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Abstract: Geodesy is the science of accurately measuring the topography of the earth (geometric
shape and size), its orientation in space, and its gravity field. With the advances in our knowledge
and technology, this scientific field has extended to the understanding of geodynamical phenomena
such as crustal motion, tides, and polar motion. This Special Issue is dedicated to the recent advances
in modelling geodetic time series recorded using various instruments. Due to the stochastic noise
properties inherent in each of the time series, careful modelling is necessary in order to extract
accurate geophysical information with realistic associated uncertainties (statistically sufficient). The
analyzed data have been recorded with various space missions or ground-based instruments. It is
impossible to be comprehensive in the vast and dynamic field that is Geodesy, particularly so-called
“Environmental Geodesy”, which intends to understand the Earth’s geodynamics by monitoring any
changes in our environment. This field has gained much attention in the past two decades due to the
need by the international community to understand how climate change modifies our environment.
Therefore, this Special Issue collects some articles which emphasize the recent development of specific
algorithms or methodologies to study particular natural phenomena related to the geodynamics of
the earth’s crust and climate change.
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1. Introduction: A Short Historical Review on Geodesy and the Space Geodesy Era

Geodesy has a long history which goes back to surveyors in ancient Egypt, where a
rope stretcher would use simple geometry to re-establish boundaries after the annual
floods of the Nile River. Basic Geodesy was also used by the Egyptians, known for
their advanced skills in early surveying techniques, in establishing the squareness and
north—south orientation of the Great Pyramid of Giza (built c. 2700 BC) [1]. Through
the ages, various monuments have been built thanks to early surveying techniques (e.g.,
Stonehenge, 2500 BC [2]) or to make rough measurements delimiting the regions within
empires (e.g., Roman Empire). Different techniques have been developed across the
ages improving surveying observations. More recently, Geodesy has undergone a huge
revolution, starting in the 1950s with the development of electronic distance measurement
equipment. These instruments saved the need for days or weeks of chain observations by
directly measuring between points kilometers apart. A few years later, the first satellite
positioning system was created: the US Navy TRANSIT system [3]. The first successful
launch took place in 1959. This was the beginning of the “Space Geodesy” era. The concept
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of space Geodesy, with a constellation of satellites dedicated to providing the position of a
rover anywhere and anytime on the surface of the earth with high accuracy, dates back to the
early 1960s as a military concept developed independently by the USA and the USSR under
the famous names Global Positioning System (GPS) and the Globalnaya Navigatsionnaya
Sputnikovaya Sistema (GLONASS), respectively. Since opening these military systems to
the public in the mid-1990s, this technology has generated a multi-billion-dollar market
relying on location-based services [4]. These services require an accurate and timely
estimate of a user’s position at all times, in all environments and across all acquisition
modes. This global coverage has been improved by increasing the number of satellite
constellations. As of September 2020, GPS, GLONASS, China’s BeiDou navigation system,
and the European Union’s Galileo are fully operational constellations [5]. Additionally,
the Japan’s Quasi-Zenith Satellite System (QZSS) is an augmented satellite system, with a
focus on Japan and the Asia-Oceania region. Besides launching new satellites, services are
developed based on a network of GNSS reference stations to provide specific correction
values to the user in real time or for post-processing, for example SAPOS in Germany [6].
All these constellations, used to accurately position a rover or a permanently fixed receiver
(normally known as CORS—Continuously Operating Reference Station), are gathered
under the general name Global Navigation Satellite Systems (GNSS). This Special Issue is
dedicated to several applications focused on the analysis of the time-series obtained from
CORS observations with a focus on environmental applications but also for deformation
monitoring within the context of early-warning systems. Early-warning systems are an
adaptive measure for climate change, using integrated communication systems to help
communities prepare for hazardous climate-related events.

2. Environmental Geodesy: Continuously Monitoring the Geodynamics of the Earth
and the Effects of Climate Change, and Detecting Natural Hazards

Many satellite Geodesy techniques are used, such as GPS, the Gravity Recovery and
Climate Experiment (GRACE), and Interferometric Synthetic Aperture Radar (InSAR), to
monitor the geodynamics of the earth (e.g., crustal deformation due to earthquakes, impact
of droughts, and the study of tectonic plates) and the modifications in our environment
due to climate changes (e.g., monitoring sea level and melting of the ice sheet). These
various examples define so-called “Environmental Geodesy” [7]. In the following section,
we introduce and discuss several areas to which some articles included in this Special Issue
have contributed.

