630.65 54.3 658.6 
LE-P y = 1.1444x + 591.42 79.0 633.2 
LO-P y = 1.5447x + 790.19 106.6 845.0 
NG-P y = -0.6369x + 679.52 -43.9 656.9 
NI-P y = 1.0139x + 561.62 70.0 597.6 
NP-P y = 1.5142x + 585.90 105.0 639.7 
PI-P y = 0.5151x + 575.32 35.0 593.6 
PŽ-P y = 0.2877x + 740.70 19.9 750.9 
SJ-P y = 2.4294x + 653.17 167.6 739.4 
SP-P y = 1.5509x + 591.91 107.0 647.0 
VA-P y = 0.9847x + 756.25 67.9 791.0 
VG-P y = -0.1880x + 694.84 -13.0 688.2 
VR-P y = -0.2131x + 621.29 -14.7 613.7 
ZA-P y = -0.1163x + 619.64 -8.0 615.5 
ZL-P y = 3.3817x + 859.51 233.3 973.9 

 
 
 
 

The results obtained from the above mentioned parameters, which are shown 
in Fig. 2 and Table 2, indicate a slight increase in the average total annual 
precipitation in the territory of Central Serbia, which coincides with the results 
from the reports of other similar studies, which were carried out in countries from 
the region. Out of a total of 24 time series, a slight increase in the average total 
annual precipitation was recorded in 17 time series, while a decreasing amount of 
precipitation was recorded in the remaining 7 time series.  

The biggest increase in the average total annual precipitation of 233.3 mm in 
the past 69 years was recorded in the Zl-P time series, followed by the SJ-P and 
SP-P time series, where the increase of 167.6 mm, and 107.0 mm was recorded 
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respectively. The smallest increase in the average total annual precipitation of 
10.7 mm was recorded in the BG-P time series, followed by the KZ-P and KS-P 
time series with the increase of 28.2 mm and 30.4 mm, respectively.  

The biggest decrease in the total average annual precipitation of -43.9 mm 
was recorded in the NG-P time series. It is followed by the BU-P time series with 
the decrease of -43.6 mm and the VR-P time series with the decrease of -14.7 mm. 
Based on the obtained results, the total average annual precipitation in Central 
Serbia amounts to 679.9 mm.  

3.2.  Trend assessment 

The results obtained from the analysis of the MK trend test and the evaluation of 
hypotheses (p values, type of hypothesis, risk of rejecting the hypothesis) are 
described in Fig. 3. From a total of 24 time series, a significant statistically 
positive trend was recorded in 5 time series, where the  hypothesis prevails and 
the p value is lower than the significance level , whose value is 0.05, while in 19 
time series there is no trend, and in these cases hypothesis  prevails, where the 
p value is greater than the significance level .  
 
 
 

 
 

Fig. 3. Cartographic presentation of the obtained results of the linear equation and the Mann-
Kendall trend test, respectively, for the total annual amount of precipitation in Central Serbia 
for the time period from 1949 to 2018.  
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From a total of 5 time series, where a significantly positive statistical trend 
prevails, hypothesis  prevails, with a very small percentage of risk ranging 
between 0.08% and 4.55% to reject the given hypothesis. From a total of 19 time 
series, where there is no trend and hypothesis  prevails in most cases, the risk 
of rejecting this hypothesis is very high. The risk values for rejecting this 
hypothesis range from 5.15% to 97.93%. A risk whose value is between 5.00% 
and 10.00% is recorded in one time series, which tells us that there is no trend. 
Values between 10.00% and 50.00% were recorded in nine time series, indicating 
that the trend is in stagnation. Furthermore, in the last nine time series the risk 
value ranges between 70.15% and 95.46%, where in the perspective the trend is 
likely to change to a positive one.  

These results indicate that the total annual amount of precipitation in Central 
Serbia is stagnant, which coincides with the results of other researchers. In the 
majority of analyzed cases, the results of the trend equation deviate from the 
results of the MK trend test, more precisely in 15 time series. In the remaining 9 
time series, the results coincide. In 11 cases (CU-P, DI-P, KZ-P, KG-P, KS-P, 
KU-P, NI-P, PI-P, PZ-P, SP-P, and VA-P) the MK trend test did not recognize a 
positive trend, while the trend equation indicates an increase in average annual 
precipitation, and in four cases (KV-P, NG-P, VG-P, and VR-P) the MK trend test 
indicates that there is no trend, while the trend equation indicates that the trend is 
negative. Time series in which the results coincide are: BG-P, BU-P, JA-P, LE-P, 
LO-P, NP-P, SJ-P, ZA-P , and ZL-P (Fig. 3).  

3.3. GIS numerical analysis 

The spatial distribution of the total annual amount of precipitation for the time 
period from 1949 to 2018 in Central Serbia is shown in more detail in Fig. 4.  

Fig. 4 shows the geospatial distribution of average annual precipitation in 
the analyzed territory of Central Serbia. Interregional differences in the average 
annual amount of precipitation are caused by several reasons, among which the 
following could stand out: the influence of the influx of air masses from the 
Atlantic Ocean, the influence of the Mediterranean, presence of temporary 
atmospheric instabilities (on a season scale) that produce heavy showers, and the 
influence of the terrain morphology. Therefore, in the western and northwestern 
parts of the observed area, a higher average annual amount of precipitation was 
recorded, while in the central, southern, and southeastern parts, the average annual 
amount of precipitation was lower.  
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Fig. 4. Spatial distribution of the average amount of precipitation for the time period from 1949 
to 2018 in Central Serbia. 

 
 
 
 

The values for the total annual amount of precipitation in Central Serbia for 
the time period from 1949 to 2018 are 679.9 mm ranging between 591.4 and 
973.9 mm. The lowest value of average annual precipitation (591.4 mm) was 
recorded in Jagodina, and the highest value (973.9 mm) was recorded in Zlatibor. 
Other values for the average annual amount of precipitation are shown 
chronologically from the lowest to the highest, and they are as follows: Pirot 
(593.6 mm), Niš (597.6 mm), Knjaževac (613.3 mm), Vranje (613.7 mm), Zaje ar 
(615.5 mm), Bujanovac (623.7 mm), Leskovac (633.2 mm), Kragujevac (635.4 
mm), Novi Pazar (639.7 mm), Dimitrovgrad (644.4 mm), Smederevska Palanka 
(647 mm), Kruševac (656 mm), Negotin (656.9 mm), uprija (658.1 mm), 
Kuršumlija (658.6 mm), Veliko Gradište (688.2 mm), Belgrade (692.8 mm), 
Sjenica (739.4 mm), Požega (750.9 mm), Kraljevo (757.8 mm), Valjevo (791 
mm), and Loznica (845 mm). 

