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Introduction

The changing climate has increased the im-
portance of atmospheric research in recent 
decades. The combined study of the many in-
terconnected components of the Earth system 
is necessary to gain a deeper understanding of 
the scale and rate of change in the atmosphere, 
and to unravel the interconnections between 
them, on a scale and at a rate not previously 
known in human history (Easterling, D.R. 
et al. 2000; Shepherd, T.G. 2014; IPCC, 2022). 

A key part of this is the study of atmospheric 
components traveling with the major circula-
tions and the winds driven by these airflow 
systems over long distances (Harrison, S.P. 
et al. 2001; Kohfeld, K.E. and Tegen, I. 2007; 
Maher, B.A. et al. 2010; Pósfai, M. and Buseck, 
P.R. 2010).

Over the past decades, atmospheric 
mineral dust has been in the focus of climate 
and environmental research. The emission, 
transport and deposition of particulate 
matter has an impact on our environment 
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Abstract

The number and intensity of Saharan dust storm events identified in Europe has been increasing over the 
last decade. This can be explained by the role of ongoing climate change. An extension of previous studies 
covering a 40-year period is presented in this paper, with new data on the frequency, synoptic meteorological 
background, source areas, grain size, grain shape and general mineralogy of deposited dust for the period 
2019–2023 in the Carpathian Basin. A total of 55 dust storm episodes have been identified in the region over the 
five-year period, which is significantly higher than the long-term average. The classification based on synoptic 
meteorological background clearly showed that the frequency of circulation types with a more pronounced 
meridional component increased and dust material reached further north more frequently than before. In sev-
eral cases, large amounts of dust were deposited, from which samples were collected and subjected to detailed 
granulometric analysis. The varied grain size data showed that coarse silt (20–62.5 µm) and sand (62.5 < µm) 
fractions were also present in large quantities in the transported dust material.
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locally, regionally and globally (Monteiro, 
A. et al. 2022). Mineral particles with a wide 
variety of material properties are released 
into the atmosphere and scatter, reflect 
and absorb radiation from the sun, directly 
modifying the irradiance patterns (Arimoto, 
R. 2001). The role of particulate matter in 
cloud formation is considered as an indirect 
radiative effect (Nickovic, S. et al. 2016; 
Rieger, D. et al. 2017; Weger, M. et al. 2018; 
Adebiyi, A.A. et al. 2023). For a given water 
vapour content, the increased atmospheric 
particle number also increases the number 
of condensation nuclei required for cloud 
and ice formation, thus contributing to 
the formation of more but smaller cloud 
elements (Hoose, C. et al. 2008; Nickovic, S.  
et al. 2016; Ginoux, P. 2017; Kok, J.F. et al. 
2017; Ansmann, A. et al. 2019). This will result 
in the formation of lighter but longer-lived 
clouds due to the dust-loaded air masses. 
Other environmental effects of long-range 
mineral particles at the point of deposition 
are also significant: in soil formation (see 
e.g., Terra rossa soils of the Mediterranean 
– MacLeod, D.A. [1980]; Jackson, M.L. et al. 
[1982]; Jahn, R. et al. [1991]; Atalay, I. [1997]; 
Muhs, D.R. et al. [2010]); in the carbon cycle 
through the iron and phosphorus supply to 
ocean and marine ecosystems (Ridgwell, A.J. 
2002); in the modification of precipitation pH 
(Rodá, F. et al. 1993; Rogora, M. et al. 2004; 
Čanić, K.Š. et al. 2009) and in many other 
processes (for details, see e.g., Meinander, 
O. et al. 2022; Monteiro, A. et al. 2022).

Every year, billions of tons of mineral dust 
are picked up by the winds from arid semi-
arid regions and transported, sometimes 
thousands of kilometres (Tegen, I. and 
Lacis, A.A. 1996; Mahowald, N.M. et al. 
1999, 2006; Ginoux, P. et al. 2001). The main 
source areas are in the Sahara, from where 
the dust is transported to the Atlantic (as far 
as the Americas); northwards to Europe; and 
eastwards to the Middle East.

The frequency of dust transport to Europe 
has changed in recent years (Varga, Gy. 
2020; Hrabcak, P. 2022; Salvador, P. et al. 
2022; Cuevas-Agulló, E. et al. 2023; Kok, J.F.  

et al. 2023). In Spain, France, Central Europe, 
the Carpathian Basin and even at higher 
latitudes such as Greenland (Francis, D.  
et al. 2018), Iceland (Varga, Gy. et al. 2021), 
and Finland (Varga, Gy. et al. 2023), the 
changing flow patterns and the occurrence of 
African dust have been noticed. The general 
picture of the Saharan dust masses and dust 
storm events reaching the Carpathian Basin 
over the last 40 years has been described 
in great detail in previous publications 
(Varga, Gy. et al. 2013; Varga, Gy. 2020). In 
this paper, we present the frequency and 
intensity variations observed in the last few 
years, including the characteristics of the 
grain size and particle size distribution of 
the transported dust.

Material and methods

Study area

We investigate Saharan dust events reaching 
the Carpathian Basin (45°–48.5° N, 16°–23° E). 
This closed basin in central Europe is bound-
ed by the Alps, Carpathians and Dinarides 
mountain ranges. The climate and weather 
are determined by three meteorological re-
gimes: Atlantic, Continental and Mediter-
ranean. Previous research by Varga, Gy. 
(2020) on dust storm events from the Sahara 
has shown that air masses of African origin 
typically transport desert dust into the region 
in spring and summer. Winter dust storm 
events have also increased in the last decade, 
sometimes accompanied by significant depo-
sition and muddy rain. From 1979 to 2018, 
218 Saharan dust storm events have reached 
the Carpathian Basin, with a clear increasing 
trend in the time series.

Identification of dust storm events

For reasons of consistency with previous 
research, the same methodology was used 
as before. Potential dust storm events were 
identified using standardised values from 
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daily TOMS, EP and OMI Aerosol Index 
data available since 1979. Verification of the 
potential events was based on a multi-step 
procedure using satellite imagery, modelling 
of the air trajectory propagation by HYSPLIT 
back-trajectory (HYbrid Single-Particle La-
grangian Integrated Trajectory – Stein, A.F. 
et al. 2015), CALIPSO aerosol v4.10 subtype 
vertical profiles (https://www-calipso.larc.
nasa.gov/) to verify the presence of mineral 
dust in the air column, and the MERRA-2 
Dust Column Mass Density dataset avail-
able since 1980 (Area-Averaged of Dust Col-
umn Mass Density [M2T1NXAER v5.12.4] 
– Gelaro, R. et al. [2017] – data were obtained 
from Giovanni application for visualisation 
and access Earth science remote sensing data 
platform [https://giovanni.gsfc.nasa.gov/gio-
vanni/]). Also from the MERRA-2 database 
are the wet and dry dust deposition data 
(Dust Dry Deposition Bin-all: M2TMNXADG 
v5.12.4; Dust Wet Deposition Bin-all: M2TM-
NXADG v5.12.4; Dust Dry+Wet Deposition 
Bin-all: M2TMNXADG v5.12.4).

In addition to the areal averages of the 
MERRA-2 datasets, we also used spatial flux 
data of dust dispersion and the Barcelona 
Supercomputing Center NMMB/BSC model 
(Pérez, C. et al. 2011; Klose, M. et al. 2021), 
where dust load, dry and wet deposition 
values were estimated using the SDS-WAS 
(Sand and Dust Storm Warning Advisory 
and Assessment System) interface.

Synoptic meteorology

Synoptic meteorology-based typing of indi-
vidual events was based on the Daily Mean 
Composite application of NOAA Earth Sys-
tem Research Laboratory (http://www.esrl.
noaa.gov/psd/) using the NCEP/NCAR (Na-
tional Centers for Environmental Protection 
/ National Center for Atmospheric Research) 
Reanalysis Project dataset (Kalnay, E. et al. 
1996) 700 hPa potential level, meridional and 
zonal wind components, and wind vectors. 
The use of the 700 hPa level as a vertical 
level, also considered as a typical transport 

altitude, has been shown to be characteristic 
in previous studies (Alpert, P. et al. 2004; 
Barkan, J. et al. 2005; Varga, Gy. et al. 2013). 
To analyse the possible role of high-altitude 
eddy-driven polar jet stream flow and its 
changing patterns, data for the 250 hPa level 
were also examined.

Granulometric analyses

Mineral dust samples collected during dust 
storm events coinciding with intense depo-
sition were analysed using automated static 
image processing technology with a Malvern 
Morphologi G3-IDSE. During the study, the 
size and shape parameters of tens of thou-
sands (typically 50,000) of individual grains 
are automatically recorded during scanning 
with a 40 pixel per μm2 resolution objective.

Among the available parameters, we used 
the circle-equivalent diameter, high-sensitiv-
ity circularity, convexity, aspect ratio, solid-
ity and grayscale intensity determined as a 
function of transmittance. Circle-equivalent 
diameter is calculated as the diameter of a 
circle with the same area as the projected 
two-dimensional particle image.

The shape parameters are highly depend-
ent on the size of the grain (partly for meas-
urement-technical reasons), so the 5–40 µm 
range was investigated for shape-analyses. 
An accurate indicator of the circularity prop-
erty is the high sensitivity (HS) circularity, 
which is calculated by the instrument as the 
ratio of the projected area of the grain to the 
square of its circumference. Solidity value is 
given by the ratio of the area of the investi-
gated object to the area enclosed by the con-
vex hull, while aspect ratio is the ratio of the 
width to the length of a given particle. The 
value of convexity is determined by dividing 
the circumference of the convex hull by the 
circumference of the grain. The perimeter of 
the convex hull is the smallest convex poly-
gon containing the area of the grain.

In addition to automated image pro-
cessing, mineral composition studies were 
also performed using a Raman spectrom-
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eter (Kaiser Optical Systems Raman Rxn1 
Spectrometer, 785 nm, < 500 mW) as part of 
the instrument, after correlating the recorded 
spectra of selected grains with a reference 
database (BioRad-KnowItAll Informatics 
System 2017, Raman ID Expert).

Results

Saharan dust storm events in the Carpathian 
Basin

The identified dust storm events were clas-
sified into three main groups based on their 
synoptic meteorological background and 
closely related air mass trajectories. A de-
tailed description of the classification can 
be found in Varga, Gy. (2020). The most fre-
quent events (about two thirds of all events) 
are associated with the southward flow of the 
high-altitude atmospheric trough over the 
Eastern Atlantic basin, and mainly Saharan 
dust storm events transported over the West-
ern Mediterranean basin are placed in this 
cluster. African air masses arriving into the 
Carpathian Basin over the Central Mediterra-
nean basin with the frontal flow of the Medi-
terranean cyclones were classified as Type-2, 
accounting for a quarter of all episodes. The 
relatively rare Type-3 events, under which 
conditions dust material was drifting over the 
Atlantic Ocean and then became long-range 
dust transport episodes with westerly winds, 
accounted for 8 percent of all events over the 
last four and a half decades (Figure 1).

The previously published database has 
been extended to November 2023, and now 
contains 273 identified Saharan dust storm 
events from 1979 onwards. The time series 
and seasonality distributions, completed 
with MERRA-2 deposition data, are shown 
in Figure 2 and Table 1. The data clearly 
demonstrate that the number of dust storm 
events in the region has increased over 
the last decade and a half. During the first 
three decades of the period under study, 
an average of 3–5 episodes per year hit the 
Carpathian Basin. This number increased to 
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an average of 9 in the 2010s, and to 11 in the 
2019–2023 period, which is examined below 
in detail. According to surface observations 
and European reports (e.g., Salvador, P.  
et al. 2022; Cuevas-Agulló, E. et al. 2023), the 
intensity of each event (the amount of trans-
ported and deposited dust) also increased 
during this period. This is confirmed by the 
increasing frequency of local muddy rain 
events, which regularly receive considerable 
media coverage.

A detailed analysis of the dust storm 
events of the fifth (half)decade of the 45-year 
database has been undertaken in this article. 
This included the identification of 55 new ep-
isodes between 2019 and 2023. In addition to 
the increased number of events, it was strik-
ing that the occurrence of Type-3 episodes 
increased significantly, especially in 2022 and 
2023. During the five-year period, 10 such 
episodes were recorded, compared to a to-
tal of 17 in the previous 40 years. However, 
based on surface observations, MERRA-2 
Dust Column Mass Density data and dust 
load data from the BSC operational forecast, 
there have been changes in intensity in recent 
years (Figures 3 and 4).

Characteristics of some selected events

To illustrate the changing intensity of dust 
transport and increasing frequency of Type-3 
episodes, 11 events were selected (Figure 5), 
the main characteristics of which are present-
ed in the following:

SDE #1: 23 April 2019.
The most intense and widespread Saharan 
dust storm event in decades hit Europe in 
April 2019. By 19 April, atmospheric dust 
forecast models were already predicting 
large amounts of dust over the Iberian Pen-
insula, with a steady supply from the African 
continent. The cut-off low of 20 April 2019 
(a closed circulation system formed from an 
upper-level trough in the preceding days) de-
termined the synoptic situation of North Af-
rica, and the cyclonic flow lifted a huge mass 
of desert dust into the atmosphere. The dust-
loaded air masses drifted north and northeast 
(to the western Mediterranean, Spain, south-
ern France and Italy, then towards the Bal-
kans, central and western Europe, the British 
Isles), and on 23–24 April atmospheric dust 
was observed over the continent from almost 

Table 1. Decadal, seasonal and type-specific frequencies of Saharan dust storm events in the 
Carpathian Basin between 1979 and 2023

Types and seasons
Decades

1998–2008 1989–1998 1999–2008 2009–2018 2019–2023* Total

Type-1
Seasons

spring
summer
autumn
winter

14
14
2
2

10
4
2
–

15
15
3
2

17
24
9

13

10
10
10
5

66
67
26
22

T1 total 32 16 35 63 35 181

Type-2
Seasons

spring
summer
autumn
winter

7
–
3
4

6
–
1
–

8
2
2
2

7
2
4
7

6
2
1
1

34
6

11
14

T2 total 14 7 14 20 10 65

Type-3
Seasons

spring
summer
autumn
winter

–
1
1
–
2

1
–
–
3
4

–
–
3
1
4

2
5
–
–
7

–
6
2
2

10

3
12
6
6

27T3 total
Total 48 27 53 90 55 273
*Refers to a half-decade period.
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Fig. 3. MERRA-2 daily Dust Column Mass Density and monthly deposition data, and identified Saharan dust 
storm events by type, 2019 to 2023. Source: Authors’ own elaboration.

Fig. 4. Dust transport pathways of Saharan dust storm events reaching the Carpathian Basin by year between 
2019 and 2023. (Numbered and bolded trajectories of selected episodes are described in the text). 

Source: Authors’ own elaboration.
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Fig. 5. Synoptic meteorological background (700 hPa geopotential height); backward trajectories of dust-loaded 
air masses; modelled dust load and wet dust deposition. Data source: WMO Barcelona Dust Regional Center and 
the partners of the Sand and Dust Storm Warning Advisory and Assessment System (SDS-WAS) for Northern 

Africa, the Middle East and Europe.



327Varga, Gy. et al. Hungarian Geographical Bulletin 72 (2023) (4) 319–337.

Fig. 5. – Continued.

Iceland to southern Turkey. The meteorologi-
cal background to the event is a cut-off low 
resulting from the southward movement of 
a high-altitude atmospheric trough over the 
eastern Atlantic basin. The intense souther-
ly flow formed on the foreward side of the 
eastward moving low pressure plume, which 
then spread from NW Europe to the eastern 
Mediterranean Sea due to the blocking effect 
of the anticyclone over the continent.

SDE #2: 27 May 2019.
The strong southerly flow (meridional wind 
component above 20 < m/s at the typical dust 
transport height of 700 hPa) of the foreward 
side of the cyclone that formed over the west-
ern Mediterranean Sea and then deepened 
over the central sub-basin drifted the Saha-
ran dust over the Carpathian Basin in late 
May 2019. During the precipitation events 
associated with the Mediterranean cyclone, 



Varga, Gy. et al. Hungarian Geographical Bulletin 72 (2023) (4) 319–337.328

large amounts of dust were washed out over 
central Europe. An extensive cirrus canopy 
was observed in satellite imagery and in 
cloud subtype analyses of CALIPSO vertical 
profiles, the formation of which is assumed 
to be driven by increased dust concentration 
and condensation nuclei number.

SDE #3: 9 February 2020.
The transport path of the Saharan dust storm 
event identified in February 2020 is the long-
est trajectory identified in recent decades, 
with desert dust reaching the Carpathian 
Basin atmosphere after a transport of about 
7,500 km. The episode associated with the 
Western Sahara dust plume initially headed 
towards the Atlantic Ocean, driven by the 
clockwise flow regime of a large-scale anti-
cyclone over the southern Iberian Peninsula 
and the north-western Sahara. Dust drifting 
over the ocean was carried northwestward 
by the circulation system of the high-pres-
sure atmospheric object and then moved 
towards Europe in the westerly wind belt. 
During this period, the unusually southerly 
position of the polar jet stream contributed 
to the formation of several Atlantic depres-
sions and their associated storms, violent 
cyclones and synoptic situations dominated 
by meridional wind components. The former 
Iberian anticyclone led to the formation of a 
western European omega block, which was 
of fundamental importance in controlling 
the direction of dust transport. It should be 
mentioned that the present episode is also 
included in the catastrophe of Saharan dust 
storm events reaching Iceland, as well as the 
April 2019 episode (Varga, Gy. et al. 2021).

SDE #4: 15 May 2020.
Intense dust storms developed in the south-
ern foothills of the Atlas Mountains during 
the powerful wind gusts of a cold drop from 
the high amplitude southerly wave of the 
polar jet stream. African air masses, driven 
by a southwesterly flow driven by a pressure 
gradient generated by a frontal trough cross-
ing Europe in a southwesterly-northeasterly 
direction and a pressure gradient between a 

southeastern European high-pressure block-
age, reached the Carpathian Basin in mid-
May 2020. The huge amounts of particulate 
matter were transported from the southern 
Atlas foothills, from unconsolidated sedi-
ments of its mountain foothills, from the 
deposits of its intermittent water flows and 
from the sediments of its salt lakes, which 
also have a hectic water flow, so from rela-
tively nearby Saharan source areas. Dust 
deposition has been reported from many 
countries (Garofalide, S. et al. 2022), and 
the deposited dust was clearly observed on 
car windscreens, roof windows and other 
outdoor surfaces.

The particle size of the samples collected 
from the deposited particulate matter var-
ied over a wide range, with both the finest 
(fine silt) and sand fractions appearing on the 
distribution curve, with a mode of 32.6 µm.

SDE #5: 24 February 2021.
The large-scale circulation conditions of the 
event were determined by a central European 
atmospheric ridge and the omega blocking 
situation formed by the troughs on either side. 
The western trough appeared more prominent 
on the pressure maps than the eastern one and 
extended as far northwest as Africa, where a 
cut-off low was also formed. This meteoro-
logical situation persisted for days and in this 
stationary state the Saharan dust transport 
over the western Mediterranean basin flowed 
directly northwards towards higher latitudes. 
In the atmospheric trough flow regime, the 
transport of dust at latitudes N50° deviated 
from the meridional direction and followed the 
isohips towards the Carpathian Basin. Both the 
enhanced, above-average meridionality and 
the extreme amount of dust transport associ-
ated with this event have been discussed in 
detail by Francis, D. et al. (2023). Intense dust 
deposition from southwestern Europe to Fin-
land has created opportunities for citizen sci-
ence campaigns in many places (e.g., Mein-
ander, O. et al. 2023). The results of a highly 
successful project to collect the dust deposited 
in the French Alps in connection with the event 
were published in Dumont, M. et al. (2023).
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The particle size of the samples deposited 
in the Carpathian Basin was found to be par-
ticularly coarse-grained, with a mode size of 
98.2 µm in the distribution curve during our 
measurements, and smaller particles barely 
appearing in the sample.

SDE #6: 13 July 2021.
On 9 July 2021, intense dust storms devel-
oped in the Tidikelt depression (surrounded 
by plateaus (Tanezrouft, Plateau du Tade-
mait) and mountains (Ahaggar, Tassili-n-Ajj-
er), with dust material drifting northwards 
due to the flow system of a low-pressure at-
mospheric formation moving eastwards from 
the Canary Islands. The Saharan dust-loaded 
air masses were transported eastwards from 
western Europe by a cyclonic cold front into 
the central European atmosphere, where an 
intense washout episode was again observed.

SDE #7: 16 March 2022.
Another Saharan dust storm event affecting 
almost all of Europe hit our region in March 
2022. Images of orange-coloured snowfields 
in the Pyrenees and the Alps attracted a lot of 
press coverage, but even in Finland there was 
significant washout (Meinander, O. et al. 2023; 
Varga, Gy. et al. 2023). The synoptic meteoro-
logical background of the event was similar 
to that of the previous ones: the cut-off low 
from the high-altitude trough, generated by an 
unusually high-amplitude southern wave of 
the polar jet stream, caused violent dust storm 
to pass through the Atlas, with dust material 
drifting along the northward branch towards 
the higher latitudes of Europe.

The deposited fine-grained dust samples had 
a mode size of 12.1 µm, which is the smallest 
of our Saharan dust samples collected so far.

SDE #8: 22 April 2022.
A powerful cyclone over the Iberian Peninsula 
advected large amounts of particulate matter 
into the Mediterranean Sea from the Atlas fore-
lands on 20 April 2022. Two days later, as the 
low-pressure formation drifted eastwards, its 
frontal meridional flow brought dust-loaded 
air masses to the atmosphere of central Europe. 

Precipitation-washed particulate matter 
once again appeared as muddy rain in the 
Carpathian Basin, with the mode of the sam-
ples occurring at 26 µm on the volume-based 
size distribution curve.

SDE #9: 19 June 2022.
The steep pressure gradient between the 
cut-off low from the high-latitude trough 
along the Atlantic coast of the Iberian Penin-
sula and northwest Africa and the extensive 
anticyclone that dominates the weather of 
southwestern Europe was responsible for 
the atmospheric transport of Saharan dust, 
which flowed northward in association with 
the circulation system. The Saharan dust 
reached the Carpathian Basin along the 
northern edge of the dissipating anticyclone, 
with its clockwise flow passing the British 
Isles, northern Germany and Poland.

SDE #10: 21 June 2023..
The weather of the European continent was 
dominated by an omega-block low-high-low 
pressure system with an anticyclonic centre 
over the central Mediterranean basin. The 
southerly flow of the western low-pressure 
system transported particulate matter from 
the intermountain basins of the Atlas north-
wards, where the circulation of the northern 
edge of the anticyclonic system carried air 
masses towards the Carpathian Basin.

SDE #11: 9 October 2023.
The weather in western Europe and north-
west Africa was dominated by a powerful 
anticyclone in early October 2023. Large 
amounts of dust were released from the At-
lantic coastal West African source areas as a 
result of localised heavy dust storms, which 
drifted over the ocean and then northwards. 
In the North Atlantic region, a series of cy-
clones deepened and the steep pressure gra-
dient between the prevailing atmospheric 
pressure regimes allowed the further long-
range transport of air masses containing 
large amounts of dust. Dust also reached the 
Irish region and then flowed towards Central 
Europe via northwesterly currents.
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Temperature changes during dust storm events

The intrusion of African air masses into the 
temperate zone necessarily leads to warm-
ing. The variability in seasonality, synoptic 
background, intensity, transport path and 
frequency of Saharan dust storm events by 
type all play a role in the observed tempera-
ture changes during episodes over time.

During Type-1 SDEs, the major warming 
effect is mainly observed in autumn and 
winter, but the average temperature increase 
is above 1.5 °C in about all seasons (Table 2). 
Type-2 events associated with Mediterranean 
cyclones also typically cause above-average 
warming in autumn and winter, but over 
the whole period there has been an increase 
in the spring warming effect on decadal 
averages. However, just in the last few years, 
this effect has again been reduced.

In the last five-year period examined in 
detail, the number of Type-3 events has 
increased, but the low number of cases means 
that average effects are not worth talking 
about for earlier periods. Due to the longest 
transport path, the warm advection influence 
of this type could be the weakest, but due to 
the synoptic meteorological background, i.e., 
the need for anticyclonic effects in the study 
area prior to the arrival of dust, a relatively 
large average temperature increase has been 
observed in the recent past for summer events.

Granulometric and mineral characteristics

Granulometric analyses of dust samples col-
lected during intense deposition events reveal 
a high degree of heterogeneity (Figure 6). The 
particle size of the dust material varies widely, 

Table 2. Average surface temperature increase in the Carpathian Basin during the Saharan dust events 
by decades and synoptic type

Decades Types
Seasons Annual 

meanspring summer autumn winter

1979–1988

Type-1
Type-2
Type-3
Decadal mean

2.7
-0.6

–
1.6

1.7
–

-2.2
1.4

6.6
2.2
2.9
3.8

3.6
2.0

–
2.5

2.6
0.8
0.3
2.0

1989–1998

Type-1
Type-2
Type-3
Decadal mean

3.7
1.0
9.6
3.1

3.6
–
–

3.6

4.4
3.3

–
4.1

–
–

2.4
2.4

3.8
1.3
4.2
3.2

1999–2008

Type-1
Type-2
Type-3
Decadal mean

3.3
2.0

–
2.8

3.7
4.4

–
3.8

6.6
5.4
5.7
6.0

0.0
7.4
4.1
3.8

3.6
3.6
5.3
3.7

2009–2018

Type-1
Type-2
Type-3
Decadal mean

2.6
4.4
2.3
3.0

3.6
1.6
4.0
3.6

4.8
5.9

–
5.1

4.1
4.6

–
4.3

3.6
4.5
3.6
3.8

2019–2023*

Type-1
Type-2
Type-3
Decadal mean

1.4
0.4

–
1.0

4.0
1.9
3.3
3.6

5.4
3.1
0.3
4.5

6.9
1.6
1.1
4.8

4.1
1.0
2.3
3.2

Total

Type-1
Type-2
Type-3
Mean

2.7
1.5
4.7
2.4

3.3
2.8
3.2
3.2

5.4
4.3
3.4
4.8

4.3
4.0
2.3
3.9

3.5
2.6
3.2
3.3

*Refers to a half-decade period.
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with relatively coarse particles often observed, 
exceeding 20–30 µm. For the samples studied, 
the modes of the volume distribution curves 
varied from 12.1 µm to 98.2 µm. In some events, 
the size distributions spanned a wide range.

