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The Kakhovka Dam on the Dnieper River in Kherson Oblast, Ukraine, was completed in 1956 as the
final dam in the Dnieper reservoir cascade. On the morning of June 6", 2023, a substantial portion of
the dam suffered a collapse while under Russian control. This incident was documented through
satellite optical and radarimages, providing valuable evidence of the dam’s condition. Here we present
the results of multi-temporal Interferometric Synthetic Aperture Radar (MT-InSAR) monitoring of the
Kakhovka dam. The dam is vital for water management and hydroelectric power generation. Utilizing
multi-temporal INSAR (MT-INSAR) data, we assessed the dam deformations prior to the collapse. Our
findings indicate movements of the south side, facing the Dniprovska Gulf, compatible with several
possible damage mechanisms. This study highlights the significance of employing spaceborne
advanced monitoring techniques to detect signs of distress and ensure the stability of critical

infrastructure.

The Kakhovka Dam, situated on the Dnieper River in Kherson Oblast,
Ukraine, was completed in 1956 as the final dam in the Dnieper reservoir
cascade. Its main objectives encompass hydroelectric power generation,
irrigation, and navigation.

The Kakhovka Reservoir has a storage capacity of 18 cubic kilometers
and provides water for cooling the 5.7 GW Zaporizhzhia Nuclear Power
Plant and irrigation in southern Ukraine and northern Crimea'. The dam’s
central section comprised an overflow dam, a hydroelectric power station,
and a navigation lock (green marker in Fig. 1). Two earth dams are con-
nected to this central section, as illustrated by the blue polygons in Fig. 1. A
road and a railway crossed the Dnieper River on the dam. During the
Russian invasion of Ukraine, notable developments pertaining to the
Kakhovka dam in southern Ukraine came to light through the analysis of
Maxar satellite images acquired on November 11%, 2022. These images
revealed notable new damage to the dam after Russia’s withdrawal from the
adjacent city of Kherson’. On June 2™, 2023, satellite images released by
Planet Lab, a private Earth imaging company specialized in daily high-
resolution monitoring, identified road damage to the bridge’.

Furthermore, on the morning of June 6™ 2023, a substantial portion of
the Nova Kakhovka dam suffered a collapse while under Russian control.
This incident was documented through satellite optical images released by
Planet Lab, providing valuable evidence of the dam’s condition’. The dam
segment is a concrete gravity dam measuring 29 meters in height and 447

meters in length'. Using a post-collapse image acquired by Umbra, a high-
resolution X-band SAR, as well as pre- and post-collapse Sentinel-1 images,
we identified two main breaches that had occurred at the dam (Fig. 1,
Polygons ITand IV). While polygon I has been affected by the events imaged
before the damage, occurred on November 11%, 2022%, polygon III contains
the breached part of the hydroelectric power plant and polygon V shows the
location of an associated building (Fig. 1).

The cause of the collapse has been a subject of intense debate. Based on
a Reuters report, which details an investigation conducted collaboratively by
Ukrainian prosecutors and an international legal experts’ team, explosive
placed by Russia were identified as the cause of the collapse’. The New York
Times reported that an American infrared intelligence satellite had recorded
a heat signal over the dam before the collapse’. Moreover, seismic signals,
likely from a large explosion, were recorded by sensors located in Ukraine
and Romania by NORSAR®. Based on these findings, The New York Times
suggested that the explosion at the dam was caused by Russian invasion
forces’. Chances of structural failure have been assessed as low, providing
the dam was maintained properly’. Additional theories included the pos-
sible influence of earlier damage and of increased water levels’. The Conflict
Intelligence Team observed that the dam was operating abnormally, with
only the same spillway gates open, for eight months starting from November
15%, 2022". During this period, gates were open only on the east side'
(Fig. 1, polygon II).
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Fig. 1 | Areas of interest over the Kakhovka dam identified using Umbra HH
polarized and Sentinel-1 VV polarized GRD images. a shows the Umbra des-
cending image with the resolution of 50 by 50 cm, acquired on June 6" 2023. b and
¢ show two Sentinel-1 SAR amplitude using ascending images acquired on June 1st
2023 and June 13th 2023 before and after the collapse, respectively. Similarly, d and
e show the Sentinel-1 SAR amplitude using descending images acquired on May

