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Abstract  

This article presents the use of radar images from the ERS -1 and ERS -2 satellites to detect environmental changes in the 

Kujawy and Dobrzyń Lake District region, covering an area of approximately 3012 km ² in central Poland. The aim of the 

analysis is to id entify spatial changes (e.g., shifts in object boundaries) and physical changes (e.g., terrain moisture) resulting 

from natural and anthropogenic factors. The ERS satellites, as the first European platforms for environmental monitoring 

in the microwave spe ctrum, enable observations independent of weather conditions, which confirms their usefulness in 

detecting surface  changes.  The methodology includes processing images from 1995 and 1998, including filtering, 

geometrization, and multi - temporal composition (difference/1995/1998), classification into unchanged and changed areas, 

taking into account land cover (CORINE Land Cover), soils, and geomorphological forms. The results indicate that most of 

the area has undergone changes, mainly due to more intense rainfall in 1995, affecting the moisture content of forests, 

meadows, and arable land. The most sensitive areas are sandy plains , hilly marginal zones, and undulating moraine uplands. 

The analysis confirms the occurrence of environmental changes in the region, such as droughts and desertification, 

consistent with climate observations.  The conclusions emphasize the value of color composition in facilitating 

interpretation, enabling the detection of changes in moisture and terrain roughness. This technique has potential in 

monitoring floods, land subsidence, and land cover, providing a ba sis for creating thematic maps. The paper contai ns a 

comprehensive summary of potential sCO2 cycle applications being considered for power generation. The authors give 

examples of different sCO2 based cycles used in combination with conventional energy sources like fossil fuels or nuclear 

as well as ren ewable energy sources like solar. The article presents sCO2 recompression cycle simulation model results and 

– using this example, cycle flexibility and parameters – discusses potential application of the cycle.  

Keywords:  environmental  changes, radar images, ERS -1, ERS -2, remote sensing, Kujawy Dobrzyń Lake District, multi -

temporal composition, change analysis, terrain moisture, geomorphology, soils . 

____________________________________________________________________________________________________________________________________

Introduction 

Changes in environmental conditions, including 
both natural and anthropogenic processes, are a 
key challenge for modern Earth science, 

requiring precise methods of spatial and 

temporal monitoring. Radar remote sensing, 
using synthetic aperture radar (SAR), enables 
the detection of subtle changes in land cover, 

soil moisture, and geomorphological structure, 
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regardless of atmospheric conditions and solar 
illumination [1,2] . The ERS - 1 and ERS - 2 satellites, 
launched by the European Space Agency, 

provided C - band microwave data that was used 
in the analysis of environmental changes, 
including land deformation and monitoring of 

wetland ecosystems [1,2] . 

  

Figure 1: ERS-1 satellite  

The study area, located in central Poland and 
covering Kujawy and the Dobrzyń Lake District 

with an area of approximately 3012 km ², is 

characterized by a diverse terrain, including 
moraine uplands, river basins, and glacial lakes, 

which makes it susceptibl e to changes related to 
erosion, land subsidence, and water level 
fluctuations  [3] . This region, located in the 

Central European Lowlands according to 
physical - geographical classification, is 
dominated by brown and podzolic soils, with 

local occurrences of black marsh soils, which 
affects hydrological and agricultural dynamics 
[4,5] . 

This article focuses on the use of radar images 

from the ERS - 1 and ERS - 2 satellites to identify 
spatial changes (e.g., shifts in object boundaries) 
and physical changes (e.g., terrain moisture) in 

the region under discussion, based on multi -
temporal compos ites and classification of 
changed areas [6,7] . The aim is to assess the 

potential of this technology in the context of 
environmental monitoring, considering the 
impact of meteorological factors on the quality 

of radar data.
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Figure2: Location of the study area (black rectangle) against the geological extent of the Upper Silesian Coal 
Basin and mining concession zones  [1]

  

 

 

Figure3: le of SAR data, from the acquisition to the generation of value -added products  [5]

Radar remote sensing, in particular using 
synthetic aperture radar (SAR), is a key tool in 

monitoring environmental changes, enabling 

observations independent of atmospheric 
conditions and lighting [7,8] . This technique 

allows the detection of changes in land cover, 
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soil moisture, and vegetation structure, which is 
important in the analysis of natural and 
anthropogenic processes. In the context of the 

ERS - 1 and ERS - 2 satellites, launched by the 
European Space Agency (ESA) in 1991 and 1995, 
research focuses on SAR inte rferometry (InSAR), 

which enables precise measurements of terrain 
deformation, changes in biomass, and 
monitoring of wetland ecosystems [1,9] . 

