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ARTICLE INFO ABSTRACT

Keywords: The determination and the analysis of temporal variations of gravity/mass functionals (TVGMFs) are one of the
GGM most important tasks within the Earth-science disciplines. This paper describes a MATLAB package, named

GRACE ) IGiK-TVGMF (Instytut Geodezji i Kartografii~-TVGMF). This MATLAB package allows computing and analysing
Gravity/mass functionals TVGMF from Global Geopotential Models (GGMs) that developed on the basis of a monthly interval GRACE
MATLAB . . . . . -

PCA/EOF (Gravity Recovery And Climate Experiment) satellite gravimetry mission data.

The IGIK-TVGMF package is developed using the MATLAB App Designer. Thirteen TVGMFs from seven
GRACE computation centres can be determined at a single point or a grid of points, using the IGIK-TVGMF. The
seasonal adjustment and the Principal Component Analysis/Empirical Orthogonal Function (PCA/EOF) methods

Seasonal adjustment

were utilized to analyse and model TVGMFs.
The IGiK-TVGMF is freely available for non-commercial, scientific research and academic purposes via
https://github.com/Walyeldeen/Walyeldeen-Godah.

1. Introduction

The determination and the analysis of temporal mass variations
within the Earth system are one of the main scientific objectives in the
Earth science-related disciplines. The Gravity Recovery and Climate
Experiment (GRACE, e.g. Tapley et al., 2004) satellite mission launched
in March 2002 with its pioneering observation technology (satellite to
satellite tracking in a low-low mode) provides valuable data for the
determination of temporal variations of gravity/mass functionals
(TVGMFs). The distance between twin satellites following each other in
the same orbit is measured by K-band microwave ranging (KBR) in-
strument. The GRACE satellite mission was operated for three times
longer than its initial planned duration. In October 2017, GRACE sa-
tellites ran out of fuel, and the mission was terminated. However, it
emphasizes the need for the GRACE Follow-On (GRACE-FO) satellite
mission, which has been launched on 227 May 2018 (see https://
gracefo.jpl.nasa.gov/), for a long-term sustainable information on
TVGMFs. Besides GRACE satellite mission data, monthly Global Geo-
potential Models (GGMs) from kinematic orbits of low-Earth orbiting
satellites, e.g. the CHAllenging Minisatellite Payload (CHAMP; Reigber
et al., 2002) satellite mission (e.g. Weigelt et al., 2013) and non-dedi-
cated gravity satellite missions (e.g. Jason, Kompsat, MetOp, Sentinel,
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SWARM, TanDEM-X, TerraSAR-X; https://www.tugraz.at/institute/ifg/
projects/theoretical-geodesy-and-satellite-geodesy/tvgogo/), have also
been developed and utilized for the determination of TVGMFs. How-
ever, the use of GRACE KBR data currently yields the best monthly
GGMs, in terms of the accuracy and the spatial resolution of GGMs,
compared to the corresponding ones developed with the use of kine-
matic orbits, i.e. satellite to satellite tracking in a high-low mode data
(cf. Weigelt et al., 2013; Zehentner et al., 2014).

In order to determine and analyse TVGMFs using GGMs from
GRACE mission data, an appropriate computational tool is essentially
needed. In the last few decades, considerable contributions have been
devoted to compute gravity/mass functionals from GGMs using dif-
ferent computer programing languages, e.g. FORTRAN (e.g. Rapp,
1982; Tscherning et al., 1983; Holmes and Pavlis, 2006), Python (e.g.
Nielsen et al., 2012) and MATLAB (e.g. Kiamehr and Eshagh, 2008;
Bucha and Jandk, 2013). Moreover, several interactive online tools, e.g.
the International Centre for Global Earth Models (ICGEM; Barthelmes,
2016; http://icgem.gfz-potsdam.de/home), the CU (Colorado Uni-
versity) GRACE Data Portal; (http://geoid.colorado.edu/grace/), the
Australian National University GRACE visualization web portal
(Darbeheshti et al., 2013; http://grace.anu.edu.au/evasph.php) and the
European Gravity Service for Improved Emergence Management
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(EGSIEM; http://plot.egsiem.eu/) have been developed for the com-
putation of static GMFs and TVGMFs. The main limitations of currently
available softwares and interactive online tools developed for the
computation of static GMFs and TVGMFs can be ascribed as follows:

— The currently available softwares were mainly developed to de-
termine static gravity functionals. Thus, in order to compute
TVGMFs using these software, users may need to conduct a pre-
processing or modify GRACE-based GGMs. For example, users may
require to replace the second degree and order (d/o) spherical
harmonic coefficient of GRACE-based GGMs for each month.
Moreover, these softwares do not allow users to determine temporal
variations of mass functionals, e.g. the equivalent water thickness,
surface deformation and physical height changes, from GRACE-
based GGMs. Furthermore, for some of these softwares, users may
need to determine TVGMFs from GRACE-based GGMs month by
month, which would be very time and manpower consuming.

— Interactive online tools cannot be used without Internet connection.
Moreover, the computation time of TVGMFs using these interactive
online tools depends on the quality, e.g. the stability, speed, etc., of
the Internet. Additionally, available interactive online tools do not
include an option for the determination of some TVGMFs, e.g.
temporal variations of deflection of verticals, physical height
changes and temporal variations of surface deformations.

— These softwares and interactive online tools do not allow users
analyse and model TVGMFs.