DSC 2023-06-06

i

DSC 2023-06-09

28th 2023 and June 9th 2023, respectively. The purple numbered polygons represent
the collapsed parts of the dam. The blue polygons indicate the dam embankments.
The green marker indicates the shipping lock location. The blue arrow shows the
direction of the river flows. SAR data © 2023 Umbra Lab, Inc. (Licensed under CC
BY 4.0). Copernicus Sentinel data 2023, processed by ESA.
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In a war scenario context, the application of remote sensing meth-
odologies becomes pivotal for obtaining vital information regarding critical
infrastructure' ™%, Multi-temporal Interferometric Synthetic Aperture
Radar (MT-InSAR) is a technique that exploits a stack of interferometric
SAR data, to extract measurements of ground surface displacement through
the analysis of radar phase echoes. In the past 20 years MT-InSAR has
proven to be an effective methodology to measure structural displacement
characterizing a diverse set of infrastructure including bridges'>'°, levees and
dams'"'"*'. Here we present an extensive multi-geometry cumulative
deformation map of the Kakhovka dam in Southern Ukraine, using mea-
surements derived from space-borne MT-InSAR’". Through our analysis,
we observed displacements characterizing different segments of dam, up to
two years prior to the actual collapse. Notably, no deformation was detected
during the period spanning from 2015 to May 2023 for polygons I-IIL
However, vertical deformation started in June 2021 for polygon II and IV,
while, in June 2022, coinciding with the increase in Kakhovka reservoir
water level””, horizontal deformation over certain parts of the dam (polygon
IT and IV) began to manifest, indicating signs of distress characterizing the
dam. By leveraging the high temporal resolution of the Sentinel-1 Synthetic
Aperture Radar (SAR) data, we have been able to quantify the extent and
timing of deformation at the Kakhovka dam.

Results

We used two Sentinel-1 InSAR dataset comprising both ascending and
descending tracks. The ascending (ASC) track included a total of 180 images
acquired by Sentinel-1A and Sentinel-1B, spanning from July 2017 to June
2023 (Table 1). Similarly, the descending (DSC) track dataset consisted of
226 images acquired by Sentinel-1A and Sentinel-1B, covering the period
from November 2015 to June 2023. By analyzing the time-series of defor-
mation over each of the five polygons (Fig. 1), five distinct patterns of
deformation were observed in both the ASC and DSC geometries, indicating
the presence of displacement in different directions, including vertical (up/
down) and horizontal (east/west) (Fig. 2 and Table 2). It is noteworthy that
upon analysing the data, it becomes apparent that polygons I and III
remained remarkably stable, with no substantial deformation observed
throughout the entire period. In contrast, polygons II, IV, and 5 exhibited
the most pronounced changes, particularly starting from June 2021. Poly-
gon V, which is situated above a nearby dam facility, shows a linear
deformation trend starting in 2015. This trend reached a rate of nearly
2+0.2 mm per year, amounting to a cumulative displacement of 10 mm over
the 5 years prior to the collapse (Fig. 2h). Starting in June 2021, the rate of
deformation in polygon V accelerated by 4 times, reaching a trend of
8.3+0.7 mm year ' until the dam’s collapse (Fig. 2h). Conversely, polygons
ITand IV, which are positioned over the section of the dam that experienced
breaches, exhibit an average deformation of 21.5+1.5mm year ' and
12+1.8 mm year " for the ascending and descending geometries, respec-
tively (Fig. 2b, ¢, f, g). Figure 3 illustrates the distribution of selected per-
sistent scatters (PSs) along with their respective mean velocities, including
both ASC and DSC geometries. The ascending track perspective is observed
from the southern side of the dam (see Fig. 2a, c), characterized by a smaller
look angle compared to the descending (Table 1). Consequently, the chosen
PSs are primarily located in the southern portion of the dam. Conversely, the
descending track is characterized by a higher look angle, and it originates
from the northern side, resulting in PSs that encompass both the northern
and southern regions of the dam. Therefore, for a fair comparison, the
observed deformation in these polygons is localized and confined to the
southern side of the dam. The DSC dataset reveals slightly lower velocity

values and similar activation dates due to its reduced sensitivity to vertical
displacements as the descending is characterized by a larger look angle,
(Tables 1 and 2).