4. Discussion 

Based on the analyzed climate variable, the following can be stated: in this paper, 
a total of 24 time series were analyzed using trend equations, trend magnitude 
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indicating an average increase or decrease in the total annual precipitation, MK 
trend test, and GIS numerical analysis. According to the trend equation and trend 
magnitude, seventeen time series recorded an increase in the total annual amount 
of precipitation in the following cases, which are arranged chronologically from 
the smallest to the biggest increase: BG-YP, PZ-YP, KZ-YP, KS-YP, PI-YP, 
KG-YP, KU-YP, DI-YP, VA-YP, NI-YP, LE-YP, NP-YP, LO-YP, SP-YP, and 
ZL-YP. 

The biggest average increase in the average annual precipitation of 233.3 
mm was recorded in the case of ZL-YP. The smallest increase in total annual 
precipitation of 10.7 mm was recorded in the case of BG-YT. A decrease in the 
total annual amount of precipitation was recorded in seven time series related to 
the average annual amount of precipitation, which are arranged chronologically 
from the smallest to the biggest decrease: ZA-YP, JA-YP, KV-YP, VG-YP,  
VR-YP, BU-YP, and NG-YP.  

The smallest decrease in total annual precipitation of -8.0 mm was recorded 
in the case of ZA-YP, while the biggest increase of -49.9 mm was recorded in the 
case of NG-YP. Speaking of the MK test, the obtained results indicate that a 
statistically significant positive trend was recorded in the analyzed parameters in 
5 time series. On the other hand, there are no changes (no trend) in 19 time series. 
The spatial distribution of the average annual amount of precipitation in Central 
Serbia is 679.9 mm. It ranges between 591.4 and 973.9 mm. 

In the paper of Goci  and Trajkovi  (2013), the average annual and seasonal 
trends for seven meteorological variables, including the average annual amount 
of precipitation for twelve meteorological stations in Serbia were analyzed. The 
time period covered in this paper is from 1980 to 2010. As in this study, the non-
parametric Mann-Kandell trend test was used to determine whether there is a 
positive or negative trend in the time series for the observed variable. Speaking of 
precipitation, no significant trends were observed in the given study, except in the 
case of one meteorological station, Sombor, which can be seen in Table 3.  

In general, the results of this study are very similar to the research conducted 
by Goci  and Trajkovi  (2013). In most cases, there is no trend in both papers 
when applying the MK test. In the research of Goci  and Trajkovi , a positive 
trend was noted only for one meteorological station, i.e. Sombor, and in this work, 
a positive trend was recorded for five meteorological stations, namely: Novi 
Pazar, Leskovac, Loznica, Sjenica, and Zlatibor. From these results, it is evident 
that there is no correlation between the findings from the two studies for the 
meteorological stations Loznica and Zlatibor. However, the results align for other 
investigated stations. In the work of Goci  and Trajkovi  (2013), the trend for 
these two meteorological stations is negative, and in this study, the trend for them 
is positive, which can be seen in Table 3 and Fig. 3. Such discrepancies 
presumably result from the difference in the observed time period of 39 years. 
Special attention should be given to the period of the last nine years, specifically 
from 2010 to 2018, due to the increasingly pronounced climate changes observed 
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over the last two decades. This study can pave the way for new research, shedding 
light on the differences between these two studies, and contributing to fresh 
insights in the field. 

Changes in the total annual amount of precipitation in the region differ 
depending on the country in which the research was conducted (e.g. Luki  et al., 
2019; Mici  Ponjiger et al., 2023). A slightly positive trend was recorded in the 
eastern part of Croatia, for the period from 1961 to 2010 (Gaji - apka et al., 
2014). The same is observed for the western parts of Romania, where an increase 
in total annual precipitation was also registered (Croitoru et al., 2016). Also, the 
northern parts of Montenegro record an increase in the amount of precipitation for 
the time period from 1951 to 2010 (Buri  et al., 2015). These results coincide with 
this study.  

In Hungary, no change was recorded in the total annual amount of 
precipitation (Klapwijk et al., 2013), which, for example, is not in accordance with 
the results of this paper. The reason for the discrepancy between the results of 
these two studies is probably the influence of different orography, primarily the 
altitude at which the meteorological stations of the observed territories are 
located.  

A slight decrease in the amount of precipitation, without statistical 
significance, was recorded in the paper written by Bocheva et al., (2009) for the 
territory of Bulgaria. These results match the findings of this study for seven 
meteorological stations (Bujanovac, Jagodina, Kraljevo, Negotin, Veliko 
Gradište, Vranje, and Zaje ar). Most of these meteorological stations are located 
in the eastern, southeastern, and southern regions of Central Serbia, i.e., in relative 
proximity to the border between Bulgaria and Serbia, which may indicate the 
similarities in the results of these two studies. Furthermore, these results align 
with other findings related to the European continent, where slight changes in 
precipitation were also observed (Conrad, 1941; Klein Tank and Können, 2003). 
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Table 3. Results of the statistical tests for seasonal and annual precipitation amounts over 
the period 1980–2010 (Goci  and Trajkovi , 2013) 

Station Test 
Trends 

Spring Summer Autumn Winter Annual 

Belgrade 
Zs -1.343 -0.476 1.003 0.136 -0.085 

Qmed -2.333 -2.256 2.317 0.609 -0.333 

Dimitrovgrad 
Zs -0.573 -0.612 1.806 1.274 1.292 

Qmed -1.050 -3.817 3.050 4.683 3.442 

Kragujevac 
Zs -1.173 -0.762 1.407 0.272 -0.051 

Qmed -2.983 -2.600 2.367 0.875 -0.350 

Kraljevo 
Zs 0.306 0.238 0.816 0.408 0.068 

Qmed 1.026 1.350 3.633 2.833 0.010 

Loznica 
Zs -0.001 0.646 1.241 1.802 1.870 

Qmed -0.050 4.950 3.217 6.633 5.017 

Negotin 
Zs    1.972* 0.136 0.935 1.122 0.340 

Qmed    2.550* 1.000 2.750 1.867 1.117 

Niš 
Zs 0.357 -0.538 0.816 1.714 0.544 

Qmed 1.733 -2.433 3.133 3.367 1.055 

Novi Sad 
Zs 0.612 0.417   2.532* 0.612 1.802 

Qmed 3.257 3.917   2.550* 2.583 4.579 

Pali  
Zs 1.054 0.748 1.513 0.527 1.802 

Qmed 4.917 4.833 4.467 1.617 4.421 

Sombor 
Zs 0.578 1.615 1.172 0.868   1.989* 

Qmed 2.070 3.700 3.800 3.300   4.183* 

Vranje 
Zs 0.357 -0.382 1.394 0.544 1.309 

Qmed 1.850 -2.683 2.376 1.550 3.383 

Zlatibor 
Zs 0.578 0.068 1.479 0.731 1.207 

Qmed 2.933 0.300 3.450 2.633   3.363** 
Zs:  Mann – Kendall test, Qmed: Sen's slope estimator. 
  *  Statistically significant trends at the 5% significance level. 

