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Abstract: The dedicated gravity satellite missions, in particular the GRACE (Gravity
Recovery and Climate Experiment) mission launched in 2002, provide unique data for
studying temporal variations of mass distribution in the Earth’s system, and thereby,
the geometry and the gravity field changes of the Earth. The main objective of this
contribution is to estimate physical height (e.g. the orthometric/normal height) changes
over Central Europe using GRACE satellite mission data as well as to analyse them and
model over the selected study area.

Physical height changes were estimated from temporal variations of height anomalies
and vertical displacements of the Earth surface being determined over the investigated
area. The release 5 (RL0O5) GRACE-based global geopotential models as well as
load Love numbers from the Preliminary Reference Earth Model (PREM) were used
as input data. Analysis of the estimated physical height changes and their modelling
were performed using two methods: the seasonal decomposition method and the PCA/
EOF (Principal Component Analysis/Empirical Orthogonal Function) method and the
differences obtained were discussed. The main findings reveal that physical height
changes over the selected study area reach up to 22.8 mm. The obtained physical height
changes can be modelled with an accuracy of 1.4 mm using the seasonal decomposition
method.

Keywords: GRACE, height anomaly variations, vertical displacements, physical
height changes
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1. Introduction

Since the early years of this millennium, the estimation of temporal mass variations
in the Earth’s system using data from satellite gravimetry missions has become one
of the most important investigations of the Earth sciences. In particular, the research
concerning Earth’s dynamics has extremely been revolutionized since the launch of
the GRACE (Gravity Recovery And Climate Experiment) satellite gravimetry mission
in 2002 (e.g. Tapley et al., 2004). The GRACE satellite gravimetry mission brought
a unique opportunity for the determination of temporal mass variations within the
Earth’s system. The mission concept, including theoretical background, as well as
impressive scientific results, have widely been demonstrated by many authors, e.g.
in the review given by Wouters et al. (2014). The GRACE Follow-on (GRACE-FO)
mission is planned to launch in the period between December 2017 and February
2018 (see https://gracefo.jpl.nasa.gov/) for the sustainable long-term monitoring of
temporal mass variations within the Earth system.

The GRACE mission revealed important information for the height system and
its temporal variations. For example, Rangelova (2007), Rangelova and Sideris
(2008), Rangelova et al. (2010), Krynski et al. (2014) demonstrated the usefulness
of GRACE mission data for the determination, analysis and modelling of temporal
variations of geoid heights. Moreover, GRACE mission data indicated very useful
information related to the elastic ground loading deformation in response to the Earth
mass variations. Many authors have proved that the estimated ground displacements
using GRACE mission data are in a good agreement with the corresponding ones
determined from other space geodetic techniques, e.g. Kusche and Schrama (2005),
van Dam et al. (2007), Pan et al. (2016), Tan et al. (2016), Wang et al. (2016), Gua
et al. (2017) for the Global Navigation Satellite System (GNSS) and Eriksson and
MacMillan (2014) for the Very Long Baseline Interferometry (VLBI).

Temporal variations of geoid heights or height anomalies and temporal variations
of vertical displacements of the physical surface of the Earth obtained from GRACE
mission data could play an important role in the estimation of physical height changes.
The main objective of this contribution is to estimate physical height changes over
Central Europe using GRACE satellite mission data. It is also aimed at the analysis
and modelling of the estimated physical height changes over the selected study area.

2. Study area and data used

Taking into the consideration the spatial resolution of the GRACE mission data,
Central Europe, bounded by parallels of 43.5°N and 55.5°N and meridians of 4.3°E and
25.7°E, has been divided into sixteen equal areas of ~334x334 km?, corresponding to
3°x3° on the equator. The study area, including those sixteen subareas and major river
basins, is depicted in Figure 1. It should be mentioned that locations of those subareas
coincide with the locations of the release 5 global mass concentration (mascons)
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solutions provided by the Jet Propulsion Laboratory (JPL RLO5M), representing
spherical caps of 3°x3° on the equator equal areas (Watkins et al., 2015), which are
planned to be used in the next authors’ investigations. Figure 1 indicates that nine
subareas are completely inland areas while remaining seven subareas are located over
both land and sea.

