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This study analyzes multitemporal surface deformation within the area of influence of the 

Mazar Dudas Hydroelectric Project (MDHP), located in the Andean region of Ecuador, 

using Differential Interferometric Synthetic Aperture Radar (DInSAR) and Sentinel-1 

images acquired in ascending and descending geometries during the years 2017, 2019, 

2022, and 2024. The methodology was based on the generation of coherent interferograms 

from Single Look Complex SAR images, considering selection criteria such as low 

perpendicular baseline and appropriate temporal separation, followed by standard 

interferometric processing and multitemporal analysis. The results reveal persistent and 

spatially heterogeneous deformation patterns, with negative Line of Sight (LOS) 

displacements, indicating movements away from the satellite sensor. The maximum 

deformation rates reached approximately −2 cm/year in both ascending and descending 

geometries, whereas the minimum values recorded were −7 cm/year in the ascending 

geometry and between −8 and −10 cm/year in the descending geometry. These temporal 

increases, particularly pronounced in 2024, suggest the occurrence of localized surface 

instability processes possibly associated with the drought event recorded during that 

period. The combined use of both acquisition geometries enabled the identification of 

consistent deformation trends and the characterization of the displacement components 

along the LOS direction. The areas showing the greatest deformation are spatially 

associated with pre-existing geological structures, steep slopes, colluvial deposits, and 

active hydrographic dynamics. Together, these factors exhibit a direct spatial correlation 

with the observed deformation patterns, although this relationship requires further 

investigation. 
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1. INTRODUCTION

Surface deformation is a manifestation of instability 

processes that frequently occur in mountainous regions, where 

the interaction of geological, geomorphological, and 

hydrogeological conditions promotes the occurrence of mass 

movements, particularly in areas characterized by steep slopes 

and poorly consolidated materials, such as the Ecuadorian 

Andean region [1]. These processes represent a critical 

concern for the monitoring and management of strategic 

infrastructure, including hydroelectric projects. 

Monitoring surface deformation is essential for 

understanding the evolution of these processes and reducing 

the associated risk. However, traditional in situ measurement 

techniques present limitations in terms of spatial coverage and 

accessibility, particularly in large or difficult-to-access areas 

[2]. 

In this context, Differential Interferometric Synthetic 

Aperture Radar (DInSAR) has become an effective technique 

for detecting millimeter-scale surface deformation [3]. Its 

application to the study of land subsidence and mass 

movements enables the identification of spatial and temporal 

deformation patterns under different environmental and land 

cover conditions [4, 5]. Recent studies have demonstrated the 

capability of DInSAR combined with Sentinel-1 SAR data to 

characterize surface deformation associated with geological 

hazards, applications in volcanic environments have shown 

the potential of this methodology to identify spatial and 

temporal displacement patterns, providing valuable 

information for the assessment of unstable areas and 

supporting geological hazard monitoring [6]. Furthermore, the 

increasing availability of open-access SAR data and their 

integration with optical information have expanded the 

possibilities for regional-scale surface characterization, 

improving the interpretation of land surface conditions and 

supporting the analysis of dynamic Earth processes [7, 8]. 
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In reservoir-associated areas, deformation processes may 

exhibit greater complexity due to fluctuations in water levels, 

which can modify the subsurface hydrogeological conditions 

and alter the effective stresses acting on slopes, thereby 

promoting instability conditions [9, 10]. Nevertheless, these 

processes should be evaluated by considering their spatial 

relationship with the geological and structural characteristics 

of the terrain. 

 

 
 

Figure 1. Location map of the Mazar Dudas Hydroelectric 

Project (MDHP), Cañar province, Azogues canton 

 

The study area (Figure 1) is composed of colluvial materials, 

steep slopes, and geological structures that condition its 

geomechanical behavior. These characteristics provide the 

basis for analyzing the spatial distribution of surface 

deformation and its relationship with the physical factors 

controlling its evolution. 

In this context, the main contribution of this research lies in 

the implementation of a multitemporal deformation analysis 

using DInSAR, identifying deformation patterns and 

providing objective information to support the continuous 

monitoring of landslide-susceptible areas within the area of 

influence of the Mazar Dudas Project. 

The objective of this study is to analyze the spatial 

distribution and temporal evolution of surface deformation 

within the area of influence of the Mazar Dudas Hydroelectric 

Project (MDHP) during the periods 2017, 2019, 2022, and 

2024. 

Based on this objective, the following research question is 

proposed: (i) How is surface deformation spatially and 

temporally distributed within the area of influence of the 

MDHP; (ii) What instability patterns can be identified through 

DInSAR analysis? 

