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The research goal of these studies was to monitor ground deformations for Almaty city during 2017–2023 and determine the spatial relationships with faults and tectonic plate boundaries. The small baseline subset interferometric synthetic aperture radar (SBAS-InSAR) was deployed for the interferometric measurements of ground deformations using Sentinel-1 radar satellite images. Distinct deformation patterns were observed from both sides of the tectonic plate boundary, indicating a standard faulting process. Identical deformation trends were observed from south to north, forming three transition zones from subsidence to uplift and subsidence again. The spatial relationship between faults and ground deformations was also observed in the transition zone with a densely built-up area subject to gradual surface declination with potential risks to infrastructure. Five incidents of building and bridge deformations with subsiding cumulative trends were observed in the same location. Most subsiding areas were in Zone 1, with maximum annual subsidence velocity and cumulative displacement of − 57 mm/y and – 399, respectively. In contrast, most uplifting areas were primarily in Zone 2, with maximum yearly uplift velocity and cumulative displacement of 40 mm/y and 254 mm, respectively, and mixed deformation patterns in Zone 3. These vertical movements in Almaty verify active tectonic plate activity that should be integrated into city risk assessment plans.
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1 INTRODUCTION
The earthquakes in the Turkish region of Kahramanmarash in 2023 and two recent Almaty earthquakes in 2024 created a severe panic about the safety of Almaty city (hereafter referred to as Almaty) (Wang et al., 2023; Kobayashi et al., 2023; Gkougkoustamos et al., 2023; Reuters, 2024; Eurasianet, 2024; Hubbard and Bradley, 2024). These seismic events became lessons for Kazakhstan and a reminder of the need for continuous monitoring in Almaty and more sophisticated urban planning and permissions for construction activities in compliance with the standards for seismically active areas. Even though GPS stations and vibration motion sensors are primarily prioritized as monitoring tools in Almaty, they do not provide the capacity to observe actual, detailed, and broad-scale ground deformations to determine and analyze what is going on with the surface deformations of Almaty (Fabris et al., 2022). This creates complications for sophisticated urban planning and decision-making regarding safety when providing construction permits and required engineering standards. Besides, historical maps of active tectonic faults left by the Soviet Union do not offer any detailed and dynamic information about what is going on with the surface changes and possible activation of tectonic faults.
For Almaty, the studies on ground deformations using interferometric measurements are limited. The last research on Almaty’s ground deformation was performed using PS-InSAR interferometric measurements for ENVISAT ASAR images (Zhantayev et al., 2014). This research indicated ongoing ground deformation with the subsidence velocity reaching −10.85 mm/y and uplift velocity reaching 4.7 mm/y during 2003–2006. Another study primarily focused on the probabilistic general seismic zoning maps of the territory of Kazakhstan and the large-scale PSHA (probabilistic hazard assessment) maps of Almaty based on the large amount of available geological, geophysical, and tectonic data (Silacheva et al., 2018). The studies of (Silacheva et al., 2020) focused on mapping peak ground accelerations (PGA) for practical use in construction calculations, probabilistic maps of seismic microzonation, maps of soil categories by seismic properties, and geotechnical zoning (Amey et al., 2021). mapped geomorphic expressions of faults from satellite DEMs and ran earthquake scenarios for Almaty (Grützner et al., 2017). studied the tectonic geomorphology of the range-front fault using field observations, differential GPS measurements of fault scarps, historical and recent satellite imagery, meter-scale topography derived from stereo satellite images, and decimeter-scale elevation models from unmanned aerial vehicle (UAV) surveys (Tikhomirov et al., 2001). monitored deformation processes of Almaty prognostic test ground using tiltmeters and extensometers (Torizin et al., 2009). developed the composite historical catalog from different catalogs for mapping seismicity rates, the subsurface geometry of prominent fault zones to better estimate seismic sources, and a 3D seismotectonic model consisting of different tectonic units. Most studies were performed using ground-based seismological and geotechnical techniques but could be improved by promoting interferometric technologies to be part of complex seismic analyses for Kazakhstan. Interferometric measurements are intensively used in Kazakhstan’s petroleum and gas oil fields (Bayramov et al., 2022; Bayramov et al., 2024).
It is well known that a permanent scatterers interferometric synthetic aperture radar (PS-InSAR) method proposed by (Ferretti et al., 2001) and the SBAS-InSAR method introduced by (Berardino et al., 2002) have been widely used in urban studies with millimetric accuracy. The SBAS-InSAR technique overcomes the challenges related to the low coherence of some interferograms induced by single super-master images and does not require a high quantity of radar images with respect to PS-InSAR (Zhu et al., 2017).