  Statistically significant trends at the 1% significance level. 
 

5. Conclusion 

This study presents the analyzed trends and geospatial distribution of the obtained 
results for the average annual amount of precipitation (one category of variables) 
in the region of Central Serbia. The observed time period is from 1949 to 2018, 
which is a period of 69 years. The data used for this research were taken from the 
Meteorological Yearbooks of the Republic Hydrometeorological Service of 
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Serbia, with a total of 24 meteorological stations. The Mann-Kendall trend test 
was used for data processing and trend analysis. Additionally, trend equations and 
magnitudes were calculated using suitable formulas, and the results were 
presented visually through GIS numerical analysis. 

By analyzing the obtained results of this study, it can be noticed that the total 
annual amount of precipitation in the territory of Central Serbia is slightly 
increasing. Based on the trend magnitude, an increase in the average annual 
amount of precipitation was recorded in seventeen cities of Central Serbia, while 
a decrease in the average annual amount of precipitation was recorded in seven 
cities of Central Serbia (Table 2). Observing the geospatial distribution of the 
obtained results, it can be concluded that the total average annual amount of 
precipitation for the observed period in Central Serbia is 679.9 mm. It ranges from 
591.4 to 973.9 mm. The values are higher in the western parts compared to the 
eastern parts.  

The biggest increase in the total amount of precipitation of 233.3 mm in the 
past 69 years was recorded in the time series Zl-P, followed by the time series  
SJ-P and SP-P, where the increase of 167.6 mm and 107.0 mm was recorded, 
respectively. The smallest increase in the average amount of precipitation of 
10.7 mm was recorded in the time series BG-P, followed by the time series KZ-P 
and KS-P with the increase of 28.3 mm and 30.4 mm, respectively.  

The bigest decrease in the average annual precipitation was recorded in the 
time series NG-P -43.9 mm, followed by time series BU-P with a decrease of  
-43.6 and VR-P with a decrease of -14.7 mm. The general conclusion of the results 
obtained in this way, indicating interregional differences in the average annual 
amount of precipitation, is that they are presumably preconditioned by several 
reasons, among which the followings stand out: the influence of the influx of air 
masses from the Atlantic Ocean, the influence of the Mediterranean, presence of 
temporary atmospheric instabilities (on a season scale) that produce heavy 
showers, and the influence of terrain morphology, i.e., orography. The results of 
this study can be used to effectively address water-related challenges associated 
with precipitation fluctuations, and therefore, they are crucial for gaining a 
thorough understanding of the changing trends in precipitation across Central 
Serbia induced by climate change. 
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Abstract— Research on heat waves is greatly important not only due to their effect on 
social, economic, and ecological systems, but also due to the complexity of the processes 
that create them. Therefore, this research mainly investigated the trend of long-term 
changes in various characteristics of heat waves in hot and dry regions of Iran. For this 
purpose, the daily maximum temperature data of 15 meteorological stations in the central 
and southeastern parts of Iran were used from 1985 to 2018. Using the excess heat factor 
(EHF) index,  five different features of heat waves including the number of heat waves 
(HWN), heat waves duration (HWD), heat waves frequency (HWF), heat waves mean 
(HWM), and heat waves magnitude (HWA) were extracted for all the studied stations. 
Then, their trend of long-term changes was analyzed using the Sen’s slope estimator 
nonparametric method. The results showed that on a regional scale, all five characteristics 
of heat waves have an increasing trend at a significance level of 95%, so an increase of 0.5 
events per decade has been observed for the HWN. The trend of long-term changes in the 
HWD has also indicated an increase of 0.91 days per decade. The HWF has shown more 
drastic changes than other characteristics of heat waves, so in every decade 2.61 days have 
been added to the frequency of days contributing to the occurrence of heat waves. The 
regional intensity of HWM and HWA also show an increase of 0.1 and 0.4 °C in each 
decade, respectively. These findings show the importance of choosing a suitable index for 
monitoring different characteristics of heat waves. The EHF index is a suitable index, 
which can be one of the efficient indices in this regard. 
 
Key-words: climate change, trend, Sen’s slope estimator, heat waves, Iran 
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1. Introduction 

It is important to research extreme climate events due to their effect on social, 
economic, and ecological systems and the complexity of the processes that create 
them. Investigating extreme climate events always requires considering different 
spatial and temporal scales, different modes of variability, and thermodynamic 
processes that create them (Stocker et al., 2013). Researches show that scientific 
knowledge about some atmospheric processes has made substantial progress and 
has provided a platform for designing climate models and forecasting numerical 
weather models (Tavosi et al., 2010). 

According to the Special Report of Extreme Events (SREX) prepared by 
Working Groups I (WGI) and II (WGII) of the Intergovernmental Panel on 
Climate Change (IPCC), weather and climate extremes are rare events that occur 
in a certain period by passing a certain threshold value. The threshold value can 
vary from place to place (Field, 2012). In this definition, the two terms of weather 
and climate extremes are mentioned. Extreme weather events are events that occur 
in a short period, for example, from a few hours to several weeks, while extreme 
climate events are a set of events that occur in a longer period, for example, during 
a season (Stocker et al., 2013). 