The study hypothesizes that surface deformation exhibits 

distinct spatial and temporal patterns that can be identified 

through multitemporal DInSAR analysis, providing valuable 

information for the monitoring of areas susceptible to surface 

deformation. 

 

 

2. MATERIALS AND METHODS 

 

To address the research question and achieve the proposed 

objective, the DInSAR technique (Figure 2) was applied using 

Sentinel-1 imagery acquired in ascending and descending 

geometries for the years 2017, 2019, 2022, and 2024 over the 

MDHP. The use of both acquisition geometries improved the 

spatial interpretation of the deformation measured along the 

Line of Sight (LOS). 

The methodological procedure was structured into three 

main phases: (1) image acquisition and selection, (2) image 

processing, and (3) multitemporal analysis of surface 

deformation. 

 

 
 

Figure 2. Methodological workflow using InSAR-Differential Interferometric Synthetic Aperture Radar (DInSAR) techniques 
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2.1 Phase 1: Radar image acquisition and selection 

 

The SAR images were obtained through the ASF Vertex 

platform, managed by NASA, which provides free search, 

acquisition, visualization, filtering, and download of Sentinel-

1 products, as well as cloud-based preview and processing 

tools [11]. This platform constitutes an official source for the 

distribution of SAR data used in interferometric applications. 

Image selection was performed based on general and 

specific parameters. The general parameters included the 

satellite platform (Sentinel-1A and Sentinel-1B), product type, 

acquisition mode, polarization, ascending and descending 

orbits, and the spatial coverage corresponding to the study area. 

These criteria ensured the geometric and radiometric 

compatibility required for the generation of coherent 

interferograms. Additionally, four analysis periods (2017, 

2019, 2022, and 2024) were selected, representing different 

stages in the evolution of the surface deformation observed 

within the study area. 

 

Table 1. Parameters for Sentinel-1 SAR data acquisition 

 
Type Parameter Value 

General 

Product Type Single Look Complex 

Acquisition Mode Interferometric Wide 

Polarization Vertical-Vertical 

Orbit Direction ascending/descending orbit 

Specific 

Timeframe 12 days 

Perpendicular 

Baseline 

0< Perpendicular Baseline ≤ 

150 meters 
Note: Acquisition parameters of the Sentinel-1 SAR images used in this 

study, including the general and specific characteristics employed for the 

selection of the interferometric pairs. These parameters ensured the 
geometric and temporal consistency required for DInSAR processing. 

 

 
(a) 

 
(b) 

 

Figure 3. The number of (a) downloaded Sentinel-1 datasets 

and (b) the interferograms generated for the Mazar Dudas 

Hydroelectric Project (MDHP) during the 2017, 2019, 2022, 

and 2024 analysis periods 

 

The selection of interferometric pairs also considered the 

perpendicular baseline, a parameter that influences the 

geometric coherence between SAR images. Studies conducted 

in areas with geomorphological characteristics and vegetation 

cover like those of the study area recommend maximum 

perpendicular baseline values ranging from 150 to 200 m [12]. 

Since the MDHP is characterized by moderate to dense 

vegetation cover, the more conservative criterion was adopted 

by establishing a maximum perpendicular baseline of 150 m 

to prioritize interferometric robustness. Table 1 presents the 

general and specific parameters selected for the acquisition of 

the SAR images. 

A total of 103 images were downloaded for the ascending 

geometry and 118 for the descending geometry (Figure 3(a)). 

From these datasets, 89 interferograms were generated for the 

ascending orbit and 107 for the descending orbit (Figure 3(b)). 

 

2.2 Phase 2: Interferometric processing using Differential 

Interferometric Synthetic Aperture Radar 

 

Interferometric processing was carried out using SNAP 

(Sentinel-1 Toolbox v9.0), developed by the European Space 

Agency (ESA), applying the workflow of DInSAR. For this 

purpose, two or more SAR images acquired over the same area 

at different dates were used, allowing the estimation of ground 

displacements projected along the satellite LOS direction [13]. 

Initial processing involved co-registration of the slave 

image with respect to the master image, ensuring spatial 

correspondence between both images at the pixel level. 

Subsequently, precise orbital information and a Digital 

Elevation Model (DEM) were incorporated in order to 

minimize geometric differences and improve interferometric 

coherence. 

The interferometric phase obtained previously from two 

SAR images is composed of multiple contributions: 

topographic, orbital, atmospheric, ground motion, and noise 

[14]. 