This variability was less observed in the 
shape parameters. Although we have limited 
the size dependence of the parameters by ana-
lysing only the 5–40 µm range, it is still evi-
dent that the largest grain size sample of the 24 
February 2021 event shows a different character 
(with significantly smaller convexity and HS 
circularity values). It is also observed that the 
dimensionless Intensity mean values, which are 
also closely related to size and depend on the 
light transmittance, also vary in a large range 
(73.4–117.0). Nevertheless, the shape character-
istics of the other samples showed very small 
differences (Table 3). The high convexity (0.97–
0.98) and solidity (0.94–0.98) parameters clearly 
support the eolian origin.

Our Raman spectroscopy measurements, 
which do not provide enough data for de-
tailed mineralogical analysis, identified 
quartz, feldspar, calcite, dolomite and gyp-
sum in the samples. In addition, other min-
erals are obviously present in the deposited 
material, but the technology used is currently 
not suitable for their detection (Table 4).

However, from the information available, 
it is clear that quartz and feldspars make up 
the largest proportion of the samples. The 
number of quartz grains is closely related to 
the average grain size, with the samples con-
taining the coarsest grains showing the high-
est number of quartz. In general, it was also 
observed that gypsum was mainly observed 
in samples from the Tunisian chotts and the 
southeastern foreland of the Atlas. However, 
it is also clear that these mineralogical data do 
not allow the possible sources to be precisely 
determined. It is also notable that the sample 
associated with the strong dust storm event of 
March 2022, which affected the largest area, 
was heterogeneous in mineralogical terms, 
presumably due to the combined emission 
of several dust sources that were acive at the 
same time and the mixing of dust material.

Discussion

Changing dust transport mechanisms – the new 
normal?

We have highlighted in our previous studies 
that the number and intensity of Saharan dust 
storm events in Central Europe (Varga, Gy. 

Fig. 6. Grain size distributions of Saharan dust material deposited in Hungary. Source: Authors’ own elaboration.
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et al. 2013; Varga, Gy. 2020; Rostási, Á. et al. 
2022) has increased in the last 10–15 years. 
These findings have been confirmed by sev-
eral other studies across Europe, which also 
report more frequent (Salvador, P. et al. 
2022; Cuevas-Agulló, E. et al. 2023; Kok, J.F. 
et al. 2023) and intense Saharan dust storm 
events. It was also striking that North Afri-
can dust is not only reaching the southern 
regions of the European continent, but is also 
becoming more frequent in more northerly 
regions (e.g., Greenland – Francis, D. et al. 
2018; Iceland – Varga, Gy. et al. 2021; Fin-
land – Meinander, O. et al. 2023; Varga, Gy. 
et al. 2023).

This is supported by data from the last 
five years, which are presented in this ar-
ticle. Both the significantly higher number 
of events than long-term averages and the 
changing synoptic background fit well into 
the context of the previously raised idea 
that climate change is driving significant 
changes in atmospheric transport processes. 
One manifestation of this is the increased 
warming of the Arctic, i.e. the jet stream pat-
tern modifying effect of Arctic amplification 

(Francis, J.A. and Vavrus, S.J. 2012). This 
spatially differentiated warming results in 
a decreasing temperature contrast between 
higher and lower latitudes, which difference 
drives the jet stream, and thus determines its 
trajectory to deviate more from the west-east 
flow direction, which is clearly characterized 
by zonal components, and to become wavier 
(the role of meridional wind components is 
increased). In general, a meridional pattern 
of wind vectors was observed at high alti-
tudes during the intense episodes. The low-
pressure atmospheric systems that blew 
through the Atlas Mountains (driven by the 
jet), causing severe dust storms there, turned 
northwards under the influence of the domi-
nant flow and reached central and northern 
Europe. Similar synoptic situations have 
been described by Francis, D. et al. (2023) 
for Saharan dust storm events associated 
with atmospheric river situations in the Alps, 
which can coexist with severe melting. In 
another publication (Francis, D. et al. 2018), 
they reported on this meteorological situa-
tion in the context of the transport of African 
dust-loaded air masses reaching Greenland.

Table 3. Shape properties of mineral particles sampled during dust deposition events in Hungary 
(D[4,3] – Volume Moment Mean – De Brouckere Mean)

Sample name
SDE #4 
15 May 

2020

SDE #5 
24 February

2021

SDE #7 
16 March

2022

SDE #8
22 April

2022

SDE
19 August

2022
Aspect Ratio D[4,3]
Convexity D[4,3]
Elongation D[4,3]
HS Circularity D[4,3]
Solidity D[4,3]
Mean Intensity D[4,3]
Intensity STDV D[4,3]

0.78
0.97
0.45
0.81
0.96
77.56
26.85

0.77
0.86
0.45
0.63
0.94

117.00
25.52

0.77
0.98
0.46
0.82
0.96
78.19
23.21

0.77
0.97
0.45
0.82
0.96
73.39
22.40

0.78
0.98
0.54
0.86
0.98
93.47
19.12

Table 4. General mineralogical properties of the Saharan dust samples collected in Hungary

SDE
Quartz Feldspar Calcite Dolomite Gypsum

%
SDE #4 – 15 May 2020
SDE #5 – 24 February 2021
SDE #7 – 16 March 2022
SDE #8 – 22 April 2022
SDE – 19 August 2022
Mean

74.7
85.6
68.1
74.1
75.7
75.9

15.2
4.1
10.1
17.9
14.3
13.0

6.3
1.0
7.2
5.6
1.4
4.4

1.3
9.3
5.8
0.6
4.3
3.8

2.5
0.0
8.7
1.9
4.3
2.9
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This type of increased meridional flow 
due to climate change will lead to extreme 
weather events. Atmospheric flows driven 
by the wavy jet stream cross zones with fun-
damentally different climatic parameters in 
their general characteristics, sometimes caus-
ing cold spells from the Arctic and, as shown 
in this paper, warm advection from the hot 
subtropical climatic zones.

Effects of giant dust transport on mineral dust-
related interpretations

The particle size data reported in our 
observations and measurements also fit well 
into the range of recent papers on particle size 
of particulate matter. Previous observations 
and concepts suggest that the typical grain 
size of particulate matter reaching Europe 
(and regions generally further away from 
source areas) should not be larger than  
10–20 µm. As is well illustrated by the Eu-
ropean measurement datasets collected by 
Goudie, A.S. and Middleton, N.J. (2001): Crete:  
8–30 µm (mode; Mattson, J.O. and Nihlén, T. 1996),  
4–16 µm (median); Spain: 4–30 µm (mean; Sala, 
J.Q. et al. 1996); Germany: 2.2–16 µm (median); 
Italy: 16.8 µm (modal), 14.6 µm (median; 
Ozer, P. et al. 1998); South France: 4–12.7 µm 
(median; Bücher, A. and Lucas, G. 1984),  
8–11 µm (median; Coudé-Gaussen, G. 1991); 
France (Paris Basin): 8 µm (Coudé-Gaussen, G.  
et al. 1988); Swiss Alps: 4.5 ± 1.5 µm (median; 
Wagenbach, D. and Geis, K. 1989); and Central 
Mediterranean: 2–8 µm (mode; Tomadin, L. 
and Lenaz, R. 1989). These values are also 
used as upper bounds in the dust dispersion 
models (GEOS-5; MACC_II; MASINGAR; 
MetUM; NGAC; NMMB/BSC-Dust; CHIMERE; 
CMAQ-KOSA; COAMPS; CUACE/Dust; BSC-
DREAM8b; DREAM8-NMME-MACC; TAQM_
KOSA – Benedetti, A. et al. 2014).

In recent years, the number of papers on 
long-range transport of large particulate matter 
has increased significantly, and they report that 
sometimes 200–300 µm particles can be trans-
ported up to thousands of kilometres (Ryder, 
C.L. et al. 2018; Van der Does, M. et al. 2018; 

Adebiyi, A.A. et al. 2023). Our reported data 
also significantly exceed the particle size that 
was previously considered typical.

This also has a major impact on, for exam-
ple, the highly underestimated dust deposi-
tion data in the models, where the mass of 
the deposited particulate is related to the 
third power of the particle size, so a slight 
upward shift in the size range has a signifi-
cant impact on the dust flux data (Adebiyi, 
A.A. and Kok, J.F. 2020). The (paleo)environ-
mental interpretation of the deposition data 
is thus greatly modified. The importance of 
eolian dust deposits in climate reconstruc-
tions is of particular importance in some 
regions (e.g., in regions covered by loess). 
In these data sets, there has so far been no 
marked inclusion of long-range dust.

Conclusions

In the paper, we completed our previous 
long-term (1979–2018) analysis of Saharan 
dust storm events in the Carpathian Basin 
with an analysis of the period 2019–2023. The 
218 dust storm events previously identified 
for a 40-year period have been complement-
ed by 55 additional events. The number of 
events over the five-year period was signifi-
cantly higher than the long-term average, 
and this fits well with the picture already in-
dicated by the 2010 studies, i.e. that both the 
number and intensity of dust storm events 
have increased significantly.

Classification based on the analysis of the 
synoptic background of dust storm events 
revealed that the typical meteorological 
background of these events has been modi-
fied. Among the atmospheric flow conditions 
defined by the wavy jet stream, circulation 
patterns with a more pronounced meridion-
al wind component were dominant during 
the more intense dust storm events. It was 
clearly observed that the dust material was 
moving further north within the European 
domain and was also regularly observed in 
Germany, Poland and Finland. Circulation 
patterns across climatic belts are also as-
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sociated with marked weather changes, so 
that extreme weather events are regularly 
observed; warm spells, muddy rain and wet 
washouts during Saharan dust storm events.

Detailed grain size and particle shape anal-
yses of samples of the deposited particulate 
matter showed that the atmospheric dust 
material is very diverse. A large amount of 
coarse-grained fraction was observed in the 
samples analysed. Among the mineral grains, 
in some samples, coarse rock flour and sand 
fractions were dominant. Our knowledge of 
the long-range transport of this coarse frac-
tion is significantly incomplete, as the range 
above 20 µm is not even parameterised in 
climate and dust transport models, i.e. cal-
culations of the amount of transported and 
deposited dust significantly underestimate 
the actual values. The data on the long-range 
transport of large particles also point to the 
need for revision of (paleo)environmental 
reconstructions and the role of particulate 
matter of Saharan origin in sediment and soil 
formation.
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Introduction

Soil erosion stands as a critical global envi-
ronmental challenge, exerting far-reaching 
impacts on agricultural productivity, natural 
resources, and socio-economic development 
(Jebur, M.N. et al. 2014; Zhao, J. et al. 2016; 
Li, Y. et al. 2020; Vanmaercke, M. et al. 2021; 
Cen, Y. et al. 2022). Soil erosion is speeded 
up by a complex interplay of environmen-
tal factors, such as topography, soil charac-
teristics, climate, and vegetation, as well as 
human activities like deforestation, farming, 

and construction (Lukić, T. et al. 2018, 2019; 
Thomas, J. et al. 2018; Abbas, S. et al. 2022). 
To mitigate soil erosion, diverse strategies, 
ranging from conservation tillage to the im-
plementation of hydraulic structures, have 
been developed (Morgan, R. 1995; Barbera, 
V. et al. 2012; Lukić, T. et al. 2016). Due to the 
importance of soil erosion, researchers have 
been investigating soil erosion using differ-
ent models, including Agricultural Non-point 
Source Pollution Model (AGNPS) (Young, R. 
et al. 1989; Zhu, K.-W. et al. 2020; Zou, L. et al. 
2020; Huang, C. et al. 2022), Soil and Water 
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Abstract

In this study, the Analytic Hierarchy Process (AHP) is applied to generate erosion susceptibility maps in four 
basins of Kalat-e-Naderi county, namely Archangan, Kalat, Qaratigan, and Chahchaheh basins, situated in 
northeast Iran. The Kalat-e-Naderi region is characterized by a partial coverage of loess. Given the agricultural 
significance of loess and its susceptibility to erosion, this research focuses specifically on regions covered by 
loess. Geographic Information System (GIS) tools, including ArcMap and Quantum Geographic Information 
System (QGIS), were utilized to facilitate the creation of erosion susceptibility maps. Seven factors, including 
slope, aspect, elevation, drainage density, lithology, the Normalized Difference Vegetation Index (NDVI), 
and precipitation were selected for consideration. Recognizing the variability of precipitation and vegetation 
cover across different seasons, seasonal data for the specified factors were employed. Consequently, erosion 
susceptibility maps were generated on a seasonal basis. Pairwise comparison tables revealed that precipitation, 
lithology, and slope emerged as the dominant factors contributing to erosion susceptibility in this region. The 
resultant maps distinctly delineate basins with higher precipitation values, unresistant lithology (such as loess, 
characterized by high porosity and permeability), and steeper slopes, exhibiting heightened susceptibility to 
erosion (Archangan and Kalat basins). The credibility of the research findings was examined through on-site 
observations. The outcomes of this study may provide pertinent insights for decision-makers and planners. 
This information can be effectively employed in formulating strategies aimed at conserving soil quality in 
areas vulnerable to erosion hazards.
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Assessment Tool (SWAT) (Neitsch, S.L. et al. 
2011; Bhattacharya, R.K. et al. 2020; Echog-
dali, F.Z. et al. 2022), European Soil Erosion 
Model (EUROSEM) (Morgan, R. et al. 1998; 
Pandey, S. et al. 2021; Raza, A. et al. 2021; Shen, 
N. et al. 2023), Erosion Potential Model (EPM) 
(Ahmadi, M. et al. 2020; Ennaji, N. et al. 2022; 
Aleksova, B. et al. 2023), and Revised Univer-
sal Soil Loss Equation (RUSLE) (Kebede, Y.S.  
et al. 2021; Aswathi, J. et al. 2022; Micić  
Ponjiger, T. et al. 2023). Besides the mentioned 
methods, the AHP (Saaty, T.L. 1980) is widely 
used to investigate soil erosion and to map the 
erosion susceptible areas (Saha, S. et al. 2019; 
Das, B. et al. 2020; Kucuker, D.M. and Giraldo, 
D.C. 2022). However, among these advance-
ments, challenges persist in predicting the 
spatial distribution of soil erosion, including 
constraints related to time, cost, facilities, and 
result accuracy (Kucuker, D.M. and Giraldo, 
D.C. 2022). Recent years have witnessed the 
integration of remote sensing techniques and 
Geographic Information Systems (GIS), over-
coming these limitations and enabling the 
prediction of soil erosion in larger areas with 
reasonable cost and accuracy (Aslam, B. et al. 
2021; Alam, N.M. et al. 2022; Alizadeh, M. et al. 
2022; Kucuker, D.M. and Giraldo, D.C. 2022; 
Hayatzadeh, M. et al. 2023).

The investigated area, Kalat-e-Naderi 
county, located in a partially loess-covered 
region in northeast Iran, becomes the focal 
point of our study. Some areas of the coun-
ty are dedicated to agriculture, while crop 
production is active on less steep slopes, em-
phasizing the need to address soil erosion, 
particularly in loess-covered regions, for 
sustainable food production. Loess is an eo-
lian (windblown) pale yellow sediment (Pye, 
K. and Tsoar, H. 1987; Fenn, K. et al. 2022), 
which besides its agricultural importance, 
serves as a crucial repository of Quaternary 
climate changes (Xu, J. et al. 2022), offering 
a comprehensive terrestrial record of inter-
glacial-glacial cycles. It stands out as a sig-
nificant geological formation that captures 
the dynamic shifts in environmental condi-
tions over time (Markovič, S.B. et al. 2014). 
Defined as sediment entrained, transported, 

and deposited by the wind, and diagenetised 
in situ, loess is characterized by the predom-
inance of silt-sized particles (Wang, X. et al. 
2017), ranging from 2 µm to 50 µm in diameter 
(Smalley, I. et al. 2011). While most loess de-
posits exhibit a composition that includes mea-
surable amounts of sand (> 50 µm) and clay 
(< 2 µm), the distinctive feature of loess lies 
in its prevalent content of silt-sized particles, 
typically ranging from 60 to 90 percent (Muhs, 
D.R. 2007). Due to its elevated porosity and 
silt content, loess is acknowledged as one 
of the most fertile forms of unconsolidated  
sedimentary rock. The inherent porosity 
of loess facilitates the absorption of gases 
containing carbon and nitrogen, enabling 
the provision of water and dissolved nutri-
ents to plants through capillary rise during 
dry periods (Richthofen, F. 1872; Emerson, 
W.W. and McGarry, D. 2003). However, the 
susceptibility of loess to erosion is evident, 
as it can be easily eroded by surface water, 
making it prone to the formation of subcuta-
neous hollow landforms (Pécsi, M. 1990; Wu, 
Q. et al. 2019). Consequently, the sensitivity 
of loess landforms to erosion highlights their 
significance in the context of natural hazards 
and related issues. 

While numerous studies have delved into 
the well-known northern loess regions of Iran 
(e.g., Aqband, Neka, Maraveh Tappeh, etc.) 
(Khormali, F. et al. 2009; Asadi, S. et al. 2013; 
Ghafarpour, A. et al. 2016, 2023; Gharibreza, 
M. et al. 2020; Sharifigarmdareh, J. et al. 
2020) few investigations have specifically 
focused on the Kalat-e-Naderi loess region 
(Okhravi, R. and Amini, A. 2001; Karimi, A. 
et al. 2011), particularly in terms of erosion 
and with a geomorphological approach.

Against the backdrop of the unique charac-
teristics and challenges posed by loess-cov-
ered areas, this study has two aims: 1) to gen-
erate soil erosion susceptibility maps in the 
less known, and less investigated loess-cov-
ered region of northeast Iran using the AHP 
method, and 2) to analyse the role of soil ero-
sion in shaping various geomorphological 
landforms within the study area, employing 
a geomorphological approach. 
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Material and methods

Study area

The study area is located near the Iran-Turk-
menistan border and is recognized as one of 
the loess-covered regions within the Kho-
rasan-e-Razavi province. This region encom-
passes four basins including Archangan, Kalat, 
Qaratigan, and Chahchaheh basins, arranged 
from northwest to southeast (Figure 1). Loess 
regions in the study area share a common 
chronological relationship with the loesses in 
the Caspian Lowlands, despite a more than 
500 km between the two areas (Karimi, A. et al. 
2011). In the Kalat-e-Naderi region, the loess 
occurs in a patchy distribution with a thick-
ness of up to 12 metres ((Karimi, A. et al. 2011), 
which is notably less than the thickness of 
loesses in the Caspian Lowlands in the north-
ern part of Iran (Frechen, M. et al. 2009; Kehl, 

M. et al. 2021; Feizi, V. et al. 2023). As reported 
by Karimi, A. et al. (2011), the sand, silt, clay, 
gypsum, and carbonate contents of Kalat-e-
Naderi sections are 10–18, 67–86, 4–16, 11–25, 
and 2–12 percent, respectively, showing the 
typical loess characteristics (Pécsi, M. 1990). 
Loess deposits are predominantly distributed 
on the north-eastern slopes of the Kopeh Dagh 
mountain range, covering a plateau-like geo-
morphic surface within a synclinal structure 
(Karimi, A. et al. 2011).

The Kopeh Dagh mountain range demon-
strates a northwest-southeast orientation. From 
a structural geological standpoint, the region 
showcases numerous folds, faults, and fis-
sures, with the primary fault direction oriented 
northwest-southeast. The formation of syn-
clines and anticlines in this area can be attrib-
uted to the predominant northwest-southeast 
directional pressure. According to the Digital 
Elevation Model (DEM) of the study area, the 

Fig. 1. The location of the studied basins in northeast Iran. The green rectangles indicate the positions of the 
visiting sites, as depicted in photos 1 through 5. Source: Authors’ own elaboration.
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highest and lowest elevations are 
recorded at 460 m and 2,780 m, 
respectively.

According to Köppen’s cli-
mate classification, Kalat-e-
Naderi falls into the cold semi-
arid (BSk) category (Köppen, 
W. 1900). Climatic data from 
the Qaratigan watershed indi-
cate a mean annual precipita-
tion of 287 mm and a tempera-
ture of 12.2 °C (Amini, A. 1995). 
Historical climatic data for the area and its 
surroundings reveal significant seasonal var-
iations in precipitation. The highest amounts 
(averaging 46.6 mm) occur between late 
January and the end of April, while the low-
est precipitation values are observed between 
June and October (0.2 mm in August). Due 
to the arid and semi-arid climate, precipita-
tion characteristics differ from more humid 
regions. In such arid and semi-arid regions, 
precipitation typically manifests as short but 
intense rainfall events (Ghahraman, K. and 
Nagy, B. 2023).

Overall, in pursuit of our objectives, we em-
ployed the AHP methodology, coupled with 
remotely sensed data (e.g., digital elevation 
models and optical satellite imagery), GIS tools 
(e.g., ArcGIS and QGIS), and field surveys.

Analytic Hierarchy Process

The AHP is a suitable technique for iden-
tifying and mapping erosion-prone areas 
(Belkendil, A. et al. 2018; Belloula, M.  
et al. 2020; Aslam, B. et al. 2021; Sinshaw, B.G.  
et al. 2021; Ebhuoma, O. et al. 2022). AHP is a 
method that compares qualitative factors and 
expresses them as numerical values. This re-
search used AHP due to its advantages, such 
as the availability of input factors, the capa-
bility of comparing multiple parameters, and 
ease of use (Rajesh, C. et al. 2016; Belkendil, 
A. et al. 2018; Tairi, A. et al. 2019). Table 1 
shows the numerical scale (by Saaty, R.W. 
1987) proposed to be used as a source for the 
pairwise comparison. Depending on the im-

portance of the selected factors, AHP assigns 
a value of 1 to 9 to each factor to decide the 
significance of the factor in association with 
the objective.

The AHP method comprises three primary 
steps. The initial step involves selecting the 
pertinent criteria for erosion. Criterion selec-
tion is contingent upon the impact of each 
factor on the occurrence of the phenomenon, 
our knowledge about the study area, in-
sights gleaned from related researches, and 
crucially, the availability of data for each re-
gion (Arabameri, A. et al. 2018; Azareh, A.  
et al. 2019; Neji, N. et al. 2021; Kucuker, D.M. 
and Giraldo, D.C. 2022). Considering these 
critical considerations, we selected 7 factors 
including slope, aspect, elevation, drainage 
density, lithology, normalized difference 
vegetation index (NDVI), and precipitation. 
The flowchart and factors utilized in the 
AHP method for our study are depicted in  
Figure 2. Maps corresponding to each factor 
were generated using ArcMap and QGIS soft-
ware (Figure 3).

One of the key geomorphological pa-
rameters influencing erosion is topography 
(Rahmati, O. et al. 2016). Topographic fac-
tors, including slope, aspect, and elevation, 
were derived from the SRTM (1 Arc sec) 
Digital Elevation Model. The substantial in-
fluence of slope gradient on soil erosion is 
widely acknowledged (Saini, S.S. et al. 2015; 
Meshram, S.G. et al. 2022; Olii, M.R. et al. 
2023). Hence, it is imperative to recognize 
slope as a pivotal factor in studies pertaining 
to soil erosion, given its profound impact on 
the phenomenon (Aslam, B. et al. 2021). 

Table 1. Pairwise comparison scale*

Rating scale Numerical Reciprocal
Extremely preferred
Very strongly to extremely preferred
Very strongly preferred
Strongly to very strongly preferred
Strongly preferred
Moderately to strongly preferred
Moderately preferred
Equally to moderately preferred
Equally preferred

9
8
7
6
5
4
3
2
1

1/9
1/8
1/7
1/6
1/5
1/4
1/3
1/2
1

*Proposed by Saaty, R.W. 1987.
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The slope map in our study was catego-
rized into nine classes: 0°–5°, 5°–10°, 10°–15°, 
15°–20°, 20°–25°, 25°–30°, 30°–35°, 35°–40°, 
and > 40° (see Figure 3, a). Considering the 
impracticality of agricultural expansion on 
steep slopes, the effective slope limit for ero-
sion was set at 40°. Aspect influences ero-
sion by regulating vegetation type, moisture, 
evaporation and transpiration, and sunlight 
exposure duration (Jaafari, A. et al. 2014). 

The aspect map encompasses ten direction-
al classes: flat (–1°), north (0°–22.5°), north-
east (22.5°–67.5°), east (67.5°–112.5°), south-
east (112.5°–157.5°), south (157.5°–202.5°), 
southwest (202.5°–247.5°), west (247.5°–
292.5°), northwest (292.5°–337.5°), and north 
(337.5°–360°) (see Figure 3, b). 

Elevation, by impacting vegetation type 
and precipitation, can affect erosion and 
gully development (Gómez-Gutiérrez, Á. 
et al. 2015). Given the mountainous nature 
of the area, this study adopted an eight-
category elevation map with 290-metre  
elevation intervals to allow for more pre-
cise weight assignments for each category. 
The elevation categories include 460–750 m,  

750–1,040 m, 1,040–1,330 m, 1,330–1,620 m, 
1,620–1,910 m, 1,910–2,200 m, 2,200–2,490 m, 
and 2,490–2,780 m (see Figure 3, c). 

The drainage density map, extracted from 
SRTM-DEM using the line density tool in 
ArcGIS 10.3, was divided into seven classes 
to construct the AHP comparison matrix 
with higher precision. The drainage density 
classes include 0.02–0.52, 0.52–1.02, 1.02–1.52, 
1.52–2.02, 2.02–2.52, 2.52–3.02, and 3.02–3.70 
(see Figure 3, d). 