Ascending and descending geometries present dissimilar patterns,
suggesting the presence of vertical (up/down) and horizontal (east/west)
displacements. To gain a more comprehensive understanding, the average
line-of-sight (LOS) deformation values were further analysed and decom-
posed into their vertical and perpendicular to the dam walls (PDW) com-
ponents (Table 3). Specifically, over polygon II we measured a downward
linear displacement of —22.7+0.3 mm year " starting from June 2021 and a
28.3+0.3 mmyear 'upstream PDW displacement starting from June 2022.
In contrast, polygon IV exhibits a downward displacement of approximately
—20.3 +0.3 mm year ' initiating in June 2021, and a 21.3 + 0.2 mm year "
upstream PDW displacement, initiating in June 2022 (Table 3 and Fig. 4).
Time-series of decomposed deformations along the vertical and PDW
components for polygon II, polygon IV and polygon V are represented in
Fig. 4. The time-series of measured water levels using the Hydroweb River
Water Level products™ is also plotted as the second axis for each panel
in Fig. 4.

Discussion

Based on previous studies over four hydroelectric dams in Ukraine™, from
February to August points located on the surface of all dam walls move
horizontally toward the reservoir and rise vertically. From August to Feb-
ruary, on the contrary, all points move in the opposite direction”. This
pattern is a manifestation of thermal dilation™. Therefore, to highlight
potential anomalous trends uncorrelated with thermal displacements it is
necessary to remove the thermal dilation term from the InSAR deformation
signal. To this end, we fit a linear model to InSAR deformation and to
weather temperature data acquired from the Visual Crossing service™ at the
acquisition date.

The thermally detrended vertical and PDW displacements indicate
that between 2017 and June 2021 an area located next to the Kakhovka
hydroelectric power plant has been almost steady (Polygon III). This area
was subsiding in the past™ since compression of the clay layers underlying
the infrastructure has been recorded between 1955 and 1976 at rates of
60 mm year . A nearby facility has been subsiding from 2017 to June 2021
by an average constant rate of —2.4+0.2 mm year ' (polygon V). Using the
method in Raspini et al.”” we identified an accelerating subsidence pattern
starting June 2021. In June 2021, the facility started settling at 8.8 mm year
rates, four times faster compared to the subsidence rate before acceleration.
In June 2021, the concrete dam started showing signs of accelerating sub-
sidence movements at maximum rates of —22.7+0.3 mm year ' and
—20.3+0.3 mm year ', respectively, over polygons II and IV (Fig. 4). In
addition to the vertical deformation, Figs. 4b and d exhibit upstream PDW
movements in both polygon II and polygon IV. A comparison of Fig. 4e
and f indicates that the most dominant component of deformation for
polygon V was vertical.

We then analyzed the correlation between water levels and the PDW
component of the MT-InSAR cumulative displacements. First, we com-
puted the correlation coefficient between water level fluctuations and PDW
deformation component from mid-2017 to the end of 2021, considering a
zero-day time lag, for the PSs located over the southern side of the dam. Even
though we do not observe long-term upstream motion of the PDW com-
ponent between 2017-2023, as shown in Fig. 4b, d, the results uncover a
negative correlation of —0.57 and —0.62 between water level changes and
the corresponding deformation time series for polygon II and polygon IV,

Table 1 | Sentinel-1 INSAR Processing: Acquisition information for ascending and descending tracks