The total interferometric phase (∆φ) corresponds to the sum 

of the topographic (φtopo), orbital (φorbit), atmospheric (φatmos), 

deformation (φdef), and noise (φnoise) contributions, as 

expressed in Eq. (1) [15]. The topographic component is 

associated with terrain elevation; the orbital component 

represents inaccuracies in the satellite trajectory; the 

deformation component corresponds to surface motion; the 

atmospheric component accounts for delays induced by the 

atmosphere; and the noise component includes random errors 

from the system and processing. 

 

∆φ= φtopo + φorbit + φdef + φatmos + φnoise (1) 

 

The unwrapped phase was subsequently converted into 

displacement in metric units using the Phase to Displacement 

tool, while georeferencing was performed through Terrain 

Correction using the DEM. Finally, a coherence mask was 

applied, excluding pixels with values below 0.30 to retain only 

reliable observations for interferometric analysis. 

The surface deformation maps obtained were exported in 

GeoTIFF format for subsequent processing and multitemporal 

analysis.  

 

2.3 Phase 3: Multitemporal analysis 
 

The surface deformation maps generated through DInSAR 

processing were integrated and analyzed in ArcGIS Pro using 

scripts developed in ArcPy, which allowed the processing to 
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be automated, improved data handling efficiency, and ensured 

the reproducibility of the analysis. 

As an initial step, a screening was performed to exclude 

interferograms affected by residual errors or atmospheric 

contributions that could not be fully corrected. This procedure 

allowed the selection of only those interferograms with 

suitable conditions for deformation analysis, in line with 

studies addressing quality control and deformation monitoring 

[16]. 

DInSAR represents only the component of displacement 

projected along the radar LOS and not the full three-

dimensional ground motion. In this study, negative values 

indicate movement away from the satellite; however, this does 

not imply true vertical or horizontal motion, but rather only the 

projection of displacement onto the sensor geometry. 

The average annual displacement in the LOS direction was 

estimated by integrating the individual displacements for each 

calendar year, according to Eq. (2). This calculation was 

performed independently for each acquisition geometry and 

each period, allowing the derivation of a representative annual 

rate of surface deformation in LOS, independent of the number 

of interferograms, thus ensuring interannual and inter-

geometry comparability [17]. 

 

𝑑𝑠𝑝𝑝𝑟𝑜𝑚  =  

∑
(𝑑𝑠𝑝1  +  𝑑𝑠𝑝2  +  𝑑𝑠𝑝3 

+ 𝑑𝑠𝑝4  +  𝑑𝑠𝑝5  + ⋯ + 𝑑𝑠𝑝𝑛)

𝑛
 

(2) 

 

Finally, the instability zones were delineated through an 

integrated spatial interpretation of the annual deformation 

maps obtained from both ascending and descending 

geometries. As an initial criterion, areas exhibiting 

deformation rates equal to or lower than −3.5 cm/year were 

considered. Subsequently, the temporal recurrence of 

deformation and its spatial continuity between consecutive 

dates and between both acquisition geometries were evaluated. 

Based on these criteria, representative polygons of unstable 

sectors were manually delineated, adjusting the polygons to 

the observed spatial distribution. 

 

 

3. RESULTS 

 

The multitemporal analysis of surface deformation maps 

obtained through DInSAR allowed the characterization of the 

spatial distribution and temporal evolution of deformation 

within the MDHP using DInSAR for the years 2017, 2019, 

2022, and 2024.  

 

Table 2. Surface deformation ranges used for the ascending 

and descending acquisition geometry maps 
 

Ascending Deformation 

(cm/Year) 

Descending Deformation 

(cm/Year) 

>−9.0 >−10.0 

[−9.0–−8.0] [−10.0–−8.5] 

[−8.0–−7.0] [−8.5–−7.0] 

[−7.0–−6.0] [−7.0–−6.0] 

[−6.0–−4.5] [−6.0–−5.0] 

[−4.5–−3.0] [−5.0–−4.5] 

[−3.0–−2.0] [−4.5–−3.5] 

<−2.0 <−3.5 
Note: The surface deformation ranges correspond to the classification used 

to represent the surface displacements obtained through DInSAR in the 

ascending and descending acquisition geometries. Each color represents a 

specific deformation range. 

The results revealed differences in the magnitude and 

spatial distribution of deformation between ascending and 

descending geometries. Due to these differences, specific 

classification intervals were established for each geometry 

(Table 2). 
 

3.1 Ascending acquisition geometry 
 

The multitemporal analysis in the ascending geometry 

covered representative years corresponding to the main phases 

of surface deformation evolution (Figures 4 and 5). 