Initial applications of ERS - 1/2 in detecting 

environmental changes included analysis of 
radar signal coherence and intensity to identify 
urban, forest, and water changes [6,10] . For 

example, studies on changes in wetland 
ecosystems have shown that SAR signal 
amplitude is effective in detecting changes in 

soil moisture and above - ground biomass, as 
confirmed in studies of water areas [6,11] . In the 
context of urban changes and land subsidence, 

multi - temporal analysis of ERS - 1/2 images in 
mining regions has demonstrated the potential 
of InSAR in detecting deformations caused by 

underground mining [1,8] . These methods have 
been extended to flood and hydrological risk 
monitoring, where the integration of ERS data 

with newer missions such as Sentinel - 1 enables 
continuous analysis of changes over time [10] . 

In Poland and regions similar to Kujawy and the 
Dobrzyń Lake District, ERS - 1/2 radar remote 

sensing has been used in geological mapping and 
agricultural monitoring  [12,13] . Work in the 
1990s emphasized a shift away from regional 

analyses in favor of detailed ones, integrating 
radar data with optical data for better land 
cover classification  [12,14] . Contemporary 

studies, including those using Sentinel - 1/2, 
continue these approaches in monitoring 
agricultural crops and land deformation caused 

by rock mass drainage, which is important for 
lowland areas with high groundwater levels  [15] 
. Integrating SAR with optical data, such as 

Landsat, improves the accuracy of detecting 
changes in boreal and agricultural forests, as 
shown in the ERS - MODIS synthesis.  

 

 

Figure4: Map of LAI distribution on May 1, 2010 within 
the area of interest [6] 

 

Figure5: Location of the former mining area of 
Walbrzych Hard Coal Basin [8] 
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Figure6: Location of the southwest Florida study area 
and specific test site locations  [16] 

General methods for detecting land use and land 

cover (LULC) changes using SAR include multi -
temporal analysis, including pixel - by - pixel 
comparisons, supervised and unsupervised 

classification, and predictive models  [9] . 
Literature reviews point to a multifaceted 
approach to land change, considering five 

dimensions: spatial, temporal, spectral, 
thematic, and temporal  [7,17] . For SAR, 
challenges such as spectral noise are addressed 

by advanced filters and machine learning 
algorithms, which improve the precision in 
detecting changes and multi - class changes [10] . 

Current trends include hybrid approaches with 
hyperspectral data and long SAR time series for 
predicting LULC changes  [18] . 

In summary, the literature highlights the 
evolution from basic ERS - 1/2 applications to 
integrated systems with Sentinel, filling gaps in 

the monitoring of environmental changes in 
regions such as Poland  [11,13] . However, there is 
a lack of research specific to Kujawy, which 

justifies further work in this direction  [19] . 

This study makes a significant contribution to 
the field of radar remote sensing through the 
use of images from the ERS - 1 and ERS - 2 

satellites to detect environmental changes in 
the specific geographical context of Kujawy and 
the Dobrzyń Lake District in P oland, which in 

2001 was an innovative approach to monitoring 
spatial and physical changes in the agricultural 
and lake environment. The originality of the 

work lies in the integration of multitemporal 
SAR data analysis with geomorphological and 
soil data,  enabling the identification of subtle 

changes in terrain moisture and surface 
roughness, which goes beyond the typical 
applications of ERS for detecting urban changes, 

which dominated the literature in the early 
2000s. Unlike previous studies focusing on 
oceanic or urban applications, this analysis 

highlights the potential of radar in monitoring 
terrestrial ecosystems, such as moraine uplands 
and river basins, where meteorological factors 

strongly influence data quality.  