Flight direction IW Orbitnumber Look angle (deg) Heading angle (deg) Number ofimages First date Last date Versors
North East Up
Descending 1 65 43.66 —10.82 226 November 2015 May 2023 -0.12 0.67 -0.72
Ascending 3 14 33.79 —170.82 180 July 2017 May 2023 —-0.08 -0.54 -0.83
Communications Earth & Environment| (2024)5:145 3
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Fig. 2 | Average line of sight deformation time-series for polygons I, IL, IIL, IV,  error bars represent limits indicating one standard deviation. The titles of the panels

and V extracted from Fig. 1. Images a, b, d, f and h represent the ascending have been abbreviated for clarity, following the pattern: Px(A/D), where “P”
deformation time-series and images c, e, g and i are the descending deformation represents “Polygon”, x is the number indicating the polygon number, and “A” or
time-series, respectively. Positive values point to moving toward the satellite. The “D” stands for “ascending” or “descending” geometry, respectively. Just one mea-

Cyan line represents trends between the beginning of each time-series and June 2021 surement point has been found for polygon I descending (P1D) and therefore has
while the red lines indicate trends observed during the period July 2021-2023. Mean  not been displayed in this figure.
and median deformation is represented as black and green dots respectively. Grey

Table 2 | Sentinel-1 INSAR deformation rates for both ascending and descending track over polygons I-IV

Flight direction Polygon | (mm yr ) Polygon Il (mm yr ") Polygon Il (mm yr) Polygon IV (mm yr ") Polygon V (mm yr')
Ascending —0.6+0.2 —-21.2+1.3 —0.7+0.2 —22+0.8 —-8.3+0.7
Descending - —15+1.3 —0.4+0.1 —8.9+1.3 —55+1.3

For polygons I, IV, and V rates are calculated since June 23, 2021 to May 28, 2023 and for polygons | and lll rates are calculated since the first acquisition date of each track to May 28, 2023. Positive values
point to moving toward the satellite.
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Fig. 3 | Mean velocity maps showing the location of the measurement points.
a and b show pre-event velocity maps for ascending and descending tracks,
respectively. cand d represent velocity maps after deformation acceleration begin for

DSC 11/2015-06/2021

DSC 06/2021-06/2023

both ascending and descending geometries, respectively. Negative values point to
moving away from the satellite. Map data: Bing, © 2023 TomTom, © 2023 Maxar
(https://www.bing.com/maps).

Table 3 | Decomposed deformation time-series over polygons I-V since June 1, 2021 to May 28, 2023

Deformation component Polygon | (mmyr ) Polygon Il (mmyr')

Polygon Il (mmyr ) Polygon IV (mmyr ") PolygonV (mmyr ')

Vertical - —22.7+0.3

—1.2+0.1 -20.3+0.3 —8.8+0.1

PDW - 28.3+0.3

0.0+0.2 21.3+0.2 5.3+0.1

Positive values indicate upward deformation for the vertical component and upstream deformation for the PDW component.

respectively (Supplementary Fig. 1a and Supplementary Fig. 1b). The cor-
relation coefficients over polygon IT and IV for zero-day time-lag remained
approximatively the same between June 09, 2022 and June 1%, 2023, 5 days
before the collapse (Supplementary Fig. 1c and Supplementary Fig. 1d). This
indicates a linear relationship between decreasing water level in the dam
basin and movement along the PDW component of the dam. To confirm
this conclusion, we also analysed the correlation between water levels and
the PDW component of the MT-InSAR cumulative displacements on other
parts of the dam. Our data reveal a similar negative correlation between
points situated amidst polygon I and polygon II (Supplementary Fig. 2a), as
well as those positioned between polygon III and polygon IV (Supple-
mentary Fig. 2b). Nevertheless, it is worth noting that the PDW displace-
ment component of the road segment spanning from polygon II to polygon
III does not exhibit any significant correlation with changes in water level,
probably due to the amount and the spatial distribution of the measurement
points (Supplementary Fig. 2c). With the rise in water level changes from
2022 onward, the PDW component of the deformation signal becomes
more pronounced over polygons II and IV, maintaining their correlation
with basin water levels, and reaching rates of about 28.3 + 0.3 mm year ™'
upstream. Such increased rate does not affect the portions of the dam where
signs of structural distress did not manifest (i.e. between polygon I and IL, III
and IV Fig. 3).