The American Meteorological Society defines a heat wave simply as "a 
period of abnormally and uncomfortably hot and usually humid weather" (AMS, 
2000). Many efforts have been made to add more details to this definition. 
Unfortunately, due to the lack of a common set of parameters, it has become more 
complicated (Choi and Meentemeyer, 2002; Robinson, 2001). The excess heat 
factor (EHF) (Nairn et al., 2009) is one of the important indicators for studying 
the effects of heat waves on human health, especially in mid-latitude climates 
(Scalley et al., 2015; Hatvani-Kovacs et al., 2016; Jegasothy et al., 2017; Nairn 
et al., 2018; Oliveira et al., 2022). Nairn and Fawcett (2013) have introduced this 
index as a simpler and more efficient index compared to other bioclimatic indices 
such as universal thermal climate index (UTCI) (Zare et al., 2018) and 
physiological equivalent temperature (PET) (Höppe, 1999). The Expert Team of 
Sector-Specific Climatic Indicators (ET-SCI) affiliated with the World 
Meteorological Organization (WMO) has introduced 64 precipitation and 
temperature extreme indices to improve decision-making for planning, 
organization, risk management, and adaptation to climatic variability and change. 
Out of these 64 precipitation and temperature extreme indices, about 47 of them 
were related to temperature extreme indices. The EHF index is one of the main 
indicators of detecting heat waves that have been used by this team. Based on this 
index, five different characteristics of heat waves such as the number of heat 
waves (HWN), heat waves duration (HWD), heat waves frequency (HWF), heat 
waves mean (HWM), and heat waves magnitude (HWA) can be extracted 
(Perkins and Alexander, 2013). 
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According to the report of the Intergovernmental Panel on Climate Change 
(IPCC) in 2013, "it is very likely that the number of cold days and nights will 
decrease and the number of warm days and nights will increase on a global scale". 
In addition, “the heat waves frequency is likely to increase in large parts of 
Europe, Asia, and Australia" (IPCC, 2013). Various studies have also confirmed 
increasing trends in indicators related to heat waves in different parts of the world 
(Li et al., 2022; Perkins-Kirkpatrick and Lewis, 2020; Rousi et al., 2022; Yin et 
al., 2022). In Iran, many studies have focused on the changes in average minimum 
and maximum monthly, seasonal, and annual temperatures in different spatial 
scales (Alijani et al., 2015; Halabian et al., 2017; Jahanbaksh et al., 2018; 
Khoshakhlagh et al., 2011; Montazeri, 2014). The total results of these studies 
show that the changes in the average minimum temperatures were almost twice 
the changes in the average maximum temperatures (Alijani et al., 2012a). In this 
regard, in the average national scale of Iran, an increase of 0.2 °C per decade for 
the average annual maximum temperature and an increase of 0.4 °C per decade 
for the average annual minimum temperature have been reported (Mahmoudi et 
al., 2019). In addition, the results of regional scale studies in Iran are also 
increasing the annual average minimum temperature in a decade for Tehran to 
0.68 °C (Bidokhti and Ranjbar, 2003), confirming the increase of 2 °C in Iran's 
day and night temperature in a hundred years (Masoudian, 2004) and predicting 
an increase of 2.75 °C for Northeast Iran (Alizadeh and Kamali, 2002).  

This increase in average maximum and minimum temperatures can naturally 
intensify heat waves in Iran. Darand (2014) revealed three indices based on the 
90th, 95th, and 99th percentiles of maximum temperatures and the intensity, 
duration, and frequency of Iran's heat waves to identify heat waves and analyze 
their trends in Iran. Then, the significance of the trends of these three indices was 
analyzed using the Mann-Kendall nonparametric test and their trend slope using 
linear regression. The findings of this research showed that the frequency, 
duration, and intensity of heat waves are increasing on low and flat lands such as 
Dasht-e Lut (northeast of Kerman province), plain lands of northeast Hormozgan 
province, Dasht-e Kavir and Khuzestan province and are decreasing on the 
heights of the Zagros and Alborz mountain ranges and other scattered heights. 
Namroodi et al. (2021) also reported an increasing trend in the  number of heat 
wave in Iran. In that study, they showed that about 85% of the studied stations in 
Iran had an increasing trend in the heat wave number. Esmailnejad et al. (2014) 
also confirmed the same increasing trend in the heat wave number in Iran. 

The central and southeastern parts of Iran are one of the most vulnerable 
areas of Iran to climate change due to their dry climate (Alijani et al., 2015; 
Mahmoudi et al., 2011). The increasing trend of temperature (Sari Sarraf et al., 
2018) and the decreasing trend of precipitation (Mahmoudi and Rigi Chahi, 2019) 
in the last few decades have aggravated this vulnerability. Intensifying the various 
characteristics of heat waves is one of the climate hazards that can harm the fragile 
economic, social, environmental, health, and even political structure of this part 
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of Iran. As mentioned above, various research have studied the changes in the 
characteristics of heat waves in Ira,n but there are still many study gaps for the 
central and southeastern parts of Iran. In these studies, the central and southeastern 
parts of Iran have not been considered independent geographical units. The heat 
wave indices used in these studies are mostly based on percentile thresholds and 
mostly focused on the heat waves frequency. Therefore, this study mainly aims to 
fill these study gaps for this part of Iran. Therefore, the EHF will be used for the 
first time to extract five different characteristics of heat waves in Iran. The trend 
of long-term changes in these five different characteristics of heat waves will also 
be analyzed for the cental and southeastern parts of Iran. 

2. The study area 

The area studied in this research includes the five provinces of Sistan and 
Baluchestan, Kerman, South Khorasan, Yazd, and Hormozgan, which cover an 
area of about 659,378 square kilometers, equal to 40% of Iran's area, in the center, 
south, and east of it (Fig. 1a). According to the 2016 census, these five provinces 
had a population of 9,623,578 people, equal to 12% of the total population of Iran 
(Statistical Center of Iran, 2016). 

According to De Martonne's climate classification (De Martonne, 1909), the 
entire studied area has a dry climate (Table 1). The average annual rainfall in this 
area is nearly 109 mm, and its spatial distribution is very different in different 
parts, so the average annual rainfall in Bandar Abbas station is 171.1 mm, and in 
Zabol station is 52.6 mm (Fig. 1b). The average annual temperature of this area 
is 22.2 degrees Celsius. The lowest average annual temperature belongs to Birjand 
station at 16.5 °C and the highest one at 27.8 °C belongs to Bandar-e Lengeh 
station (Fig. 1c). 
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Fig. 1. (a) Geographical location of the cental and southeastern parts of Iran and its 
administrative divisions. (b) Spatial distribution of the long-term average annual precipitation 
in the cental and southeastern parts of Iran (1985–2018). (c) Spatial distribution of the long-
term average annual temperature in the center and south Eastern Iran (1985–2018). 

 

3. Data 

In this research, the trend of long-term changes in the EHF was used as an index 
proposed by the World Meteorological Organization (WMO) to extract different 
characteristics of heat waves in the cental and southeastern parts of Iran. The daily 
maximum temperature data of 15 Iranian meteorological stations for a period of 
34 years (1985–2018) were received from the Iran Meteorological Organization. 
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The geographic location of the studied stations is shown in Fig. 2 and their 
geographic characteristics are given in Table 1. These stations have the most 
complete and reliable data in the cental and southeastern parts of Iran. The few 
statistical gaps in this station were reconstructed using the Pearson's correlation 
coefficient and the linear regression method. Quality control of data and their 
homogeneity tests were carried out using the runs test method and the 
homogeneity of all data was confirmed at a probability level of 95%. 
 