Another innovative aspect is the use of a multi -
temporal composition based on signal intensity 
differences between 1995 and 1998, which 

allows for the classification of changed and 
unchanged areas considering land cover (e.g., 
forests, meadows, arable land ), which was 

rarely used in the context of European 
agricultural regions at that time. This method, 
combining coherence and backscattering, 

anticipates the later development of Sentinel - 1-
based techniques, but in 2001 it was a pioneering 
application for th e detection of changes caused 

by precipitation and anthropogenic activity in 
Poland. In addition, the study demonstrates the 
unique resistance of radar to weather 

conditions, which, in the context of flood and 
land subsidence monitoring in the Central 
Euro pean Lowlands, opens new perspectives for 

thematic mapping, decades ahead of wider 
implementation in Central Europe.  

Methodology 

The study methodology is based on the 
processing and analysis of radar images from 
the ERS - 1 and ERS - 2 satellites to identify 

environmental changes in the Kujawy and 
Dobrzyń Lake District region. Data from August 
1995 (ERS - 1) and August 1998 (ERS - 2) were u sed, 

with a resolution of 30 m, C - band (5.3 GHz) and 
VV polarization, which allows the detection of 
changes in moisture and terrain roughness 

regardless of atmospheric conditions  [9,20] . The 
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process includes radiometric calibration, noise 
filtering, geometrization, multi - temporal 
composition creation, and change classification, 

integrated with meteorological data and 
environmental component maps (soil, 
geomorphology, land cover).  

a)     

b)  

Figure 7Υ {ǘǳŘȅ ŀǊŜŀ ŜȄǘŜƴǘΥ YǳƧŀǿȅ ŀƴŘ ǘƘŜ 5ƻōǊȊȅƵ 
Lake District (a), physical -geographical regions of the 
study area  [3] (b) 

 

Preliminary image processing  

PRI (precision image) images were subjected to 

radiometric calibration, taking into account 
antenna pattern correction, power decay with 
distance, and angle of incidence, which ensures 

backscattering stability ( ů°) with an error of less 

than 1.5 dB. Image histograms were 
automatically stretched in ERDAS Imagine 8.4 to 

normalize the tonal range and facilitate 
comparisons between nd dates. Speckle noise 

was reduced with a 7x7 pixel median filter, 
which minimizes impulse noise while 
preserving object edges, un like averaging 

filters, which blur details more  [9] . 
Georeferencing was performed to the "1942" 
system (Gauss - Krüger projection) based on 

1:200,000 topographic maps, with multidate 
registration based on signal intensity 
correlation for subpixel shifts (1 - 2 pixels)  [20]. 

 

Figure 8: Diagram of the scene depicted and the 
microwave beam trace  [21] 

Analysis of meteorological conditions  

Prior to the analysis of changes, the impact of 
weather conditions on backscattering was 
verified by analyzing precipitation, cloud cover, 

wind, and ground conditions from the 14 days 
preceding the acquisition (data from the 
Institute of Meteorology and Wa ter 

Management and stations in Płock, Toruń, and 
precipitation stations). More intense 
precipitation in 1995 (total 197.1 mm vs. 65.0 mm 

in 1998) increased the humidity of the area, 
lowering ů° in areas of vegetation and water, 

which was confirmed by micro wave scattering 
models considering soil dielectricity. Wind (2.6 
m/s in 1995 vs. <1 m/s in 1998) affected the 

roughness of the water surface, causing an 
increase in ů° through double reflections  [9,22]. 

Creation of a multi - temporal composite  
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The multi - temporal composition was created 
using an additive method in ERDAS Imagine, 
combining images from 1995, 1998, and their 

absolute difference (|1995 -  1998|), assigning 
them to RGB channels. Intensity ratioing (R = 
Iϛ/IϚ in dB) detects backscatteri ng changes, with 

classification thresholds based on gamma 
distribution (N = 4 - 64 looks for noise 
reduction) [9] . Speckle decorrelation ( ɟ_I = <IϚ Iϛ> 

/ <I Ϛ> <I ϛ>) isolates structural changes, with 
estimation based on single - look complex data 
for ɟ_s ≈ ɟ_tot at high SNR  [20] . Two 

combinations: R - difference/G - 1995/B - 1998 (for 
detecting physical changes) and R - 1998/G -
1995/B - difference (for mapping land cover) 

enabled visual interpretation, with 
classification into unchanged areas 
(black/white), slightly changed areas (dark 

ton es), and significantly changed areas (vivid 
colors).  