PS-InSAR is unable to use as many interferograms as it could because for the processing it is using single-master interferometry. The accuracy of deformation monitoring is impacted by the inability to estimate the residual phase error in this manner (Liu et al., 2020; Goldstein, 1995; Hanssen and Feijt, 2001). In order to lessen the impacts of interferometric decorrelation, SBAS-InSAR, another multi-master time-series interferometric stacking method, employed redundant observations (Liu et al., 2020; Lanari et al., 2007; Usai, 2003). The SBAS-InSAR technique merged the various tiny baseline subsets using the decomposition method and chose interferograms with small spatial and temporal baselines that were significantly coherent (Liu et al., 2020; Gonnuru and Kumar, 2018; Shanker et al., 2011).
The objective of the present research was to perform interferometric measurements for Almaty during 2017–2023 to monitor ground deformations and to determine their spatial relationships with faults and tectonic plate boundaries. Although similar kinds of studies with interferometric measurements have been already conducted for other parts of the World (Ferretti et al., 2001; Berardino et al., 2002), our investigations based on elaborated SBAS-InSAR analyses provide new findings and innovations on (1) actual velocity of tectonic plate movement (2) ground-reflected activeness of seismic faults and (3) zoning based on deformation patterns for Almaty city in Kazakhstan. Detailed research goals of the present studies are as follows:
- Surface displacement measurements in Almaty City and its surroundings using SBAS-InSAR for the period of 2017–2023
- Validate the reliability of SBAS-InSAR measurements with time-series GPS measurements and occurred incidents like subsidence of building, bridges and landslides
- Determine spatial relationships of SBAS-InSAR measurements with faults and tectonic plate boundaries
- Develop a zoning map based on spatial ground deformation patterns
- Provide recommendations for short-term and long-term urban planning and decision-making
In comparison with a previous study by (Zhantayev et al., 2014) focused on PS-InSAR measurements for Almaty during 2003–2006, we considered applying the SBAS-InSAR technique because the primary interest is to detect the large-scale deformations of urban land and surrounding areas like mountains and the low-vegetated regions with low-coherence characteristics (Ferretti et al., 2001; Berardino et al., 2002).
This paper is organized as follows: for the introduction section, we introduced relevant studies for Almaty and presented the contribution of our studies as the novelty for Kazakhstan. In the materials and methods section, we introduced the satellite imagery sources, workflow for the SBAS-InSAR interferometric measurements, and geostatistical analyses for detecting ground deformation hotspots. In the discussions section, we described the results and limitations of the study and compared our findings with those of previous studies for Almaty. The conclusions section contains a summary of the present study.
2 STUDY AREA
Almaty is the former capital of Kazakhstan, with a population of over two million. It is a major commercial, financial, and cultural center and the country’s most populous and cosmopolitan city. Located in the mountainous area of southern Kazakhstan near the border with Kyrgyzstan in the foothills of the Trans-Ili Alatau with an elevation of 700–900 m, it is well-known that Almaty is at elevated risk of earthquakes due to its location in a zone of seismic activity. Almaty is situated in zones where the maximum magnitudes of expected earthquakes are from 6.0 to 8.3, at the junction of two large plates - the Eurasian and Indian. There are 27 active faults in the city located at a depth of up to 1,200 m (Figures 1A–C). In 1887, 1889, and 1911, devastating earthquakes hit the city, and nowadays, it is possible to feel weekly earthquakes, regularly reported in Kazakhstan news (Reuters, 2024; Eurasianet, 2024; Tengrunews, 2014). The dramatic expansion of Almaty increases the potential consequences, with an uncertain probability of their occurrence in high-magnitude earthquakes.
[image: Figure 1]FIGURE 1 | (A) Map of Almaty City with the representation of faults and tectonic plate boundary (B) with Terrain Hillshade (C) Overview map of Kazakhstan with the indication of Almaty City location.
3 DATA PROCESSING
202 Sentinel-1 Ascending Track SAR images from the European Space Agency (ESA) were used for the present studies. SNT1 SAR images covered 7 years, from January 2017 to December 2023. SNT1 satellite mission is a medium resolution of 5 m by 20 m with a 250 km swath. SNT1 was available in VV and VH polarizations. HH and VV polarizations are adequate for interferometric applications considering higher coherence and scattering aspects (Imamoglu et al., 2019; Vaka et al., 2017; Ittycheria et al., 2018). Therefore, we used VV polarization for present studies. The characteristics of the Sentinel-1 SAR images used are presented in Table 1. The footprint of the SNT1 imagery is shown in Figure 2, which fully covers Almaty. The connection graph of the SNT1 images in Figures 3A, B indicates that all SAR images were well connected in time to perform interferometric processing from 2017 to 2023.