 
Fig. 2. The name and geographical location of the studied stations in the cental and 
southeastern parts Iran 

 

Table 1. Geographical characteristics of the studied stations in the cental and southeastern parts 
of Iran 

Station longitude latitude altitude (m) climate 
Zahedan 60° 53´ 29° 28´ 1370 dry 
Bam 58° 21´ 29° 06´ 1067 dry 
Bandar abbas 56° 22´ 27° 13´ 10 dry 
Bandar-e-Lengeh 54° 50´ 26° 35´ 14 dry 
Birjand 59° 12´ 32° 52´ 1491 dry 
Chabahar 60° 37´ 25° 17´ 8 dry 
Ferdows 58° 10´ 34° 01´ 1293 dry 
Iranshar 60° 42´ 27° 12´ 591 dry 
Jask 57° 46´ 25° 38´ 5.2 dry 
Kerman 56° 58´ 35° 15´ 1754 dry 
Minab 57° 05´ 27° 06´ 30 dry 
Sirjan 55° 41´ 29° 28´ 1739 dry 
Tabas 56° 55´ 33° 36´ 711 dry 
Yazd 54° 17´ 31° 54´ 1237 dry 
Zabol 61° 29´ 31° 02´ 489 dry 
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4. Methodology 

4.1. Excess heat index (EHF) 

The calculation of EHF is the result of multiplying two sub-indexes of excess 
heat: (1) the significance excess heat index (EHFsig), which measures the 
difference between the average maximum temperature of 3 days with the 95th 
percentile of the average maximum temperature of the reference period (1985–
2018) and (2) the acclimatization excess heat index (EHFaccl), which measures the 
difference between the average maximum temperature of three days and the 
average maximum temperature of the last 30 days. The first sub-index shows 
excess heat as a long-term anomaly (climate scale), and the second sub-index 
considers the heat stress amount as a short-term anomaly. The second sub-index 
is based on the logic that biological systems are less able to adapt to sudden 
increases in temperature (Nairn and Fawcett, 2013). These two sub-indexes and 
the EHF are calculated according The following equations (Alexander and 
Herold, 2016; Nairn and Fawcett, 2013). 

 
 

 = , (1) 
 

 =  … , (2) 
 

 = × 1, , (3) 
 
 
 
where T is the average maximum daily temperature and T95 is the 95th percentile 
of the average maximum temperature of the reference period (1985–2018). It 
should be noticed that the calculation basis of this index is based on the average 
daily air temperature (the average between the daily maximum and minimum 
temperatures). This study used the daily maximum temperature instead of the 
average daily air temperature. 

When the EHF result is detected as positive, its value will be a quadratic 
measure of heat wave intensity that responds to both short-term and long-term 
anomalies. The measurement unit of this index is °C , where L refers to the local 
nature of the threshold and the EHF results. The EHF extracted the five different 
characteristics of heat waves including the HWN, HWD, HWF, HWM, and 
HWA. Table 2 shows the definitions and measurement units of these five 
indicators. 
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Table 2. Aspects of heat wave analyzed based on EHF with their names, definitions, and units 

Identifier 
Heatwave 

aspect 
Definition Unit 

HWN 
Heat waves 

number 
The annual number of summer heat waves that have the 
conditions of continuity for at least 3 consecutive days 
with positive EHF values. 

Number of 
events 

HWD 
Heat waves 

duration 
In terms of time, the longest heat wave of the summer 
season has the conditions of continuity for at least 3 
consecutive days with positive EHF values. 

Days 

HWF 
Heat waves 
frequency 

The total number of days in the summer season that was 
involved in a heat wave and had the conditions of 
continuity for at least 3 consecutive days with positive 
EHF values. 

Days 

HWA 
Heat waves 
magnitude 

The hottest day of the hottest summer heat wave has 
continued for at least 3 consecutive days with positive 
EHF values. 

°  

HWM 
Heat waves 

average 
The average magnitude of all summer heat wave days that 
have the conditions of continuity for at least 3 consecutive 
days with positive EHF values. 

°  

 
 
 
 
It should be noted that two features of heat wave intensity such as HWA and 

HWM depend on the local temperature range changes, which are also different 
according to geographical latitude. Therefore, the annual values and the amount 
of change in HWA and HWM in different regions can only be compared with 
each other through the normalization of local heat wave intensity. To overcome 
this limitation, severity methodology based on EHF (EHFseverity) was incorporated 
by Nairn et al. (2018) to determine how severe a heat wave day is compared to 
the local climatology. Based on the normalization of the EHF daily intensity value 
by the 85th percentile (EHF85p) of a climatological period, the dimensionless 
index EHF severity is calculated based on Eq.(4), which is based on the extreme 
value theory. Here, EHF daily intensities are normalized by the 85th percentile 
for the climatological period 1985–2018: 

 
 = ÷ . (4) 
 
In the analysis section of this study, instead of the normalized values of two 

characteristics of HWA and HWM (in °C2), their temperature equivalent (in °C) 
was used. It seems that using temperature equivalent instead of normalized values 
can provide a better understanding of the magnitude and intensity of heat waves 
in this region of Iran. All calculation steps of this index are programmed in 
MATLAB software environment. 
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4.2. The Sen’s slope estimator nonparametric method 

The Sen’s slope estimator nonparametric test was used to analyze the trend of 
long-term changes in various characteristics of heat waves in the cental and 
southeastern parts of Iran. This method was first presented by Theil in 1950, and 
then developed and expanded by Sen in 1968. Like many other non-parametric 
methods such as Mann-Kendall, this method is based on analyzing the difference 
between the observations of a time series. This method can be used when the trend 
in the time series is a linear trend. This means that  can be expressed as: 
 
 = +  ,  (5) 
 
where Q is the trend line slope and B is the constant coefficient value. 

The slope between each pair of observational data must be first calculated 
using the following equation to calculate the trend line slope, i.e., Q: 

 
 =   , (6) 
 

where > . In this equation,  and  are observational data at times  and , 
respectively. A slope is obtained for each pair of observational data by applying 
this relationship. In addition, a time series of calculated slopes is obtained by 
placing these slopes next to each other. That is, if there is an  number  in the 
time series (in this research, n=34), we will have an estimate of the slope  
equal to = 1 /2. 

In the next step, the median of the studied time series should be obtained. 
For this purpose, N number of  are sorted from small to large. Then, the median 
of the time series is determined using one of the following equations. If the 
number of observations of the studied time series is odd, Eq.(7) is used, and if it 
is even, Eq.(8) is used: 

 
 =   , (7) 
 
 = = +  . (8) 
 
The result of these equations is to obtain the trend line slope . If the 

trend line slope is positive, it indicates an upward trend, and if it is negative, it 
indicates a downward trend. 