The lithology raster layer was prepared 
based on the 1:250,000 scale geologic map of 
the study area (see Figure 3, e). The study area, 
including 16 major lithological units, was di-
vided into two categories, namely loess and 
solid rocks, given the focus on loess and ero-
sion in loess-covered regions. It is important 
to note that the number of classes for factors 
such as slope, elevation, and drainage density 
may vary depending on the specific character-
istics and conditions of each study area. 

Numerous studies have highlighted the 
significance of precipitation and NDVI as 
influential factors in erosion susceptibility 
mapping using AHP (Alexakis, D.D. et al. 

Fig. 2. The flowchart depicting the AHP method and the input data utilized for soil erosion susceptibility 
mapping. Source: Authors’ own elaboration.
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Fig. 3. Erosion contributing factor layers of the study area: slope (a), aspect (b), elevation (c), line density (d), 
lithology (e), and precipitation for spring (f). Source: Authors’ own elaboration.
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Fig. 3. Continued – Erosion contributing factor layers of the study area: precipitation for autumn, and winter 
(g, h), and NDVI for spring, autumn, and winter (i, j, k). Source: Authors’ own elaboration.



Nooshin Nokhandan, F. et al. Hungarian Geographical Bulletin 72 (2023) (4) 339–364.346

2013; Kachouri, S. et al. 2015; Tairi, A. et al. 
2019; Aslam, B. et al. 2021; Bouamrane, A.  
et al. 2021; Sandeep, P. et al. 2021; Mushtaq, 
F. et al. 2023). However, it has been observed 
that many researchers have relied on mean 
annual precipitation data (Kachouri, S. et al. 
2015; Boufeldja, S. et al. 2020; Neji, N. et al. 
2021), disregarding the uneven distribution 
of precipitation across different seasons. To 
overcome this limitation and improve the ac-
curacy of the erosion susceptibility maps, it 
is essential to consider seasonal precipitation 
data. This is crucial because varying precipi-
tation values have an impact on other factors 
and, more broadly, on erosional processes. 
By incorporating seasonal variability, our 
study can provide more accurate and nu-
anced insights into the spatiotemporal dy-
namics of soil erosion and inform more effec-
tive soil conservation strategies, particularly 
given the significance of agricultural activi-
ties in the study area.

In our study, we encountered the un-
availability of meteorological station data 
for the study area. As a solution, we ob-
tained precipitation data from the Center 
of Hydrometeorology and Remote Sensing 
(CHRS), University of California, Irvine, data 
portal (https://chrsdata.eng.uci.edu). To gene-
rate a comprehensive precipitation map for the 
year 2021, we utilized ArcMap and employed 
the Inverse Distance Weighted (IDW) interpola-
tion method specifically for the spring, autumn, 
and winter seasons (see Figure 3, f, g, h). It is 
worth noting that since there was no recorded 
precipitation during the summer of 2021, the 
summer map depicting precipitation and NDVI 
was excluded from our analysis.

The NDVI maps were extracted from 
Sentinel-2 images using ArcMap. NDVI values 
range from -1 to +1 and are calculated using 
the following equation (Farah, A. et al. 2021; 
Parsian, S. et al. 2021; Durlević, U. et al. 2022):

NDVI = (NIR–RED)/(NIR+RED)

In Equation (1) NIR represents the near-
infrared (band 8), and RED corresponds to 
the red band (band 4) of the Sentinel-2 im-

agery. NDVI values less than zero indicate 
the presence of water bodies and moisture, 
while values near zero (0–0.2) signify bare 
surfaces, rocks, sand, and snow. Values from 
0.2 to 0.4 indicate areas covered by shrubs, 
grassland, and crops, while values exceeding 
0.4 signify the presence of dense vegetation, 
such as orchards and, in certain regions, rice 
fields (see Figure 3, f, g, h).

The second step in the AHP involves as-
signing weights to the chosen criteria and 
conducting pairwise comparisons, a process 
that must also be extended to the sub-classes 
of each criterion. As presented in Table 1, each 
factor is assigned a value ranging from 1 to 9 
based on its perceived importance or impact 
on erosion. The final step entails construct-
ing a pairwise comparison matrix using the 
values assigned to the factors in the previ-
ous step. In AHP, the acceptable limit for 
the consistency ratio is equal to or less than  
10 percent (Saaty, T.L. 1988; Alonso, J.A. and 
Lamata, M.T. 2006). The consistency ratio 
(CR) and consistency index (CI) are deter-
mined using the following equations:

where CI is the consistency index, and RI 
is the random consistency index that is ob-
tained from Table 2 (Saaty, T.L. and Vargas, 
L.G. 2001). CI is calculated using the follow-
ing equation:

where βmax is the largest eigenvalue of the 
comparison matrix, and n is the comparison 
matrix size. The process of determining the 
priority or weight for each factor involves 
calculating the eigenvalue (Costa, C.A.B. 
and Vansnick, J.-C. 2008). The eigenvalue is 
obtained by summing the products of each 
element in the eigenvector and the sum of the 
reciprocal matrix. To affirm the consistency 
of the given values, the consistency ratio (CR) 
must be calculated for each factor’s pairwise 
comparison, as well as for the pairwise com-
parison of each factor’s subclasses.

(1)

(2)

(3)
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The erosion susceptibility maps for the 
study area were generated using the weighted 
overlay tool in ArcMap. The values assigned 
in the tool were selected based on the weight 
or importance of each class. Subsequently, the 
validation process was conducted through 
field surveys on visiting sites (see Figure 1). 
Field surveys allowed us to assess the mod-
el’s success in identifying susceptible areas.

Results

As mentioned earlier, AHP pairwise compari-
son was drawn during the AHP preparation 
stages. Subsequently, the pairwise comparison 
tables and erosion susceptibility maps for each 
season are presented.

The spring season

In pairwise comparison, a score of 1 indicates 
equal importance, while a score of 9 signi-
fies very high importance of one factor over 
the other (Saaty, T.L. 1980) (see Table 1). The 
pairwise comparison table for the spring sea-
son (Table 3) reveals that precipitation, lithol-
ogy, slope, and drainage density carry the 
highest weights among the factors, with val-
ues of 0.34, 0.22, 0.13, and 0.10, respectively. 

Conversely, elevation (0.06), aspect (0.07), 
and NDVI (0.08) have the least impact on 
erosion in the spring season. 

Slope, with a score value of 3, is moderately 
preferred over aspect and elevation. Over 716 
km2 of the area falls within slope categories 
between 15° and 40°. Field observations high-
lighted that these slopes, due to the presence 
of soil and agricultural development, are 
particularly prone to erosion. Consequently, 
a value of 8 is assigned to these sub-criteria in 
the weighted overlay tool. Lithology is moder-
ately preferred over all factors except precipi-
tation. Field observations confirmed various 
forms of erosion on loess-covered surfaces, in-
dicating that loess is highly susceptible to ero-
sion even with minimal rainfall. Thus, loess 
is assigned a value of 8 as a sub-criterion of 
lithology. In the spring season, precipitation 
is moderately to strongly preferred over as-
pect, NDVI, and drainage density (see Table 3). 
The highest precipitation values in the spring 
season (90–100 mm, and >100 mm) receive a 
score value of 9 in the weighted overlay tool, 
indicating the highest importance in erosion. 
To validate the assigned values, the consist-
ency ratio was computed, yielding a spring 
season consistency ratio of 0.06, affirming the 
correct assignment of weights to the factors.

The autumn season

According to Table 4, precipitation (0.26), li-
thology (0.23), and slope (0.14) emerge as the 
most influential factors contributing to ero-
sion in the autumn season. Conversely, NDVI 

Table 2. Random consistency index (RI) values 
n RI n RI n RI
1
2
3

0.00
0.00
0.58

4
5
6

0.90
1.12
1.24

7
8
9

1.32
1.41
1.45

Table 3. Pairwise comparison table of the spring season

Pairwise 
comparison Slope Aspect Lithology Elevation NDVI Precipitation Drainage 

density Weight 

Slope
Aspect
Lithology
Elevation
NDVI
Precipitation
Drainage density

1
1/3
3

1/3
1
3

1/2

3
1
3
1

1/2
4
2

1/3
1/3
1

1/3
1/3
3

1/3

3
1
3
1
2
3
2

1
2
3

1/2
1
4
2

1/3
1/4
1/3
1/3
1/4
1

1/4

2
1/2
3

1/2
1/2
4
1

0.13
0.07
0.22
0.06
0.08
0.34
0.10

CR: 0.06
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and drainage density, with weight values of 
0.07 and 0.08, respectively, exhibit the least in-
fluence on erosion during the autumn season. 
Aspect and elevation, carrying weight values 
of 0.12 and 0.10, prove to be more impactful 
than NDVI and drainage density, yet less sig-
nificant than precipitation, lithology, and slope. 
In terms of preference, lithology and precipita-
tion are moderately favoured over aspect and 
NDVI. Notably, slope, with a score value of 3, 
is moderately preferred in comparison to drain-
age density. Given the semi-arid climate of 
Kalat-e-Naderi region, the erosion in the region 
can be influenced even by minimal rainfall. The 
primary agents of erosion during the autumn 
season are the areas covered by loess, coupled 
with precipitation and steep slopes. The con-
sistency ratio for the autumn season (0.05) as-
sures the reliability of the assigned weights.

The winter season

Precipitation, lithology, slope, and drainage 
density emerge as the most impactful factors 
on erosion during the winter season, with re-
spective weight values of 0.33, 0.23, 0.14, and 
0.10 (Table 5). Elevation, aspect, and NDVI carry 
lower weights of 0.07, 0.07, and 0.06, indicating 
their relatively lesser influence on erosion. Pre-
cipitation, with score values of 3 and 4, is mod-
erately to strongly preferred over aspect and 
NDVI, and moderately preferred over slope, 
lithology, elevation, and drainage density. As 
depicted previously, the Archangan and Kalat 
basins receive the highest amount of precipita-
tion during the winter season (see Figure 3, h), 

while the spring season precipitation is distrib-
uted almost evenly across the four basins (see 
Figure 3, f), with Archangan, Kalat, and Chah-
chaheh being more prominent. For the weighted 
overlay tool, the assigned value for the high-
est amount of precipitation (80–90 mm) is 8  
(Table 6). Furthermore, lithology, scoring 3, is 
moderately preferred over slope, aspect, eleva-
tion, NDVI, and drainage density. Recognizing 
the susceptibility of loess to erosion, it is assigned 
a value of 8 in the weighted overlay tool (see  
Table 6). The winter season’s consistency ratio of 
0.04 falls within an acceptable range, affirming 
the reliability of the assigned weights.

The calculated consistency ratio for each 
factor’s sub-classes, as presented in Table 6, is 
below 10 percent (< 0.1), meeting the accept-
able threshold. Subsequently, erosion sus-
ceptibility maps were generated in ArcGIS 
10.3 using the weighted overlay tool. Values 
ranging from 1 to 9 were assigned in the tool 
based on the weight assigned to each sub-
class. The Weighted Overlay Tool operates 
according to Equation (4) (Feizizadeh, B.  
et al. 2014; Arabameri, A. et al. 2018; Kahsay, 
A. et al. 2018; Tairi, A. et al. 2019; Boufeldja, 
S. et al. 2020; Aslam, B. et al. 2021), wherein 
the dataset is multiplied by its weight, and 
the sum of all results yields the erosion sus-
ceptibility (ES) value for each pixel.

ES = [(Sl·W) + (As·W) + (Li·W) + (El·W)
 + (NDVI·W) + (Pr·W) + (Drd·W)],

where Sl is the slope, As is the aspect, Li is 
the lithology, El is the elevation, Pr is the pre-
cipitation, Drd is the drainage density, and W 

Table 4. Pairwise comparison table of the autumn season

Pairwise 
comparison Slope Aspect Lithology Elevation NDVI Precipitation Drainage 

density Weight 

Slope
Aspect
Lithology
Elevation
NDVI
Precipitation
Drainage density

1
2
2

1/2
1/2
2

1/3

1/2
1
3
1

1/2
3
1

1/2
1/3
1

1/3
1/3
2

1/3

2
1
3
1

1/2
2

1/2

2
2
3
2
1
3
1

1/2
1/3
1/2
1/2
1/3
1

1/2

3
1
3
2
1
2
1

0.14
0.12
0.23
0.10
0.07
0.26
0.08

CR: 0.05

(4)
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Table 5. Pairwise comparison table of the winter season

Pairwise 
comparison Slope Aspect Lithology Elevation NDVI Precipitation Drainage 

density Weight 

Slope
Aspect
Lithology
Elevation
NDVI
Precipitation
Drainage density

1
1/3
3

1/3
1/2
3

1/2

3
1
3
1

1/2
4
2

1/3
1/3
1

1/3
1/3
3

1/3

3
1
3
1
1
3
2

2
2
3
1
1
4
2

1/3
1/4
1/3
1/3
1/4
1

1/3

2
1/2
3

1/2
1/2
3
1

0.14
0.07
0.23
0.07
0.06
0.33
0.10

CR: 0.04

Table 6. Weight, consistency ratio (CR), and assigned values to the weighted overlay tool of  
all sub-classes of each factor

Criteria CR Sub-criteria Weights Assigned values to 
weighted overlay tool

Slope 0.007

0–5°
5–10°
10–15°
15–20°
20–25°
25–30°
30–35°
35–40°
>40°

0.020
0.031
0.044
0.177
0.177
0.177
0.177
0.177
0.020

1
2
3
8
8
8
8
8
1

Aspect 0.030

Flat
North

Northeast
East

Southeast
South

Southwest
West

Northwest

0.021
0.074
0.074
0.035
0.222
0.222
0.222
0.035
0.095

1
5
5
2
7
7
7
2
5

Lithology 0.000 Solid rocks
Loess

0.111
0.889

4
8

Elevation 0.006

460–750
750–1,040

1,040–1,330
1,330–1,620
1,620–1,910
1,910–2,200
2,200–2,490
2,490–2,780

0.030
0.135
0.135
0.135
0.231
0.231
0.051
0.051

1
5
5
5
6
6
2
2

Drainage density 0.010

0.02–0.52
0.52–1.02
1.02–1.52
1.52–2.02
2.02–2.52
2.52–3.02
3.02–3.70

0.041
0.061
0.101
0.113
0.169
0.258
0.258

1
2
3
3
4
5
5
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Table 6. Continued

Criteria CR Sub-criteria Weights Assigned values to 
weighted overlay tool

NDVI (spring) 0.003

-0.31–0.0
0.0–0.1
0.1–0.2
0.2–0.3
0.3–0.4
0.4–0.5
0.5–0.6
0.6–0.7
0.7–0.83

0.043
0.223
0.223
0.137
0.075
0.075
0.075
0.075
0.075

1
4
4
3
2
2
2
2
2

NDVI (autumn) 0.006

-0.56–0.0
0.0–0.1
0.1–0.2
0.2–0.3
0.3–0.4
0.4–0.5
0.5–0.6
0.6–0.7
0.7–0.86

0.075
0.140
0.140
0.271
0.075
0.075
0.075
0.075
0.075

1
2
2
3
1
1
1
1
1

NDVI (winter) 0.004

-0.37–0.0
0.0–0.1
0.1–0.2
0.2–0.3
0.3–0.4
0.4–0.5
0.5–0.6
0.6–0.7

0.047
0.241
0.241
0.146
0.081
0.081
0.081
0.081

1
4
4
3
2
2
2
2

Precipitation 
(spring) 0.090

20–30
30–40
40–50
50–60
60–70
70–80
80–90
90–100
>100

0.015
0.021
0.031
0.047
0.071
0.107
0.162
0.239
0.307

2
3
4
5
6
7
8
9
9

Precipitation 
(autumn) 0.000

0–10
10–20
20–30

0.250
0.250
0.500

1
1
2

Precipitation 
(winter) 0.030

10–20
20–30
30–40
40–50
50–60
60–70
70–80
80–90

0.024
0.033
0.048
0.071
0.106
0.157
0.231
0.331

1
2
3
4
5
6
7
8

represents the weight value of each factor. In 
this study, Equation 4 is applied three times 
as each factor’s weight has three different 
values associated with three distinct seasons.

Figures 4, 5, and 6 depict the final erosion sus-
ceptibility maps for each season. Employing 
the natural break method (Shahabi, H. and 
Hashim, M. 2015; Saha, S. et al. 2019), the maps 
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Fig. 4. AHP-based erosion susceptibility map of the spring season. Source: Authors’ own elaboration.

Fig. 5. AHP-based erosion susceptibility map of the autumn season. Source: Authors’ own elaboration.
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were reclassified into six categories: insignifi-
cant, very low, low, moderate, high, and very 
high (Ebhuoma, O. et al. 2022). It is noteworthy 
that, owing to the seasonal variation in the im-
pact of each factor, the erosion susceptibility 
maps encompass different categories. 

The very high susceptibility class in the 
spring map (see Figure 4) is predominantly 
distributed in Chahchaheh and Kalat basins, 
covering an area of 2.511 km2 in the study 
area. In contrast, the areas with very low 
erosion levels (259.59 km2) are mainly lo-
cated in the central and north-eastern parts 
of the Qaratigan basin. The distribution 
of each erosion susceptibility class in the 
spring season is detailed in Table 6. The low  
(1,023.09 km2), and moderate (869.37 km2) 
erosion susceptibility classes cover the ma-
jority of the studied basins in the spring 
season. High erosion susceptibility areas 
are minor in the Qaratigan basin during the 
spring season. In Kalat and Chahchaheh 
basins, the high erosion susceptibility area 

is primarily in the central section, while in 
the Archangan basin, the south-western part 
is mainly in the high erosion susceptibility 
class. Overall, 105.615 km2 of the study area 
is classified as having high erosion suscep-
tibility in the spring season. 

The spring season erosion susceptibility 
map highlights that regions with the highest 
susceptibility to erosion are mainly associated 
with high precipitation values, loess cover, 
and steep slopes. Conversely, regions with the 
lowest susceptibility to erosion correspond to 
gentle slopes and lower precipitation values.

The winter season’s erosion susceptibil-
ity map (see Figure 6) was categorized into 
five classes, ranging from insignificant to a 
high level. The Chahchaheh and Qaratigan 
basins are primarily covered with the very 
low (1,077.80 km2) and low (743.38 km2) 
classes, while the other two basins (Kalat 
and Archangan) are dominated by moder-
ate (382.28 km2) and high (36.73 km2) classes 
(see Table 7). As shown in Figure 6, the areas 

Fig. 6. AHP-based erosion susceptibility map of the winter season. Source: Authors’ own elaboration.



353Nooshin Nokhandan, F. et al. Hungarian Geographical Bulletin 72 (2023) (4) 339–364.

with moderate and high erosion potential in 
winter coincide with the region covered by 
loess, which is very sensitive to water ero-
sion. Thus, precipitation and lithology can 
be considered as the most dominant factors 
in the overall erosion process.

Discussion

Based on the pairwise comparisons (see  
Tables 3, 4, and 5), erosion has been more 
significantly influenced by precipitation and 
lithology than any other factors, as they con-
sistently exhibit higher weights in all three 
pairwise comparison tables for each studied 
season. The increased impact of precipita-
tion and lithology can be attributed to the 
relatively intense yet short downpours in the 
study area, leading to flash floods, rill and 
sheet erosion, especially on unresistant and 
unvegetated surfaces such as loess. Ghahra-
man, K. and Nagy, B. (2023) have also report-
ed intense rainfall in short time periods in 
arid and semi-arid regions of northeast Iran. 

Field observations indicated that both ac-
tive and inactive agricultural lands have been 
undergoing erosion (Photo 1, a, b). This ob-
servation aligns with our soil erosion maps, 
where high-susceptibility areas correspond 
to the location of agricultural lands. The in-
creased vulnerability of agricultural lands to 
erosion can be attributed to their location on 
loess deposits, as well as human activities 
like cultivation and plowing, making the sur-
face more prone to erosion (Beniston, J.W.  
et al. 2015; Zhang, J. et al. 2019).

According to the erosion susceptibil-
ity maps, the region around Gerow village 
falls into the high erosion susceptibility cat-
egory in winter and spring seasons, and the 

moderate category in the autumn season 
(see Figures 4, 5, and 6). Field observations 
confirm the presence of significant erosion-
al features near Gerow village, including 
loess sinkholes, gully erosion, and suffusion  
(Photo 1, a, d, and e). The occurrence of sink-
holes, even in agricultural lands, can be pri-
marily attributed to the presence of water, 
especially in the form of precipitation, and li-
thology. In loess-covered regions, subsurface 
cracks allow rainfall to penetrate, extending 
existing fissures and washing away mate-
rial, leading to the formation of sinkholes, 
gullies, and suffusion. It is noteworthy that 
field observations indicate the presence of 
small and occasionally large pebbles in the 
loess around Gerow. The existence of these 
materials in the loess suggests that, in this 
area, sediment/material transportation is not 
solely occurring through wind processes; 
water transportation has also been active in 
these areas.

In other areas classified as moderately to 
highly erosion-susceptible, such as the moun-
tain slopes upstream of the abandoned agri-
cultural lands near Gerow village, erosion has 
led to the exposure of bedrock (Photo 1, c). The 
presence of exposed bedrock highlights the 
significance of erosion in the study area. Large-
scale erosional processes, including landslides, 
were also observed during field surveys (not 
in loess-covered sections) (Photo 1, b), under-
scoring the importance of mass movements in 
the area. Authorities and planners need to take 
these factors into consideration when planning 
in these areas.

Another visited site was Idelik village (see 
Figure 1), also classified in high and moderate 
erosion-susceptible classes on our maps. The 
predominant form of erosion in this area is 
the selective erosion of the folded structure 

Table 7. Area and percentage of each class of erosion

Season
Insignificant Very low Low Moderate High Very high
km2 % km2 % km2 % km2 % km2 % km2 %

Spring
Autumn
Winter 

–
12.00
0.88

259.59
1,370.45
1,077.80

259.59
1,370.45
1,077.80

11.48
60.65
47.69

1,023.09
591.79
743.38

45.27
26.19
32.90

869.37
26.29

382.28

38.47
1.16

16.91

105.61
–

36.73

4.67
–

1.62

2.51
–
–

0.11
–
–
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Photo 1. Validation sites around Gerow village. Sinkhole in an abandoned agricultural land (a), landslides in 
the vicinity of active agricultural fields (b), exposed bedrock on the slopes and in fallow agricultural fields (c), 
gully development on the abandoned agricultural fields (d), and suffusion on loess walls caused by CaCO3 

dissolution (e). Photos taken by the authors.
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of the mountains by water and mass move-
ments, resulting in steep walls from the more 
resistant layers and less steep slopes on the 
less resistant layers (Photo 2, a). Although 
this type of erosion does not directly impact 
farmlands in the study area, it holds signifi-
cance from a hazard perspective. Our field 
observations revealed gully erosion, as well 
as topples and slides, especially around the 

rice fields located on loess-covered lands 
(Photo 2, b). Additional erosional processes, 
such as solifluction and landslides, were 
observed on the slopes, exposing the un-
derlying materials by removing the topsoil. 
This type of erosion resembles a minor mass 
movement, evident on the slopes.

According to our maps, the regions around 
the “Charam now” village are classified as 

Photo 2. Validation sites around the Idelik village showing erodible layers on the erosion resistant underlying 
layer on the slopes (a), and columnar blocks being detached from the loess mass (topples) on the loess walls (b). 

Photos taken by the authors.

E
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very low and low classes, while field ob-
servations reveal substantial soil erosion in 
this area. This discrepancy can be primarily  
attributed to the scale of the lithological map, 
as some parts of this area were not classified 
as loess. However, field observations showed 
strong erosion on the loess near this village. 
According to the lithological input, the model 
considered the lithology as resistant, classify-
ing this area in very low and low soil erosion 
susceptible classes. It is noteworthy that we 
have systematically checked the entire basins 
for this issue, and the “Charam now” vil-
lage and its surrounding area were the only 
instances where the lithological map did 
not accurately indicate the units. In general, 
fallen loess walls, gully development, fallen 
riverbanks, and small-scale landslides were 
observed in this area. 

To examine remote or inaccessible areas 
of the “Charam now” village, we utilized 
Google Earth satellite imagery. Erosional fea-
tures such as landslides and gullies near the 
village are illustrated in Photo 3. Local roads 
have been constructed to facilitate access to 
agricultural lands situated on the top of the 
hills. Instability of the slopes and increased 
chance of landslides in this area can also be 
related to anthropogenic activities such as 
road construction.

The majority of agricultural lands in the 
Kalat basin are located on slopes, with some 
fields occupying less inclined gradients. 
Ploughing these agricultural fields, in con-
junction with the loess composition of the 
land and steeper slopes, has exacerbated 
erosion in this region, as evidenced by our 
soil erosion maps. With respect to cultivation, 
erosional processes in these loess-covered 
areas have the potential to adversely impact 
crop production. Harris, H.L. and Drew, 
W.B. (1943) have demonstrated that unerod-
ed loess fields provide an environment that 
is 50–100 percent more favourable for plant 
growth than eroded loess fields. Observations 
of gully and sheet erosion, subsurface ero-
sional features, and landslides in the Kalat 
basin indicate the prevalence of strong ero-
sional processes in this area (Photo 4).

Considering the inherent limitations of 
the availability of relevant lithological map, 
namely its 1:250,000 scale and lack of de-
tailed information and given our research 
focus on loess-covered regions, we opted 
to categorize the lithological map into two 
classes: loess and solid rocks. Solid rocks en-
compass both erodible and resistant rocks, 
such as limestone, shale, sandstone, and 
marl. Consequently, in the weighted overlay 
tool, loess was assigned a score of 8 due to 
its erosivity and prevalence in the study area, 
while solid rocks were assigned a score of 4, 
reflecting their lower susceptibility to ero-
sion owing to the presence of resistant rocks 
(~ 740 km2). This approach aligns with other 
studies that have employed different weights 
for resistant and erodible rocks in their AHP 
models (Arabameri, A. et al. 2018; El Jazouli, 
A. et al. 2019; Bozali, N. 2020).