2.1. Continuously Monitoring Crustal Deformation and Detecting Natural Hazards with GNSS
and InSAR

Large networks of permanent GNSS stations set up around the world provide spatial
and temporal information on surface deformation processes, including plate motion [8],
crustal deformation due to earthquakes (i.e., pre-, co-, and post-seismic offsets [9]), tectonic
strain, glacial isostatic adjustment [10], surface loading [11], and tropospheric modeling
with the determination of water vapor [12]. At the moment, more than 15,000 permanent
GNSS stations are fully operational and provide daily positions with sub-centimeter-level
accuracy [13].

The antennae of permanent GNSS stations have been installed on a large variety
of monuments. Generally, the metadata file (or log file) associated with each station
provides a description of the monument, often referred to as mast, pillar, roof top, tower, or
tripod [14]. Several studies [15-17] have classified all monument types into four categories:
concrete piers, deep-drilled brace monuments, shallow-drilled brace monuments, and roof
tops/chimneys. A concrete pier is a pillar attached deeply into the ground that can reach
several meters below the surface. A deep-drilled brace monument is a braced monument
where four or five pipes are installed and cemented into inclined boreholes with the antenna
attached at ~1 m above the surface. The pipes are also attached deeply below the surface
(up to ~10 m). A shallow-drilled brace monument refers to the type of monument which is
attached to the surface (<1m-deep) using a hand-driller. The fourth category encompasses
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antennas installed on the top of buildings, sometimes using a mast attached to a wall
or with a concrete support. One of the open questions in Geodesy is whether there is
a relationship between the type of monument and the stochastic noise properties of the
recorded GNSS daily position time series. Several studies have concluded that the spatial
distribution of the monument supersedes the type of monument in the selection of the
noise model for the global, not regionally filtered, GNSS time series. Herring et al. [15]
warned about the spatial distribution across North America when studying the relationship
between a type of monument and the stochastic noise model. Williams et al. [18] restricted
their study to a small area to determine the influence of the various types of monuments.
Beavan [19] concluded that monument noise is not the dominant factor in the stochastic
noise properties of the GPS time series and He et al. [17] corroborated these results.

Moreover, analysis of the variations in the position over time provides important
information about various geophysical processes. Examples are the estimation of the
motion of tectonic plates, the deflation/inflation event of volcanos, the offsets produced
by earthquakes, the vertical land motion of continents induced by post-glacial rebound,
the movement of glaciers, and the estimation of particular transient signals (e.g., slow slip
events and post-seismic transients [20]) which are sometimes precursors of natural hazards
(e.g., landslides [21]). For example, large landslides in steep alpine slopes are a considerable
threat to vulnerable communities and infrastructures. Their destructive power is related to
their potential to undergo rapid accelerations and evolve into catastrophic rock avalanches,
which expose valley bottoms to exceptional risks [22]. An accurate characterization of
these phenomena requires a thorough understanding of the predisposing geological factors,
controlling factors, and failure mechanism. Geotechnical surveys together with GNSS
permanent stations, when available, allow detecting particular transient signals in order to
trigger early-warning systems. However, this is heavily constrained by logistical and/or
economical limitations, owing to the typically vast, difficult, and remote terrains. Therefore,
recent studies have used the Interferometric Synthetic Aperture Radar (InSAR) technology
together with GNSS [23].

Differential radar interferometry is a well-established active remote sensing technique
that exploits the phase shift of the back-scattered electromagnetic wave between two or
more coherent acquisitions. The recorded scene is arranged in a two-dimensional image
and partitioned into pixels [24]. Knowing the approximate 3D geometry of the slope
surface deformation is essential for correcting INSAR-derived displacements, which can be
carried out with GNSS stations near the area of interest if the data are available, such as in
Huang’s [25] and Guo’s [26] studies.