The next step is to test the obtained slope in the confidence interval of  
= 0.05. The following equatuion is used to perform this test: 

 
 =   ,  (9) 
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where  is the statistic of the standard normal distribution in a two-way test which 
is equal to = 1.96 for 95% confidence level, and  is the variance of the 
parameter . The following steps must be followed to obtain the value of the 
parameter: 

a) Calculating the difference between each sentence in a series and applying 
the sign function sgn  and extracting the parameter S: 

 
 =   , (10) 

 
where  is the number of serial observations (in this research it is 34 years), 
and    are the data of the th and th series, respectively. 
 

b) Calculating the sign function (sgn) which can be calculated as follows: 
 
 ( ) = +1 ( ) > 00 ( )   = 01 ( ) < 0    . (11) 

 
c) Calculating the variance  using one of the following relationships. If the 

number of time series data is greater than ten, Eq.(12) is used, and if it is 
less than nine, Eq.(13) is used: 
 

 ( ) = ( )( ) ( )( )  , (12) 
 
 ( ) = ( )( ) , (13) 

 
where, n is the number of observational data, m is the number of series in 
which there is at least one repeated data, and t represents the frequency of 
data with the same value. 
 
Finally, the upper and lower confidence limits are calculated through the 

following relationships: 
 

 
==    , (14) 

 
where  is the number of slopes obtained by the method of Eq.(8). 
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Now, the th and th slopes from among the calculated slopes are 
extracted. If the number zero is in the range between the two slopes extracted 
above, the null hypothesis is accepted, and the absence of a trend in the data series 
is confirmed. Otherwise, the null hypothesis is rejected, and the existence of a 
trend in the confidence level of the test is accepted. 

Finally, n number of differences  is calculated to obtain the value of B 
in Eq.(5). Then, the median of these values provides the estimate of  (Alijani et al., 
2012b). 

5. Analysis and discussion 

5.1. Heat waves climatology 

For all the studied stations in the cental and southeastern parts of Iran, the different 
characteristics of heat waves including HWN, HWD, HWF, HWM, and HWA 
were extracted using the EHF index. The climatological mean (1985–2018) of 
each of these characteristics was calculated for the cental and southeastern parts 
of Iran (the long-term average of the numerical values of each of the 
characteristics of heat waves for all stations were added together and divided by 
the number of stations), and their results are given in Table 3. 

 
 
 
Table 3. Climatic average (1996–2018) of different characteristics of heat waves for the cental 
and southeastern parts of Iran 

Annual average Different characteristics of heat waves 

2.5 Heat waves number 

8.0 Heat waves duration 

14.6 Heat waves frequency 

41.2 Heat waves mean 

43.4 Heat waves magnitude 
 

 
 
 

The climatic average of HWN for the cental and southeastern parts of Iran 
was 2.5 events per year (Table 3). Minab station with 2.9 and Sirjan station with  
1.2 occurrences per year have the highest and lowest station average values of this 
feature of heat wave, respectively (Fig. 3a). The spatial distribution map of this 
feature of the heat wave in the cental and southeastern parts of Iran shows that its 
lowest values are observed in the western and the highest in the southern (northern 
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coasts of the Oman Sea and the Persian Gulf) parts of the study area (Fig. 3a). In 
terms of the duration, the climatic average of the HWD in this part of Iran was 
equal to 8 days (Table 3). The southern part of the studied area has the lowest and 
the western part has the longest heat wave duration (Fig. 3b). Jask station with 
5.5 days and Sirjan station with 11.5 days had the longest and shortest heat waves 
duration on a station scale, respectively (Fig. 3b). The HWF (the number of days 
involved in the occurrence of a heat wave) was the third feature of heat waves, 
whose climatic mean was analyzed for the cental and southeastern parts of Iran. 
The climatic average of this index for this part of Iran was 14.6 days (Table 3). Its 
spatial distribution in the cental and southeastern parts of Iran indicated the 
existence of low values in the southern half and high values in the western and 
central parts of the studied region (Fig. 3c). Jask station with 11.1 days and Sirjan 
station with 18 days have the lowest and highest heat waves frequency, 
respectively, in a station scale (Fig. 3c). The climatic average of HWM (average 
temperature of all heat waves) for the cental and southeastern parts of Iran was 
equal to 41.2 °C (Fig. 3). The highest values of this feature were observed in the 
northwest, east, center of Sistan and Baluchistan province, and south of Kerman 
province, and the lowest values were observed in the southeastern part of the study 
area (Fig. 3d). Iranshahr station with 44.2 °C and Chabahar station with 35.2 °C 
had the highest and lowest values of this heat waves characteristic, respectively 
(Fig. 3d). Finally, the average calculated for the heat waves magnitude was equal 
to 43.4 °C (Table 3). The spatial pattern of this feature is almost similar to the 
intensity feature of heat waves. The highest value of this feature was observed in 
the northwestern, eastern, and central parts of Sistan and Baluchistan province 
and south of Kerman province, and the lowest value was observed in the southeast 
ern part of the study area (Fig. 3e). Chabahar station with 38.6 and Minab station 
with 48.2 °C have the highest and lowest values of this feature in the cental and 
southeastern parts of Iran, respectively (Fig. 3e). 
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Fig. 3. Different characteristics of heat waves in the cental and southeastern parts of Iran 
including (a) HWN, (b) HWD, (c) HWF, (d) HWM, and (e) HWA using the EHF index in 1986–
2018. 

 
 

The distribution of the total frequency of heat waves in different months of 
the year was also considered. As it is presented in Table 4, the highest frequency 
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of heat waves in the studied stations in the cental and southeastern parts of Iran 
was concentrated in July, June, and August, respectively. In these three months, 
all the studied stations have experienced the maximum number of heat waves. 
Among the studied stations, Chabahar station was the only station that 
experienced heat waves in April and October. On April 1 and September 6, heat 
waves occurred at this station during the 34 years studied (1985–2018). 

 

Table 4. Distribution of the total frequency of heat waves in the 7 months of the warm period 
of the years 1985–2018 

Station April May June July August September October 

Zahedan 0 3 30 39 8 0 0 

Bam 0 2 33 30 6 0 0 
Bandar 
abbas 

0 11 26 21 16 7 0 

Bandar 
Lengeh 

0 5 14 23 18 3 0 

Birjand 0 2 29 39 11 0 0 

Chabahar 1 31 36 10 2 2 6 

Ferdows 0 0 28 34 12 2 0 

Iranshar 0 3 43 31 5 1 0 

Jask 0 14 40 17 9 0 0 

Kerman 0 1 28 35 8 0 0 

Minab 0 15 31 19 17 7 0 

Sirjan 0 0 20 38 9 0 0 

Tabas 0 0 25 40 15 0 0 

Yazd 0 0 21 36 15 0 0 

Zabol 0 3 24 35 12 1 0 

 

 