In addition to precipitation and lithology, 
the influence of slope on soil erosion is sig-
nificant. This is primarily attributed to the 
impact of slope on flow accumulation, run-
off velocity, and surface instability (Rahmati, 
O. et al. 2017). Multiple studies have demon-
strated that even gentle slopes can be vul-
nerable to erosion and gully development 
(Le Roux, J.J. and Sumner, P. 2012; Lukić, T.  
et al. 2018; Arabameri, A. et al. 2019; Phinzi, 
K. et al. 2021).

Vegetation cover in the study area has been 
subjected to overgrazing by livestock, such as 
goats and sheep, which can exacerbate soil 
erosion by removing protective vegetation 
cover. However, in our study area, we ob-
served that animal footpaths have created 
micro-terrace structures on the slopes, while 
other slopes have remained intact from this 
process (Photo 5). This observation is con-
sistent with the findings of Afrah, H. et al. 
(2010), who reported that micro-terraces in 
the Golestan Province loesses have remained 
unchanged in terms of morphological struc-
ture for an extended period. This preserva-
tion is primarily attributed to the fact that 
animals have consistently used the old paths 
for grazing, leaving the vegetation cover in-
tact in other parts of the rangeland.
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Photo 3. The Google Earth image showing erosional features such as gullies and landslides as well as anthro-
pogenic features such as agricultural lands and a road in the vicinity of the “Charam now” village. 

Authors’ own elaboration based on the Google Earth image.

Photo 4. Validation sites in the vicinity of the Kalat city showing landslide (a), deep gully erosion (b), agricultural 
lands developed on loess-covered areas (c), and sinkholes created by the subsurface erosion on loess-covered 

areas impacting urban infrastructure (d). Photos taken by the authors.
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Conclusions

This research comprehensively investigated 
erosion-susceptible areas within the major 
basins of Kalat-e-Naderi county, situated in 
northeast Iran. The study’s focal point was 
the dual nature of loess, serving as fertile 
ground for agriculture while presenting 
vulnerability to erosion. Leveraging the 
AHP method with 7 key parameters, includ-
ing slope, aspect, elevation, lithology, NDVI, 
drainage density, and precipitation, we suc-
cessfully delineated the spatial distribution 
of erosion-susceptible regions. The integra-
tion of seasonal data, accounting for varia-
tions in precipitation and vegetation cover, 
allowed for the creation of detailed erosion 
susceptibility maps. Key factors influencing 
water erosion, as identified through pair-
wise comparison tables, include precipita-
tion, lithology, and slope. These findings 
have been visually represented on erosion 
susceptibility maps, highlighting areas prone 

to erosion during different seasons. Notably, 
these vulnerable regions exhibit a discernible 
correlation with the three primary factors – 
precipitation, lithology, and slope – while the 
convergence of the additional four factors 
amplifies erosion.

Given the semi-arid climate of the region 
and the loess’s heightened erodibility in 
wet seasons with higher precipitation, the 
research focused specifically on water ero-
sion. Validation through field observations 
affirmed the accuracy of the erosion suscep-
tibility maps where erosion-susceptible areas 
in the map correspond to the observed areas 
in the field. Despite limitations, such as the 
absence of comparable studies in neighbour-
ing areas for validation, challenges in reach-
ing erosion sites, and data constraints, the 
results of this method are invaluable. They 
offer actionable insights for policymakers 
and planners, facilitating effective damage 
mitigation and the formulation of preventa-
tive strategies.

Photo 5. Micro-terraces created by livestocks on the slopes of the study area.
Photo taken by Nooshin Nokhandan, F.
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Introduction

An important aspect of fluvial landscape evo-
lution research involves streams and their 
channel characterisation from various per-
spectives. This topic is widespread and has 
an extensive global scientific literature, dating 
back to the late 19th century and continuing 
to the present day, evidenced by the numer-
ous papers published on the description and 
systematic classification of streams (Leopold, 
L.B. and Markley, G.W. 1957; Kaszowski, 
L. and Krzemien, K. 1999; Lóczy, D. 2012; 
Buffington, J.M. and Montgomery, D.R. 2013; 
Bisson, P.A. et al. 2017, and references therein). 

The streams and their immediate envi-
ronment (floodplains and valleys) are often 
described by their hydrogeomorphological 
characteristics. In addition, essential param-
eters can be derived from the geological, 
hydrological, land cover, land use, and eco-
logical features of the catchment (Rosgen, 
D.L. 1994; Fryirs, K.A. and Brierley, G.J. 
2001; Fryirs, K.A. et al. 2007; Gurnell, A.M. 
and Grabowski, R.C. 2016; Grabowski, R.C.  
et al. 2019, and references therein). At present,  
anthropogenic influences such as flood control 
measures, channelisation, and forestry are in-
creasing in frequency and intensity. The liter-
ature overview demonstrates the lack of a uni-
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Abstract

Small catchments in mountainous regions affect downstream rivers as a primary source of sediment supply 
and also generate flash swasfloods, especially during extreme events. These floods have significantly shaped 
the catchments of small streams in the Mecsek Hills and some rural areas over the past two decades. However, 
there has been no previous study examining the hydromorphology of headwater catchments in low mountain 
environments in Hungary. The present study was meant to investigate the fundamental hydrogeomorphologi-
cal properties of a first-order catchment. A customary and detailed GIS survey of 50-metre sections was aimed 
at deciphering flash flood vulnerability and geomorphic interrelations within a micro-watershed. We found 
moderate susceptibility to flash floods compared to the whole Mecsek Hills. Stable large woody debris jams 
were identified during the field survey as major geomorphic channel features functioning as natural barriers 
which drive channel evolution and reduce flood hazards.
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versal classification system valid across all geo-
graphical locations. Nonetheless, the available 
classification techniques enable the adoption 
of a suitable survey approach that considers all 
the relevant attributes of the area under study.

The hierarchical classification system is well 
suited to streams with various features. A 
clear advantage is that the units within a given 
catchment are split along the scale into small-
er and more interpretable segments. These 
units, such as valley segment (100–10,000 m), 
stream reach (10–1,000 m), and channel unit 
(1–10 m) make the investigations of headwater 
streams possible. Thus, even for small streams, 
as well as larger rivers, qualitative and quan-
titative parameters can be assessed both along 
the longitudinal profile and at cross-sections 
(Płaczkowska, E. 2016; Bisson, P.A. et al. 2017).

The longitudinal profile allows differentiation 
of segments according to stream power, incision 
rate, accumulation zones, and sediment load in 
terms of quantity, composition, and particle size 
(Buffington, J.M. and Montgomery, D.R. 2013). 
The sections offer key information on changes 
in channel shape and sinuosity (such as straight, 
meandering, and braided). These processes sig-
nificantly affect cross-section parameters (for 
example, bankfull width and/or depth, channel 
shape index) and channel forms (including cut-
banks, steps, alluvial bars, potholes, riffles, and 
pools) (Kamykowska, M. et al. 1999).

Organic material accumulation also signifi-
cantly affects bed morphology. This effect is 
especially noticeable in headwater areas cov-
ered by mountain forests, where organic matter 
is abundant, ranging from tiny seeds, leaves, 
twigs (Jeffries, R. et al. 2003) to branches and 
woody debris of much larger size (Galia, T.  
et al. 2018; Thompson, M.S.A. et al. 2018). Its im-
pact on the channel and processes is diversified 
and complex. Woody debris accumulation can 
transform the flow conditions and thalweg of 
the channel. Therefore, it cannot be neglected 
in bank evolution either since it can accelerate 
streambank erosion or protect streambanks 
(Bilby, R.E. and Ward, J.W. 1991; Abbe, T.B. 
and Montgomery, D.R. 2003; Comiti, F. et al. 
2006; Ruiz Villanueva, V. et al. 2014; Short, 
L.E. et al. 2015; Wohl, E. et al. 2017, and refer-

ences therein). It is important to note that the 
organic materials in channels also contribute to 
trapping sediment. This can have spectacular 
consequences in the formation of impound-
ments and steps in the channel, whereby the 
morphological conditions and processes can 
change (e.g., erosion potholes can be created) 
(Galia, T. et al. 2017; Zhang, N. et al. 2020). 
Furthermore, these accumulations promote 
the precipitation of travertine, which can en-
hance the stability of natural dams (Carter, 
C.D. and Marks, J.C. 2007; Compson, Z.G.  
et al. 2009; Fuller, B. et al. 2011).

A comprehensive understanding of their 
features can be achieved through examin-
ing the aforementioned forms, factors and 
impacts along the longitudinal profile of 
streams. The distinction between segments 
is aided by the detailed field survey pro-
tocols developed for this purpose (Myers, 
T.J. and Swanson, S. 1997; Kamykowska, M.  
et al. 1999; Galia, T. et al. 2018). Numerous stud-
ies using a similar approach have been com-
pleted over the last decade, but typically con-
ducted in high and mid-mountain watersheds 
and streams (Galia, T. and Hradecký, J. 2011; 
Galia, T. and Škarpich, V. 2013; Płaczkowska, 
E. et al. 2015; Płaczkowska, E. and Krzemień, 
K. 2018; Ondráčková, L. and Máčka, Z. 2019; 
Prokop, P. et al. 2020).

Nonetheless, many field methods can be 
adapted for small watercourses with low-
er relief, even in hilly regions. Comparable 
studies have already been carried out in 
Hungary (Kalmár, P. et al. 2013; Fábián, 
Sz.Á. et al. 2016), but they are few in number 
at the national level. 

The objective of this paper was twofold. 
Firstly, it aimed to describe and analyse the 
trunk channel of the micro-catchment for bed 
types, shapes, and evolution, based on a com-
prehensive field survey. Particular emphasis 
was placed on the formation and evolution of 
natural log jams affecting sediment transport. 
Secondly, it was meant to estimate the flash 
flood susceptibility (FFS) value for the select-
ed micro-catchment since flash floods have in-
creased in frequency in Hungary due to recent 
extreme weather events. 
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Study area

This study focused on the southern branch 
of the Öreg-patak (Öreg Stream) Mecsekná-
dasd, which originates from a spring in eastern 
Mecsek. It runs in a north-easterly direction for 
just over seven and a half kilometres, where it 
joins the Puszta-árok (Óbányai-patak) between 
the villages Mecseknádasd and Óbánya. The 
studied watercourse and its associated per-
manent and ephemeral streams have a catch-
ment area of 9.75 km2, which just falls into the  
micro-watershed category (Daipan, B.P.O. 
2020). The highest point of the catchment is 
the Zengő (682 m), the lowest near the conflu-
ence is at 224 m (Figure 1). Relative relief ranges 
from 123 to 247 m/km2. Although the studied 
stream may be considered relatively natural, 
intensive forest management by the Mecsek-

erdő Zrt. (Mecsek Forestry Co. Ltd.) and the 
popularity of the marked hiking trails indicate 
significant anthropogenic impact.

Sedimentary rocks dominate the geologi-
cal setting. The Lower Jurassic Pliensbachian 
and Toarcian beds of limestone, chalk marl 
and siltstone (Óbánya Aleurolite Formation), 
locally intercalated by Lower Cretaceous 
(Valanginian) alkaline basalts (Mecsekjános 
Basalt Formation), are the most widespread 
formations. They are mostly covered by 
young Quaternary sediments, including 
slope deposits, loess, and its derivates. 
Sporadically, sedimentary and sub-volcanic 
rocks are exposed (Raucsik, B. and Varga, A. 
2008; Haas, J. 2013).

The studied catchment and its immediate 
surroundings display the characteristic sub-
dued, denuded shape of the Eastern Mecsek 

Fig. 1. Map of the study area.
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region. Main features of the topography are the 
radially spreading horsts and connecting ridges 
on which the boundary of the watershed (di-
vide) runs. The valley shoulders are described 
in several places in the valleys and the higher 
hilly surfaces are dissected by erosional-dera-
sional valleys (Ádám, L. et al. 1981; Kocsis, K. 
2018). Slope angles range from 0 to 35 degrees. 
The majority of the study area is represented by 
the range from 7 to 25 degrees (mean 15.47; Std. 
dev. 6.24; 8.31 km2; 85.2%) (Figure 2).

The climate is notably influenced by the 
north-northeast orientation of the catchment 
and its main valley. Mean annual air tem-
peratures (MAAT) vary between 7 and 9 °C; 
mean annual precipitation (MAP) totals are 
750–850 mm. However, in certain years the 
MAP reaches very extreme values, for exam-
ple, in exceptionally wet 2010 and 2014 years 
and in the arid year 2011 (Czigány, Sz. et al. 
2010; Hungarian Meteorological Service, n.d.).

The Öreg-patak (second-order stream at the 
mouth) and a few short, perennial and ephem-
eral streams are all part of the Danube water 
system, reaching the Danube via the Völgységi-
patak (Völgységi Stream) and the Sió canal 
(Kocsis, K. 2018). The length of streams which 
are considered permanent is 9.9 km.

The watershed is almost entirely covered 
with forests managed by the Mecsekerdő 
Zrt. The vast majority of tree species are 
European beech (Fagus sylvatica), sessile 
oak (Quercus patraea), Turkey oak (Quercus 
cerris), downy oak (Quercus pubescens) and 
hornbeam (Carpinus betulus), which are often 
mixed. Indeed, in more limited spots in the 
upper reaches of the main streams, planted 
spruce (Picea abies) is also found (Kevey B. 
2008). The closed forests are only occasion-
ally dissected by small clearings or seedling 
orchards, and more significantly, by gaps be-
tween forest stands (data from Mecsekerdő 

Fig. 2. Slope map of the study area with its border line (A)
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Zrt. and Ministry of Agriculture, 2019). 
Highly acidic Luvisols and Alisols predom-
inate with only small patches of Regosols 
(Kocsis, K. 2018).

The study area covers parts of the ad-
ministrative areas of five settlements 
(Hosszúhetény, Mecseknádasd, Óbánya, 
Pécsvárad and Zengővárkony). However, 
only a minute portion of inhabited land is 
affected, near the mouth of the Óbányai-
patak stream (Mecseknádasd Resort Area). 
Human activities significantly affected the 
morphology of the riverbed in these areas 
and near the forest tracks and logging sta-
tions of permanent use. 

Materials and methods

For the present study, two methodological 
procedures were applied. Firstly, 25 catch-
ment parameters (e.g., area, perimeter, drain-
age density, Gravelius coefficient, number 
of streams, total stream length, max stream 
order, max and min height, basin relief, for-
ested area) derived from a hydrologically 
correct digital elevation model (DEM) with  
10 m resolution were identified (Schumm, 
S.A. 1956; Strahler, A.N. 1957; Sasso-
las-Serrayet, T. et al. 2018; Daipan, B.P.O. 
2020; Víg, B. et al. 2022). For detailed GIS 
analyses, we also applied the South-Trans-
danubian Water Management Directorate 
(STWMD) vector surface water database, the 
Corine Land Cover 2012 (CLC2012) dataset, 
the closed sources forestry data of Mecsek 
Forestry Company (MF), and the ecosystem 
map of Hungary by Ministry of Agriculture 
(2019). For the spatial analyses, we used 
ArcGIS 10.4 (ESRI, 2016) and open-source  
ArcHydro Toolbox v2.0 (ESRI, 2011).

Relying on previous FFS studies (Esper 
Angillieri, M.Y. 2008; Singh, P. et al. 2013; 
Abdel-Fattah, M. et al. 2017; Puno, G.R. 
and Puno, R.C.C. 2019; Alam, A. et al. 2020; 
Obeidat, M. et al. 2021), the following mor-
phometric parameters had been selected 
for examination: area (A), drainage texture 
(Rt), drainage density (Dd), elongation ratio 

(Re), form factor (Ff), lemniscate index (k), 
Gravelius coefficient (GC), forested area (Fa), 
relief ratio (Rr). Among them, A, Dd and Rr 
were assumed as directly related to the prob-
ability of flash flood generation, while Rt, Re, 
Fa, Ff, k, and GC were inversely related to 
flash floods. All selected factors are related to 
runoff intensity and flash flood generation; 
therefore, they could be applied, using the 
approach of Víg, B. et al. (2022), for assessing 
FFS at the watershed level. Thus, the current-
ly studied watershed parameters were com-
pared with previously published data for the 
Mecsek Hills region.

Secondly, a comprehensive field survey 
was conducted to record in detail geolo-
gy, bed morphometry, geomorphology and 
land cover of the Öreg-patak catchment. 
The field survey was essentially carried out 
following the paper of Kamykowska, M.  
et al. (1999), from the source to the mouth, over 
a length of more than 7,700 m, divided into 
155 fifty-metre-long sections. The protocol 
developed in Polish Carpathian Mountains 
was applied to low-mountainous environ-
ments and low-discharge streams (Kalmár, P.  
et al. 2013; Kalmár, P. 2015; Fábián, Sz.Á. et al. 
2016). About four-fifths of the original proto-
col has been used, supplemented by measur-
ing woody debris jams (WDJ) in the channel, 
which strongly influence hydromorpholog-
ical features (Bilby, R.E. and Likens, G.E. 
1980; Dahlström, N. and Nilsson, C. 2004; 
Galia, T. and Hradecky, J. 2014). Following 
the original protocol’s logic, the WDJ param-
eters survey was structured to collect the data 
detailed below.

We used a laser rangefinder (Hecht 2006 
laser distance meter) to record the relative 
position of the WDJ in the channel and their 
basic physical parameters including the pre-
dominant and maximum height, width, and 
length. Furthermore, the WDJ’s orientation 
to the flow direction and the effect of organic 
matter (such as leaf litter, green leaves, senes-
cent leaves, and small wood fragments) accu-
mulation in the channel was also recorded, 
as they can influence flow conditions inde-
pendently of log jams (Přibyla, Z. et al. 2016).
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Using a portable GPS device (Garmin  
60 CSx), we recorded all the features (includ-
ing bedrock steps, anthropogenic elements, 
and WDJ) that impact the hydromorpholog-
ical processes in the riverbed according to the 
HD72/EOV reference system (EPSG:23700). In 
addition, springs, tributaries, and even short 
ephemeral or perennial watercourses were 
surveyed to augment our primary database.

Mean stream gradient was measured using 
a digital level (SOKKIA SDL50). The limit-
ing factor was the dense vegetation in the 
incised stream bed and the steep valley side. 
Sinuosity was calculated as a ratio between 
the unit (50 m) curvilinear length of the 
channel centreline and the straight distance 
of each unit endpoint. Data could not be ob-
tained in 67 out of the 155 surveyed sections, 
mainly in the upstream segment with a steep 
slope and incision. There was also sporadic 
data loss downstream due to dense vegeta-
tion hindering the survey even in winter.

The extent of the bedrock outcrop (estimat-
ed proportion) was recorded in the surveyed 
sections. The rock types identified in the field 
were checked with the help of the detailed 
geological maps (scale 1:10,000) available for 
the Mecsek Hills area. The genetic types of 
any riverbed sediments and their grain size 
categories were also documented.

Cross-sections and longitudinal profiles 
were classified according to the protocol 
categories (Kamykowska, M. et al. 1999) by 
channel section. Where applicable, qualita-
tive data were recoded (e.g., cross sections 
of channel types). Among the quantitative 
characteristics, we measured the channel 
gradient (∑m/50m), the bank height and the 
total bankfull depth and width. These mea-
surements yielded the channel shape index 
(bankfull width/maximum bankfull depth) 
for each channel section. We collected over 
2,000 data points, which were then recorded 
in a Microsoft Excel spreadsheet, also used 
to perform the necessary statistical analysis 
to interpret and evaluate data. Eleven cam-
paigns were conducted between March 2019 
and May 2020, primarily during low water 
stages.

Results and discussion

Watershed morphometric analysis and flash 
flood susceptibility

A complex hydrological, relief and land use 
analysis of the Öreg-patak catchment pro-
vided valuable information on the FFS of 
the region. The relatively small area and the 
associated maximum catchment basin length 
(L) imply a high flash flood sensitivity due to 
the low accumulation time. However, this 
is offset by low (≤ 2) drainage texture and 
drainage density, which decreases the like-
lihood of flash floods occurrence. Among 
the areal parameters, low (highly elongated,  
≤ 0.5, or elongated, 0.5–0.7) values of elon-
gation ratio, form factor and circularity ratio 
also reduce FFS due to the highly elongated 
shape. High values of the Lemniscate index 
and Gravelius coefficient, as well as the high 
degree of forest cover, were also interpreted 
as moderating effects on the studied catch-
ment. Comparing the presented values in 
this paper with the former general FFS anal-
ysis of the Mecsek region by Sarkadi, N.  
et al. (2022), and Víg, B. et al. (2022), FFS in 
the catchment was estimated to be moderate 
or medium. Based on the flash flood events 
observed in the past decade, mud and woody 
debris ‘floods’ can only be caused by extreme 
precipitation at the confluence of headwater 
branches (Table 1, Photo 1).

Channel reach analysis

The field survey was carried out on 155 
channel sections with a length of 50 m from 
the source of the southern headwater of the 
Öreg-patak to the mouth of the watercourse. 
Of these, 30 sections are located upstream the 
confluence of the three headwaters.

Early Jurassic (Pliensbachian and Toarcian) 
sediments dominate the examined sections 
(n = 144). Further eleven sections overlie 
thin alkali basalt, trachybasalt, and phono-
lite dykes of Early Cretaceous (Valanginian) 
age. We estimated the percentage of bedrock 
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Photo 1. Woody debris ‘flood’ after an extreme precipitation event at the end of May, 2019. 
(Photo taken by Attila Szalay, Mecsek Forestry Co. Ltd, 2019).

Table 1. Fundamental morphometric parameters of the studied catchment with the highlighted FFS relevant data

Parameters Formula Value References
FFS parameters

Area (A), km2

Max. basin length (L), km
Drainage texture (Rt)
Drainage density (Dd), km/km2

Elongation ratio (Re)
Form factor (Ff)
Circularity ratio (Rc)
Lemniscate index (k)
Gravelius coefficient (GC)
Forested area (Fa), %

–
–

Rt = Nu/P
Dd = ∑L/A

Re = D
Ff = A/L2

Rc = 4πA/P2

k = L2π/4A
GC = P/2√πA

–

9.75
6.80
0.31
1.01
0.52
0.21
0.24
3.69
2.03

100.00

–
Kamykowska, M. et al. 1999
Horton, R.E. 1945
Strahler, A.N. 1957
Schumm, S.A. 1956
Mesa, L.M. 2006
Mesa, L.M. 2006
Moores, E.A. 1966
Sassolas-Serrayet, T. et al. 2018
Kamykowska, M. et al. 1999

Traditional further parameters
Perimeter (P), km
Fitness ratio (Rf)
Number of streams (Nu)
Integration index (C), km2/km
Total stream length (ΣL), km
Max stream order (u max)
Total length of stream order (∑u), km
Mean stream length (Lu), km
Length of main channel (Cl), km
Maximum height (H), m
Minimum height (h), m
Basin relief (r), m
Relief ratio (Rr)
Grassland area (Ga), %
Arable land area (Aa), %

–
Rf = Cl/P

–
C = A/L

–
–
–

Lu = SL/Nu
–
–
–

r = H – h
Rr = H – h-L

–
–

22.5
0.29

7
1.40
9.90

2
4.44 (u1); 5.46 (u2)

1.40
6.50
680
224
456

67.28
0
0

–
Pareta, K. and Pareta, U. 2011
–
Kamykowska, M. et al. 1999
–
Morisawa, M.E. 1962
–
Biswas, S.S. 2016
–
–
–
–
Schumm, S.A. 1956
Kamykowska, M. et al. 1999
Kamykowska, M. et al. 1999
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outcrops exposed in each section and classi-
fied the sections into four categories. Some 
bedrock was found in 58 percent (n = 90) of 
the surveyed sections. The lowest proportion 
of bedrock (< 10%) was found in 66 sections. 
It was measured between 10–50 percent in 
21 sections, and the highest outcrop rate was 
between 50–90 percent in only three sections. 
In the remaining 65 sections (42% of the total 
surveyed), no bedrock could be detected. No 
definite pattern or regularity of the bedrock 
distribution can be discerned along the lon-
gitudinal profile. However, rocks could be 
traced in all sections from 39 to 59, and from 
67 to 90. Furthermore, the 10 to 50 percent 
occurrence was dominant in sections from 
86 to 94 (n = 7). In all the sections where 
volcanic or subvolcanic rocks were present, 
bedrock also occurred in the stream bed. In 
addition, the 11 sections mentioned above 
alternated between the 10–50 percent, and 
50–90 percent categories. A decrease in rock 
occurrence was observed downstream sec-
tion 100, justified by the thickness and ac-
cumulation of younger cover sediments. 
The low proportion of the bedrock outcrops 
(only 24 sections have >10% outcrop ratio) 
is typical of the low-mountain region in the 
Pannonian Basin (i.e., low altitude, relief, 
channel gradient, water discharge and bed-
load transport intensity, and high portion 
of alluvial fans) (Mezősi, G. 2015; Kocsis, 
K. 2018). Furthermore, this feature is rein-
forced by the laws governing catchments and 
stream channel conditions (i.e., low gradient, 
stream power, sinuosity), which inhibit the 
evolution of bedrock and colluvial channels 
(Bisson, P.A. et al. 2017).

Slope (waste mantle) and alluvial sedi-
ments could be observed in channel depos-
its for most of the sections (n = 151; 91%). In 
the remaining minority of sections (n = 4), 
the same could be assumed but could not be 
assessed adequately due to thick leaf litter 
cover. Sediment grain size showed slight 
variation. The upstream sections (5–15) were 
characterised by clay and silt, while the re-
maining sections contained all grain sizes 
from clay (< 0.004 mm) to small boulders  

(> 256 mm) in varying amounts. Similar sedi-
ment size distributions have been reported in 
the streambed for small headwater streams 
(Galia, T. et al. 2015). Estimating the num-
ber of different grain sizes over such a long 
reach would be difficult, imprecise, and im-
possible in the field. According to Russel, 
R.J. (1954) and Charlton, R. (2008), alluvial 
channels can contain a mixture of grain sizes 
from boulders to clay. The variable grain size 
may also be explained by the low channel 
gradient and the ‘semi-alluvial’ nature of the 
stream. The relatively low sediment trans-
port capacity only changes during extreme 
debris floods (Bywater-Reyes, S. et al. 2017).