The monthly release 5 (RL0O5) GRACE-based GGMs developed by the German
Research Center of Geosciences (GeoForschungsZentrum (GFZ); Dahle et al., 2014)
were used for the determination of temporal variations of height anomalies and
vertical displacements at the centre points of the aforementioned sixteen subareas
(cf. section 3.1). The GFZ RL05 GRACE-based GGMs without gaps are available
for the period from January 2004 to December 2010. Thus, this period has been
considered in this investigation. In order to reduce noise, which is especially strong
at higher degrees spherical harmonics of these GGMs, the decorrelation (DDK3)
filter (Kusche, 2007; Kusche et al., 2009) has been applied. In addition, load
Love numbers, calculated using the Preliminary Reference Earth Model (PREM;
Dziewonski and Anderson, 1981), have been used for the estimation of the Earth’s
surface displacements that are induced from surface mass loads. The numerical values
of load Love numbers were obtained from Wang et al. (2012).

Fig. 1. The study area, including sixteen subareas (S1, S2, ..., S16)

as well as major river basins
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3. Methodology

In this investigation, temporal variations of height anomalies, temporal variations of
vertical displacements and physical height changes over Central Europe have been
determined using GFZ RL0O5 GRACE-based GGMs, specified in the section 2. The
main computation steps and equations applied for the determination of those gravity
and mass loading functionals are described in the section 3.1. The physical height
changes obtained have been analysed and modelled. The approaches implemented for
the analysis and modelling tasks are described in the section 3.2.

3.1. Computation of physical height changes

Height anomalies ¢ have been determined using the ICGEM calculation service
(cf. http://icgem.gfz-potsdam.de/ICGEM/.html; Barthelmes, 2016). The mathematical
formulation applied to compute the { value at point P on the ellipsoid at the ICGEM
can be written as follows (cf. Eq. (116) in Barthelmes, 2013; pp. 22)

!
Imax i
(@A) __GM > R > P, (sing)(C} cosmi+ S| sinmA)
ry(r,@) =\ r,

_ 27Gp
}/(re’go)

m=0

(1)

Imax 1 2
{R > B, (sing)(C; " cosml + S;,‘;””sinm/l)}

=0 m=0

where ¢ and A are the latitude and the longitude of P, respectively, GM is the product
of the Newtonian gravitational constant G and the Earth’s mass M, r, is the radius of
P, y(r,, p) presents the normal gravity at P, C, and S/ are differences between the
Stokes’ coefficients Z‘;m and §,m and spherical harmonic coefficients Cf,]n and Sl’,/n of
the normal potential U, p presents a constant mass density, C,””” and S, are spherical
harmonic coefficients of the topography, R is the Earth’s mean radius, P,, are
normalized Legendre functions of degree / and order m, [, is the applied maximum
degree (in this study /.,,, = 60, that corresponds to the spatial resolution represented
by the size of the abovementioned sixteen areas).
Temporal variations of height anomalies A were calculated as follows:

AL =G = Goean )

where i denotes the consecutive month in the time series and ., is the mean value
obtained from all {; in the time series.

Vertical displacements, i.e. displacements dr of the Earth’s surface in the radial
direction, were determined as follows (van Dam et al., 2007):
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dr(p,A)=R ), Y P, (sing)- (szcosmll + Szmsmm/l)l lk' 3)
I=1 m=0 +k,

where /4, and £, are the load Love numbers of degree /.

As in the case of A(, temporal variations of vertical displacements Adr were
calculated by subtracting the mean value dr,,,, from the time series of vertical
displacements

Adr; = dr; — drean “4)

Assuming that temporal variations of ellipsoidal heights A/ are represented by
temporal variations of vertical displacements Adr, physical height (represented by the
normal height) changes AH can be estimated as follows:

AH, = Adr; — A(; (5)