TABLE 1 | Characteristics of SAR images used for the present research (Tapete and Cigna, 2019; Yang et al., 2019).
[image: Table 1][image: Figure 2]FIGURE 2 | Extents, Path, and Frame of SNT1 imagery.
[image: Figure 3]FIGURE 3 | Connection graphs: (A) time-position plot for SBAS-InSAR; (B) time-baseline plot for SBAS-InSAR.
SNT1 SAR images were processed using the Small Baseline Subsets - Interferometric Synthetic Aperture SAR (SBAS-InSAR) technique with the workflow presented in Figure 4 (Berardino et al., 2002; Loesch and Sagan, 2018). The multi-temporal SBAS-InSAR technique is the most appropriate processing approach because it can detect the large-scale deformations of urban land and surrounding areas, like mountains and low-vegetated regions, with low-coherence characteristics. The primary goal of the present research was to detect general ground deformation patterns of Almaty and surrounding areas rather than focusing on the urban infrastructure. Therefore, the SBAS-InSAR technique was optimal for PS-InSAR (Ferretti et al., 2001; Berardino et al., 2002).
[image: Figure 4]FIGURE 4 | Workflow of SBAS-InSAR interferometric processing.
For the Connection Graph stage to reduce the geometrical, temporal decorrelation in further interferometric processing, a maximum temporal baseline of 180 days and a degree of redundancy of eight connections per scene were used. These allowed the generating of 816 interferograms for the ASC track of SNT1 images in the SBAS-InSAR Interferometric Process stage. The Shuttle Radar Topography Mission (SRTM) with a 30 m resolution was used for the topographic phase removal (Farr et al., 2007). Goldstein’s method filtered all the interferograms to reduce the signal noise. The Delauney 3D method unwrapped all phases with a coherence threshold of 0.25. In the Refinement and Re-flattening stage, unwrapped interferometric phases were refined and re-flattened using the polynomial method to estimate and remove the remaining phase constants and phase ramps based on the residual phase method. In the interferometric processing stage, to eliminate atmospheric artifacts we integrated GACOS tropospheric delay maps downloaded from the Generic Atmospheric Correction Online Service for InSAR (GACOS) relevant to the acquisition dates and time of SAR imagery.
Further, the First Inversion step allowed us to derive the residual height and the displacement velocity to flatten the complex interferograms by recalculating the phase unwrapping. The Second Inversion allowed filtering displacements with removed atmospheric phase components. SBAS Geocoding was performed to produce geo-referenced velocities and displacements in the satellite line-of-sight (LOS) direction.
The annual LOS velocities and cumulative displacements were interpolated using the Natural Neighbor interpolator to generate gridded surfaces without spatial gaps. The geostatistical interpolation contributed to a simplified interpretation and spatial analytics of ground deformation hotspots.
Validation of interferometric measurements was performed using cumulative displacement measurements from permanently functioning GPS network stations in Almaty.
4 RESULTS
The kernel density of SBAS-InSAR measurements showed that the highest concentration of point cloud was in the built-up areas (Figures 5A, B). SBAS-InSAR measured 4,819,932 points, whereas 1,841,642 points were located within Almaty. The mountainous areas of Almaty had a lower density of interferometric measurements because of decorrelation noise and atmospheric phase artifacts. However, the count of point clouds was sufficient to observe spatial uplift patterns on the northern side and spatial subsidence patterns on the southern side of the tectonic plate boundary (Figures 6A, B). In some places, the annual uplift velocity reached 40 mm/y, and the yearly subsidence velocity reached – 57 mm/y (Figure 6A). The cumulative displacement reached – 399 mm and 254 mm for the most subsiding and uplifting hotspots, respectively (Figure 6B).
[image: Figure 5]FIGURE 5 | (A) Kernel Density of SBAS-InSAR measurements; (B) Built-up area density in Almaty and surroundings.
[image: Figure 6]FIGURE 6 | (A) Natural neighbor interpolation of SBAS-InSAR displacement velocity (LOS, mm/y); (B) Natural Neighbor Interpolation of SBAS-InSAR cumulative displacement (mm).