In the longitudinal profile four types were 
identified, such as stepped, irregular, lev-
elled and undulating. The fifth possible type 
(toothed) was not observed. The occurrence of 
the observed types did not show a clear regu-
larity along the stream. The four types being 
quite similar, only 60 of the measured sections 
the reaches could be classified unequivocal-
ly. The vast majority of them (n = 49) were 
either irregular or levelled. However, the en-
tire longitudinal profile of the studied stream 
displayed a concave curvature with a steep 
upper course (0–1,500 m) and a gentle lower 
course downstream (1,500–7,700 m) (see upper 
part of Photo 1), a typical longitudinal profile 
for alluvial streams (Rice, S.P. and Church, M. 
2001). Earlier research also confirmed that nat-
ural alluvial streams usually have an irregular 
longitudinal profile (Western, A.W. et al. 1997; 
Schumm, S.A. 2005).

The width/depth ratio, measured in a total 
of 120 sections, characterises cross-section ge-
ometry. The upstream segment (0–1,500 m) of 
the watercourse had a narrow and relatively 
deep valley floor with a low discharge (esti-
mated mean annual discharge at the conflu-
ence < 0.015 m3/s), resulting in an ill-defined 
stream channel. In the sections spanning from 
30 to 155, the dominant types of beds were 
those whose width was much greater than 
depth. From 1,500 to 3,000 m, the width of 
the bed varied between 0.3 and 0.8 m (aver-
age 0.54 m). Then, the width increased sig-
nificantly. Up to the confluence, the width 
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varied between 1.26 and 12.05 m (average 4.33 
m). Channel depth was only measured from 
section 30 onwards. The 125 sections from 
here up to the confluence ranged from 0.05 to  
1.2 m in depth (average is only 0.3 m). Deeper 
channels were often linked to anthropogen-
ic influence. Moreover, the pools due to or-
ganic dams or bedrock steps induced high-
er-than-average values. The width/depth 
ratio (W/D) ranged from 2.5 to 143.2, with an 
average of 21.67 and was used for the funda-
mental Rosgen’s classification (Rosgen, D.L. 
1994). The first group consisted of forty-four  
sections with low values (W/D < 12; mean 
8.56), which were dominated by alluvial 
deposits with floodplain and riffle/pool bed 
morphology. The next class (moderate W/D 
values between 12 and 40) characterised  
69 sections (mean 21.24) with moderate or 
low channel gradient, riffle/pool bed mor-
phology, and high bank-erosion anastomosed 
channel. In the third class (high W/D values 
> 40), 12 sections were included (mean 72.17) 
with broad valleys and considerable amounts 
of alluvial deposits. The channel types and 
bed morphology defined by the W/D values 
(Buffington, J.M. and Montgomery, D.R. 
2013) can also be identified in the current 
study area.

The slope, stability and maximum height 
of the natural banks were also surveyed since 
they significantly affect bank erosion and sed-
iment transport (Sass, C.K. and Keane, T.D. 
2012; Willett, C.D. et al. 2012; Buffington, 
J.M. and Montgomery, D.R. 2013). Banks 
were classified as very gentle, gentle, steep, 
vertical or overhanging along the stream. 
Establishing any regularity was not possible, 
as the pattern was found to be highly variable 
even within sections. The valley side charac-
teristics were estimated in the upstream seg-
ment (3–29) due to the lack of definite banks. 
Here the steep class predominated. With 
few exceptions, the downstream segment  
(30–155) was dominated by stable and 
semi-stable banks. The maximum relative 
height of the banks ranged from 0.2 to 3 
m (average 1.06 m). It is important to note 
that in sections with vertical or overhanging 

bank types, the banks were still considered 
semi-stable due to anthropogenic influences 
(i.e., gabion walls) or to stabilising vegetation 
(Photo 2).

The segment upstream had a steeper gra-
dient (average 8.3%), whilst the downstream 
segment had only 2 percent. The downstream 
segment showed a consistently higher ratio  
(≥ 4%, n = 4) in sites where both bedrock out-
crops and woody debris with a step system 
were present. Sections with a gradient of  
2–4 percent (n = 48), either bedrock steps or 
woody debris, were reported in 39 cases. The 
entire longitudinal profile exhibited slope val-
ues ranging from 0.44–16.9 percent. Bed slopes 
(0.2–1%), typical according to Bisson, P.A. et 
al. (2017), dominated on the pool-riffle reaches  
(n = 3 all downstream), 1–3 percent on the 
plane-bed reaches (n = 118 dominated down-
stream), 3–8 percent on the step-pool reaches 
(n = 21) and 8–26 percent on the cascade stream 
reaches (n = 13 all upstream but not cascade 
types).

Sinuosity ranged from 1 to 2.31 (mean: 1.12, 
standard deviation: 0.19). The sinuosity ratio 
(SR) of the whole valley (6,310 m) was also 
estimated as 1.22. Traditionally, channels 
are classified into three categories: straight 
(SR < 1.1), sinuous (1.1–1.5) and meandering  
(> 1.5) (Leopold, L.B. and Markley, G.W. 
1957). In the sections we surveyed, straight 
type occurred in 63, sinuous in 21 and me-
andering only in 4 cases (see Figure 3). We 
agreed with Charlton’s notes that the SR 
descriptions are confused in the literature, 
thus, making it hard to compare and inter-
pret recent results (Charlton, R. 2008).

The total number of large woody debris 
sites obstructing the riverbed was 48, located 
in 25 percent of the sections (n = 39). In most 
cases (79%), only one log jam per section 
was documented (n = 31 sections). The max-
imum number of dams observed in a section 
was three, which occurred in only one case 
(section 109). The overall average was c. 0.62 
WDJs per 100 m (Figure 4). 

The interpretation of our results is difficult 
since no similar survey has been conducted 
in the Pannonian Basin yet. However, the 
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←
Fig. 3. Longitudinal profile of Öreg-patak (Öreg Stream) with the main measured stream channel characteristics 
(on the right side axis, 1–15). Geology (1) = Lower Jurassic Pliensbachian marl (i); Lower Jurassic Pliensbachian 
marl and marlstone (ii); Lower Jurassic Pliensbachian marl and siltstone (iii); Lower Jurassic Toarcian marl 
and silt (iv); Lower Cretaceous (Valanginian) alkaline basalts (v). Surface of outcrops (2) = <10% (a); 10–50%  
(b); 50–90% (c). Woody debris (3). Genetic type of sediment (4) = slope origin (A); alluvial (B). Size composition of 
sediments (5) = clay (A); silt (B); sand (C); granules, 2–8 mm (D); pebbles, 8–64 mm (E); cobbles, 64–256 mm 
(F); boulders, > 256 mm (G). Cross-section of the channel (6) = triangular, depth > width (d); trapezoidal, depth 
= width (e); (f) elliptical, depth < width (f); parabolic, depth < width (g). Longitudinal profile (7) = atepped  
(A); irregular (C); levelled (D); undulating(E). Bank slope (8) = very gentle banks (A); gentle banks (B); steep 
banks (C); vertical banks (D); overhanging banks (E). River bank fixation (9) = naturally fixed (A); artificially 
fixed – biologically (B); artificially fixed – technically (C); unfixed (E). Stream gradient (10). Max bankfull width (1). 
Max height of the natural banks (12). Max bankfull depth (all in metre) (13). Channel shape index (14). Sinuosity (15).

Photo 2. Examples of semi-stable stream banks: Technically fixed by retaining gabion walls (a), naturally semi-
fixed by roots (b). (Photos taken by the authors.)

Fig. 4. Map of the woody debris along the Öreg-patak (Öreg Stream): Borderline of the study area (A), perennial/
ephemeral stream (B/C), woody debris (D).
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frequency of WDJ is considered extremely 
low. Previous studies measured significantly 
higher values (range 2.4 to 8.6) with match-
ing catchment areas (≤ 10 km2) and compa-
rable reach lengths (≤ 50 m) (Jackson, K.J. 
and Wohl, E. 2015.). A higher value (1.2–1.4) 
with similar catchment parameters (channel 
length approx. 8 km, stream order HS ≥ 2, 
forested ratio close to 100%) was also report-
ed (Comiti, F. et al. 2006). We assumed that 
low WDJ frequency is predominantly related 
to regular forest management, as the man-
aged forest provides less wood than the old-
growth forest to develop jams (Dahlström, 
N. and Nilsson, C. 2004; Motta, R. et al. 
2006; Wohl, E. et al. 2017). The composition 
of debris jams (grain size, length, and diam-
eter) varied along the stream. All surveyed 
WDJ contained organic material of the small-

est dimension (leaves, seeds, and twigs) as 
well as elements classified in the literature 
as coarse woody debris (CWD) and large 
woody debris (LWD). This hybrid structure 
and grain size are consistent with most WDJ 
in the forest-covered headwater channels in 
low-mountainous regions (Manners, R.B. 
et al. 2007; Přibyla, Z. et al. 2016). The CWD 
and LWD consisted of pieces from decidu-
ous trees dominated by agus sylvatica and 
Carpinus betulus. The increased ratio of Fagus 
sylvatica in the WDJ and other in-stream wood 
material has also been observed in the Czech 
Carpathians when this species is mixed with 
conifers to a much greater extent (Galia, T.  
et al., 2017). It may be assumed that Fagus syl-
vatica has a unique role in WDJ generation in 
Central European low- and mid-mountain-
ous mixed forests.

Photo 3. Examples of woody debris jams (arrows show the flow direction): Log jam in juvenile phase (a), log 
jam with massive trunk and soil ball (b), typical log jam in mature phase (c), log jam with steps and pothole 

(d). (Photos taken by the authors.)
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A separate group is formed by types that 
usually contain massive trunks (≥ 25–30 cm 
diameter, ≥ 2 m length) typically found in the 
bed with soil ball (n = 3), all of them Fagus syl-
vatica. These are referred to as stable types in 
this study, as their potential for displacement 
is relatively small, mainly due to their large 
mass and low average discharge of the trunk 
stream. They form a step in the bed, enhance 
the accumulation of sediment and the upwelling 
of wood, and promote the creation of erosional 
depressions after blockage. This way, they also 
have a complex and essential influence on bed 
morphology (Photo 3). Our findings on this issue 
are the same as Ondráčková and Máčka’s re-
sults on the role of in-stream wood and rootball 
accumulations (Ondráčková, L. and Máčka, 
Z. 2019). Geomorphic (dis)connectivity in a 
middle‐mountain context: Human interventions 
in the landscape. Furthermore, we consider the 
type we defined as stable WDJ comparable to the 
“active jam” type published by Cashman, M.J. 
et al. (2021), which increases the jam’s structural 
complexity and hydromorphological diversity.

Conclusions

This study delineated the Öreg-patak water-
shed using standard GIS processes on a 10 m 
DEM. To estimate FFS for the catchment, we 
evaluated the computed parameters of the ba-
sin and the modelled data for this area. The 
FFS of the studied watershed can be assessed 
as medium to moderate. However, extreme 
meteorological events can generate severe sed-
iment and woody debris ‘floods’, easily ob-
served during the fieldwork, especially in the 
upstream segment. With slight modifications 
and additions, the method we developed and 
utilised for the field survey of stream morphol-
ogy was successfully applied in the Mecsek 
Hills and low-mountainous relief.

Channel types and reaches were surveyed 
based on measured and estimated streambed 
morphological properties and classified accord-
ing to a currently accepted geomorphological 
system (Buffington, J.M. and Montgomery, 
D.R. 2013). The upstream part was identified 

as a colluvial channel of 0 or 1 stream order 
and low streamflow discharge, incised into a 
colluvial valley. On the downstream segment, 
step-pool (steps formed by woody debris and 
bedrock), pool-riffle (moderate or low gradient) 
and braided channel (large W/D ratio) types 
dominated without any regularity. The bedrock 
channel reach occurred in less than 2 percent 
of all measured sections; the typical cascade, 
plane-bed and dune-ripple stream reaches 
could not be observed in the study area.

The measured and estimated sporadic 
data of the natural streambanks (e.g. height, 
stability, and slope) may be suitable to de-
termine the potential stages of bank erosion 
activity (Rosgen’s BEHI Index) at different 
levels.

In this study, we recorded all woody debris 
jams in the channel, built up of either CWD 
or LWD. We focused on the ‘stable’ type of 
these log jams because they significantly af-
fect streambed morphology. Forming natural 
barriers in the channel, wood jams can block 
or reduce sediment and organic material 
transport. Furthermore, their stability can 
be increased by travertine formation. 

Analysis of small headwater streams is 
lacking in Hungary as fluvial geomorpholog-
ical studies focus mainly on larger rivers and 
their floods. However, increasingly frequent 
extreme rainfall events and flash floods jus-
tify complex morphological studies of small 
catchments and headwater streams.
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Introduction

Crop yield forecasting is crucial in agricul-
tural decision-making for food security, crop 
insurance, and improving overall food pro-
duction (Tantalaki, N. et al. 2019). Tradition-
ally, farmers relied on their personal expe-
rience and incorporated weather and other 
relevant data to forecast their individual crop 

yields and make informed decisions (Liakos, 
K. et al. 2018). However, this traditional ap-
proach is associated with inherent uncertain-
ties, particularly when extrapolated to large-
scale scenarios, because of influencing fac-
tors that differ depending on the region and 
crop type (Shahhosseini, M. et al. 2020). Crop 
yield forecasting and prediction are distinct 
approaches that differ in methodology and 
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Abstract

Crop yield forecasting is critical in modern agriculture to ensure food security, economic stability, and effec-
tive resource management. The main goal of this study was to combine historical multisource satellite and 
environmental datasets with a deep learning (DL) model for soybean yield forecasting in the United States’ 
Corn Belt. The following Moderate Resolution Imaging Spectroradiometer (MODIS) products were aggregated 
at the county level. The crop data layer (CDL) in Google Earth Engine (GEE) was used to mask the data so that 
only soybean pixels were selected. Several machine learning (ML) models were trained by using 5 years of data 
from 2012 to 2016: random forest (RF), least absolute shrinkable and selection operator (LASSO) regression, 
extreme gradient boosting (XGBoost), and decision tree regression (DTR) as well as DL-based one-dimensional 
convolutional neural network (1D-CNN). The best model was determined by comparing their performances at 
forecasting the soybean yield in 2017–2021 at the county scale. The RF model outperformed all other ML models 
with the lowest RMSE of 0.342 t/ha, followed by XGBoost (0.373 t/ha), DTR (0.437 t/ha), and LASSO (0.452 t/ha) 
regression. However, the 1D-CNN model showed the highest forecasting accuracy for the 2018 growing season 
with RMSE of 0.280 t/ha. The developed 1D-CNN model has great potential for crop yield forecasting because 
it effectively captures temporal dependencies and extracts meaningful input features from sequential data.
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data utilization (Shahhosseini, M. et al. 2020). 
Forecasting entails using historical observa-
tions to train a model and subsequently gen-
erating forecasts by employing input features 
specific to the future (Paudel, D. et al. 2021). 
The forecasting process acknowledges the 
influence of various biotic and abiotic fac-
tors on crop yield and necessitates a com-
prehensive understanding and management 
of these elements for a full grasp of the yield 
dynamics. A critical issue is the scarcity of 
extensive data encompassing all pertinent 
factors on a large scale.

Crop yield prediction differs from crop 
yield forecasting in that the former can uti-
lize the target variable of the current year 
in the training phase (Shahhosseini, M.  
et al. 2020). Current crop yield prediction ap-
proaches can be divided into two main cat-
egories: physical models and statistical mod-
els (Tripathy, R. et al. 2022). Physical models 
simulate crop-growing conditions in combi-
nation with parameters that affect crop yield. 
Representative physical models include the 
Agricultural Production Simulator (Keating, 
B.A. et al. 2003) and Decision Support System 
for Agrotechnology Transfer (Jones, J.W.  
et al. 2003). Physical models are widely used, 
but they require extensive data for calibra-
tion, which limits their capabilities for large-
scale crop monitoring. In contrast, statistical 
models are simpler with fewer input require-
ments, which make them very convenient for 
large-scale studies. Machine learning (ML) 
models use historical data to characterize 
the relationship between input variables and 
crop yield (Ma, Y. et al. 2021). A major advan-
tage of ML models is that they can be used 
even when some specific crop parameters are 
not available. With the increased availabil-
ity of data and computing power, robust ML 
methods have been developed and applied 
to crop yield prediction.

The increased availability of extensive 
remote sensing data has greatly facilitated 
their utilization in various agricultural ap-
plications, including crop classification, iden-
tification, and drought characterization (Sun, 
J. et al. 2019; Khan, S.N. et al. 2023), which has 

opened new avenues for extracting meaning-
ful input features from remote sensing data 
for crop yield prediction. Vegetation indi-
ces (VIs) include factors such as greenness, 
vegetation health, and stress, and they have 
received substantial interest for research in 
vegetation dynamics (Panda, S.S. et al. 2010; 
Khan, K. et al. 2020). The normalized dif-
ference vegetation index (NDVI) is widely 
used for crop health characterization and 
yield prediction (Fernandes, J.L. et al. 2017). 
The NDVI measures the difference in reflec-
tance of near-infrared (Nir) and red light 
to capture variations in plant biomass and 
photosynthetic activity, which makes it very 
useful for assessing crop productivity. Other 
VIs that have been employed for crop yield 
prediction include the enhanced vegetation 
index (EVI), soil-adjusted vegetation index, 
and normalized difference water index. In 
addition to remote sensing data, some stud-
ies have utilized climatic variables and soil 
data for crop yield prediction. 

Recent studies have combined remote 
sensing data with ML models for crop yield 
prediction (Shahhosseini, M. et al. 2020). 
For example, Piekutowska, M. et al. (2021) 
used multiple linear regression on phe-
nological and meteorological data to pre-
dict the potato yield and obtained a mean 
absolute percentage error of < 15 percent. 
Zeng, W. et al. (2018) used partial least-
squares regression on weather data to pre-
dict the sunflower yield with an accuracy of  
R2 = 0.69. Other ML models, including ran-
dom forest (RF) (Khan, S.N. et al. 2022), sup-
port vector regression (Khosla, E. et al. 2020), 
and decision tree regression (Khan, S.N.  
et al. 2022) have been used for crop yield 
prediction at different scales and with dif-
ferent variables. In addition to conventional 
ML models, several deep learning (DL) mod-
els have recently been applied to crop yield 
prediction (Kang, Y. et al. 2020). Sun, J. et al. 
(2019) used a convolutional neural network 
and long short-term memory (CNN-LSTM) 
model with Moderate Resolution Imaging 
Spectroradiometer (MODIS) data to pre-
dict the soybean yield at the county level. 
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Fig. 1. Map of the study area. For state codes see the text. 

They classified data into different stages of 
the crop-growing season and evaluated the 
model performance in the stages. The end-of-
season models outperformed the in-season 
models. (Ma, Y. et al. 2021) used a Bayesian 
neural network (BNN) with VI, climate, and 
soil data to predict the corn yield at the coun-
ty level. They compared the performances 
of several models and found that the BNN 
outperformed other ML models such as 
RF, support vector regression, and LSTM. 
Although Earth Observation Systems (EOS) 
play a crucial role in monitoring crop yield 
through satellite data, there exists a signifi-
cant research gap in enhancing the integra-
tion of multiplatform data, including data 
processing techniques, and the effective ap-
plication of this technology in precision agri-
cultural management. Novel research efforts 
are needed to bridge this gap and further 
optimize the utilization of EOS for informed 
decision-making in agriculture.

In this study, we applied several ML and 
DL models to forecast the soybean yield of 
the United States (US) at the county level and 
evaluated their performances. The spatial 
patterns between the observed and forecast-

ed yields were also analysed. To address the 
above tasks, the following research questions 
were selected: 

1. What are the most significant input fea-
tures to predict the crop yield at the county 
scale?

2. How does the deep learning-based 
1D-CNN model compare to traditional ML 
models for forecasting soybean yield in the 
US Corn Belt using historical satellite and 
environmental data?

Data

Study area

The study area comprised fourteen soybean-
producing states: North Dakota (ND), South 
Dakota (SD), Nebraska (NE), Kansas (KS), 
Minnesota (MN), Iowa (IA), Missouri (MO), 
Arkansas (AR), Wisconsin (WI), Illinois (IL), 
Mississippi (MS), Michigan (MI), Indiana 
(IN), and Ohio (OH) (Figure 1). Most of the 
study area is in the Midwest, also known as 
the Corn Belt (Green, T.R. et al. 2018), and it 
is responsible for producing most of the corn 
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and soybean in the US. Corn and soybean 
are often grown in rotation. The study area 
is primarily rainfed, and only a very small 
part is irrigated.

Crop yield data

County-level soybean yield data were ob-
tained from the United States Department of 
Agriculture (USDA) for 2012–2021 (USDA/
NASS 2021). The data were originally in 
bushels per acre, but we converted the values 
to tons per hectare (t/ha). The crop yield data 
were used for training, testing, and validating 
the models considered in this study. Annual 
soybean yields at a county level were differ-
ent in the years from 2012 to 2021 (Figure 2). 

Cropland data layer

The cropland data layer (CDL) is a crop-
specific land-cover data layer created for the 
continental US that is generated each year by 
using MODIS and ground truth data at a res-

olution of 30 m (Boryan, C. et al. 2011). The 
CDL was developed by the Geospatial In-
formation Branch, Spatial Analysis Research 
Section of the Research and Development Di-
vision at the National Agricultural Statistics 
Service (NASS), which is part of the USDA. 
In this study, we utilized the CDL to create 
a mask that identifies soybean pixels while 
excluding other data. We also used the CDL 
to derive statistics that helped identify coun-
ties with zero soybean pixels, which aided 
in the selection and exclusion of counties for 
further analysis.

County boundaries

The geographic boundaries of the counties in 
the study area were derived from the US Census 
Topologically Integrated Geographic Encoding 
and Referencing project, which provides accu-
rate and comprehensive spatial data on county 
boundaries in the US (https://www.census.gov/
geographies/mapping-files/time-series/geo/ti-
ger-line-file.html). The geographic boundaries 
were used to collect and represent county-level 
data each year within the specified period.

Remote sensing and 
weather data

We employed MODIS 
data from the NASA 
Earth Observing System 
Data and Information 
System (https://search.
earthdata.nasa.gov/), 
which are collected 
at regular intervals of  
16 days and are available 
at spatial resolutions of 
250, 500, and 1,000 m. We 
utilized MODIS NDVI 
and EVI products from 
the MOD13Q1.061 Terra 
Vegetation Indices 16-
Day Global 250 m data-
set (Didan, K. 2021). 
The MOD09A1 product Fig. 2. Average soybean yield at the county level for 2012–2021.

https://www.census.gov/geographies/mapping-files/time-series/geo/tiger-line-file.html
https://www.census.gov/geographies/mapping-files/time-series/geo/tiger-line-file.html
https://www.census.gov/geographies/mapping-files/time-series/geo/tiger-line-file.html
https://search.earthdata.nasa.gov/
https://search.earthdata.nasa.gov/
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provides a surface reflectance product for 
Terra MODIS bands 1–7 at a spatial reso-
lution of 500 m and considers atmospheric 
conditions such as gases, aerosols, and Ray-
leigh scattering. The reflectance of each pixel 
is selected from the best value of multiple ac-
quisitions within an 8-day composite based 
on factors such as high observation coverage, 
low view angle, no clouds or cloud shadows, 
and aerosol loading (Vermote, E. 2021). The 
MOD11A2 product offers the average land 
surface temperature (LST) over 8 days at a 
spatial resolution of 1 km. The average LST 
for each pixel is calculated by taking the sim-
ple average of all corresponding LST values 
collected from the MOD11A1 product with-
in that specific 8-day period (Wan, Z. et al. 
2021). The MOD11A2 product incorporates 
both daytime and night time surface tem-
perature bands to account for long-term soil 
factors (Saravanan, V. and Tamburi, V.N. 
2022). Meteorological data were obtained 
from Daymet (Thornton, M.M. et al. 2022) 
and included daily measurements of six 
parameters, of which four were selected as 
climatic factors: precipitation, vapour pres-
sure, minimum temperature, and maximum 
temperature. These parameters are generated 
on a gridded surface with a resolution of 1 
km × 1 km. Table 1 presents an overview of 
the satellite and climatic data utilized in this 
study.

Data preprocessing

The above datasets were preprocessed and 
downloaded by using Google Earth Engine 
(GEE) (Figure 3). All datasets were aggregat-
ed to a temporal resolution of 16 days corre-
sponding to the period of 14–31 July for con-
sistency. This period was selected because 
it coincides with the peak vegetation phase 
of soybeans. We previously investigated the 
contributions of dynamic input features to 
the crop yield, including the growth stage 
and phenology. We found that VI data from 
mid-July are more significant to forecasting 
the soybean yield than from other periods. 

This period corresponds to the crucial pod-
setting stage for soybeans. The significance of 
the dynamic input features implies that the 
presence of pods and leaves predominant-
ly influences the soybean crop yield (Li, Y.  
et al. 2023). Thus, all data within this period 
should have a significant relationship with 
the crop yield.

First, a dataset (e.g., MODIS NDVI) and the 
CDL were loaded into the GEE environment. 
The region of interest was selected, and both 
datasets were clipped to that region. We used 
the eq() function to create a binary mask 
based on the CDL values. Pixels with CDL 
values that corresponded to cropland were 
assigned a value of 1, while all other pixels 
were assigned a value of 0. We used the up-
dateMask() function to apply the CDL mask 
to the MODIS NDVI dataset, which masked 
out all NDVI values that corresponded to 
non-cropland areas and left only soybean 
pixels. We then calculated the mean values of 
input features for each dataset at the county 
level. The soybean yield and input features 
were merged for each year using the county 
and year as common columns. 