3.2. Analysis and modelling of physical height changes

Physical height changes obtained with the use of Eq. (5) have been analyzed and
modelled using two methods: the seasonal decomposition method (e.g. Makridakis
et al., 1998) and the PCA/EOF (Principal Component Analysis/Empirical Orthogonal
Function) method (e.g. Jolliffe, 2002). The main aim of the seasonal decomposition
method is to decompose physical height changes in the time domain, while in order to
analyse physical heights changes in spatio-temporal domain the PCA/EOF method is
employed. Several authors demonstrated the usefulness of the seasonal decomposition
method and the PCA/EOF method for the analysis and modelling of time series of
the functionals of functionals of the Earth gravitational field (e.g. Rangelova, 2007;
Krynski et al., 2014; Godah et al., 2017). The investigated methods can be described
in short as follows:

In the seasonal decomposition method physical height changes AH were
decomposed into

AH, =T + S, + E, (6)

where S presents a seasonal component, 7" is a long term/trend component and £
denotes an unmodelled component. The model AHSP of physical height changes AH
developed with the use of the seasonal decomposition method consists of the sum of
seasonal and long term/trend components

AHP =T+ S 7
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The periodicities in AH time series investigated were estimated from the
periodogram values P that are computed as follows (see Eq. (13.1.4) in Wei, 2006;
p. 290):

(o) ®)

where a and b are Fourier coefficients and M presents number of elements in the
time series investigated. The computational algorithm implemented for the seasonal
decomposition method is described in Godah et al. (2017).

In the PCA/EOF method, AH,; time series (i = 1, 2, 3, ..., 84) from the
aforementioned sixteen subareas inserted to the matrix AH, can be represented by the
product of two matrices T and P,

AH =TPT + ¢ (9)

where T consists of principal component analysis (PCA) modes, P is the loading
matrix that defines the EOF loading patterns and reflects contributions of original
variables to various PCA modes, and the matrix € presents unmodelled parts of AH
time series.

The PCA/EOF method relies on finding matrices P and T. In this study, those
matrices were estimated using the SVD (Singular Value Decomposition) algorithm
implemented in the MATLAB software, in particular, the function “pca” (https://
www.mathworks.com/help/stats/pca.html). The fraction of the total variance of AH
reflected by the PCA mode j was estimated as follows:

A
o= (G=1,2,3,...,16) (10)
where A; denotes the eigenvalue estimated from AH, and variable A is the total

variance of temporal variations of normal heights AH.
The model AHPAEOF of physical height changes AH

k
AHPCOF = S PCA - EOF, (11)

s=1

was developed with the use of the PCA/EOF method. The variable k& denotes the
number of PCA modes and EOF loading patterns required to reflect the significant
signal, e.g. more than 95% in terms of total variance, of temporal variations of normal
heights.



www.czasopisma.pan.pl g iN www.journals.pan.pl

On the estimation of phystcalhelght changes using GRACE data 217

4. Results

Temporal variations of height anomalies, temporal variations of vertical displacements
and physical height changes over Central Europe estimated for the period between
01/2004 and 12/2010 using GRACE data specified in the section 2, are given in the
section 4.1. The section 4.2 provides the results of the analysis and modelling of the
obtained physical height changes.

4.1. Temporal variations of height anomalies, vertical displacements
and physical height changes

Maps of temporal variations of height anomalies A{ determined with use of Eq. (2),
temporal variations of vertical displacements Adr obtained using Eq. (4) and physical
height changes AH estimated with Eq. (5) are shown in Figure 2. They indicate
that maximum values of A{ are observed in February—April and minimum values
in August—October. For Adr, maximum values are observed in August-October and
minimum values in February—April which correspond to minima and maxima of A,
respectively. For the same subarea, the dispersions of A{ and Adr reach 9.6 mm and
13.6 mm, respectively. The combination of A{ and Adr lead to temporal variations of
physical heights AH of minimum values observed in February—April and maximum
values observed in August—October. The AH can reach up to 22.8 mm for the same
subarea.
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Fig. 2a. Maps of height anomaly variations A
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Fig. 2c. Maps of physical height changes AH

4.2. Analysis and modelling of physical height changes

Figure 3 shows periodogram values P computed from AH time series for subareas 1,
2, ...,16 using Eq. (8). It indicates a distinctive one year periodicity, as dominant for
all subareas, in AH time series.
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Fig. 3. Periodicity of physical height changes AH

Physical height changes AH presented in the section 4.1 (cf. Figure 2¢) have been
decomposed into seasonal S, long term/trend 7 and unmodelled £ components. Taking
into the concideration the annual periodicity (Figure 3) of the seasonal component,
the seasonal decoposition method presented in the section 3.2 has been used. Figure 4
shows time series of physical height changes and their components for each subarea.