Based on the three-dimensional analyses of ground deformations in Figure 7, it was possible to observe distinct spatial patterns of ground deformations for three conditionally delineated zones along the tectonic plate boundary and faults. Identical deformation trends were observed from south to north, forming three transition zones from subsidence to uplift and subsidence again. Most subsiding regions were in Zone 1, whereas most uplifting areas were in Zone 2. In Zone 3, we could observe various patterns of subsidence and uplifts. These zones were conditionally delineated and presented in Figure 8. In addition, these three zones were also clearly observed in the geostatistical trend analyses shown in Figure 9. The distinct deformation patterns from both sides of the tectonic plate boundary indicated a standard faulting process (Figures 7–9). Strike-slip faulting could not be observed because we did not perform interferometric measurements of horizontal displacements using multiple satellite tracks. Spatial relations were not observed between all other faults and ground deformations.
[image: Figure 7]FIGURE 7 | 3D perspective views of natural neighbor interpolation of SBAS-InSAR displacement velocity (LOS, mm/y).
[image: Figure 8]FIGURE 8 | 3D perspective views of delineated zones of distinct uplift and subsidence spatial patterns.
[image: Figure 9]FIGURE 9 | Geostatistical trend analysis of ground deformation velocities.
The spatial relationship between faults and ground deformations in the transition from Zone 2 to Zone 3, a densely built-up area, can be observed in Figure 10. This area is subject to gradual surface declination and is a potential risk to infrastructure. Five incidents of building and bridge deformations were observed in the transition area from Zone 2 to Zone 3. They all showed subsidizing trends in cumulative displacements, whereas landslide incidents showed the transition from subsiding to uplifting trends. The maximal subsidence velocity was observed to be −57 mm/y, whereas the maximal uplift velocity was 40 mm/y for our study area. The maximal cumulative displacement was 399 mm and 254 mm for subsiding and uplifting areas, respectively.
[image: Figure 10]FIGURE 10 | Build-up areas of Almaty.
Five profiles of ground deformation in Figures 11A, B revealed identical trend lines in LOS displacement velocities presented in Figures 12A–E from south to north. For the known building and bridge deformations incidents, it was possible to observe the subsidence trends up to — 50 mm (Figures 13A, B). Produced ground deformations revealed initially subsidizing up to — 10 mm and further uplifting cumulative displacement trends up to 40 mm for the known sites of landslide incidents (Figures 13A, B).
[image: Figure 11]FIGURE 11 | Profiles with a background of (A) ground deformations; (B) satellite images.
[image: Figure 12]FIGURE 12 | (A) Profile 1; (B) Profile 2; (C) Profile 3; (D) Profile 4; (E) Profile 5.
[image: Figure 13]FIGURE 13 | (A) Locations of incidents that occurred in Almaty. (B) Cumulative displacements for the location of occurred incidents.
Validation of cumulative displacements measured by SBAS-InSAR and permanently functioning GPS stations 5 and 11 showed a good agreement with regression coefficients higher than 0.85 (Figure 14; Figures 15A, B). Even though interferometric measurements were performed in LOS, they showed a good correlation with GPS measurements. This allowed us to assume that differences between actual vertical displacements and LOS measurements were not significant (32). Moreover, it was possible to assume that the impact of horizontal displacements was not high in Almaty either.
[image: Figure 14]FIGURE 14 | Location of permanently functioning GPS network in Almaty.
[image: Figure 15]FIGURE 15 | Regression analyses between InSAR and GPS measurements for (A) GPS station 5; (B) GPS station 11.
In the present studies, apart from general ground deformation patterns in Almaty, SBAS-InSAR also allowed to measure ground subsidence on the local detailed level. It was possible to observe in Figure 16 for two sample areas that SBAS-InSAR indicated detailed subsidence patterns with an annual LOS velocity of more than 50 mm located under constructed areas. This means that these areas are subject to potential in-situ inspections and investigations.
[image: Figure 16]FIGURE 16 | Cases of detected subsidence under constructed areas for potential inspections and investigations.
5 DISCUSSIONS
The results of our studies revealed distinct spatial patterns of subsidence and uplift processes on each side of the tectonic plate (between Zone 1 and Zone 2) boundary, meaning the normal faulting process (Kentucky Geological Survey, 2024). The maximal subsidence velocity was observed to be −57 mm/y, whereas the maximal uplift was 40 mm/y. Distinct ground deformation patterns at Zone 2 and Zone 3 faults were observed, covered by densely built-up areas, and a gradual uplift to subsidence between these zones could cause a gradual surface declination, potentially damaging buildings and houses.