Overall, the observed vertical and horizontal displacements are com-
patible with different possible damage mechanisms. In addition to

overtopping, the deformations monitored suggest compatibility with a
possible lack of maintenance during the Russian invasion. This includes
issues such as faulty gate operation and the accumulation of sediment and
debris. All these mechanisms can lead to damage at the level of the dam
foundations™™".

Despite some well recognized limitations and challenges’, InSAR’s
ability to detect and quantify ground movements with high precision and
over extended periods of time contributes to enhanced risk assessment,
forensic engineering activities and informed decision-making processes.
Current hypotheses ascribe the collapse of the dam to an explosion occurred
on June 6% 2023. Although InSAR data cannot exclude an explosion
occurred on that date, they can identify existing damage mechanisms that
might have affected the dam prior to its collapse. Our data support the
hypothesis that the structure was moving downward since June 2021 way
before the beginning of the war. With the beginning of the war, neglected
dam maintenance and operations might have destabilized the structure over
specific areas, favouring the development of the above-mentioned
mechanisms. The findings of this research provide valuable insights for
dam management and highlight the potential of InSAR as a proactive
monitoring tool for infrastructure stability assessment.

Conclusions
In this paper, we showed the results of a multi-temporal SAR inter-
ferometric techniques to extract deformation over the Kakhovka dam.
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component. The titles of the panels have been abbreviated for clarity, following the
pattern: Px(V/H), where “P” represents “Polygon”, x is the number indicating the
polygon number, and “V” or “H” stands for “vertical” or “horizontal” (PDW)
component, respectively. Blue squares show the water level of the reservoir time-
series from Hydroweb”

The interferometric analysis captured both spatial and temporal pat-
terns of movement, enabling the identification and characterization of
deformation hotspots prior to the dam collapse. The detected dis-
placements included mainly subsidence initiated in June 2021 and
eastward lateral movements initiated in June 2022. The PDW move-
ments show a linear correlation with changes in water levels. The
observed mechanisms are compatible with the effect of possible over-
topping, sediment and debris build-up, or faulty gate operation. This
study demonstrates the effectiveness of InSAR as a remote sensing
technique for monitoring critical and strategic structures such as dams.

Methods

The process of retrieving deformation values can be divided into two main
steps. First, SARPROZ was utilized to perform MT-InSAR, enabling the
filtering of the thermal dilation component and the extraction of defor-
mation information from the SAR data. Finally, deformation vector
decomposition was applied to analyze the three-dimensional components
of the dam’s deformation.

Multi-temporal INSAR Analysis

Differential InSAR (DInSAR) is a technique used to measure deforma-
tion between two image acquisitions. In DInSAR, interferometric phases
are calculated by multiplying the complex conjugate of two complex
coregistered single look complex (SLC) data. Multi-temporal InSAR
(MT-InSAR), on the contrary, leverages multiple repeat-pass inter-
ferometric pairs to create a time-series of deformation. To obtain a time-
series, it is necessary for each pair of images to share either the same
primary or secondary acquisition date. Interferometric phases consist of

several components including, topography, deformation, and atmo-
spheric phase screen (APS)™:

AP,

i

fg = AV)ﬂat + AV)topo + Aﬂclefo + Aﬂatm (1)

Where the flat earth, Ay, and topography, Aé,,,, components can be
reduced using orbital information and a pre-existing Digital Elevation
Model (DEM). Here a Shuttle Radar Topography Mission (SRTM) DEM
with 30-meter resolution is used to compensate for the topographic
component. Moreover, given that the analysis is focused on a relatively small
area, the APS, A@,,,, phase component can be considered to be correlated
and consistent across the entire area, and therefore can be ignored. After
removing those components, the interferometric phases, Ay, becomes the
summation of the residual topography and deformation signal. Here we
used the SARPROZ software”™ to infer the time-series of surface
deformation.