The results presented in Figure 4 indicate a seasonal component as a dominant
part of AH time series. They also show that peaked predominantly values of seasonal
components of physical height changes for all subareas are observed in spring and
fall seasons. The amplitudes of those seasonal components strongly depend on the
subarea investigated. For instance, the largest amplitude, i.e. 7 mm, of the seasonal
component is found in the subarea 4, while the lowest one, i.e. £2 mm, is found in
the subarea 13. This might be ascribed to the fact that the major source of temporal
mass variations for the subarea 4 located in the Danube basin, is strongly related
to temporal variations of total water storage (see Springer et al., 2017). The sea
level changes and sediment deposition in the shallow sea, e.g. the North Sea, can
be considered as one of the main sources of temporal mass variations in the subarea
13, and therefore, physical height changes within that subarea. The amplitudes of
the seasonal component of AH time series for the remaining subares range from
+2 mm to £7 mm. Figure 4 also indicates consistency for long term/trend components
of AH for subareas located within the same catchment. For instance, long term/trend
components of AH for subareas 3, 4, 7 and 8 that are located in the Danube basin are
in a good agreement. The long term/trend components of AH for subareas 3, 4, 7 and
8 descend from 01/2004 to 03/2006 then ascend to authmn 2007 and descend again.
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Fig. 4. Physical height changes and their components obtained with the use of the seasonal
decomposition method

The correlation between long term/trend components of AH for subareas 3, 4, 7
and 8 reaches up to 96.8%.

The physical height changes have also been analysed using the PCA/EOF method.
The percentages of total variance of AH reflected by PCA modes and EOF loading
patterns obtained using Eq. (9), are shown in Figure 5. They indicate that the first
three PCAs/EOFs reflect 95.9% of AH signal in terms of total variances. The first
three PCAs/EOFs are illustrated in Figures 6 and 7.
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The results presented in Figures 5—7 show that significant part of the signal
(~85.7%) in AH, in terms of total variance, can be estimated from the first
PCA/EOF. The first PCA illustrates a distinctive seasonal pattern, with minimum
values in February—April and maximum values in July—September, for the whole area
investigated. The first EOF reveals clear slope from South-East to North-West for
physical height changes. This slope pattern might be correlated with the water influx
from the major rivers basins within the area investigated (cf. Figure 1). The 2" and
3" PCAs/EOFs reflect ~10.2% of total variance of AH.

For all subareas investigated, AHS? and AH'CAFOF models have been developed
on the basis of the seasonal S and long term/trend 7 components obtained using the
seasonal decomposition method and the first three PCA modes and EOF loading
patterns estimated using Eq. (11). Figure 8 shows these models versus the respective
AH data determined using Eq. (5). The statistics reflecting the fit of AHSP and
AHPCAEOF models to AH data, are given in Table 1.
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Fig. 8. Physical height changes and their models developed with the use of the seasonal decomposition
method (AHSP) and the PCA/EOF method (AHPCAEOF)
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Table 1. Statistics of differences between normal height changes estimated from GRACE mission data
and their respective models developed using the seasonal decomposition method (AHSP), and the
PCA/EOF method (AHPCAEOF) [mm]