Within geodetic time series, surface deformation processes can only be modeled to a
certain degree and estimated with the correct functional and stochastic models when study-
ing geophysical processes, such as tectonic rates and seasonal signal [27-29]. Among all the
residual errors in the GNSS time series, unmodeled pseudo-periodic signals cause spurious
periodicities and even induce biases in estimating true periodic seasonal variations [30].
The causes of these residual errors may originate from mismodeled geophysical phenom-
ena (e.g., non-deterministic seasonal signal [31]). In general, the contribution to seasonal
variations in the estimated site positions can be grouped into several categories: gravita-
tional excitation (displacements due to solid earth, ocean tides, and atmospheric tides) [32]
and various residual errors which could also generate apparent seasonal variations (e.g.,
draconitic signals resulting from mismodelling satellite orbits) [33,34].

2.2. Monitoring with Terrestrial Laser Scanners and GNSS

Monitoring high-mountain areas is mandatory within the context of climate change
and the expansion of areas of urban settlement. Here, not only landslide identification
plays an important role in risk assessment but also prediction for early-warning systems.
The latter necessitates high-quality datasets that are both spatially and temporally detailed.
GNSS and terrestrial laser scanners (TLS) are economically attractive and contact-less
systems which are widely used within this context [35]. The prediction of deformation
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remains an active research field where machine learning techniques will play an increasing
role. In this Special Issue, Zhu et al. [36] proposed an innovative method combining wireless
sensors including a reservoir water level gauge, rainfall gauge, and GNSS. Their method,
based on double exponential smoothing and the particle swarm optimization-extreme
learning machine, is a novel artificial neural network architecture to forecast landslide
displacement, and was applied successfully for the Baijiabao landslide in China. Similarly,
Huang et al. [37] used a salp-swarm-algorithm-optimized temporal convolutional network
to predict the periodic displacement of the Muyubao landslide considering the response
relationship between periodic displacement recorded by a GPS monitoring system, rainfall,
and reservoir water. These improvements show the potential of combining datasets from
different sources and should support the increasing needs for predicting deformation based
on TLS observations, potentially coupled with GNSS observations. Here, mathematical
approximation of the surface, as proposed in Kermarrec et al. [38] with locally refined
B-splines, will strongly mitigate the problems linked with the huge data size.

2.3. Monitoring Sea-Level Rise for Coastal Resilience

One of the major impacts of climate change is a rise in the global sea level caused
by the melting of glaciers and land-based ice caps, as well as a smaller increase from
expansion due to the higher temperature of the water itself. The scientific community has
estimated that sea-level rise (SLR) has reached almost ~8 cm globally since 1992 [39] and
amounted to between 0.3 and 0.9 m by the end of the century [40]. Coastal cities around
the world have begun to grapple with the risks of sea-level rise. Some of them face the
threats of tidal flooding, non-tropical-storm flooding, and tropical cyclone storm surge.
Therefore, governments and local authorities issue a strategic plan for climate resilience
and adaption in order to face potential natural hazards with the associated economical and
human costs [41].

Using geodetic observations, several studies [42,43] have estimated the relative sea-
level rise using tide gauges (TGs). However, TGs cannot measure the absolute sea-level
change, but the height of the sea surface relative to crustal reference points that may move
with tectonic activity or local subsidence. In other words, the TG observations are biased
by local and regional processes that are linear or non-linear over a multi-decade timescale.
Linear processes include glacial isostatic adjustment (GIA) and inter-seismic tectonic strain
accumulation, whereas the non-linear ones include earthquakes. The non-linearity of
earthquakes generally consists of all the transient signals such as the post-seismic relaxation
recorded in the time series [44]. Therefore, the SLR estimated from TGs must be corrected
from the vertical land motion (VLM) in order to obtain a precise estimate of the absolute SLR
(ASLR) [45]. When dealing with century-long TG records, the estimation of the SLR and
associated uncertainties is a source of error due to the inherent stochastic noise. Therefore,
one must carefully model the various processes and the temporally correlated noises in the
TG measurements in order to accurately estimate the rate and the associated uncertainty,
which is called the relative SLR (RSLR) [46]. Temporally correlated noises affect different
types of time series including geodetic time series [47]. This results in each observation’s
ability to be correlated with previous ones. Various models have been developed [39,48] in
geodetic time series analysis.