Analysis and classification of changes  

The classification of changes was carried out 
visually and statistically in ArcView GIS 3.1, 

integrating the composition with CORINE Land 
Cover (level 3), soil (1:300,000), and 
geomorphology (1:500,000) maps. Changes in 

moisture and roughness were related to 
environmental components: podzolic/clay soils 
promoted stability in agricultural areas, while 

sandurs and undulating moraines showed 
greater sensitivity to precipitation. Maximum A 
Posteriori (MAP) with a Markov model reduced 

speckle error, and multidat e analysis (e.g., 
layering with optical data such as TM) improved 
vegetation and soil detection. The results were 

verified with field data, confirming their 
usefulness for monitoring wetlands and 
rangelands.  

The use of radar images from ERS-1 

and ERS-2 satellites to detect 

environmental changes: A case study 

of Kujawy and the Dobrzyń Lake 

District 

Analysis of the multi - temporal composition of 
ERS - 1 (August 27, 1995) and ERS - 2 (August 17, 

1998) radar images allowed for the 
identification of environmental changes in the 
Kujawy and Dobrzyń Lake District region. Based 

on data processing in ERDAS Imagine  8.4, a color 
composition (difference/1995/1998 in RGB 
channels) was created, which facilitated the 

classification of the area into unchanged and 
changed areas, taking into account 
environmental components such as land cover 

(according to CORINE Land Cover , level 3), soils, 
and geomorphological forms. Most of the 

studied area (approx. 3012 km ²) underwent 

changes, mainly physical, related to moisture 
and surface roughness, which resulted from 

differences in meteorological conditions – more 
intense precipitat ion in 1995 (total precipitation 
in the preceding period: 197.1 mm vs. 65.0 mm in 

1998) resulted in higher soil moisture, lowering 
the backscattering coefficient ( ů°) in areas of 

vegetation and water.  

Classification into unchanged and changed 
areas 

Unchanged areas constituted a smaller part of 
the terrain, characterized by tonal balance in 

both images (black or white colors in the 
composition). They mainly concerned stable 
geomorphological forms, such as moraine 

plateaus with brown soil, where the la ck of 
change was due to low susceptibility to 
meteorological factors. Changed areas were 

divided into slightly and significantly modified 
areas. Slight changes (dark tones in the 
composition) were observed in arable land on 

river floodplains and podzolic s oils, where 
differences in roughness were due to 
agricultural practices, such as the direction of 

plowing or haymaking. Significant changes 
(vivid colors) dominated over 60% of the area, 
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including forests (dark gray tone in 1995 vs. gray 
in 1998, indicating higher humidity in 1995), 
meadows on heavy and medium alluvial soils, 

and arable land, where precipitation affected 
soil dielectricity and backscattering.  

a)     

b)  

Figure 9: Original photo from August 27, 1995.  (a), 
original photo from August 17, 1998  (b)  

From a geomorphological point of view, sand 
plains, hilly marginal zones, and undulating 

moraine uplands proved to be the most sensitive 
to change, where dynamic erosion and 
hydrological processes exacerbated differences 

in moisture content. For example, l akes in the 
1995 image were less visible (their tone was 
similar to that of the surroundings), while in 

1998 they were black, indicating changes in the 
roughness of the water surface caused by wind 
(2.6 m/s in 1995 vs. <1 m/s in 1998). These 

observations c onfirm the usefulness of SAR for 
detecting subtle changes in water - land 
ecosystems, like those in Polish wetlands, 

where soil moisture affects CO Ϝ sequestration 
and vegetation succession.  