Method

Machine learning models

We compared various ML models in an ef-
fort to find a relationship between geospa-
tial data and the soybean yield. We selected 
four different ML models: RF, least absolute 
shrinkable and selection operator (LASSO) 
regression, extreme gradient boosting (XG-
Boost), and decision tree regression (DTR). 
In addition, we selected a one-dimensional 
convolutional neural network (1D-CNN) as 
a DL model. All models were trained, tested, 
and validated. Models were trained and test-
ed on data for 2012–2016. The models were 
then validated by forecasting the soybean 
yield for 2017–2021. The ML models were 
implemented in Python 3.11.3 with the scikit-
learn package (Pedregosa, F. et al. 2012). The 
1D-CNN model was implemented in Keras 
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(Ketkar, N. 2017), which is an open-source 
DL framework written in Python.

RF estimates the crop yield by combining 
multiple regression trees. Each regression 
tree captures relationships between the input 
features and the target variable. Subsamples 
are randomly selected from the training 
set, which comprises 70 percent recorded 
yield samples and 30 percent test data. Each 
subsample is fitted to a regression tree. The 
final forecast is obtained by averaging the 
forecasts of all trees. RF has been demon-
strated to be effective at mitigating overfit-
ting (Wang, H. et al. 2016). We employed the 
Gaussian kernel function to investigate the 
non-linear association between input fea-
tures (i.e., climatic and remote sensing data) 
and the target variable (i.e., crop yield). We 
applied RF to identify the most important 

input features utilizing Python 3.11.3 and 
the scikit-learn library, which offers Random 
Forest Regressor classes.

LASSO regression uses linear regression 
to minimize the residual sum of squares 
while constraining the absolute values of 
coefficients below a specified threshold 
(Tibshirani, R. 1996). LASSO regression ad-
dresses overfitting by automatically select-
ing relevant input features, which leads to a 
more concise regression model.

XGBoost is designed for tree boosting, 
which involves constructing multiple weak 
learners and combining their results to im-
prove the regression or classification per-
formance. It incorporates regularization 
techniques to prevent overfitting, and the 
weak learners can be regression trees or lin-
ear models (Chen, T. and Guestrin, C. 2016; 

Table 1. Overview of the satellite and climatic data used in this study

Data source Spatial 
resolution

Temporal 
resolution Feature Products description

MOD13Q1 250 m 16-day
NDVI Vegetation index value at a per-pixel 

basis.EVI

MOD09A1 500 m 8-day

Red The surface spectral reflectance of Terra 
MODIS bands 1–7, accounting for 
atmospheric factors. It includes seven 
reflectance bands, a quality layer, and 
four observation bands. Pixel values are 
chosen based on criteria like extensive 
coverage, optimal view angle, clear sky 
conditions, and minimal aerosol.

Nir
Blue

Green

Nir 1
Swir 1
Swir 2

MOD11A2 1,000 m 8-day LST

The 8-day period aligns with the 
ground track repeat period of the Terra 
and Aqua satellites. This product in-
cludes day- and night-time LST bands, 
quality indicator layers, additional 
MODIS bands, and observation layers.

Daymet 1,000 m Daily

Precipitation Daymet V4 is an updated version that 
offers gridded estimates of daily weath-
er parameters for Continental North 
America, Hawaii, and Puerto Rico. It 
addresses known issues by reducing 
timing bias, enhancing regression mod-
els, and introducing a novel approach 
to handle high elevation temperature 
measurement biases. 

Water vapour
Temperature min.

Temperature max.
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Song, Y. et al. 2019). We opted to use XGBoost 
based on decision trees. XGBoost makes fore-
casts by summing the weights of the leaves in 
all decision trees. We used the GridSearchCV 
package (Molinaro, A.M. et al. 2005) to de-
termine the optimal parameters for XGBoost.

DTR constructs a tree structure based on 
input features in the training data to forecast 
the target variable. It is suitable for both clas-
sification and regression tasks and offers the 
benefit of interpretable results in the form of 
a tree. DTR utilizes binary splits to divide 
data into two groups and minimizes the sum 

of squared deviations from the mean within 
each group. This process is continued until a 
minimum node size specified by the user is 
achieved (San Millan-Castillo, R. et al. 2020).

Finally, 1D-CNN is a type of neural net-
work commonly used for sequential data 
analysis (Kiranyaz, S. et al. 2021). Different 
filters are applied to the input data to extract 
meaningful input features, which allows the 
model to learn the representation more ef-
ficiently (Figure 4). The convolutional layers 
are followed by pooling layers that reduce 
the dimensions of data and only keep the 

Fig. 3. GEE-based data preprocessing workflow
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useful information. 
This information is 
then passed to fully 
connected (FC) lay-
ers for the final 
forecast. We used a 
1D-CNN compris-
ing four convolu-
tional layers, one 
max-pooling layer, 
and five FC layers 
followed by a drop-
out layer and then 
the final FC layer for 
crop yield forecast-
ing. We used three 
convolutional layers 
with 16–128 filters. 
The FC layers had 
32–512 neurons. The 
dropout rate was 
set to 0.4. In Keras, 
training a DL model 
requires tuning sev-
eral hyper-parame-
ters to find the op-
timal model, which 
include the learning 
rate, batch size, and 
optimization func-
tion. We considered 
learning rates of 
0.00001–0.01, batch 
sizes of 16–128, 
and the Adam op-
timizer, which uses 

stochastic gradient descent to optimize the 
model performance and reduce the loss.

Model evaluation

We evaluated the model performances by us-
ing several metrics. We used the R2 value to 
measure the proportion of variance explained 
by each model. We used the normalized root 
mean squared error (NRMSE%) and root 
mean squared error (NRMSE) to measure 
the forecasting error as a percentage area. We 

used the mean absolute error (MAE), which 
represents the average absolute difference be-
tween the forecasted and actual values, and 
the mean squared error (MSE), which meas-
ures the average squared difference between 
the forecasted and actual values. These met-
rics are calculated as follows:

                                                                                                                 (1)

                                                                                                (2)

                                                                                                         (3)

                                                                                                     (4)

                                                                                                         (5)

These metrics can be used to quantify the 
probability that a model correctly forecasts 
new samples from the underlying data dis-
tribution . The residuals (ri) are the differ-
ences between the predicted values (ypi) and 
actual labels (yi) as well as the average of the 
labels (y).

Results

Input feature importance

We identified surface reflectance (SR) band 2, 
EVI, and NDVI as the most influential input 
features with importance scores of 0.30, 0.29, 
and 0.13, respectively (Figure 5). These input 
features exhibited strong predictive power, 
which indicates their significance to the crop 
yield. The LST was found to have moderate 
importance with a score of 0.08. Conversely, 
climatic data and other SR bands had rela-
tively low importance scores of 0.01–0.05. 
These findings emphasize the potential of 
incorporating MODIS LST and SR data with 
climatic data to enhance the accuracy of crop 
yield forecasting models.

Fig. 4. 1D-CNN model 
architecture
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Performance comparison of machine learning models

The RF model consistently demonstrated the 
best performance across all metrics (Figure 6). 
The RF model had the highest R2 value of 0.75, 
which surpassed the R2 values of XGBoost 
(0.70), DTR (0.59), and LASSO regression 
(0.60). The RF model also had the lowest RMSE 
of 0.342 t/ha, MAE of 0.264 t/ha, MSE of 0.117 
t/ha, and NRMSE of 8.4 percent. XGBoost had 
the second-best performance with an RMSE 
of 0.373 t/ha, MAE of 0.287 t/ha, MSE of 0.139 
t/ha, and NRMSE of 9.15 percent. Therefore, 
the RF model was selected for forecasting the 
soybean yield.

Crop yield forecasting

The year-to-year results indicated that the  
RF model achieved MAE values of 0.112–
0.119 t/ha, RMSE values of 0.334–0.345 t/ha, 
R2 values of 0.75–0.77, and NRMSE% values 
of 7.85–8.46 percent (Figure 7). The best re-
sults were obtained in 2021, for which the  
RF model achieved a MAE of 0.112 t/ha, 
RMSE of 0.334 t/ha, R2 of 0.77, and NRMSE% 
of 7.85 percent.

1D-CNN performance

The 1D-CNN model was also 
applied to forecasting the 
soybean yield in the study 
area. Table 2 presents the fore-
casting results for 2017–2021. 
Overall, the 1D-CNN model 
performed better than classi-
cal ML models with MSE val-
ues of 0.076–0.108 t/ha and R2 
values of 0.76–0.86. The high-
est R2 value was in 2021 while 
the lowest R2 value was in 
2019. The scatterplots of the 
actual and forecasted yields 
were created for 2017–2021 
(Figure 8).

Spatial patterns of crop yield forecasts

Spatial distribution of the forecasted soy-
bean yields was generated over the period of  
2017–2021 with the RF model (Figure 9). The 
soybean yield was forecasted as exceptional-
ly high in the central and northeast (i.e., Iowa, 
Indiana, and Nebraska) at 1–5 t/ha while the 
observed yield was 1.0–4.5 t/ha. The error 
between the observed and forecasted yields 
was minimal, which indicated a high level 
of accuracy. The south (i.e., Arkansas and 
Mississippi) was forecasted with an average 
soybean yield of 2.0–3.5 t/ha, while Ohio in 
the west was forecasted with a soybean yield 
of 2.5–3.5 t/ha. The north (i.e., Minnesota and 
North Dakota) were forecasted with lower 
yields of 1.5–2.5 t/ha. The difference between 
the observed and forecast yields was not sub-
stantial. However, these results do suggest 
that the growing conditions in the north were 
less favourable for soybean cultivation than 
elsewhere in the study area. The variations 
in yield across different regions can be at-
tributed to a multitude of factors, including 
climate, soil quality, agricultural practices, 
and other local conditions. The central and 

Fig. 5. Importance of input features according to the random forest model
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Fig. 7. Scatterplots between actual and forecasted soybean yields for 2017–2021 with the RF model

Fig. 6. Performance metrics of several ML models
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north-eastern states benefit from a highly 
conducive agricultural environment, which 
led to the forecast of higher yields. Converse-
ly, the southern and northern states have less 
optimal conditions, which lowered the fore-
casted yields. Note that these forecasts were 
based on the RF model’s analysis of historical 
data and other relevant factors. However, lo-
cal factors, unforeseen events, and changes in 
agricultural practices can potentially affect 
the actual yield. Therefore, continuous moni-

toring and adjustment of the model’s output 
to consider real-time data are essential for 
accurate and up-to-date forecasting.

Discussion

Input feature importance

The RF model found the SR band 2, EVI, and 
NDVI as the most influential input features 

Fig. 8. Scatterplots between the actual and forecasted soybean yields for 2017–2021 with the 1D-CNN model

Table 2. Performance of the 1D-CNN soybean yield forecast model for 2017–2021.

Year
MSE RMSE MAE

R2
NRMSE

t/ha %
2017
2018
2019
2020
2021

0.076
0.079
0.080
0.090
0.108

0.276
0.280
0.283
0.300
0.329

0.202
0.208
0.206
0.222
0.240

0.81
0.83
0.76
0.80
0.86

6.99
6.96
9.26
6.74
7.24
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for forecasting the soybean yield in the study 
area, which is consistent with previous stud-
ies that have highlighted the importance 
of VI data on crop yield forecasting. Sun, J.  
et al. (2019) demonstrated a strong correlation 
between MODIS SR data and soybean yield.  
Kuwata, K. and Shibasaki, R. (2016) found 
that EVI exhibited a significant relationship 
with corn yield. Our study reinforces the ex-
isting literature by highlighting the signifi-
cance of these VIs in different crop yield fore-
casting models. The LST was found to have 
moderate importance for forecasting the soy-
bean yield. This aligns with previous studies 
that have emphasized the effect of tempera-
ture on crop development and productivity 
(Pede, T. et al. 2019; Mirhoseini, N. et al. 2022). 
Pede, T. et al. (2019) demonstrated the impor-

tance of MODIS LST to corn yield forecasting 
before the harvesting stage, especially during 
periods of extreme drought and water stress. 
Thus, our study reaffirmed the importance 
of considering temperature in crop yield 
forecasting. The climatic data and other SR 
bands were assigned a lower importance for 
soybean yield forecasting. This is consistent 
with previous studies that have shown mixed 
results regarding the contribution of climatic 
variables to crop yield forecasting (Cai, Y.  
et al. 2019; Hunt, M.L. et al. 2019; Farmonov, 
N. et al. 2022). Hunt, M.L. et al. (2019) found 
that climatic variables had limited predictive 
power of the wheat yield, but Cai, Y. et al. 
(2019) reported that climatic factors had a 
stronger influence on the wheat yield in Aus-
tralia. These discrepancies may arise due to 

Fig. 9. Spatial distributions of the forecasted soybean yield with the RF model and the observed soybean yield 
for 2017–2021.
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variations in the crop type, geographic loca-
tion, and specific weather variables consid-
ered. Nevertheless, our study highlights the 
potential of combining MODIS LST and SR 
data with climatic data to improve the accu-
racy of crop yiefigld forecasting models.

Model performance

We compared the performances of four ML 
models for soybean yield forecasting and 
found that the RF model consistently outper-
formed the others across all metrics with an 
RMSE value of 0.334 t/ha and R2 value of 0.77. 
These results are consistent with those of Ji, Z. 
et al. (2022) who used an RF model to predict 
the corn and soybean yields in the Corn Belt 
with R2 values of 0.55–0.75 and RMSE values 
of 1,000–1,500 kg/ha. Our findings align with 
previous studies that have reported the ef-
fectiveness of the RF model at crop yield pre-
diction (Barbosa dos Santos, V. et al. 2022; 
Dhillon, M.S. et al. 2023). Barbosa dos San-
tos, V. et al. (2022) found that the RF model 
provided the most accurate soybean yield 
prediction in the Brazilian Cerrado with an R2 
value of 0.81 and RMSE value of 176.93 kg/ha, 
whereas Dhillon, M.S. et al. (2023) success-
fully applied the RF model to predicting the 
winter wheat and rapeseed yields in Germany. 
The robustness and flexibility of RF, combined 
with its ability to handle complex interactions 
and nonlinear relationships, make it a reliable 
choice for crop yield forecasting.

However, the comparison between the RF 
and 1D-CNN models revealed that the latter 
generally outperformed the former with an 
R2 value of 0.86 in 2021 and RMSE value of 
0.276 t/ha for 2017. This finding is consistent 
with other studies that have highlighted the 
effectiveness of DL models at crop yield pre-
diction (Khaki, S. and Wang, L. 2019; Khaki, 
S. et al. 2020). Khaki, S. and Wang, L. (2019) 
employed a deep neural network for crop 
yield prediction and achieved better accuracy 
than with traditional ML models. Khaki, S. 
et al. (2020) developed a DL-based model to 
predict corn and soybean yields across the 

Corn Belt and demonstrated its superior 
performance. Our study adds to the growing 
body of literature supporting the potential 
of DL models for improving the accuracy of 
crop yield forecasting.

Conclusions

We explored the various contributions of 
dynamic input features to soybean yield 
forecasting and compared the performances 
of different ML models. The findings em-
phasized the importance of VI data from 
mid-July, particularly SR band 2, EVI, and 
NDVI, to the soybean yield, which align with 
previous studies. The RF model consistently 
outperformed the other ML models in fore-
casting the soybean yield. However, the 1D-
CNN model performed even better, which 
highlights the potential of DL models for 
crop yield forecasting. The spatial patterns of 
the forecasted yields indicated higher yields 
in the central and north-eastern states and 
lower yields in the southern and northern 
states. These variations can be attributed to 
multiple factors, including the climate, soil 
quality, and local agricultural practices.

Overall, this study provides insights into 
the importance of different input features to 
crop yield forecasting and the performances 
of ML and DL models. These findings can 
help researchers, practitioners, and policy-
makers in making informed decisions to 
enhance crop productivity and ensure food 
security. Future research can focus on inte-
grating additional variables and exploring 
advanced DL techniques to further improve 
the accuracy of crop yield forecasting.
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Introduction

Hydropower was one of the first sources of 
energy to be used by humans to facilitate and 
speed up various types of work. It is based 
on the simple principle of harnessing the ki-
netic energy of falling water to drive a tur-
bine. In this way, the movement of the water 
is converted into mechanical and electrical 
energy. It is a simple process that can provide 
electricity very efficiently and reliably (Egré, 
D. and Milewski, J.C. 2002). This renewable 
energy source varies in popularity around 
the world, mainly due to differences in indi-
vidual regions’ potential in terms of size of 
water resources and appropriate topography. 

In Europe, it has increased in importance sig-
nificantly in the last 20–30 years due to many 
countries’ change in approach to climate 
protection. Countries of the European Union 
(EU) have particularly ambitious climate pro-
tection plans. This is reflected in the fact that 
37.5 percent of the electricity consumed in 
the EU came from renewable sources in 2021.  
Hydropower accounted for, in turn, 32.1 
percent of that, making it the second larg-
est renewable source in total EU electricity 
consumption (Eurostat, 2021). Gaudard, L. 
and Romeiro, F. (2014) note that hydropower 
seems to have a promising future and can 
play an important role in Europe’s energy 
transformation. However, in recent years, 
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Abstract

This study considers the current state of hydropower in Poland and the legal and environmental conditions for 
its development. The research objective was to provide insights into the future of hydropower in Poland. An at-
tempt was made to determine the direction of hydropower development in Poland by 2050, taking into account 
the requirements of the European Green Deal. The basic method used is logical argumentation, which is in turn 
based on a critical analysis of planning documents and scientific papers. Statistical data on the production and 
consumption of hydropower were also analysed. Currently, Poland’s potential for hydropower production is 
not being fully exploited. The main reasons for this are a lack of political support and socio-ecological issues 
associated with the need to take over inhabited areas or areas of high natural value. The analysis of the state 
of hydropower in Poland indicates that urgent intervention is required in many areas. This applies, especially, 
to issues of the control, modernisation and technical condition of hydropower plants and damming facilities. 
The potential for the development of hydropower in Poland is assessed to be very small. Environmental, 
socio-economic and legal conditions are unfavourable to the construction of new, large hydropower plants. 
The exception is pumped-storage power plants, which, acting as energy storage facilities, should in the future 
constitute an important element of the Polish energy system. The possibility of using defunct lignite mining 
pits for this purpose is indicated. It is shown that some of Poland’s former lignite mines are also conveniently 
located. The possible beneficial impact of building pumped-storage power plants into the water ecosystem of 
central Poland is emphasised.
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hydropower has been developing most dy-
namically in Asian countries (Zimny, J. et al. 
2013). Globally, despite various other renew-
able energy sources growing rapidly, hydro-
power remains the largest renewable source 
of electricity, generating more than all other 
renewable technologies combined. In 2021, 
global electricity production from hydro-
power was 4,327 TWh (IEA, 2022).

In December 2019, the European Commission 
presented the European Green Deal. It is a 
package of legislative proposals to adapt the 
EU’s climate, energy, transport and tax poli-
cies to meet the goal of reducing net green-
house gas emissions by at least 55 percent by 
2030. As an EU member, Poland is obliged to 
implement common policies in many areas, as 
defined by relevant regulations, directives and 
other legal acts. One area to which common 
EU policy applies is broadly understood envi-
ronmental protection, including that relating to 
climate change. For Poland, the most important 
elements of the European Green Deal include 
guidelines for decarbonising the EU energy 
system. The main objective is to reduce, in the 
EU, greenhouse gas emissions from the use and 
production of energy (European Commission, 
2019). Poland, whose electricity generation is 
based on bituminous coal and lignite (about 
70%), must implement measures to meet the 
requirements set out in the European Green 
Deal. It should be noted that Poland has long 
been working to transform its energy system 
towards renewable energy sources.

With this in mind, consideration should be 
given to the place of hydropower in electrici-
ty generation in Poland for the coming years. 
Of the arguments supporting the importance 
of hydropower in Poland’s energy mix, three 
are perhaps most important. One is the fact 
that it is far less sensitive to weather variabil-
ity and seasonality than the other renewable 
energy sources that are currently most pop-
ular (wind and solar). This is an extremely 
important factor for maintaining the stabil-
ity of the country’s energy system. Another 
relates to the issue of Poland’s limited water 
resources in the context of changing climatic 
conditions these resources can be increased 

by slowing down outflow with hydroelec-
tric dams. A third important argument is 
the long history of hydropower in Poland. 
This applies especially to small hydropower 
plants, as discussed in detail later in the text. 
These arguments and the need to implement 
the guidelines contained in the European 
Green Deal allow us to pose the following 
research questions: What is the future of the 
Polish hydropower industry? Is hydropower 
needed in Poland? Is the European Green 
Deal the last chance to develop hydropower 
in Poland? In what direction should hydro-
power develop in Poland, bearing in mind 
the environmental, socio-economic and legal 
conditions? The present work aims to answer 
these questions. The following specific objec-
tives were helpful in this regard:
	– to analyse the current state of hydropower 
in Poland,

	– to analyse the legal and environmental 
conditions for the development of hydro-
power in Poland,

	– to indicate possible directions for hydro-
power development in Poland until 2050, 
taking into account the requirements of the 
European Green Deal.

Methods and materials

The research issues discussed herein are con-
sidered comprehensively, taking into account 
environmental, socio-economic and legal 
conditions. This required the use of several 
research methods. The basic method was 
logical argumentation, which was based on 
a critical analysis of planning documents and 
scientific papers – in total, about 100 of them 
were collected (all were available online). Ul-
timately, only a portion of these studies were 
used in the work, mainly due to the validity 
of the data and information they contained. 
Table 1 summarises the most important plan-
ning documents and reports used in the 
work. The remaining literature (scientific ar-
ticles) included in the study are cited in the 
body of the text. The descriptive method and 
the formal dogmatic method were used in 
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the legal analysis. The legal analysis also in-
cluded comparative legal remarks. The legal 
analysis cites relevant legal acts. To achieve 
the research goal, research techniques such 
as literature review, geo-analysis and data 
interpretation were used. The literature re-
view was used to determine the current state 
of knowledge about the research problem. 
The geo-analysis included data on electric-
ity generation in Poland and on the relation-
ship between electricity consumption and 
generation by voivodeship. These data were 

obtained from the Local Data Bank of Statis-
tics Poland. The data were interpreted and 
the spatial relationships between them and 
selected natural conditions were identified.

Environmental conditions for hydropower 
development in Poland

For water to play a significant role as an en-
ergy source in a country, appropriate natural 
conditions are required. The most important 

Table 1. The most important planning documents and reports used in the work

Document name Document 
type Main focus Scale Year of 

issue EU connection

National renewable 
energy action plan

Planning and 
design

Information on goals 
and course for the use 
of renewable energy in 
Poland until 2020

National 2011 Reflecting EU 
values

Water management in 
Poland in 2020–2021

Report on 
completed 
task

Contains informa-
tion on state of water 
resources in Poland and 
implementation of wa-
ter management plans 
in river basin areas

National 2022 Reflecting local 
legal regulations

National energy and cli-
mate plan for 2021–2030

Planning and 
design

Sets Poland’s climate 
and energy targets for 
2030

National 2019 –

Poland’s energy policy 
until 2040

Planning and 
design

Sets the framework for 
energy transformation 
in Poland up to 2040

National 2021
Implementation 
of EU energy and 
climate policy

Report: Small hydro-
power plants in Poland Conceptual

Report contains pro-
posals for regulatory 
changes to support 
development of small 
hydropower plants

National 2022 Reflecting local 
legal regulations

National Development 
Strategy Conceptual Development goals for 

the country National 2019 Reflecting EU 
values

Krakow spatial plan Planning and 
design

Technical realisation for 
infrastructure Local 2022 Reflecting local 

legal regulations

Energy transformation 
in Poland Report

Contains analysis of en-
ergy market in Poland 
over the last 10+ years

National 2023 Reflecting EU 
values

Report: Polish energy 
transition path Report

Presents Poland’s 
achievements in energy 
transformation. Also 
indicates near-future 
challenges for energy 
sector

National 2022

Reflecting local 
legal regulations 
and reflecting EU 
values
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elements in this respect are adequate water 
resources and topography. Poland has some 
of the lowest water resources in Europe. The 
average annual sum of precipitation is 600 mm. 
Long-term average total surface water resourc-
es do not exceed 62 km3. Most of Poland has a 
typical lowland topography. Only the south is 
decidedly more diverse, with an upland and 
mountainous character. The arrangement of 
southern uplands and central and northern 
lowlands means that the main direction of wa-
ter outflow is northward. As a result, 95 percent 
of Poland belongs to the Baltic Sea catchment 
basin (Gutry-Korycka, M. et al. 2014).

An important factor limiting the develop-
ment of hydropower in Poland is the spatial 
differentiation of surface water resources. This 
is well portrayed by the unit outflow coeffi-
cient, which ranges from 4 dm3/s/km2 in the 
Wielkopolskie-Kujawskie Lakeland to over  
50 dm3/s/km2 in the mountain areas. The aver-
age value for Poland is 5.5 dm3/s/km2 (Jokiel, 
P. 2004). Attention should also be paid to the 
high seasonal and annual variability of pre-
cipitation sums. For example, in the city of 
Toruń in north-central Poland, over the last 
15 years, annual precipitation has varied be-
tween 380 mm (2015) and 832 mm (2010).

The location of large hydropower plants in 
Poland has been determined by the presence 
of the most favourable natural conditions. In 
the case of small hydropower plants (SHPs), 
regional cultural considerations and histories 
have been an additional important factor. 
This results directly from the original func-
tion of dams on small watercourses in what is 
today Poland. They were used to drive water 
mills that ground grain into flour and groats.

The current state of hydropower in Poland

The potential for hydropower in Poland is 
small, ranging, according to various sources, 
from 8 to 14 TWh per year (Kowalczyk, K. 
and Cieśliński, R. 2018). At the same time, it 
is estimated that about 5 TWh falls on SHPs 
of up to 10 MW each (Gajda, P. 2022). These 
values are very small relative to European or 

global resources (rational European resources 
are technically estimated at about 1,120 TWh/
year, and global resources at 8,000–26,000 TWh) 
(Szulc, P. and Skrzypacz, J. 2022). Poland’s  
hydropower potential is concentrated mainly 
in the basins of its two largest rivers, i.e., the 
Vistula basin and the Odra basin, which ac-
count for 9.3 and 2.5 TWh per year, respectively  
(Figure 1). Meanwhile the potential of the  
Vistula river itself is 6.2 TWh per year. Taking 
into account Poland’s annual electricity con-
sumption of about 180 TWh (which translates 
into 4,700 kWh per capita), this hydropower po-
tential is very small. The share of hydropower 
in electricity generation in Poland has been be-
low 2 percent for many years.