For comparison purposes, one can correlate the estimates from ASLR and sea level
produced by the analysis of satellite altimetry records. Satellite altimetry measures the sea
surface height (SSH) above a benchmark or datum, whereas the TG benchmark is on the
land close to the instrument. TG, thus, observes the relative sea level, with respect to the
elevation of the benchmark. Sea-level altimetry measures the sea level with reference to
the geoid. The SSH is the height of the sea surface above a reference ellipsoid [49]. This is
the direct product recorded by the satellite altimetry. The SSH values are provided along
the satellites” ground tracks or at regular grids interpolated from the values determined
along the satellite tracks, e.g., the Copernicus Marine Environment Monitoring Service
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provides regular and systematic reference information (data products) on the physical and
biogeochemical ocean and sea ice state for the global ocean and European regional seas [50].

2.4. Climate Monitoring and Droughts: The Use of GNSS Signals and the GRACE Missions

The earth’s gravity field is not constant over time. The Gravity Recovery and Climate
Experiment (GRACE) and the continuing GRACE Follow-On (GRACE-FO) are space-based
missions designed to measure changes in the earth’s gravity field (in the form of the geoid),
which are directly related to variations in surface mass [51]. Variations in the gravity field
are mainly related to redistributions of mass in the oceans, interpreted as ocean bottom
pressure, and in continental water storages. These spatial and temporal variations in the
surface mass signal are a sum of the changes in groundwater, soil moisture, surface water,
snow, and ice. Recent studies have shown that the GRACE observations can be used to
monitor mass redistributions at the global scale [52], the continental scale [53], the regional
scale [54], and large-aquifer scales [55]. International research centers provide estimates of
the temporal variation in the earth’s gravity field derived from GRACE observations in the
form of spherical harmonic coefficients (Groupe de Recherche en Geodesie Spatiale, Geo
Forchungs Zentrum (Potsdam), and Center for Space Research at the University of Texas
Austin) or global mascons (NASA /Jet Propulsion Laboratory, [56]). Several websites [56]
have proposed that variations in the gravity field should be interpreted as a change in
geoid height, equivalent water thickness, and viscoelastic or elastic deformation.

Recent studies are based on multiple datasets from various technologies to study pecu-
liar phenomena which can be local or regional in space. Recent analysis using both GRACE
and GNSS in Southern California has estimated the groundwater storage depletion [57,58].
For example, the contribution to seasonal variations recorded in the coordinates of the per-
manently fixed GNSS stations can be due to a thermal origin coupled with hydrodynamics
or due to climate change effects (e.g., water ground levels, deformations from atmospheric
pressure, or non-tidal sea surface fluctuations) [59,60].

Finally, GNSS signals have also become a source of information for exploratory and
routine monitoring of the earth’s atmosphere, using data collected by GNSS receivers
located on the ground or in space. For example, the zenith total delay gives information
on the ionosphere, and it is estimated by each permanent GNSS receiver with mapping
functions. One of the techniques using spaceborne GNSS measurements is radio occultation.
It gives important information about the state of the atmosphere which is then included in
various meteorological models for weather prediction. With the constant monitoring of the
effect of climate change and the availability of various frequencies due to numerous satellite
constellations, the application of GNSS to meteorology is an active field of research [61,62].

3. On the Editorial Theme of the Analysis of Geodetic Time Series

This section quantifies the importance of the theme of this Special Issue in terms of
published papers in the past 10 years in various high-impact scientific journals.

3.1. Some Statistics on the Papers Published in Geodetic Time Series during the Last Decade

The analysis of geodetic time series is crucial for many, if not all, areas of Environmental
Geodesy. In the previous sections, we have underlined this need through the descriptions of
several applications. Here, we focus on editorial analysis in terms of the number of papers
published in the last decade, their theme, and their relationship using various keywords.