 

 
(a) 

 
(b) 

 

Figure 4. Representative evolution of surface deformation in 

ascending orbit mode for the years (a) 2017 and (b) 2019 

1454



 

 
(a) 

 
(b) 

 

Figure 5. Representative evolution of surface deformation in 

ascending orbit for the years (a) 2022 and (b) 2024 

 

In 2017 (Figure 4(a)), surface deformation rates between 

−4.5 and −2 cm/year were recorded, distributed in a localized 

manner. For 2019 (Figure 4(b)), a slight decrease in 

deformation magnitude was observed, with values of 

approximately −2 cm/year, suggesting a reduction in surface 

deformation intensity compared to the previous period. In 

2022 (Figure 5(a)), a significant increase in deformation was 

recorded, reaching values of up to −7 cm/year, mainly in 

sectors located east of the Mazar reservoir. Finally, in 2024 

(Figure 5(b)), deformation was concentrated between −4.5 and 

−3.0 cm/year, maintaining a spatial distribution like that 

observed in previous periods. 

 

3.2 Descending acquisition geometry 

 

The multitemporal analysis in the descending geometry 

showed a progressive evolution of surface deformation during 

the study period. 

 

 
(a) 

 
(b) 

 

Figure 6. Evolutionary behavior of surface deformation in 

descending orbit mode for the years (a) 2017 and (b) 2019 
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(a) 

 
(b) 

 

Figure 7. Evolutionary behavior of surface deformation in 

descending orbit mode for the years (a) 2022 and (b) 2024 

 

In 2017 (Figure 6(a)), relatively stable behavior was 

observed, without a well-defined spatial distribution of 

deformation. In 2019 (Figure 6(b)), a greater spatial 

organization of the deformed sectors began to emerge. In 2022 

(Figure 7(a)), deformation rates reached values between −6 

and −5 cm/year. This trend intensified in 2024 (Figure 7(b)), 

when deformation values between −10 and −8 cm/year were 

recorded, higher in magnitude than those observed in previous 

years, where values close to −2 cm/year predominated. 

 

3.3 Instability zones 

 

Applying the delineation criteria described in the 

methodology, 18 instability zones were identified within the 

study area (Figure 8). Zones 2 and 4 show spatial 

correspondence with the sector known as La Letra, previously 

identified in technical studies of the MDHP as an area of high 

susceptibility to landslides. 

Overall, the instability zones, with the exception of Zone 1, 

were mainly concentrated in the western part of the study area, 

near the Mazar reservoir and the P2 polygon, showing spatial 

correspondence with the inferred structural lineament L6 and 

with the gullies that drain into the reservoir. 

Zone 8 exhibited the largest extent within the study area, 

covering an area of 154.41 ha. In contrast, only localized 

deformation features were identified within polygon P1, which 

did not simultaneously satisfy the criteria of spatial continuity 

and temporal recurrence; therefore, they were not classified as 

instability zones. 

 

 
 

Figure 8. Location map of the study zones within the Mazar 

Dudas Hydroelectric Project (MDHP), where P1 corresponds 

to Alazán and San Antonio, and P2 corresponds to Dudas 

Power Plant 

 

 

4. DISCUSSION 

 

The multitemporal analysis showed that surface 

deformation did not present a constant behavior during the 

study period, but rather an evolution characterized by phases 

of relative stability followed by localized increases in 

displacement magnitude. In particular, the highest 

deformation rates were recorded during the 2022 and 2024 

periods, evidencing temporal variations in the detected 
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deformation compared to 2017 and 2019. 

These results show that surface deformation exhibits a 

differentiated temporal distribution that can be identified 

through DInSAR analysis. The persistence of deforming 

sectors across different periods and the variation in their 

magnitudes indicate that ground behavior was not uniform 

over the analyzed interval but instead evolved heterogeneously 

over time. Although DInSAR does not allow the underlying 

mechanisms responsible for these variations to be determined, 

the identification of persistent temporal patterns is consistent 

with the behavior described for slow-moving landslides in 

previous studies. In this regard, Osmanoğlu et al. [18] state that 

InSAR time-series analysis enables the recognition of 

progressive deformation trends that cannot be detected 

through point-based observations, while Shang et al. [10] 

highlight that multitemporal monitoring using SBAS-InSAR 

facilitates the identification of gradual changes in deformation 

in mountainous slopes.  

Overall, these findings demonstrate that multitemporal 

DInSAR analysis enables the identification of differentiated 

temporal patterns of surface deformation, providing useful 

information for monitoring sectors with persistent deformation 

and contributing a basis for future research aimed at 

integrating geological, geotechnical, and hydrogeological data 

to better understand the mechanisms responsible for the 

observed deformation. 