AH — AHSP AH — AHPCAEOF
Subarea

min max mean std. min max mean std.
S1 2.5 22 0.0 1.0 —4.9 4.3 0.0 2.0
S2 2.7 2.9 0.0 1.2 -3.6 4.1 0.0 1.8
S3 -3.8 2.8 0.0 1.3 -3.7 43 0.0 1.6
S4 -3.5 3.0 0.0 1.4 —4.5 4.1 0.0 1.9
S5 2.4 3.4 0.0 1.0 —4.3 3.5 0.0 1.6
S6 -3.0 3.6 0.0 1.3 -3.0 2.8 0.0 1.2
S7 -3.3 3.2 0.0 1.3 -2.8 3.1 0.0 1.2
S8 -3.0 3.0 0.0 1.3 -3.1 3.6 0.0 1.6
S9 -2.3 3.6 0.0 1.1 -2.8 23 0.0 1.0
S10 29 3.3 0.0 1.2 2.2 22 0.0 0.9
S11 24 3.3 0.0 1.2 2.1 29 0.0 1.1
S12 -2.8 2.9 0.0 1.3 -34 4.6 0.0 1.7
S13 22 2.6 0.0 1.1 -3.2 2.9 0.0 1.1
S14 2.9 2.6 0.0 1.2 -3.4 2.5 0.0 1.4
S15 3.1 3.2 0.0 1.2 5.6 3.8 0.0 1.8
S16 -3.0 2.6 0.0 1.2 =55 4.8 0.0 2.0

The results presented in Figure 8 reveal that AHSP obtained using the seasonal
decomposition method and AHTCAEOF obtained using the PCA/EOF method fit quite
well to AH data determined using Eq. (5). The correlations between the modelled AH
and the respective AH data range from 89.5% to 96.2% for AHSP and from 82.5% to
98.8% for AHPCAEOF The results presented in Table 1 show that differences between
AH obtained from the models and AH data range from —3.8 mm to 3.6 mm for AHSP
and from —5.6 mm to 4.8 mm for AH'CAEOF and their standard diviations range
from 1.0 mm to 1.4 mm for the AHSP and from 0.9 mm to 2.0 mm for AHPCAEOF,
It indicates that AP model fits better to AH data than AH'CAEOF model. This might
be due to the fact that AHSP values for each subarea are completely independent of
AH values from other subareas while in the PCA/EOF method, AH values from all
subareas contribute to the AH'CAEOF values for any subarea. The highest correlation
(98.8%) between AHCAEOF yalues and the corresponding AH data has been observed
in the subarea 10. This might be due to the fact that the AH time series for this
subarea are the closest to the mean AH time series.
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5. Conclusions and discussion

Temporal variations of height anomalies and temporal variations of vertical
displacements were discussed in the perspective of the estimation of physical height
changes over Central Europe. The GFZ RL0O5 GRACE-based GGMs truncated at
d/o 60 and filtered using the DDK3 filter were employed for the determination of
those gravity and mass loading functionals.

Temporal variations of height anomalies and vertical displacements for the period
between January 2004 and December 2010 were combined providing physical height
changes which reach up to 22.8 mm.

The obtained physical height changes were analyzed and modelled using the
seasonal decomposition method and the principal component/empirical orthogonal
function (PCA/EOF) method. It was found that the annual periodicity of physical
height changes is a dominant one with minimum values observed in spring (February—
April) and maximum values in autumn (August—October). Subareas located in the
same catchment induce consistent long term/trend components of physical height
changes, i.e. the correlation of long term/trend components can reach up to 96.8 %.
The significant signal, i.e. greater than 95.8% terms of the total variance of physical
height changes over Centre Europe can be obtained from the first three PCA modes
and EOF loading patterns. The first PCA/EOF reflects ~85.7% of total variance of
physical height changes. The first EOF exhibit clear slope pattern, from South-East
toward North-West, of physical height changes.

Models of physical height changes developed using the seasonal decomposition
method are slightly better than the corresponding models developed using the PCA/
EOF method. They fit quite well, i.e. 89.5%-96.5% in terms of correlations, to their
corresponding values determined from GRACE mission data. The standard deviations
of differences between physical height changes estimated from GRACE mission data
and the corresponding ones from models developed using the seasonal decomposition
method do not exceed 1.4 mm.

Overall, physical height changes estimated using GRACE mission data can play
an essential role for the modernization of the vertical reference system over the area
investigated. The final interpretation requires complementary studies concerning an
understanding of the main sources of these changes, e.g. hydrology in inland areas
and sediment and sea level changes in sea areas.
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