Figure 1 displays the number of articles published by various journals related to
the topic “Geodetic Time Series and Applications for Earth Science and Environmental
Monitoring” since 2010. We can observe that there have been about 11,000 items published.
In addition, the figure shows the top 30 sources in terms of number of publications, as
well as the relevant distribution for the top five nations. The Journal of Geophysical Research:
Oceans, Geophysical Research Letters, and Remote Sensing rank as the top three journals in
terms of the number of articles published, respectively. Note that US-based organizations
and universities contribute to more than half of the publication volume for the J[GR: Oceans
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and GRL journals, while Chinese-based organizations and universities contribute similarly
to the studies published in Remote Sensing.
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Figure 1. Histogram of the number of papers published within several journals using keywords (i.e.,
Geodetic Time Series, GNSS time series, Crustal Deformation Geodesy, Environmental Monitoring,

InSAR Geodesy, Machine Learning Geodesy, Sea Level Rise Geodesy, Tectonic Activity Geodesy and
Terrestrial Laser Scanners Geodesy). The source of the statistics is web of science.

Figure 2 demonstrates the co-occurrence keywords retrieved from the selected journals
displayed in Figure 1, which are then classified into five groups based on similarity. The
highest ranked 10 keywords are Satellite Geodesy, Deformation, GPS, Model, GRACE,
Time Variable Gravity, Time Series Analysis, Geodesy, Earthquake and GNSS.

Figure 3 displays the network of the scientific journals displayed in Figure 1 as a
function of the co-citation within these selected journals. The analysis of Figure 3 shows
that the top 10 co-cited journals are the Journal of Geophysical Research: Solid Earth, Geophysical

Research Letters, Geophysical Journal International, Journal of Geodesy, Science, Remote Sensing,

Earth and Planetary Science Letters, Tectonophysics, Advances in Space Research, and Journal
of Nature.



Remote Sens. 2022, 14, 6164 7of 11

cr \""ﬂ
X

fa ::‘ »‘!
S

P

7z

)\ -v’%’/’
—ingar

A

}‘\Q““' N

land sul q@ (”“\\}j "A\
e

Vi

gps meteorology

Figure 2. The network of the co-occurrence keywords retrieved from the selected journals displayed
in Figure 1. Note that we set the limit of the connections threshold in order to present only the
14 highest ranked words.
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Figure 3. Network of the scientific journals displayed in Figure 1 as a function of the co-citation
within these selected journals. We set the limit of the connections threshold in order to present only
the 18 highest ranked results.

3.2. Concluding Remarks on Contributions of the Special Issue of “Modelling Geodetic Time Series
and Applications for Earth Science and Environmental Monitoring”

This Special Issue focuses on modelling the geodetic time series recorded by various
instruments either onboard satellites or in fixed stations on the ground technologies (e.g.,
GNSS, GRACE, InSAR, and TLS) in order to monitor various geodynamics or seasonal



Remote Sens. 2022, 14, 6164 8of 11

phenomena and natural hazards. We emphasize the recent advances in the detection of
small-amplitude transient signals, periodic signals, and long-term trends (e.g., seasonal
signals, tectonic rate, etc.) that are contaminated by various types of noise (i.e., stochastic
processes and correlations). Several papers have contributed to GNSS and its application
to crustal deformation and geodynamics [63-67]; civil engineering [68,69]; stochastic noise
modelling [70,71]; natural hazards such as landslides [36,37,72]; SLR estimation and coastal
flooding [73-75]; hydrology, seasonal displacements, and drought monitoring using GNSS
and/or GRACE/GRACE-FO [76-78]; and the study of ionospheric disturbances [79-81],
together with research focused on the stability of the reference frame [82].

It is important to underline that these advanced methods explored in this Special Issue
all have in common that they characterize and model the type of noises within the geodetic
time series. It is necessary to carry out such modeling in order to accurately estimate
geophysical signals to produce reliable results and better science. These techniques can be
used to provide accurate results for assessing phenomena related to climate change (e.g.,
sea-level rise and regional droughts) and natural hazards (e.g., landslides and volcanic
eruptions) which could jeopardize public safety. To some extent, this study intends to
look at phenomena at both local and global scales combining various sources of data (e.g.,
satellites and fixed stations) in order to monitor and establish models of the changes in
the earth’s natural phenomena (e.g., seasonal drought variations, climate anomalies, and
sea-level rise acceleration).
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