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ABSTRACT

Deformation monitoring is a crucial task for dam operators,
particularly given the rise in extreme weather events associ-
ated with climate change. Further, quantifying the expected
deformations of a dam is a central part of this endeavor. Cur-
rent methods rely on in situ data (i.e., water level and tem-
perature) to predict the expected deformations of a dam (typ-
ically represented by plumb or trigonometric measurements).
However, not all dams are equipped with extensive measure-
ment techniques, resulting in infrequent monitoring. Persis-
tent Scatterer Interferometry (PSI) can overcome this limita-
tion, enabling an alternative monitoring scheme for such in-
frastructures. This study introduces a novel monitoring ap-
proach to quantify expected deformations of gravity dams in
Germany by integrating the PSI technique with in situ data.
Further, it proposes a methodology to find proper statistical
representations in a data-driven manner, which extends es-
tablished statistical approaches. The approach demonstrates
plausible deformation patterns as well as accurate predictions
for validation data (mean absolute error=1.81 mm), confirm-
ing the benefits of the proposed method.

Index Terms— PSI, Sentinel-1, Deformation prediction,
Dam monitoring

1. INTRODUCTION

The monitoring program for gravity dams comprises a va-
riety of methods to ensure their safety [[1]. These methods
typically include plumb and trigonometric measurements. To
assess whether measured movements correspond to expected
deformations, statistical predictions are made about the ex-
pected deformation based on relevant exogenous factors such
as temperature and water level. This is ideally done on a daily
or weekly basis. However, not all dams have extensive mea-
surement techniques (plumbs), allowing only for bi-annually

and expensive monitoring strategies due to time-consuming
field campaigns. This is especially problematic, given that
climate change increases the probability of extreme weather
events, which, in turn, potentionally increase environmental
stress on infrastructure.

In this context, Persistent Scatterer Interferometry (PSI,
[2]) has proven to be a valuable alternative, enabling high-
resolution spatial monitoring of dams with revisit cycles of a
few days [3}4]]. The implementation of this technique into na-
tionwide ground motion services has opened up the possibil-
ity of monitoring dam deformations on a large scale. The Ger-
man Ground Motion Service (BBD) provides freely available
Sentinel-1 PS time series starting in 2015 to detect nationwide
ground motions and deformations [5]. Further, current sta-
tistical models of dam deformation typically utilize multiple
linear regression models to predict the expected deformation
of a dam based on only a few exogenous regressors (water
level and temperature, [6l]). While these models provide ro-
bust deformation forecasts, they are unlikely to describe the
dynamics of gravity dams exhaustively.

With this background, this study aims to provide the first
complete example of a monitoring strategy, including data-
driven dam deformation forecasting based on Sentinel-1 PS
time series, complemented with in situ data and appropriate
time series modeling.

2. MATERIALS AND METHODS

2.1. Study Area

The study was conducted on a gravity dam in North Rhine-
Westphalia, Germany. The Lister Dam is located in the Sauer-
land region and is part of the Bigge reservoir with a total
capacity of 171.6 million m3. It primarily serves for water
release into the Bigge reservoir. The arched gravity dam is
42 m high, 264 m long, and collects water from a catchment



Fig. 1. The Lister gravity dam, as seen from the impounded
Bigge reservoir on the downstream side.

area of 68.2 km?, creating a reservoir with a capacity of 21.6
million m3 [7]. It is operated by the Ruhrverband, a non-
profit-oriented water management company based on German
public law. The dam is equipped with several measurement
techniques, including trigonometric measurement points, wa-
ter level, and temperature monitoring. However, no plump
system has been installed on the Lister gravity dam, reducing
the deformation monitoring to a few samples yearly.
shows the Lister Dam from the downstream side.

2.2. Data

The study period covers almost six years, from April 2015 to
December 2020, with the last 12 months of the time series
used as test data to validate predictions. The PS time se-
ries used in this study were provided by the Federal Institute
for Geosciences and Natural Resources (BGR) and com-
plemented with freely available data from BBD’s [WebGIS
platform| [8]. Time series were acquired by the Coperni-
cus Sentinel-1 satellites, utilizing the PSI technique. Data
originating from the ascending and descending directions
in the sensor’s line of sight (LOS) were used, starting in
2015. Furthermore, vertical and east-west deformation com-
ponents were analyzed, which are also provided by BBD.
All time series were downloaded at a temporal resolution
of six to 12 days. Finally, in this study, the PS time se-
ries were complemented by in situ measurements provided
by the Ruhrverband. Variables such as water level and air
temperature influence the seasonal deformation pattern of a
gravity dam. They are thus essential for accurate predictions
of dam movements. Both variables were provided at a daily
resolution.

3. METHODS

3.1. Exogenous variables and data preprocessing

As a gravity dam is mainly influenced by the seasonal fluc-
tuations in water level (W) and temperature (T ), these vari-
ables on the current day are considered as potential exoge-
nous influences on the dam deformation. Further, it was esti-
mated that the immediately preceding values of these exoge-
nous variables (e.g., the day before) might be beneficial for
predicting movements. The recent past of W and T as well as
the mean of the last few days (denoted as WM; TM, where n
specifies the previous days considered) are additionally con-
sidered as additional exogenous regressors. Next, multiple
equally valid options are considered to represent seasonal cy-
cles beyond what can be inferred from the exogenous vari-
ables. First, Fourier terms (F ), which are defined as follows,
are tested as additional exogenous variables:
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Here, m specifies the length of the seasonal cycle, and k
is the order of the term. Second, the annual cycle (seasonal
mean) subtraction from all time series to only model the dif-
ferences to the annual cycle is considered. Finally, the differ-
encing order (d) of all time series (subtracting previous values
of itself) is optionally evaluated for models that do not feature
spatial interaction (see below).

To further prepare these regressors as well as the PSI-
time series for modeling, the following preprocessing steps
are performed on every time series that is used during train-
ing: 1. Outliers (measurement errors) are filtered via boxplot
filtering (IQR=2.25) by removing measurements outside the
whiskers. 2. Missing values are linearly interpolated (includ-
ing measurements filtered out before). 3. Every time series is
normalized to lie in the range [0; 1].

3.2. Model classes

To link to previous work on modeling dam deformations (typ-
ically via plumb bobs, [6]), well-established linear regression
models are considered. As there are typically multiple PS-
point time series available and since it is unclear whether uti-
lizing the spatial interaction between the different PS point
deformations can improve prediction, these dynamics are ad-
ditionally considered. This means it is explored whether there
are benefits of considering other PS points as potential re-
gressors. Therefore, the following two model classes are in-
vestigated: The Autoregressive Integrated Moving Average
model with exogenous regressors (ARIMAX) and the Vector-
ized Autoregressive Moving Average model with exogenous
regressors (VARMAX):
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