5.2. Analysis of the trend of long-term changes in different characteristics of 
heat waves 

This section presents the results of the trend analysis of long-term changes in five 
characteristics of heat waves in the cental and southeastern parts of Iran. The 
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HWN was the first feature of the heat waves that was noticed in the cental and 
southeastern parts of Iran. This feature of the heat waves is obtained by counting 
the number of heat waves that occur each year. The trend of long-term changes in 
the HWN on a regional scale for the cental and southeastern parts of Iran shows a 
significant increasing trend at the 95% probability level (Table 5). Based on this 
increasing trend, it is observed that 0.5 cases have been added to the heat waves 
number in the cental and southeastern parts of Iran in each decade (Table 5). In 
addition, the results of trend analysis at a station scale show an increasing trend 
for all studied stations except Sirjan station in Kerman province. Among the 
stations with an increasing trend, the two stations of Bandar-e Lengeh and Zabul 
have the highest values of the increasing trend in the heat waves number with an 
increasing trend of 1.04 and 0.93 in each decade, respectively (Fig. 4a). In terms 
of spatialdistribution, the highest change trend slope has been generally observed 
in the western half of Hormozgan province, southern part of Kerman province, 
central, and northern parts of Sistan and Baluchistan province (Fig. 4a). It should 
be noted that the trends of these changes were not significant for all the studied 
stations at the 95% probability level, and only Bandar Abbas, Iranshahr, Gorgan, 
Minab, Bam, Yazd, Bandar-e Lengeh, Zabul, and Zahedan stations were 
significant, the locations of which are shown in Fig. 4b. In line with the results of 
this part of the study, Namroodi et al. (2021) reported an increasing trend in the 
heat wave number in Iran. In that study, they showed that about 85% of the studied 
stations in Iran had an increasing trend in the heat wave number. In addition, 
Esmailnejad et al. (2014) confirmed the same increasing trend in the heat wave 
number for Iran. It should be noted that the indicators used in these two studies to 
identify Iran's heat waves were very different from the present study. 

 
 
 

 
Table 5. The average trend slope of the change of different characteristics of heat waves in a 
decade for the regional scale of the cental and southeastern parts of Iran 

The average slope trend changes 
in a decade 

Different characteristics of heat 
waves 

0.52 Heat waves number 

0.91 Heat waves duration 

2.61 Heat waves frequency 

0.1 Heat waves mean 

0.4 Heat waves amplitude 
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Fig. 4. (a) Spatial distribution of trend slope values of HWN changes in the cental and 
southeastern parts of Iran in terms of number per decade (1985–2018), and (b) the name and 
geographical location of the stations with significant trends at the probability level of 95% for the 
HWN in the cental and southeastern parts of Iran in terms of number per decade. 

 
 
Another feature of heat waves is the heat wave duration, which is indicated 

by the abbreviation HWD. In this feature, the longest heat wave of each year is 
defined as the heat wave duration. A significant increasing trend is observed in 
this feature of the heat wave in the regional average of the cental and southeastern 
parts of Iran. Based on this increasing trend, 0.91 days will be added to the heat 
wave duration in the cental and southeastern parts of Iran every decade (Table 5). 
At the station scale, except for the Jask station, whose long-term change trend has 
been decreasing, the rest of the studied stations have had an increasing trend 
(Fig. 5a). All these trends, both decreasing and increasing ones, were not 
significant at the 95% probability level. Stations of Zabul (2.23 days per decade), 
Kerman (2.06 days per decade), Iranshahr (1.46 days per decade), Bam (1.33 days 
per decade), Tabas (1.3 days per decade), Bandar-e Lengeh (1.15 days per 
decade), and Chabahar (1.03 days per decade) were the seven stations whose 
changes were significant at the 95% probability level. The spatial distribution of 
these seven stations is shown in Fig. 5b. In addition, the spatial distribution map 
of trend slope values of this feature of the heat wave changes in the cental and 
southeastern parts of Iran does not show a specific spatial pattern, but the northern 
part of Sistan and Baluchistan province and the northern part of Kerman province 
can be named as two important centers of increasing changes, while the west coast 
of the Oman Sea is the most important center of decreasing changes (Fig. 5a). 



  

489 

    

Fig. 5. (a) S Spatial distribution of trend slope values of HWD changes in the cental and 
southeastern parts of Iran in terms of day in the decade (1985–2018) and (b) the name and 
geographical location of the stations at the probability level of  95% probabilities for the duration 
of heat waves (HWD) in the cental and southeastern parts of Iran in terms of day in the decade 

 
 
The HWF is the third feature of the heat waves whose long-term changes 

trend in the cental and southeastern parts of Iran were considered. HWF refers to 
the total number of days involved in the occurrence of various heat wave events 
in a year. The trend analysis of this feature of the heat waves on a regional scale 
for the cental and southeastern parts of Iran shows an increasing trend of 2.61 days 
per decade. This increasing trend has been significant at the 95% probability level 
(Table 5). The trends analysis at the station scale also shows that out of 15 stations 
studied, 13 stations have an increasing trend and 2 stations have a decreasing 
trend. The two stations, Ferdous and Jask, whose long-term changes trend has 
been decreasing, are not significant at the 95% probability level. Among the 13 
stations with an increasing trend, the increasing trends of 11 stations have been 
significant at the probability level of 95%. In Fig. 6b, the geographical location 
of these stations is shown on a map of the cental and southeastern parts of Iran. 
The most observed changes among the studied stations belong to the stations of 
Zabul (5.23 days per decade), Bandar-e Lengeh (5.09 days per decade), Minab 
(4.52 days per decade), and Iranshahr (4.35 days per decade). Fig. 6a shows the 
spatial distribution of the slope values of the trend of the long-term change in 
HWF for the study area. According to this map, no specific spatial pattern of 
changes can be observed in the cental and southeastern parts of Iran, but two 
centers of decreasing changes can be observed in the southern and northern parts 
of the studied area, and several centers of increasing changes in the central and 
western parts of Hormozgan province, in the northern and central parts of Sistan 
and Baluchistan province (Fig. 6a). 
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Fig. 6. (a) Spatial distribution of trend slope values of HWF changes in the cental and 
southeastern parts of Iran in terms of day in the decade (1985–2018), and (b) the name and 
geographic location of the stations with significant trends at the probability level of 95% for the 
heat waves frequency (HWF) in the cental and southeastern parts of Iran in terms of days per 
decade. 