The DInSAR technique demonstrated its ability to identify 

spatial patterns of surface deformation in a complex geological 

environment such as the MDHP. Through multitemporal 

analysis and the application of the delineation criteria defined 

in the methodology, 18 instability zones were identified within 

the study area. 

The integration of DInSAR results with available geological 

information allowed the identification of spatial 

correspondences between several instability zones and the 

structural lineament L6 (Figure 8), which is oriented 

approximately parallel to the river channel crossing the Dudas 

Power Plant. This spatial correspondence suggests a possible 

influence of the structural framework on the location of the 

identified deformations. Furthermore, this behavior is 

consistent with the findings reported by Ahmadi & Pekkan [19] 

and Pérez-Falls et al. [5], who indicate that structural 

lineaments can act as zones of weakness that favor the 

localization and propagation of surface deformation processes.   

In contrast, in the vicinity of lineaments L1, L2, and L3, no 

persistent deformation zones were identified through DInSAR, 

although there are records of landslides previously mapped by 

governmental agencies in these sectors. This difference 

highlights the need to complement interferometric analysis 

with advanced geotechnical studies and field observations to 

better understand in greater detail the mechanisms controlling 

slope instability.  

Although this spatial coincidence does not allow a causal 

relationship to be established between structural lineaments 

and the observed deformations, it does constitute a useful 

criterion to guide future research on the factors controlling the 

distribution of surface deformation within the study area.  

The DInSAR technique allows the detection of deformation 

with centimetric or millimetric precision; however, one of its 

main limitations is that measurements correspond only to the 

component of displacement projected along the satellite LOS 

[20]. Therefore, deformation magnitudes depend on the 

acquisition geometry; therefore, the same ground movement 

may present different values in ascending and descending 

orbits. 

The applied methodology and the obtained results 

demonstrate the potential of the DInSAR technique to identify 

spatial and temporal patterns of surface deformation over large 

areas. However, the deformations estimated in this study 

represent only the component of displacement projected along 

the satellite LOS and not the full three-dimensional ground 

motion. This condition limits the independent interpretation of 

the vertical and horizontal components of displacement..  

A more complete characterization of the deformation field 

would require decomposing the LOS displacement by 

integrating observations from ascending and descending 

geometries, taking into account the sensor acquisition 

geometry parameters. This approach would allow the 

separation of ground motion components and strengthen the 

interpretation of the observed deformation processes. 

In this context, the obtained results constitute a basis for 

future research aimed at integrating DInSAR analysis with 

geotechnical, geological, and hydrological information, with 

the purpose of improving the understanding of the 

mechanisms controlling surface deformation in the study area. 

 

 

5. CONCLUSIONS   

 

The application of multitemporal DInSAR analysis allowed 

the characterization of the spatial and temporal evolution of 

surface deformation within the area of influence of the MDHP 

during the periods 2017–2019–2022–2024. The results 

showed that deformation did not exhibit a uniform behavior, 

but rather a differentiated evolution, with higher deformation 

rates observed in 2022 and 2024. These findings demonstrate 

the potential of multitemporal analysis to identify areas with 

persistent deformation and to support continuous, non-

invasive monitoring of potentially unstable sectors. 

Interferometric processing using Sentinel-1 images with a 

12-day temporal interval allowed the generation of a 

consistent set of interferograms for multitemporal analysis, 

enhancing interferometric coherence in an environment with 

moderate to high vegetation cover and strengthening the 

reliability of the obtained results. 

The comparison of information obtained from ascending 

and descending geometries allowed the identification of 

differences in the magnitude of the observed deformations, 

associated with the different projection of displacement onto 

the satellite LOS. Likewise, the application of temporal 

recurrence criteria, spatial continuity, and a deformation 

threshold of −3.5 cm/year allowed the delineation of 18 

instability zones distributed within the study area. Several of 

these zones show spatial correspondence with the structural 

lineament L6 and with sectors where historical landslide 

records exist, which constitutes a complementary criterion for 

the prioritization of monitoring areas. 

Finally, the results obtained confirm that the DInSAR 

technique is an effective tool for regional monitoring of 

surface deformation in mountainous and difficult-to-access 

environments. However, since the measurements correspond 

only to the displacement projected along the satellite LOS, 

future research could incorporate the decomposition of motion 

components using observations from both geometries, as well 

as integrate geological, geotechnical, and 

hydrometeorological information, in order to strengthen the 

understanding of the processes controlling surface 

deformation in the study area. 
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