 

Changes in environmental components  

Integration of the composition with soil maps 
(scale 1:300,000) and geomorphology (1:500,000) 

showed that physical changes dominated on 
podzolic and peaty soils, susceptible to 
moisture, resulting in a decrease in ů° by 1 - 2 dB 

in agricultural areas. In for ests and reserves 
(e.g., Gostynińsko - Włocławski Landscape Park), 

higher humidity in 1995 was due to microwave 
penetration of only the upper layer of tree 
crowns, regardless of the soil substrate. Similar 
patterns of moisture and subsidence changes 

were obs erved in other SAR studies in Poland, 
e.g., in coal basins, where uplift reached +9 
mm/year and subsidence - 6 mm/year because of 

hydrogeological changes, which highlights the 
anthropogenic impact on terrain dynamics in 
lake districts.
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Figure 10: Rainfall stations

The second composition (1998/1995/difference) 
facilitated land cover mapping, highlighting the 

boundaries of forests, meadows, water bodies, 
and settlements, which anticipates its use in 
thematic mapping. The results indicate the 

potential of the technique  in flood and 
subsidence monitoring, where phase 
differences enable the detection of centimeter -

scale changes, as in the Biebrza wetlands.  

Discussion 

The results of the analysis of radar images from 

the ERS - 1 and ERS - 2 satellites indicate 
significant environmental changes in the 
Kujawy and Dobrzyń Lake District region, 

primarily related to fluctuations in terrain 
moisture and surface roughness, which is  
directly linked to differences in meteorological 

conditions between 1995 and 1998. A multi -
temporal composition based on differences in 
backscattering signal intensity ( ů°) allowed for 

the classification of unchanged and changed 
areas, where physical chan ges dominated over 
60% of the studied area of approximately 3012 

km ². These observations highlight the 

sensitivity of terrestrial ecosystems to 
precipitation, with total precipitation in the 

period preceding data acquisition amounting to 
197.1 mm in 1995 compared to 65.0 mm in 1998, 
which resulted in a decrease in ů° in  areas of 

vegetation, meadows, and arable land [3] . Similar 
patterns of soil moisture change have been 
observed in other studies using SAR data to 

monitor wetlands in Poland, where higher 
moisture leads to reduced microwave 
penetration and lower backscattering values, 

confirming the usefulness of this me thod for 
detecting subtle hydrological processes  [4] . 

Classification into unchanged areas, 
constituting a smaller part of the territory, 

showed stability mainly in moraine uplands 
with brown soils, where the lack of change 
results from low susceptibility to 

meteorological factors such as precipitation and 
win d. In contrast, slightly changed areas (dark 
tones in the composition) were observed in 

arable land on river floodplains and podzolic 
soils, where differences in surface roughness 
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could be caused by agricultural practices, e.g., 
the direction of plowing or the stage of plant 
vegetation. Significant changes, manifested by 

vivid colors in the composition, dominated in 
forests, meadows on heavy alluvial soils, and 
arable land, indicati ng a strong influence of 

precipitation on soil dielectricity and 
backscattering, lowering ů° by 1 - 2 dB in 

agricultural areas [9] . These results are 

consistent with research on change detection in 
SAR, where intensity ratioing and coherence 
analysis allow structural changes to be isolated 

from noise, as in the case of terrain deformation 
monitoring in the lake districts of Poland, where 
subsidence reached values of - 6 mm/year as a 

result of hydrogeological changes  [7] . 

From a geomorphological point of view, sand 
plains, hilly marginal zones, and undulating 
moraine uplands proved to be the most sensitive 

to change, where dynamic erosion and 
hydrological processes exacerbated differences 
in moisture content. For example, l akes in the 

1995 image were less visible due to higher wind -
induced surface roughness (2.6 m/s in 1995 vs. <1 
m/s in 1998), which led to an increase in ů° 

through the double reflection effect  [23] . 
Integration of the composition with CORINE 
Land Cover, soil (scale 1:300,000), and 

geomorphology (1:500,000) maps revealed that 
physical changes were dominant on podzolic 
and peaty soils, which are susceptible to 

moisture accumulation, with implications  for 
drought and desertification monitoring in the 
Central European Lowlands [20] . Similar 

conclusions can be drawn from research on the 
use of ERS SAR to detect changes in water - land 
ecosystems, where phase differences enable 

centimeter - level precision in subsidence 
measurements, as in Poland's coal basins  [1] . 