Hydropower in Poland is mainly based 
on run-of-river power plants, conventional 
impoundment plants and pumped-storage 
plants (Novak, P. et al. 2007). In the 1920s 
and 1930s, there were over 6,800 hydropower 
plants operating in the country. After World 
War II, the number decreased, but until the 
1950s there were an estimated 6,500 hydro-
power plants (Wiatowski, M. and Rosik-
Dulewska, C. 2012). Currently, there are 788 
hydropower plants operating in Poland, only 
18 of whose capacity exceeds 5 MW (Figure 2). 

The largest hydropower plant in Poland 
in terms of power (excluding pumped-stor-
age power plants) is the Włocławek Power 
Plant. It has six hydropower units with a total 
installed capacity of 160.2 MW (Igliński, B. 
2019). Other power plants have a much lower 
capacity, ranging from a few (e.g., Bielkowo 
Power Plant – 7.2 MW) to a few tens of MWs 
(Rożnów Power Plant). The capacity of com-
mercial hydroelectric power plants in Poland 
is 2,042 MW, but as much as 1,366 MW is at 
pumped-storage power plants (Małecki, Z.J.  
et al. 2015). There are currently six pumped- 
storage power plants operating in Poland 
(Table 2, Figure 2). They are tasked with stabi-
lising the power grid during the day (Igliński, 
B. et al. 2022). The total capacity of hydro- 
power plants in Poland is 2,042 MW, of which 
the vast majority (~ 67%) is in pumped stor-
age, which is best suited to catering to peak 
demand (Kalda, G. 2014).
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Fig. 1. Hydropower potential of Polish rivers

Fig. 2. Locations of the largest hydroelectric power plants in Poland and concentrations of small hydropower 
plants (SHPs) of ≤ 5 MW by voivodeship. 1–20 in red colour = numbering of power plants (see Table 2.)
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There are 770 SHPs of capacity up to 5 MW in 
Poland. These are significantly fewer SHPs than 
the 6,800 SHPs of the 1920s and 1930s. However, 
it should be noted that a significant proportion 
of the SHPs from the beginning of the 20th cen-
tury were water mills that used mechanical 
energy to, for example, grind grain into flour. 
The requirements for and purposes served by 
SHP were entirely different at the beginning of 
the 20th century than today. This should, thus, 
be taken into consideration when comparing 
current numbers of SHPs against those of over 
100 years ago. Currently, most are located in 
northern Poland, where precipitation, topog-
raphy and geological structure are favourable. 
The second area with a higher density of SHPs 
is the mountain and foothill areas in the south of 
the country. The high hydropower potential of 
these areas results from their having significant 
differences in terrain elevation and the coun-
try’s largest sums of precipitation.

The total installed capacity of SHP is  
255.5 MW, i.e., 26.2 percent of the total capac-
ity of hydropower plants in Poland. In terms 
of the breakdown of electricity production in 
Poland, hydroelectric power plants supply 
only about 2 percent of energy to the system 
(Marszelewski, M. and Piasecki, A. 2022). In 
2021, over 180 GWh of energy was produced 
by small hydropower plants. This source 
provided 34 percent of the energy generated 
by all small renewable energy sources (RES) 
installations in Poland (Energy Regulatory 
Office, 2022).

As noted by Kasperek, R. (2020), Poland is 
currently using about 20 percent of its techni-
cal hydropower potential. Of the approximate-
ly 14,000 dams in Poland whose head exceeds 
0.7 m, less than 5 percent is used for energy 
purposes (Gajda, P. 2022). Therefore, Poland 
has significant opportunities for hydropower 
development, especially in SHPs.

Table 2. The largest hydroelectric power plants in Poland

Number Hydroelectric 
power plant Power plant type River/Lake

Installed 
power, 

MW

Reservoir 
volume*, 

million m3 

Year of 
built

1 Żarnowiec pumped-storage Żarnowieckie 716.0 13.8 1983
2 Porąbka - Żar pumped-storage Soła 500.0 2.0 1979
3 Solina pumped-storage San 200.0 472.0 1969
4 Włocławek run-of-river Vistula 160.2 408.0 1970

5 Żydowo pumped-storage
Jezioro 
Kamienne/ 
Jezioro Kwiecko

157.0 8.9 1971

6 Niedzica pumped-storage Dunajec 92.7 168.6 1997
7 Dychów pumped-storage Bóbr 88.0 4.0 1951
8 Rożnów impoundment Dunajec 50.0 165.0 1941
9 Koronowo impoundment Brda 26.0 80.6 1961

10 Tresna impoundment Soła 21.0 94.6 1966
11 Dębe run-of-river Narew 21.0 94.3 1963
12 Porąbka impoundment Soła 12.6 26.6 1954
13 Brzeg Dolny run-of-river Odra 9.8 5.3 1912
14 Myczkowice run-of-river Soła 8.3 10.9 1960
15 Czchów run-of-river Dunajec 8.0 8.0 1951
16 Żur run-of-river Wda 8.0 16.0 1930
17 Pilchowice impoundment Bóbr 7.9 50.0 1912
18 Bielkowo impoundment Radunia 7.2 no data 1930
19 Otmuchów impoundment Nysa Kłodzka 4.8 130.0 1933
20 Bobrowice impoundment Bóbr 2.5 54.0 1925

*For pumped-storage plants, the usable volume of the upper reservoir is given.
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The development of hydropower in 
Poland until 2050

Strategic plans for the development of Po-
land’s energy system, including hydropower, 
must take into account global changes in the 
approach to obtaining, storing and transmit-
ting energy. In this regard, attention should 
be paid to the approach of the International 
Energy Agency (IEA). This institution’s pub-
lications are the most authoritative source of 
analyses and forecasts of energy supply and 
demand for the coming decades. In one of 
its latest reports, the IEA drew attention to 
the need for more work on obtaining net-zero 
emissions by 2050 as the basic thrust of ac-
tivities. The goal is to limit global warming to  
1.5 °C and avoid the worst impacts of climate 
change (IEA, 2021). This approach is fully in 
line with EU actions and the European Green 
Deal. In its report, the IEA emphasises that 
hydropower is the largest source of renew-
able energy in terms of power and genera-
tion. At the same time, the observed upward 
trends in power generation are insufficient to 
place the energy source on a trajectory con-
gruent with the net-zero scenario. The reason 
is the too-slow increase in hydropower ca-
pacity, along with the simultaneous increas-
ing disruptions to water availability caused 
by climate change. Another important ele-
ment is the poor technical condition of many  
hydropower plants as a result of their long-
term operation. Many developed countries’ 
hydropower plants were built mainly in the 
1960s and 1980s (Farfan, J. and Breyer, C. 
2017). It is estimated that almost 40 percent 
(476 GW) of the world’s hydropower plants 
are at least 40 years old (the average age is 
32). When hydropower plants are 45–60 years 
old, major upgrades and renovations are re-
quired (IEA, 2022). Environmental and legal 
changes since most power plants were com-
missioned also constitute an important issue. 
This mainly concerns changes in the flow (en-
suring the minimum flow required to main-
tain ecological status in the watercourse), as 
well as detailed environmental protection 
regulations. These factors mean that it may 

not always be possible to temporarily shut 
down hydropower plants for refurbishment 
and then restart them at the previous level. 
Under current legal and environmental con-
ditions, some hydropower plants may be able 
to produce only a certain percentage of the 
energy previously generated. 

When planning the development of hydro-
power in Poland, experiments – and changes 
– in the approach to this energy source in oth-
er highly developed countries should be tak-
en into account. The United States is a good 
example, where The New Deal initiated in the 
1930s contributed to, among other things, the 
construction of many hydropower plants. As 
a result, within 20 years, hydropower gen-
eration tripled, providing about 40 percent 
of the electricity in the United States. In the 
following years, rapid growth in nuclear, gas 
and coal-fired power plants saw the share of 
hydropower in the USA fall to ~ 6 percent. 
However, importantly, since the 1990s there 
has been a rapid increase in the number of 
damming structures being liquidated in 
the USA. According to O’Connor, J.E. et al. 
(2015), 147 dams were closed in the years 
1986–1995, 298 dams in 1996–2005, and 548 
ones in 2006–2014. The reason was the poor 
technical condition of many dams built before 
1950. They require urgent repair, which in 
many cases is too expensive. Furthermore, 
many of them no longer fulfil their origi-
nal function, and their negative environ-
mental impacts have become unacceptable.  
A similar trend towards liquidating dams is 
seen in Europe (Moran, E.F. et al. 2018). In 
the European Union, much of the available  
hydropower potential was developed in the 
20th century. As noted by Kougias, I. et al. 
(2019) Europe’s aging hydropower plants 
will soon need refurbishing to extend their 
lifespan, resolve ownership and operational 
issues, and increase safety. These activities 
should focus mainly on electromechanical 
instrumentation and control systems. 

Currently, new hydropower plants are 
mainly being built in developing countries, 
where environmental standards are much 
lower or entirely disregarded. These are 
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very commonly huge projects that often re-
peat mistakes already identified in highly 
developed countries. This applies partic-
ularly to disrupting river ecology, defor-
estation, loss of water through evaporation, 
loss of terrestrial biodiversity, and the dis-
placement of thousands of people (Stone, 
R. 2011; Fearnside, P.M. and Pueyo, S. 2012; 
Benchimol, M. and Peres, C.A. 2015; Moran, 
E.F. et al. 2018; Frolova, M. et al. 2019). In 
Europe, hydroelectric power plants are con-
sidered to have a negative impact on pro-
tected areas. Their interference in the natu-
ral environment is also one of the reasons 
for the failure of many river sections to be 
assessed as satisfactory according to Water 
Framework Directive indices (Lange, K. et al. 
2018). Furthermore, according to recent stud-
ies, hydropower reservoirs annually emit 
methane, carbon dioxide and other green-
house gases approximately equivalent to 1.07 
Gtons of carbon dioxide (Harrison, J.A. et al. 
2021; Mikulski, A. 2022). Particularly large 
amounts of greenhouse gases are generated 
by hydroelectric power plants located in trop-
ical regions (Fearnside, P.M. 2005). Studies 
have confirmed that this negative phenom-
enon also applies to the reservoirs of hydro-
power plants in temperate climatic zones 
(Trojanowska, A. et al. 2009; Scherer, L. and 
Pfister, S. 2016; Miller, B.L. et al. 2017).

In the last few years, along with the EU’s in-
creasing promotion of the zero-emission pol-
icy and the adoption of the European Green 
Deal strategy, interest in small hydropower 
plants has increased in Poland. According 
to Renewable Energy Sources Transforming 
Our Regions (RESTOR) Hydro, an EU-
funded project, there are over 8,000 poten-
tial locations for the construction of SHPs in 
Poland (Marszelewski, M. and Piasecki, A. 
2022). According to another study prepared 
for the Minister of the Environment, nearly 
13,500 damming structures have been iden-
tified in Poland that, for socio-economic 
reasons, can be used for energy purposes 
(Malicka, E. 2022). A great advantage of SHP 
is its location close to its energy consumers. 
This eliminates the energy losses to trans-

mission, transformation and distribution that 
large power plants incur and that in Poland 
amount to more than ten percent (Igliński, 
B. 2019). Other positive aspects of the con-
struction of SHPs are efficiency, safety and 
being based on a domestic energy source. 
Importantly, however, in many cases, SHPs 
are created in places that have already been 
transformed by man for the needs of water-
mills, sawmills, etc. (Radtke, G. et al. 2012). 
SHPs also negatively affect the natural eco-
system by disturbing existing hydrological 
and hydro-morphological processes. They 
can also significantly change and deplete flo-
ra along dammed sections of rivers (Jansson, 
R. 2002) and cause declines in invertebrate 
taxa (Growns, I.O. and Growns, J.E. 2001). 
However, it should be emphasised that the 
occurrence of any of these negative effects 
related to the construction and operation of 
an SHP is conditioned by local natural factors 
and technical solutions applied. 

In March 2021, the document Polish Energy 
Policy until 2040 was published. It sets out 
a framework for the energy transforma-
tion in Poland. It contains a strategy for se-
lecting technologies for the construction of 
a low-emission energy system. The study 
clearly shows that, due to its low potential in 
Poland, hydropower will not play a significant 
role in the country’s energy transformation. 
The document concludes that generation by  
hydropower plants in Poland will increase from  
2.4 TWh in 2020 to 3.1 TWh in 2040 – an in-
crease of just 0.7 TWh. The analogous increas-
es for wind and solar generation are estimated 
at 31.7 and 12.8 TWh, respectively.

The age and technical condition of Poland’s 
hydropower plants accord with the IEA’s de-
scription of the world’s hydropower plants. 
Most hydropower plants in Poland were built 
in the 1960s and 1970s. Inspections of struc-
tures that permanently dam water (and, thus, 
not only hydroelectric power plants) carried 
out in the years 2000–2009 showed that the 
condition of 17 structures was hazardous, and 
82 structures were potentially hazardous. The 
main reasons, apart from the aging of the con-
struction, were insufficient financial outlays 
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for renovations, and the theft and vandalism 
of construction elements (Świderska, I. and 
Lebiecki, P. 2011). The rating for the largest 
run-of-river power plant in Poland, i.e., the 
Włocławek power plant, should be considered 
particularly disturbing. It has indicated that 
the Włocławek dam may pose a threat to safe-
ty (Świderska, I. and Lebiecki, P. 2011). This 
is mainly due to the Włocławek facility being 
operated in completely different hydraulic 
conditions than were originally assumed in 
its design. The dam in Włocławek was de-
signed as part of the Lower Vistula Cascade 
of eight dams planned in the lower section of 
the Vistula. The plans were not implemented, 
and only one stage was built. This has had 
many unfavourable consequences – in par-
ticular, accelerated erosion of the riverbed 
causing rapid and excessive lowering of the 
bottom. As a result, the water level in the river 
was lowered over a more-than-30-km section 
downstream of the dam. The lowering of the 
bottom has already exceeded the projected 
values several times over (Bagiński, L. 2007). 
Inspections of the technical condition of dams 
in Poland in successive years have confirmed 
the poor condition of some of them. 

According to a report by the Supreme 
Audit Office (2016), which covered only 
the most important damming structures in 
Poland (122 first- and second-class objects 
were assessed), the safety condition of 12 
constructions was assessed as potentially 
dangerous and one as dangerous. The main 
reasons for the deteriorating technical con-
dition of the constructions were: age (about 
70% are more than 30 years old), design er-
rors, faulty execution of works and delays in 
renovation and modernisation works (SAO, 
2016). The last assessment of the technical 
condition of dams, covering 313 structures, 
was carried out in 2020–2021 and showed 
that the condition of 19 structures poses a 
threat to safety (Ministry of Infrastructure, 
2022). With this in mind, one might be con-
cerned that increasing the number of such 
facilities will further degrade the technical 
condition of the damming structures. One of 
the main reasons for this assessment is that 

the limited financial resources would have to 
be allocated to a larger number of facilities.

Pumped-storage power plants are the ex-
ception to these remarks concerning the de-
velopment of hydropower in Poland. Such 
hydropower plants have the potential to 
significantly increase in importance in the 
Polish energy system. The main reason is 
related to the dynamic growth in other re-
newable energy sources in Poland – particu-
larly of wind and photovoltaic energy. Wind 
and solar energy entail problems stemming 
from their heavy dependence on inherent-
ly unpredictable weather conditions. This 
variability means that they do not generate 
a reliably steady supply of energy. This is 
one of the biggest drawbacks of renewable 
energy. In Poland, despite the still relative-
ly small amount of energy from renewable 
sources, there have been days on which ener-
gy production needed to be curtailed (main-
ly on wind farms). Therefore, installations 
that allow electricity to be stored temporar-
ily are urgently required. Pumped-storage 
power plants are a very good such solution. 
It should be noted that their construction 
and operation also have a significant en-
vironmental impact, but one that is usual-
ly significantly lower than for run-of-river 
power plants. In Poland, the area with the 
most urgent need to build pumped-storage 
power plants is the north. In this area, the 
temporary overproduction of energy from 
renewable sources is most common. This is 
due to the area having the most favourable 
conditions for wind farms (onshore and off-
shore) but lower-than-average energy con-
sumption (fewer large cities and energy-in-
tensive industries). 

Piasecki, A. and Krzywda, M. (2018) 
have indicated 37 potential locations for 
pumped-storage power plants in northern 
Poland. They also determined their storage 
potential at 62.8 GWh. Another interesting di-
rection for the expansion of pumped-storage 
power plants is to exploit disused coal-min-
ing pits. This solution helps limit interference 
with the environment, while also significant-
ly reducing total project costs (those related 
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to the purchase of land, the construction of 
a reservoir basin, etc.). There are open-pit 
lignite mines in central and south-western 
Poland. Of particular importance may be 
open-pit lignite mines exploited in central 
Poland, within the Wielkopolsko-Kujawskie 
Lake District (Figure 3). 

In recent years, this area has seen a dynam-
ic growth in wind and photovoltaic power 
plants. This fact should be assessed as very 
positive, given the insufficient level of elec-
tricity generation in this part of the country. 
In all voivodeships of western Poland (ex-
cept West Pomeranian Voivodeship) there is 
an electricity generation deficit in excess of  
20 percent (see Figure 3). The shortfall in 
energy must be sent from other parts of the 
country, resulting in losses to transmission 
networks. Nevertheless, the continued rapid 
growth in power plants generating energy 
from renewable sources in the area will, over 
time, create conditions for the construction 
of energy storage facilities. The use of dis-
used mining pits for this purpose seems 
like the best solution. Especially if we also 
consider this area’s difficult water relations. 
This is due to low precipitation totals (about 
500 mm) and to evaporation that is both 
high and, in recent years, trending upwards 
(Piasecki, A. and Marszelewski, W. 2014). 
The construction of pumped-storage power 
plants will allow a large amount of water to 
be retained in this area and will somewhat 
stabilise the water table. At the same time, 
there will be a significant increase in evapo-
ration from the water surface. However, the 
resulting water losses could be largely com-
pensated by retaining the elevated amounts 
of precipitation that every few years occur in 
the area. This would require the introduction 
of appropriate solutions for the management 
of local water resources. This topic requires a 
detailed analysis and additional research that 
are beyond the scope of this study and will 
therefore be developed in a separate study. 
Therefore, in the publication below, this solu-
tion should be treated as a concept of sorts. 
Nevertheless, simulations and models of the 
operation of pumped-storage power plants 

in disused mining pits in Poland have con-
firmed the significant potential of this solu-
tion (Jurasz, J. et al. 2018; Oprychał, L. and 
Bąk, A. 2022).

Summarising the above considerations, it 
needs to be clearly recognised that signifi-
cant growth in hydropower in the coming 
years is very unlikely in Poland (other than 
pumped storage power plants). The main 
reason is the low hydropower potential of 
Polish rivers. Social and environmental as-
pects are also extremely important. As in-
dicated, the greatest hydropower potential 
in Poland is to be found in the Vistula river, 
particularly its lower section and the unfin-
ished plan for the so-called Lower Vistula 
Cascades. However, any serious attempt to 
implement the abandoned plans would be 
met with numerous protests from local com-
munities and pro-ecological circles, as has 
been the case in other countries (Operacz, A. 
2017). This is especially so given that the area 
that would be flooded is currently covered 
by various forms of nature protection, e.g. 
reserves, Natura 2000 areas (bird areas, hab-
itat areas), landscape parks and ecological 
land uses. There is a much better chance of 
measures aimed at building new SHPs be-
ing implemented. It should be emphasised 
that, even if all the locations indicated in the 
aforementioned studies were developed, 
this would allow for only a relatively small 
increase in the amount of energy generated – 
estimates say about 5 TWh (Gajda, P. 2022). 

Discussion

Compared to other countries in Europe and 
the world, Poland has a relatively low hydro-
power potential (Kjaerland, F. 2007; Berkun, 
M. 2010; Cyr, J.F. et al. 2011; Pereira, M.G.  
et al. 2012; Kowalczyk, K. and Cieśliński, R. 
2018). The main reason for this is the coun-
try’s natural conditions, which, as already 
mentioned, largely determine the technical 
and economic possibilities. According to the 
Hydropower-Europe Report (2022) (implement-
ed as part of the European Union’s Horizon 
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2020), Poland is only 24th in Europe in terms 
of hydropower potential and 25th in terms of 
the amount of energy generated from hydro-
electric power plants. At the same time, many 
authors point out that only 20 percent of the 
technical potential of Poland’s hydropower 
industry is currently being used (Baczyński, 
D. and Kosiński, K. 2018; Kasperek, R. 2020; 
Piwowar, A. and Dzikuć, M. 2022). As already 
shown, no dramatic increase in the use of  
hydropower potential should be expected in 
the coming years in Poland. Poland is not 
alone in this regard; this conclusion can be 
generalised to all EU countries. 

The implementation of the Water Framework 
Directive 2000/60/EC (WFD) and the Habitats 
Directives 92/43/EEC26 and 2009/147/EC have 
significantly limited the possibility of build-
ing new hydroelectric plants in the EU. Many 
countries that planned to develop hydro- 
power as part of the energy transformation 
had to change their plans. One example is 
Slovakia, where more than a decade ago there 
were plans to build several large hydroelectric 
power plants. Similarly, Hungary decided to 
limit the development of hydropower to SHPs, 
and, thus, uses 5 to 6 percent of its potential 
(Steller, J. and Malicka, E. 2020). Moreover, 
attention should be paid to the increasingly fre-
quent demolition of hydropower facilities in 
Europe. This applies especially to small plants, 
about 5,000 of which have been removed in 
the last 25 years (Wagner, B. et al. 2019). The 
international initiative “Dam Removal Europe” 
(DRE, 2023) is very important in this respect. 
In 2022 alone, it contributed to the removal of 
325 dams on rivers in 16 countries in Europe. 
However, it should be emphasised that even 
building SHPs at all possible locations (as in-
dicated, for example, in the RESTOR Hydro 
programme) would not significantly affect the 
structure of electricity production in Poland 
and other EU countries. The amount of energy 
that new SHPs could generate is decidedly too 
small, as the example of Poland shows. 

Currently, in Poland (and most EU coun-
tries), the only significant and realistic po-
tential in the field of hydropower lies in 
pumped-storage power plants. One of the 

consequences of the energy transformation 
underway in Poland and other EU countries 
is temporary difficulties in balancing the de-
mand and supply sides of the electricity mar-
ket. The reason is that the most frequently 
used renewable energy sources – wind and 
solar – are dependent on weather conditions, 
which are inherently unstable (Gøtske, E.K. 
and Victoria, M. 2021). This reality neces-
sitates the temporary storage of generated 
electricity. The promotion of solutions based 
on energy storage in the form of batteries and 
accumulators in the public debate is contro-
versial. Pumped-storage power plants, even 
small ones, can store much more energy than 
currently available battery storage facilities. 
As already mentioned, the construction of 
pumped-storage power plants involves 
interfering with the natural environment. 
However, it should be noted that the pro-
duction and disposal of batteries used for 
energy storage also have negative environ-
mental consequences (Mrozik, W. et al. 2021). 

Many of the mineral raw materials used 
to produce batteries come from underdevel-
oped countries, where generally low envi-
ronmental protection standards apply. In 
the case of building pumped-storage power 
plants in EU countries, the legal regulations 
minimise negative environmental conse-
quences. Moreover, some of these negative 
consequences can be reduced by using ex-
isting facilities. One such solution involves 
the use of lignite mines in Poland, a dis-
cussed in the previous chapter. In addition 
to the capacity to temporarily store energy, 
pumped storage also increases local water 
resources. Another solution exploits the large 
height differences provided by some mixed-
use blocks in cities. In the work of Jurasz, 
J. et al. (2022), it was demonstrated on the 
example of the city of Toruń (Poland) how 
to effectively use tall buildings in the city to 
build an energy storage facility operating on 
a principle similar to that of pumped-storage 
power plants.

The construction and operation of run-
of-river hydroelectric power plants involve 
significant interference in the natural en-
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vironment, as discussed in detail in earlier 
chapters. Most rivers in the EU are covered 
by various forms of nature protection, which 
further complicates the possibility of imple-
menting hydropower projects. In this context, 
we provide the example of the Vistula river 
and the unfinished cascade of dams on its 
lower section. However, similar examples of 
unimplemented or only partially completed 
investments can also be found in Hungary, 
Slovakia, Romania and Serbia (Nakamichi, 
M. 1997; Szabó, M. and Kiss, Á. 2014; Năstase, 
G. et al. 2017). It should be noted that modern 
technological solutions can minimise some 
of the negative consequences of the opera-
tion of the type of hydropower plants that 
we have discussed here. A good example is 
the use of solutions that ensure free passage 
for fish and free flow of sediments. This also 
applies to the use of the latest technological 
solutions, including damless hydrokinet-
ic energy conversion systems (Wagner, B.  
et al. 2019). The use of these solutions usually 
significantly increases investment costs, so 
they are not always profitable. Therefore, in-
vestments in hydroelectric power plants usu-
ally require additional financial support from 
state institutions. In the case of EU countries, 
financial support is mainly dedicated to SHP. 
For example, in Poland, the “Energy for the 
countryside” programme came in operation 
in 2023, providing beneficiaries with fund-
ing for investments in hydropower with a 
capacity of no more than 1 MW. In the case of 
large run-of-river power plants, co-financing 
is provided for projects related to moderni-
sation and improved efficiency of operation. 