However, we could not observe a distinct spatial relationship between ground deformation patterns and other faults except for the fault located between Zone 2 and Zone 3. This allowed us to assume that either some of the faults were not subject to active movement processes or were subject to only subsurface movement processes which had not been reflected in surface deformations. This also allowed us to assume that either surface deformations might not be directly related to activation of faults and subject to subsurface investigations or some of the faults were not active (Zhong et al., 2010). Moreover, SBAS-InSAR detected many sparsely distributed subsidence and uplift patterns under built-up areas in Zone 3. This means that some infrastructure is under risks of subductions or uplifts.
Five profiles of ground deformation revealed identical spatial variation trends in LOS displacement velocities. Produced ground deformation revealed initially subsidizing up to – 10 mm and further uplifting cumulative displacement trends up– to 40 mm for the known sites of landslide incidents. It was possible to observe the subsidence trends up to – 50 mm for the known building and bridge deformations incidents.
In contrast with previous geodetic or seismological studies for Almaty, our research goal was to determine how Almaty deformed over many years using high-precision interferometric measurements. The ground deformation patterns and displacement velocities (2003–2006) by (Zhantayev et al., 2014) with limited Almaty coverage did not match our results (2017–2023) either in spatial patterns or in velocities. Our deformation velocities were higher, and we observed more spatial variations in the subsidence and uplift patterns and trends in Almaty. Moreover, we covered a larger area around Almaty to understand the broad scale of deformation processes. This either means that significant changes occurred in the ground deformations of Almaty or differences were caused by applied computational interferometry techniques or radar satellite images, which were low-resolution ENVISAT ASAR radar images in the studies by (Zhantayev et al., 2014).
The verification of SBAS-InSAR measurements based on the in-situ measurements from permanently functioning GPS network and occurred incidents clearly indicated the reliability of measurements with regression coefficients higher than 0.85 and expected patterns of subsidence for damaged buildings and uplift-subsidence patterns of landslides.
However, our studies also exhibited limitations primarily related to actual vertical and horizontal displacements. It is known that InSAR does not directly measure vertical and horizontal displacements. Still, their projection along the LOS direction and based on the decomposition of interferometric measurements from descending and ascending tracks makes it possible to achieve actual vertical and horizontal displacements (Khorrami et al., 2020; Makabayi et al., 2021). Based on the studies of (Bayramov et al., 2021), the differences between LOS and actual vertical deformation were in the range of 3–7 mm. This means that our LOS measurements were sufficient for the determination and quantification of overall deformation trends. This was well reflected in a good agreement of our interferometric measurements with in-situ GPS measurements of cumulative displacements. Besides, based on the high regression coefficient it is also possible to assume that Almaty was not subject to significant horizontal displacements.
The groundwater level increases in Almaty from south to north with a depth variation of 2–70 m. The lowest depth of groundwater was observed towards southern mountainous areas reaching the depth of more than 70 m. The groundwater level varies in the range of 2–18 m for Zone 3, 21–70 m for Zone 2 and more than 70 m for Zone 3 (JICA et al., 2009). Our results showed significant sparsely distributed subduction areas in Zone 3 which is characterized by the high level of groundwater. It is possible to assume that subduction processes in these Zones are controlled by three factors: groundwater level, man-made construction, agricultural activities, tectonics and possibly precipitation. Moreover, it is necessary to emphasize elevation decrease towards north with regular surface water runoff and accumulation in Zone 3. According to (KazTAG, 2021), there are 45 moraine and glacial lakes in Zone 1, of which 12 are especially dangerous. Kazakhstan’s government regularly conducts preventive works to empty the moraine lakes for stable surface runoff to mitigate the flooding risks caused by glacier ablation. Moreover, any earthquake may activate glacier movement toward the city with potential flooding. Almaty is always at risk of flooding because of melting glaciers and direct water flow toward the city (JICA et al., 2009). Annual precipitation rates are also considerable high in the range of 650–700 mm. April and May are the wettest months, during which about a third of the city’s annual precipitation is received. All the water runoff generated by precipitation and glacier melting flows towards zone 3 accelerating the subduction processes.
The mechanical composition of Almaty soil consists of medium loamy, light loamy, pebble, and gravel-pebble, gravelly, clay, clay loam, clay karst. Soil mechanical properties like permeability, stiffness, and strength become more susceptible from south to north in Almaty and its surrounding areas what makes Zone 3 more vulnerable to subduction processes (JICA et al., 2009).