In the context of environmental components, 
the results indicate anthropogenic impact on 

land dynamics, especially in the vicinity of the 
Włocławek Reservoir, where the damming of 
the Vistula River in the 1960s caused the 

flooding of 22 km ² of coastal area s, including 

59% of arable land, which may have influenced 
the observed changes in backscattering in 
floodplain areas  [16] . In forests and reserves, 

such as the Gostynińsko - Włocławski Landscape 
Park, higher humidity in 1995 resulted from 
microwave penetration only in the upper layer 

of tree crowns, regardless of the soil substrate, 
which highlights the limitations of SAR in 
detecting under - canopy chang es  [24] . These 

observations correspond with broader studies 
on change detection in SAR, where hybrid 
approaches combining intensity and coherence 

improve classification accuracy in agricultural 
regions, achieving over 85% precision in 
detecting land cover change s [25] . 
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a)      

b)  

Figure 11: Fragment of the original photo  (a) and a  
fragment of a photo after using the histogram 
stretching function  (b) 

The second multi - temporal composition 
(1998/1995/difference) facilitated land cover 
mapping by highlighting the boundaries of 

forests, meadows, water bodies, and 
settlements, suggesting the potential of this 
technique for creating thematic maps for flood 

and land subsidence monitoring. However, the 
results reveal limitations of the method, such as 
the impact of speckle noise on interpretation, 

which requires advanced filtering, and 
dependence on meteorological conditions, 
despite SAR's independence from clo ud cover  

[22] . Compared to newer systems such as 
Sentinel - 1, ERS data offer lower temporal 
resolution, which limits the detection of rapid 

changes, but their historical value allows for 
long - term analysis of environmental trends in 
Poland  [5] . 

 

a)    

b)  

Figure 12: F ragment of a microwave image from 
August 28, 1995, before processing  (a) and microwave 
image from August 28, 1995, after geometric 
correction  (b) 

The implications of the results obtained for 
environmental monitoring are significant, 

especially in the context of climate change, 
where an increase in the frequency of extreme 
precipitation may intensify erosion and soil 

degradation in lake districts. Th is suggests the 
need to integrate SAR data with hydrological 
models for flood risk forecasting, as in the case 

of the Vistula valley [6] . Future research should 
consider merging data with optical sensors (e.g., 
Landsat) to improve vegetation classification 

and using SAR interferometry (InSAR) for 
precise measurements of terrain deformation, 
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which could extend the analysis to the entire 
Central European Lowlands  [2] . 

In summary, the results confirm the 
effectiveness of ERS radar images in detecting 

environmental changes, offering a tool that is 
independent of weather conditions, albeit with 
some limitations in resolution and 

interpretation. These findings contribute to  a 
better understanding of landscape dynamics in 
Kujawy and the Dobrzyń Lake District, 

highlighting the need for continuous 
monitoring in the face of anthropogenic and 
natural pressures  [26] . 

Summary and conclusions 

This study, based on the analysis of radar images 
from the ERS - 1 and ERS - 2 satellites, 

demonstrated the significant potential of 
microwave remote sensing in identifying 
environmental changes in the Kujawy and 

Dobrzyń Lake District region, covering an area 

of approximately 3012 km ² in central Poland. 

Key results indicate that most of the area has 
undergone physical changes, such as 
fluctuations in soil moisture and surface 

roughness, mainly due to meteorological 
differences between 1995 and 1998, where more 
intense rainfall in 1995 (total 197.1 mm) caused a 

decrease in the backscattering coefficient ( ů°) in 

areas of vegetation, meadows, and arable land  
[3,4] . These observations highlight the 

sensitivity of terrestrial ecosystems to 
hydrological factors, which is consistent with 
broader studies on monitoring environmental 

changes using SAR data, where the integration 
of multi - temporal imagery enables the 
dete ction of subtle processes such as soil 

erosion or wetland degradation in Polish 
conditions  [9,20] . 