The process of linking interferograms is known as graph connection,
and there are various approaches to accomplish it. One of these approaches
is the star graph method, where one of the single look complex (SLC) images
is chosen as the primary, while the remaining images are considered as
secondary images. As a result, for N images, there will be N-1 inter-
ferograms. We adopted the persistent scatterer Interferometry approach®
focusing only on points that exhibit stable electromagnetic behavior
throughout the entire acquisition period. To select our potential measure-
ment points, here we used the amplitude stability index (ASI) criterion
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defined in Eq. 2:

AS=1-2 @)

M

where i is the pixel number, o is the standard deviation of each scatterers’
amplitude across time and p is the scatterers’ mean value across time. The
AST has a maximum value of 1, indicating that a pixel has maintained a
consistent amplitude value over time. Therefore, a higher ASI can be con-
sidered as a proxy for more stable scatterer. In this study, a threshold of 0.7
was used for PS selection.

The subsequent step involved retrieving unwrapped phases from
the wrapped phases, considering that they are in the complex domain. In
other words, unwrapping is the process of retrieving the exact number of
integer cycles, as interferometric phases are modulated between 0 and
21°°. As mentioned earlier, the two components to be estimated are
deformation and residual height. To address this, the temporal coher-
ence Yiemporal» Obtained by averaging the interferometric phases of the
PSs and subtracting the topography and deformation model, can serve as
a model to be optimized:

1 N
__E JAP % o= IMhaefo
Ytemporal - ¥ xe (hdefo (3)
N i=1

where N is the number of images, A¢ is the wrap interferometric phases and
M defo) is @ model defined based the deformation and residual height. To

solve this model, SARPROZ employs the periodogram method, where the
optimal values for the unknowns are obtained by maximizing
the periodogram”. In this study, a five-degree polynomial was utilized as the
deformation model™.

A posteriori, after inferring time-series of surface displacement for each
measurement point we focused on the hydrologically correlated deforma-
tion signals while filtering out the thermal component of displacement'®. By
analyzing scatter plots, indicating the time-series of deformation versus
temperature, we can identify a linear relation between these two variables.
Equation 4 represents the model that defines the relation between InSAR
deformation and weather temperature:

T:aXdIOS—I—b (4)

where T represents the weather temperature in Celsius, d),s represents
the deformation along the line of sight in millimeters, and a and b are
the unknown coefficients. Temperature data were obtained from the
Visual Crossing website®. Before fitting a model to retrieve two
unknows, an outlier detection was performed on the dataset. Once the
outliers were removed, the model was fitted, and the thermal compo-
nent of the deformation signal was calculated. Subsequently, if the
correlation coefficient between deformation and weather temperature
exceeded 0.7, the estimated thermal component was subtracted from
the LOS deformation signal. A similar approach was used to assess
correlation with hydrologically correlated deformation using Hydro-
web River Water Level products.

Pseudo-3D decomposition

InSAR measures the deformation only along the LOS. This means that it is
not possible to determine whether a scatterer is moving down or up solely
based on the InSAR data acquired with one geometry. Furthermore, InNSAR
is almost insensitive to deformations along the flight direction which in the
case of Sentinel-1 corresponds to almost the north-south direction (Table 1).
In Eq. 4, both the ascending track and descending track data are used to
perform the inversion and retrieve the up-down and east-west deformation

components.

djps = sin O x cos px d cos 0 d

dlosdescen ding | |:
dlosdescending

east—west up—down

cos B, * sin 6, — cos 6,

] deast—west
cos ﬁdesc * Sin edesc — Cos edesc dupfdown

(©)

where  and 0 are the headings and look angle of each track, respectively
(Table 1). To align these two datasets, a stable reference point with the
following latitude: 46.7668 and longitude: 33.3721, was used. The same
stable reference point was used for processing both ascending and des-
cending data in SARPROZ.

Data availability

Sentinel-1 images are readily accessible for download from the Copernicus
Open Access Hub. SAR data © 2023 Umbra Lab, Inc. (Licensed under CC
BY 4.0). Water level data can be obtained from the Hydroweb River Water
Level product. Weather temperature information for each acquisition date
can be sourced from the Visual Crossing website. All data needed to evaluate
the conclusions in the paper are present in the paper and/or the Supple-
mentary Materials and on Dryad repository [https://doi.org/10.5281/
zenodo.10452427].

Code availability

Sentinel-1 images are processed using SARPROZ software (https://www.
sarproz.com/application-form/). Deformation maps are generated by QGIS
(https://qgis.org/en/site/).
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