In recent years, the energy transformation 
process has become more dynamic in EU 
countries. This was largely due to external 
factors. This applies especially to the war 
in Ukraine and the limitation or cessation 
of imports of Russian raw materials for 
energy generation. In early 2023, EU law-
makers reached a provisional agreement 
on the Renewable Energy Directive (RED III) 
(European Council, 2023). The goal of RED 
III is to increase the share of renewable ener-
gy in total energy consumption in the EU to 

42.5 percent by 2030. The current structure 
of electricity production in individual EU 
countries is highly diversified. With some 
exceptions (Romania, Croatia, Lithuania 
and Latvia), the largest share of renewable 
energy in the energy production structure 
(above 35%) is recorded in the so-called old 
union (Eurostat, 2023). Only in Belgium and 
France is the percentage of energy from re-
newable sources lower (27 and 25%, respec-
tively), due to the very high share of nuclear 
energy (above 45%). In Poland, the share of 
renewable energy in the electricity produc-
tion structure is 22 percent. 

The legal regulations contained in RED III 
are intended to help achieve the ambitious 
EU goals for energy from renewable sourc-
es. They will provide member countries the 
opportunity to designate renewable energy 
acceleration areas in which renewable energy 
projects will be subject to a simplified and ex-
pedited permit process. If hydropower were 
included among these acceleration areas, it 
would be possible to implement many in-
vestments related to hydropower (European 
Council, 2023). It should be noted, however, 
that already at the beginning of 2023, sever-
al hundred NGOs operating within Living 
Rivers Europe asked the EU authorities to 
at least exclude hydropower from “target 
areas” and apply strict sustainability criteria 
to it. Since appeals by environmental organ-
isations are often acted upon by the EU, it 
is difficult to assume that hydropower will 
ultimately be included as target areas for re-
newable energy acceleration.

Conclusions

The analysis of the state of hydropower in Po-
land indicates that it requires urgent interven-
tion in many areas. This applies particularly 
to issues of the control, modernisation and 
technical condition of hydropower plants and 
damming facilities. The potential for the devel-
opment of hydropower in Poland is assessed to 
be very small. Environmental, socio-economic 
and legal conditions are unfavourable to the 
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construction of new, large hydropower plants. 
The exception is pumped-storage power plants, 
which, acting as energy storage facilities, 
should in the future constitute an important 
element of the Polish energy system. The pos-
sible development of small hydropower plants 
is also indicated, provided that appropriate 
incentives and financial assistance, as well as 
favourable legal conditions, are provided. 

Poland faces challenges related to the 
country’s energy transformation towards 
renewable energy sources. According to the 
assumptions of RED III, in less than a decade 
the country should double the share of green 
energy in the total production structure. 
Wind and solar energy will probably play the 
largest part in Poland’s energy transforma-
tion. However, due to their specificity, both 
of these energy sources require the creation 
of local energy-storage facilities. Thus, the 
European Green Deal may contribute in-
directly to the significant development of  
hydropower in Poland. Currently, it is im-
possible to provide an unambiguous an-
swer to the titular question of this study, 
because it depends largely on state policy. 
Nevertheless, the European Green Deal is 
a great opportunity for the development of 
hydropower (in the field of electricity stor-
age) in Poland, which would be worth taking 
advantage of for many reasons indicated in 
the article.
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Nowak, M.J. et al.: Spatial Planning Systems in Central and Eastern European Countries. Review and 
Comparison of Selected Issues. Cham, Springer, 2023. 112 p.

Central and Eastern Europe is a region where, over 
the last few decades, the understanding of planning, 
its approaches and principles, and the main planning 
concepts and institutional regulation have changed 
as much as the socio-political and spatial context of 
the region itself. Therefore, it has gone through a 
difficult path from the unwanted and contradictory 
legacy of socialism and planning as an ideological 
construct that is aimed at solving ideological issues 
and implementing economic plans, to planning as a 
policy and practice that is designed to interact with 
emerging challenges – restructurings and inequali-
ties, new regulation, and new spatial development 
policy. Hence, the study of spatial planning systems 
enables to address the planning systems and plan-
ning cultures across the countries of Central and 

Eastern Europe and to unpack their evolution under 
transition and socio-political landscape changes, to 
illustrate approaches to planning and organization of 
planning process, and to exemplify certain planning 
instruments and practices.

The recently published book is the result of a col-
laboration of 14 authors from different countries of 
the region, which offers insight into the context and 
practice of planning in Bulgaria, the Czech Republic, 
Estonia, Hungary, Latvia, Lithuania, Poland, Romania, 
and Slovakia by examining how planning systems are 
functioning at the local level and thereby establishing 
a framework for comparing spatial planning systems 
within the region through a detailed and careful analy-
sis of the planning process in different countries.

The authors of the monograph explore the relations 
between planning concepts, approaches to spatial 
planning, and regulations in different national con-
texts, and they are trying, in particular, to reflect how 
planning concepts are translated into regulations. For 
this reason, the analysis of the institutional environ-
ment and its historical background is supplemented 
by case studies of the detailed spatial planning ar-
rangements. Describing specific spatial planning 
instruments and illustrating their use in relation to 
the spatial objectives, the authors of the monograph 
contribute in this way to the discussion on planning in-
struments, their effectiveness, and the implementation 
of sectoral policies. By providing a clearly structured 
analysis of the characteristics of the planning process 
at the local level and examining specific instruments 
and solutions in detail, this study ensures a compara-
tive perspective and shows how planning systems are 
organized in the countries across the region and which 
concepts and instruments they rely on. Therefore, it of-
fers new insights into discourses on declared concepts 
and the practices of implementing them.

The book starts with a brief discussion on the 
meaning and approaches of spatial planning. Such a 
discussion, which is a kind of reflection on the content 
and role of planning, is of crucial importance in the 
region, where such significant changes in the notion 
of planning and its agenda have taken place in recent 
decades relations between society, politics, and space. 
First, a shift from a highly centralized and hierar-
chized planning in the socialist period to weak plan-
ning took place during the transition of the 1990s and 
early 2000s, which was accompanied by the so-called 
“legitimacy crisis” of planning (Nedović-Budić, Z. 
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2001). Such a situation, along with spatial development 
challenges, created the need for “re-establishing” plan-
ning as a societal function across the region (Hirt, S. 
and Stanilov, K. 2009), which was followed by the 
search for new concepts in planning and development 
policy, the adaptation and implementation of these 
concepts, the “reinventing” (Tsenkova, S. 2007) and 
strengthening certain types of planning, particularly to 
manage spatial restructurings and foster collaborative 
decision-making.

By highlighting the approaches to spatial planning 
and concepts of planning in legal acts across Central 
and Eastern European countries, the authors show 
that various countries translate the objectives of spa-
tial planning into the normative framework in differ-
ent ways, and even the objectives themselves are often 
defined differently (p. 9). The same applies to the multi-
dimensionality of planning and the approaches to it: as 
the authors argue, these vary significantly in different 
countries of the region (p. 4). Even more diverse are 
the instruments of planning, such as spatial plans and 
their composition and content (Chapter 1.3). In this 
volume, the authors focus on describing the prevailing 
types of instruments at the local level, which are mostly 
spatial plans, and their relation to other available in-
struments, their position in the planning system, and 
their relationship with development policies, which are 
in some cases integrated into spatial plans and serve 
as part of them.

The role and significance of such an analysis is well 
understood as a starting point for further discussions 
on the organization of the planning process at the lo-
cal level, its regulation, and the ability to ensure the 
compliance of the declared goals, particularly during 
the land use. However, after considering how different 
countries are approaching the spatial plans, the authors 
suppose that an in-depth comparison of the planning 
systems should rather begin with investigating specific 
issues instead of specific documents (p. 13), which they 
treat as a response to current issues and challenges.

Based on the brief analysis of the conceptual and 
regulatory frameworks of spatial planning, planning 
tools at the local level, and the relationship between 
planning and development policy, the authors engage 
in dialogue on the classification of spatial planning 
systems, which is a reference point for their further 
comparative analysis. While emphasizing the difficul-
ties of making comparisons, the authors at the same 
time underline the importance of such comparisons 
for various goals, particularly the Europeanization of 
spatial planning. As limits to such comparisons, the 
authors name diverse legal provisions and their inter-
pretation, and different planning practices embedded 
into specific planning cultures. These two dimensions 
characterizing the planning system can be correlated 
with what Karel Maier called the “hardware” of for-
mal institutions, instruments, and procedures, and the 
“software” of planning cultures (Maier, K. 2012).

Finally, the authors propose a set of issues which 
should be considered when classifying spatial plan-
ning systems. The first criterion they propose is the 
degree of centralization or decentralization of the 
planning system. Here, it is worthwhile to mention 
one of the comparative analyses conducted for the 
countries of the region in 2009 on the first twenty 
years of post-communist transition, which was dedi-
cated to revisiting urban planning in transitional 
countries (Hirt, S. and Stanilov, K. 2009). When 
analyzing the institutional and regulatory framework 
in so-called transitional countries, particularly its im-
plications for planning, in a long-term perspective, 
Sonia Hirt and Kiril Stanilov pointed out decentral-
ized planning as a means of consensus-building in 
communities as well as more dynamic power balance 
between the central and the local governments.

Since the development of the new balances in the 
once centralized and hierarchical planning systems 
is an essential trait for their studying across the re-
gion, the levels of planning in spatial planning sys-
tems and linkages between them are considered by 
the authors of the study among the key criteria for 
classification and comparing of planning systems. 
This also applies to the relevant acts, instruments, 
and documents. Thereby, they reflect the concept of 
governance, the character of the political discourse 
around it, and planning practices, including formal 
and informal practices and their balance, which result 
from “specific configurations of formal and informal 
institutions in a specific context” (van Assche, K. et 
al. 2012) and reflect the functioning of planning sys-
tems. From this perspective, the criteria proposed by 
the authors – e.g., the consolidation of legislation, 
the development of documents, public participation, 
and spatial conflicts – not only characterize the plan-
ning system and process but also display how the 
discourse around them and planning systems them-
selves are transforming.

Despite a substantial number of shared features 
and tendencies in the restructuring of planning sys-
tems, the context of CEE countries demonstrates con-
siderable variety in approaches to the organization 
of the planning process and specific instruments, in 
Chapter 2, the authors perform an overview of the 
planning systems in different CEE countries to pro-
vide a comparative understanding of different institu-
tions, primarily focusing on the local level.

This chapter begins with a brief historical overview 
of planning and spatial development in the region, 
where among the common features of CEE countries, 
the authors suggest the difficulty of responding to 
the market pressure on the one hand and spatial 
challenges (like urban sprawl) on the other, which 
in one way or another manifest themselves in spatial 
conflicts. Undoubtedly, the narrative of moderniza-
tion, which for long acted as an umbrella for any 
projects in a post-communist context, manifested it-
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self in dramatic changes in the spatial structures and 
urban morphologies and even became a challenge 
for citizen empowerment, marginalizing it in favour 
of more technocratic governing as Anna Durnová 
(2021) showed. From this perspective, the analysis of 
planning systems and the relationship between spa-
tial planning and spatial development policy, as well 
as specific instruments and their performance, may 
contribute to the discussion around planning system 
configurations and their ability to achieve the goal of 
more sustainable and inclusive spatial development.

The authors of the book organize an overview of 
the planning systems in the countries across the re-
gion as a detailed table, in which they provide diverse 
characteristics of the planning systems, illustrate the 
legal acts on spatial planning, give an overview of the 
relationships between acts at the local and regional 
levels, characterize related acts at the national level 
and identify specific solutions by giving examples and 
highlighting their results. However, the particular fo-
cus of this detailed description of the planning systems 
is made on the local level to explain the production 
of decisions and documents on spatial planning and 
their effect. To that end, the authors for the case of each 
country in the region review how public authorities at 
the local level participate in spatial planning and ex-
plain which acts define zones and land use parameters, 
indicate which acts at the local level shape the spatial 
development policy, and how planning acts include 
environmental conservation. Based on this analysis, 
different issues associated with spatial plans at the 
local level are further explained, including particular 
attention to the role of courts in planning acts.

Hence, the authors create a framework for com-
parison by critically reviewing how planning systems 
function in CEE countries. That enables considering 
specific practices to investment pressures and ensur-
ing the expected role of spatial planning in achiev-
ing spatial development goals. During the analysis, 
it becomes clear that in most countries of the region, 
the problem of confusion and fragmentation of legal 
norms in spatial planning appears when various legal 
acts and even various sectoral regulations include 
specific provisions. In addition, changes to legislation 
in this field “occur too frequently” in most countries, 
further complicating the situation and making it even 
more confusing for interpretation when applied and 
complicated for the practice of planning and urban 
development, thereby causing regular court proceed-
ings. Moreover, as emphasized by the authors, in the 
case of Romania or the Czech Republic, courts exert 
influence on the direction of local spatial policies  
(p. 59) and often shape spatial policy in practice (p. 
34); therefore, the book considers the role of courts 
about planning as one of the criteria for comparing 
the planning systems.

Although the main planning instrument at the lo-
cal level is the spatial plan, it is paradoxical that in 

some countries, such as Bulgaria or Poland, certain 
municipalities did not adopt the spatial plans, which 
opens the door to implementing investment projects 
but significantly challenges sustainable land use. 
Similarly, the interaction between different planning 
levels and the implementation of spatial planning 
regulations is quite challenging, since provisions are 
sometimes “too vague” (p. 59) for planning practice. 
The same applies to the relations with development 
policy and its translation into local spatial planning, 
which often faces numerous barriers when imple-
mented, i.e., the overabundance of objectives and 
tasks (the Czech Republic) and the scarcity of a ho-
listic view (Estonia).

It is noteworthy that for several countries at once, 
particularly the Czech Republic, Poland, and Latvia, 
the authors highlight the underrepresentation of the 
public interest in spatial planning and the “need for 
an in-depth dialogue” (p. 44). We should underline 
that the authors focus here mostly not on participa-
tion as such, which implies the various forms of in-
volvement during the development of spatial plan-
ning documents but on the need and growing de-
mand for proper representation and consideration of 
public interest. The constant coordination of efforts, 
which goes beyond the scope of statutory require-
ments on public participation in spatial planning, 
can significantly change approaches and decisions 
on spatial development, which the authors illustrate 
by giving the example of one of the towns in Bulgaria.

By providing a detailed overview of the planning 
systems in each of the countries, the authors have pro-
vided a framework for both comparing and discussing 
planning practices, planning instruments, and con-
figurations of the planning systems across the region, 
as well as their relations with spatial development 
goals and their ability to put them in practice. Hence, 
in Chapter 3, the book’s authors perform, on the one 
hand, the comparative analysis of planning systems 
(Chapter 3.2) and, on the other hand, employ indi-
vidual case studies to illustrate the context of specific 
planning systems more deeply (Chapter 3.3). In this 
way, the authors open the possibilities for “the trans-
fer of best planning and policy practices across sys-
tems, places, or countries” (van Assche, K. et al. 2020).

Before analyzing individual cases, the authors note 
that some planning systems lack an overall develop-
ment concept or a proper translation of the concept 
into individual instruments (p. 78). Given this, the 
characteristics of planning instruments and their inter-
action with each other provide an essential insight into 
the planning process, its results, and its effectiveness.

In 2015, Sonia Hirt noted that regional planning 
could become “more instrumental in solving some 
of the serious challenges” (Hirt, S. 2015). That’s why 
particular interest is the unpacking of the specific in-
struments – for instance, the analysis of general spa-
tial plans for cases in Bulgaria, regulatory plans in the 
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Czech Republic, and the strategy of the Riga planning 
region, as well as individual decisions and planning 
practices, including outsourcing plan preparations 
in Estonia, specific environmental natural provisions 
within spatial plans in Hungary, and court rulings 
in Poland. The authors comprehensively examine in 
these cases the challenges, problems, and solutions in 
each of the planning systems in the CEE region, show 
their mosaic and diversity across the region, and the 
ability of different instruments and practices to deal 
with these challenges. Hence, the authors guide the 
discussion on the planning instruments and practices 
in CEE countries under the umbrella of what Tuna 
Tasan-Kok calls critical constructive thinking in con-
temporary planning studies (Tasan-Kok, T. 2019) to 
promote more effective approaches, decisions, and 
practices across the region.

Olena Denysenko1
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  E-mail: denysenko.olena.o@gmail.com

REFERENCES

Durnová, A. 2021. Czech post-communist trouble 
with participatory governance. Toward an analysis 
of the cultural agency of policy discourses. Policy 
Studies 42. (1): 80–97.

Hirt, S. and Stanilov, K. 2009. Twenty Years of 
Transition: The Evolution of Urban Planning in Eastern 
Europe and the Former Soviet Union, 1989–2009. 
Nairobi, United Nations Human Settlements 
Programme.

Hirt, S. 2015. Planning during post-socialism. In 
International Encyclopedia of the Social & Behavioral 
Sciences. 2nd Edition, Vol. 18. Ed.: Wright, J. D., 
London, Elsevier, 187–192.

Maier, K. 2012. Europeanization and changing plan-
ning in East-Central Europe: An Easterner’s view. 
Planning Practice and Research 27. (1): 137–154. 

Nedović-Budić, Z. 2001. Adjustment of planning 
practice to the new Eastern and Central European 
context. Journal of the American Planning Association 
67. (1): 38–52. 

Tasan-Kok, T. 2019. Exploring critical constructive 
thinking in planning studies. plaNext – next genera-
tion planning 8. 40–44. 

Tsenkova, S. 2007. Reinventing strategic planning 
in post-socialist cities: Experiences from Sofia. 
European Planning Studies 15. (3): 295–317. 

van Assche, K., Beunen, R. and Duineveld, M. 2012. 
Formal/informal dialectics and the self-transforma-
tion of spatial planning systems: an exploration. 
Administration & Society 46. (6): 654–683. 

van Assche, K., Beunen, R. and Verweij, S. 2020. 
Comparative planning research, learning, and 
governance: the benefits and limitations of learning 
policy by comparison. Urban Planning 5. (1): 11–21.



419Book review section – Hungarian Geographical Bulletin 72 (2023) (4) 415–421.DOI: 10.15201/hungeobull.72.4.7                     Hungarian Geographical Bulletin 72 2023 (4)

Micro-residential Dynamics is a book containing niche 
studies in micro-segregation research, from the point 
of view of using both quantitative and qualitative 
methods. In the study of segregation, smaller scales 
than neighbourhoods, such as street and building 
levels, have been coming to the fore since the 2000s, 
one result of which is the introduction of suburban 
areas as a scale of inquiry into the scientific dis-
course. One of the main motives of these studies is 
that, unlike previous research, they do not neglect 
scrutinising socio-economic and cultural differences 
within streets and argue that if we do not consider 
such micro-spaces homogeneous, we will see a much 
more diverse society. As a result, micro-segregation 
research is one of the defining aspects of urban 
research nowadays where, due to the rudimentary 
nature of the topic, mainly quantitative studies have 
been conducted to present the phenomenon. 

Micro- and vertical segregation studies on 
European cities such as Budapest (Kovács, Z. et al. 
2022), Bucharest (Marcinczak, S. and Hess, B.D. 

Flint Ashery, S.: Micro-residential Dynamics: A Case Study of Whitechapel, London. The Urban Book 
Series. Cham, Springer, 2019. 130 p.

2022), Naples (Dines, N. and Mattiucci, C. 2022), 
Athens (Maloutas, T. et al. 2023), have been com-
plemented in the literature by South American and 
Near and Far Eastern settlements such as Tel Aviv 
(Shamur, T. and Yacobi, H. 2022) or Hong Kong 
(Ho, H.K. and Yip, M. 2022). Flint Ashery’s book on 
London’s Whitechapel neighbourhood has expanded 
previous research on micro-segregation to include 
views of small-scale segregation, vertical residential 
segregation, and social differences perceived by lo-
cal populations. The readers can get acquainted with 
the topical question of how the image and causes of 
segregation between commonly known neighbour-
hoods can be interpreted on a micro scale. The answer 
is made possible by the long-time series statistical 
analyses presented in the study, while the longitudi-
nal description of the socio-economic and ethnic com-
position of the pilot area and the interviews reveal the 
underlying reasons, which are mostly site-specific but 
sometimes generalisable to other areas.

Based on this dual approach, the book consists of 
two separate parts where Flint Ashery examines 
issues related to the topic of micro-segregation. It 
should be emphasised that the book deals with the re-
lationship between private and public property in the 
light of micro-segregation. Therefore, the majority of 
the studies focus on the private sector and, although 
with less emphasis, the author presents the role of 
the public sector. The book begins with an introduc-
tion to the model area of Whitechapel, so the reader 
can learn how the area has developed and changed 
and gain a general picture of the ethnic and religious 
complexity of the district. The novel approach of the 
book is supported by its limited emphasis on describ-
ing the physical environment, which often dominates 
traditional segregation research.

In the first part of the book, entitled Private Realm, 
the author presents the impact of social diversity on 
the development and existence of micro-segregation 
through four studies. The studies reveal the positive 
and negative relationships that can develop between 
different social groups such as illegal immigrants and 
indigenous locals, or the impact of the real estate mar-
ket on immigration and immigrants. The author de 
votes a separate chapter to examining the pattern of 
horizontal and vertical segregation on a small scale.

In the second chapter, we can learn the background 
of the choice of residence, which proves that socio-
cultural and economic reasons can be traced back to 
who chooses which place of residence. The historical 
connection between ethnic and/or religious groups 
plays an important role in making housing decisions 
in the study area. Another decisive aspect is the prox-
imity of friends living in the area. In the chapter on 
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horizontal segregation, the author concludes that 
inside buildings, newcomers look for close acquaint-
ances who belong to their own group, while they 
regard other people living there as “enemies”. It is 
an interesting observation of the researcher that the 
same phenomenon and pattern, however, cannot be 
observed at the neighbourhood level. Flint Ashery’s 
research does not explain why this phenomenon oc-
curs but it provides a new opportunity within micro-
segregation research.

The third chapter of the book, dealing with vertical 
segregation, is perhaps one of the most important 
parts of the work, because it summarises academic 
literature on the topic. The author analyses several 
concepts and processes of vertical segregation and 
differentiation, which raise the question of which 
statistical criteria in which study can be used for in-
terpreting segregation. The chapter states that vertical 
segregation and differentiation are based on income 
disparities and employment group categories, but 
Flint Ashery expands on this knowledge. As a result 
of primary research the author investigates the inner 
guiding force of verticality in the studied part of the 
city. She reveals why people of the Muslim religion 
prefer to choose the upper floor. As qualitative re-
search confirms, the corridor is functioning as a kind 
of public and private space, which also becomes the 
place of prayer. The corridor builds the community of 
the given floor, where the dwellers will not be made 
vulnerable or discriminated because of their religion, 
and, thus, the number of conflict situations with other 
groups will remain moderate. The author comple-
ments what previous analyses identified as the causes 
of vertical segregation with his study results, i.e., that 
identity and belonging to a specific social group also 
determine social separation within the building.

In the fourth chapter, the author presents the situ-
ation of micro-segregation in the light of public and 
private homes. In this section, Flint Ashery explores 
several processes, some of which are present in the 
real estate market globally. The number of state-
owned properties in the pilot area of Whitechapel 
is insufficient, but the number of people living in 
social housing is increasing. Another important as-
pect is that since the EU enlargement in 2004, people 
arriving from EU Member States have much better 
prioritised social housing than other nations (e.g., 
of Somali and Irish origin). The gentrification pro-
cess has also started in the pilot area. People with 
low income are crowded out, which is manifested in 
the fact that more and more people and families live 
together in the same real estate. These dynamics is 
also confirmed by the so-called overcrowding index, 
which measures the number of people living in one 
apartment, and indicates an accelerating growth. As 
a result, informal letting of real estate has started in 
the area, which in turn plays a role in maintaining mi-
cro-segregations. Although a general solution to the 

problem is yet to be found, the author briefly presents 
some possible solutions at the end of the chapter.

In the last, fifth chapter of the first part of the book, 
the author presents informal housing in more detail, 
so the reader can understand the situation of the af-
fected residents and their motivations. Flint Ashery 
visited and made interviews with immigrants who do 
not have official papers and therefore live informally 
in an apartment. The result is helpful for micro-seg-
regation research and urban planning because we can 
learn that: „Most of the undocumented population 
prefer to live close to the centre and amongst their 
‘friends’”. However, there is a lack of cohesion be-
tween the title and the content of the chapter.

The second and shorter part is entitled Public 
Realm. It consists of two chapters, one of which deals 
with the role of decision-makers in the diversity 
and micro-segregation of Whitechapel. The second 
chapter serves as a summary of the book as a whole. 
The chapter entitled Whitechapel Road: Between Group 
Behaviour and Planning Policy draws attention to that 
one should not only keep in mind what has been de-
cided, but also what has not been decided and why, 
while examining the decision-making behaviour of 
city managers. In the pilot area of Whitechapel, the 
aforementioned changes in the real estate market 
brought about the transformation of social groups 
and increasing tension between them. Despite the 
fact that both the local population and the local city 
administration are aware of the situation, nothing has 
changed, which results rather from the preservation 
of the territorial status quo instead of a compromise 
between the groups.

For those interested in micro-segregation, I rec-
ommend Flint Ashery’s book because it provides a 
comprehensive overview of available research on the 
topic and enriches small-scale social segregation stud-
ies with its qualitative research results. The reader can 
learn about the ethnic and religious diversity of the 
Whitechapel pilot area as well as the problems and 
conflict situations arising from it. The book exam-
ines the relationship between the private and public 
spheres in the light of micro-segregation, but these two 
strands do not have equal weight. In most cases, the 
private sphere comes to the fore, while only one chap-
ter analyses the public sector. The complexity of the 
topic is indicated by that the author examines micro-
segregation from several perspectives. Yet, as the im 
balance between investigating the public and private 
sectors illustrates, many aspects of the problems af-
fecting communities are still to be explored, and these 
would further expand our knowledge about horizontal 
and vertical segregation and micro-segregation.

The book Micro-residential Dynamics may contain 
less maps than what a geographer expects, but the au-
thor fills this gap with illustrative images and figures. 
In addition, the 322 in-depth interviews will help 
researchers better understand how and why micro-
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segregation develops, and why different ethnic and 
religious groups choose to live side by side. Although 
the author answers many questions, she also raises 
many new ones, which confirms that micro-scale seg-
regation is still a process to be explored – but I think 
Micro-residential Dynamics will be one of the defining 
studies in the future.
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