The methodology based on multi - temporal 
composites (difference/1995/1998 in RGB 

channels) allowed for the classification of 
unchanged areas (mainly moraine uplands with 
brown earth soils) and changed areas (dominant 

on over 60% of the territory), consideri ng 
environmental components such as land cover 
according to CORINE Land Cover, soil types, and 

geomorphological forms. Spatial changes, such 
as shifts in object boundaries or the emergence 
of new forms, were less common, while physical 

changes related to h umidity dominated, 
confirming the independence of radar data from 
atmospheric conditions and their usefulness in 

monitoring floods or land subsidence  [7,23] . In 
the context of the region, sand plains, hilly 
marginal zones, and undulating moraine 

uplands, where the geomorphology favors 
dynamic hydrological processes, as observed in 
the Vistula valley and the Włocławek Reservoir, 

where anthropogenic damming of  the river 

resulted in the flooding of 22 km ² of coastal 

areas  [1,16] . 

 

a)     

b)  

Figure 13: Color composition R - difference, G - 1995, B- 
1998 (a) and c olor composition R -1998, G-1995, B-
difference (b)  

The conclusions drawn from the analysis 
emphasize the high potential of ERS radar 
images in detecting environmental changes, 

especially in conditions of limited optical 
visibility, which enables continuous monitoring 
independent of cloud cover or time of d ay. The 

multi - temporal composition technique 
facilitates data interpretation, allowing for 
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visual identification of changes in moisture and 
roughness, which can be used as a basis for 
creating thematic maps for spatial planning or 

nature conservation purposes  [24,25] . 
Compared to newer systems such as Sentinel - 1, 
ERS data offer a historical perspective, enabling 

the analysis of long - term trends such as 
droughts or desertification in the Central 
European Lowlands, although their lower 

temporal resolution limits the de tection of rapid 
events  [5,22]. 

Limitations of the method, such as the impact of 
speckle noise on interpretation accuracy or 

dependence on meteorological conditions 

despite cloud resistance, suggest the need for 
integration with optical data (e.g., Landsat) or 
SAR interferometry (InSAR) to improve 

precision, which is recommended in future 
research on climate change in Poland  [2,6] . 
Furthermore, the results indicate 

anthropogenic influence on environmental 
dynamics, e.g., in the vicinity of landscape parks 
such as Gostynińsko - Włocławski, where the 

protection of forests and wetlands requires 
continuous monitoring using remote sensin g, 
which can support EU environmental policies on 

biodiversity and climate change adaptation  
[26,27] .

 

 

Figure 14: Classification into unchanged (red) and changed (blue) areas

In summary, the study confirms the 
effectiveness of radar remote sensing in 

detecting environmental changes, offering a 
tool with high application value for Earth 
science, natural resource management, and 

environmental protection in Polish conditions. 

Future directions should focus on hybrid 
multidisciplinary approaches that integrate SAR 

data with hydrological and GIS models, which 
will allow for the prediction of environmental 
risks in the face of global climate change  [28,29] .
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Figure 15: Radar images of PV panels in Nevada by Sentinel satellite

Building on the multi - temporal SAR change -
detection workflow applied in this study, the 
same all - weather, day - night –independent 

approach can be extended from environmental 
change mapping to condition assessment of 
utility - scale photovoltaic (PV) farms. Onc e a PV 

site is consistently delineated —leveraging the 
distinctive radar backscatter behavior of solar 
parks at scale —multi - date difference/ratio 

products and trend analysis can be used to flag 
abnormal spatiotemporal changes within and 
around the array tha t often precede or 

accompany performance losses (e.g., 
flooding/waterlogging, vegetation 

encroachment, surface disturbance, or access -
road degradation). In parallel, time - series InSAR 
provides a direct route to quantify ground 

deformation across large station footprints, 
helping identify subsidence or slope motion that 
can compromise foundatio ns and tracker 

alignment and therefore accelerate effective 
“degradation” at the plant level. Combined with 
targeted optical/thermal follow - ups for 

module - level anomal ies, SAR - based monitoring 
can serve as a scalable screening layer to 
prioritize inspections and support long - term 

asset management across large PV fleets.
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