Almaty has a humid continental climate with hot summers and cold winters, characterized by the influence of mountain-valley circulation. The annual average air temperature is equal to 10°C; the coldest month is January, with a temperature of −4.7°C, and the warmest month is July, with a temperature of 23.8°C. Decrease of temperature less than 0°C may also have a negative impact to ground deformation processes caused by frozen soil (Yu et al., 2023).
We performed our interferometric measurements in the satellite LOS direction because of limited computing power and three-month processing time per satellite track. However, to continue these research activities, we plan to integrate interferometric measurements from three more Sentinel-1 satellite tracks to achieve actual vertical and horizontal deformations. Besides, we need help finding detailed information on soil mechanics and groundwater depth maps. Accessibility of these data would contribute to the determination of spatial relationships and more sophisticated risk assessment. Comparison of PS-InSAR and SBAS-InSAR measurements will also be deployed in future studies along with the integration of high-resolution radar satellite missions. Investigating the dynamics of glacier changes and their impact on interferometric measurements is also imperative.
The recommendations from the present studies for short-term urban planning actions and decision making in Almaty are as follows: restriction of construction activities in the transition buffer from Zone 2 to Zone 3, ground inspections of sparsely distributed subduction and uplift zones under buildings and houses in terms of any existing damages in Zone 3. In long-term urban planning and decision making, it is critical to continue ground-based monitoring of any damaged infrastructure. The present research results will obviously attract urban planner and decision makers to perform similar detailed measurements for other seismically active cities in southern part of Kazakhstan with proximity to tectonic plate boundary.
It is crucial to stress that the methods and research framework used in this paper are generalizable and can be expanded to new locations for ground monitoring of other Kazakh cities. Even though the main objective of the current study was to comprehend general ground deformation patterns in Almaty and the adjacent areas, our findings also indicated comprehensive local level measurements for two case sites with possible subsidence that needed to be inspected and investigated by the urban planners, geologists, geohazard and geotechnical experts and decision makers for the preventive measures.
It is crucial to better understand the regional geologic structure and seismicity controlled by movement of two large plates - the Eurasian and Indian. Our studies allowed to more accurately measure annual displacement velocity of plate boundaries crossing Almaty. However, long range and long-term regional monitoring using the permanently functioning network of GPS stations is irreplaceable to understand regional movement processes and their velocities.
It is important to always have the short-term and long-term adaptation, mitigation and response plans to continue proper city planning and construction permissions, cessation of construction activities, prevent subduction processes under infrastructure or timely relocate people from critical areas with high velocity of ground motions. InSAR plays a crucial role for measurements, detection, monitoring, early warning and prioritization of these ground movement susceptible areas on the general and detailed territorial scales.
6 CONCLUSION
This study revealed distinct deformation patterns from both sides of the tectonic plate boundary, indicating a standard faulting process using interferometric measurements. Three conditionally delineated zones along the tectonic plate boundary and faults were observed. Subsiding areas were observed in Zone 1, uplifting areas were in Zone 2, and various patterns of subsidence and uplifts were apparent in Zone 3.
The previous studies of Almaty, primarily focused on ground-based seismic or optical satellite observations (Silacheva et al., 2020; Amey et al., 2021; Grützner et al., 2017), did not show any of our observed ground deformation patterns. Most of these valuable studies focused on a probabilistic approach to potentially risky areas based on earthquakes, ground measurements, optical space observations, etc. By updating the methods and providing a more extensive study area, this study could be integrated into detailed city risk assessment plans.
This approach is essential for Almaty, a constantly growing city with a population of more than 2.2 million people, where the continued build-up of the city’s residential and industrial complexes makes it even more sensitive to earthquakes. The study observed distinct ground deformation patterns at Zone 2 and Zone 3 faults, covered by densely built-up areas. The fault between these two zones could be considered as the most active one because we could not observe similar deformation patterns at other faults. It is important to emphasize that a gradual uplift to subsidence between these two zones could cause a gradual surface declination, potentially damaging buildings and houses. These deformation patterns could affect the performance of buildings and structures, and updated building codes that meet the needs of not only earthquake-resistant construction but also ground deformation patterns and displacement velocities. Based on our studies, this area needs permanent monitoring and maintenance of construction. Additionally, the applied interferometric measurements used for Almaty will be an essential approach for similar studies in other cities of Kazakhstan.
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