 

 
The long-term changes trend of HWM (average temperature of all heat wave 

events in one year) was analyzed both at a regional scale and at a station scale for 
the cental and southeastern parts of Iran. As mentioned, the regional average of 
this feature of the heat wave for the cental and southeastern parts of Iran was 
41.2 °C (Table 4). At the regional scale, a significant increasing trend has been 
observed at the 95% probability level with a slope value of 0.1 °C in each decade. 
In other words, 0.1 °C is added every decade to the HWM in the cental and 
southeastern parts of Iran (Table 5). At the station scale, it was also observed that 
the trend of the long-term change in this feature of the heat wave was decreasing 
at the three stations of Sirjan, Bandar-e Lengeh, and Ferdous. The decreasing 
trend of these three stations also was not significant at the 95% probability level. 
Among the remaining 12 stations with increasing trends, 6 stations have 
confirmed their increasing trends at a probability level of 95%. Fig. 7b shows the 
location and geographical distribution of these 6 stations with a significant 
increasing trend. Stations of Bandar Abbas (0.15 °C per decade), Yazd (0.15 °C 
per decade), Zabul (0.15 °C per decade), Minab (0.12 °C per decade), Kerman 
(0.11 °C per decade) and Bam (0.11 °C per decade) had the highest values of the 
trend slope change among the studied stations. The spatial distribution map of 
trend slope values of this feature of the heat wave change was also drawn for the 
cental and southeastern parts of Iran (Fig. 7a). Based on this map, three main 
centers of increasing changes were observed in the northern part of Sistan and 
Baluchistan province, in the northern half of Yazd province, the central part of 
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Hormozgan province, and the cental part of Kerman province (Fig. 7a). The 
centers of decreasing changes can also be identified in the northern part of South 
Khorasan province, the western part of Kerman province, and the western part of 
Hormozgan province. 

 
 

    

Fig. 7. (a) Spatial distribution of trend slope values of HWM changes in the cental and 
southeastern parts of Iran in terms of days per decade (1985–2018), and (b) the name and 
geographic location of the stations with significant trends at the probability level of 95% for the 
heat wave mean (HWM) in central and southeastern Iran in terms of days per decade. 

 
 
 
HWA was the last feature of the heat wave whose long-term changes trend 

were analyzed. HWA is defined as the highest temperature and the hottest heat 
wave event in a year. Its regional average was previously calculated for the cental 
and southeastern parts of Iran, which is equal to 43.4 °C (Table 4). The trend 
analysis results of long-term changes in this feature of the heat waves on a regional 
scale show a trend slope of 0.4 °C in each decade for the cental and southeastern 
parts of Iran, which was also significant at the 95% probability level (Table 5). 
On a station scale, 14 stations have an increasing trend and one station has a 
decreasing trend. The stations of Bandar Abbas, Iranshahr, Kerman, Minab, 
Zahedan, and Zabul have significant trends for this characteristic of the heat 
waves at the probability level of 95% (Fig. 8a). Among all the studied stations, 
the highest trend slope change belongs to the three stations of Bandar Abbas (0.81 
°C per decade), Minab (0.72 °C per decade), and Zabul (0.63 °C per decade). The 
spatial distribution of trend slope values of this feature of heat waves change 
indicates the existence of a specific spatial pattern in the cental and southeastern 
parts of Iran. In such a way, the trend slope changes are increasing from the 
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northwest to the southeast. Two very distinct spatial centers of the increasing 
change trend can be observed in the central part of Hormozgan province (Bandar 
Abbas and Minab stations) and in the northern parts of Sistan and Baluchistan 
province (Zabul station) (Fig. 8b). 

 
 

    

Fig. 8. (a) Spatial distribution of trend slope values of HWA changes in the cental and 
southeastern parts of Iran in terms of day per decade (1985–2018), and (b) the name and 
geographic location of the stations with significant trends at the probability level of 95% for 
HWA in central and southeastern Iran in terms of days per decade. 

 
 

6. Conclusion 

In this study, the climatology and long-term change trends of five different 
characteristics of heat waves in the cental and southeastern parts of Iran were 
analyzed using the EHF. The average of the highest number of heat wave events, 
and at the same time, the shortest average of their duration were observed in the 
stations located 492nt he coasts of the Oman Sea and the Persian Gulf, and on the 
Sistan plain in the eastern part of the studied area. The lowest average of heat 
wave number events and at the same time, the longest average of their duration 
was observed in the west of the studied area, which includes the two provinces of 
Kerman and Yazd. The average of the most intense heat waves did not follow 
specific spatial patterns in this region, and the average of the most intense heat 
waves in the northeastern (Tabas station), eastern (Zabul station), southeastern 
(Minab station), and central parts of Sistan and Baluchistan province (Iranshahr 
station) were observed in the point form. The high potential of this climatic hazard 
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for this part of Iran has been well shown due to the climatological results of the 
different characteristics of heat waves in the cental and southeastern parts of Iran. 

In addition, the trend analysis of long-term changes in five different 
characteristics of heat waves in the cental and southeastern parts of Iran has 
indicated the intensifying of all these five characteristics for this part of Iran. On 
a regional scale, in each decade, 0.5 events have been added to the HWN in the 
cental and southeastern parts of Iran from 1985–2018. The long-term trend 
changes in the HWD also indicated an increase of 0.91 days per decade. The HWF 
has shown more drastic changes than other characteristics of heat waves. In every 
decade, 61.2 days have been added to the frequency of days contributing to the 
event of heat waves. This increase in HWF can be a serious warning for the 
occurrence of more and longer heat waves in the cental and southeastern parts of 
Iran. The regional average of HWM for the cental and southeastern parts of Iran 
is 41.2 degrees Celsius, which has increased by 0.1 °C every decade from 1985–
2018. The average regional HWA for the studied area was about 43.4 degrees 
Celsius, and its long-term trend changes indicate an increase of 0.4 °C every 
decade. 

The most drastic changes in the characteristics of heat waves in a station 
scale were observed in Zabul, Minab, Bandar Abbas, Bandar-e Lengeh, Yazd, 
Kerman, and Iranshahr stations, respectively. In the meantime, Zabul station in 
the northern part of Sistan and Baluchistan province has a more dangerous 
situation than other stations. The most important environmental factors in 
intensifying the various characteristics of heat waves in this part of Iran are the 
drying up of three international Hamon lakes, severe and long-term droughts, and 
the loss of vegetation. Stations located on the southeast coast of the study area 
such as Minab, Bandar Abbas, and Bandar-e Lengeh also experience the same 
situation as Zabul. Therefore, politicians and planners should pay special attention 
to the eastern and southeastern regions of the studied area, because they are the 
important centers of change in the characteristics of heat waves 

These findings show the importance of choosing a suitable index for monitoring 
different characteristics of heat waves. The EHF index is a composite index based 
on minimum and maximum daily temperatures, which can be one of the suitable 
indices in this regard. Finally, it is necessary to consider the relationship of these 
changes with large-scale atmospheric forcing in future studies to gain a deeper 
understanding of the changes that occurred in the various characteristics of heat 
waves. In addition, it is necessary to study energy consumption and human health in 
this part of Iran, which has a dry and super-dry climate. 
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