Taking into the consideration these limitations, the main objective
and motivation of this contribution are to develop a novel MATLAB
package, named the IGiK-TVGMF (Instytut Geodezji i
Kartografii-TVGMF), for the determination, analysis and modelling of
TVGMFs. This MATLAB package allows users to compute and analyse
thirteen types of TVGMFs at a single point or a grid of points using
GRACE-based GGMs. The data and methods that are used to perform
the computation, and the analysis of those TVGMFs are described. An
overview discusses main features of the IGIK-TVGMF, is followed by
examples of results and validations of TVGMFs using the IGiK-TVGMF.

2. Data used

Since the launch of GRACE satellite mission, GGMs developed on
the basis of GRACE mission data of different time intervals, e.g.
monthly, weekly and daily interval, are provided by several computa-
tional centres. In the IGIK-TVGMF, the focus is on the latest release of
monthly GRACE-based GGMs from the GFZ (GeoForschungs Zentrum),
the CSR (Centre for Space Research) and the JPL (Jet Propulsion
Laboratory), the ITG (Institut fiir Geodésie und Geoinformation of Bonn
University), the AIUB (Astronomical Institute of Bern University), the
HUST (Huazhong University of Science and Technology) and the Tongji
(Tongji University). These GGMs were obtained from the ICGEM
(http://icgem.gfz-potsdam.de/ICGEM/ICGEM.html). They are specified
in Table 1. They are available as spherical harmonic coefficients, i.e.
Stokes coefficients (fully normalised) C,, and S}, developed up to a
certain d/o, ¢ and m, respectively.

Table 1
GRACE-based GGMs used in the IGIK-TVGMF.

Computation centres Maximum d/o Reference

AIUB Release 02 90 Meyer et al. (2016)

CSR Release 05 96 Bettadpur, 2013

GFZ Release 05 90 Dahle et al. (2014)
HUST-Grace2016 60 Zhou et al. (2017)
ITSG-Grace2016 120 Klinger et al. (2016)

JPL Release 05 60 Watkins and Yuan (2014)
Tongji Release 02 60 Chen et al. (2015)
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In addition to monthly GRACE-based GGMs in the IGiK-TVGMF,
load Love numbers are calculated using the Preliminary Reference
Earth Model (PREM; Dziewonski and Anderson, 1981). The numerical
values of load Love numbers were obtained from Wang et al. (2012).
Also, the monthly second d/o spherical harmonic coefficient C5, that
represents changes in the Earth's dynamic oblateness, is estimated from
GRACE, Ocean Bottom Pressure (GRACE-OBP) data with/without re-
storing the Glacial Isostatic Adjustment (GIA) signal (Sun et al., 2016)
and satellite laser ranging (SLR) data (Cheng et al., 2013). In order to
eliminate static components of gravity/mass functional (GMF), state-of-
the-art combined GGMs, i.e. the EGM2008 (Earth Gravitational Model
2008; Pavlis et al., 2012), the EIGEN-6C4 (European Improved Gravity
model of the Earth by New techniques; Forste et al., 2014), and the
GECO (GOCE and EGM2008 COmbined model; Gilardoni et al., 2016),
were used as reference models.

3. Methods

Two methods are implemented to develop the IGIK-TVGMF. The
first one concerns the determination of the TVGMF, while the second
one concerns the analysis and modelling of the TVGMF. In this section,
these two methods are specified.

3.1. The determination of the TVGMF

The fundamental theory concerning the determination of gravity/
mass functionals from spherical harmonic coefficients has widely been
presented in the geodetic textbooks (e.g. Heiskanen and Moritz, 1967;
Torge and Miiller, 2012) as well as by many authors (e.g. Wahr et al.,
1998; Kusche and Schrama, 2005). According to Barthelmes (2013),
functionals of the geopotential, e.g. the stationary part of the Earth's
gravitational potential W,, the disturbing potential T, the geoid height
N, the spherical approximation of gravity disturbance 8g;, and the
spherical approximation of gravity anomaly Agy,, at any point on and
above the Earth's surface, are expressed as follows:

GM fmax ¢ R £
Wagrip) = — Z (—) Py (sin @)(Cl, cos mA + S}, sin mA)
2=0 m=o ‘" (€]
oM G (g &
Toag) = — (7) Z Py (sin 9)(C, cos mA + Sk, sin mA)
r £=0 r m=0 (2)
P e ¢
GM & (R
Nogp = ———— (—) Py (sin @)(CL, cos mA + SZ, sin mA)
—NT (3a)
4 ¢ 8
max
NT = 2nGp R Z z P (sin 9)(CHE° cos mA + SpE° sin mA)
1A 2N e
(3b)
fon ¢ ¢
GM & (R .
5gm(r,/1’¢) = — z (7) €+1) E Py (sin @)(CP, cos mid
=0 m=0
+ S}, sin mA) @
fon ¢ ¢
GM & (R .
Agsa(r,/l,rp) = 7 Z (7) -1 EO By (sin ¢)(CeTm cos mi
€=0 m=
+ S}, sin mA) 6))
with
Cim = Ciyy — Ciwand S, = Siy — S (6)

where r, @, A are spherical geocentric coordinates of the computation
point, R is the reference radius, GM is the product of the Newtonian
gravitational constant G and the Earth's mass M, C5, and S5, denote
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Fig. 1. Temporal variation of geoid heights at point P (¢ = 52°N, A = 20°E, h = 0) from the TVGMF-Computation.

spherical harmonic coefficients of the normal gravity field, Cj2°and
SyP° are dimensionless spherical harmonic coefficients of the topo-
graphic potential obtained on the basis of fully normalised spherical
harmonic coefficients of the elevations (e.g. Pavlis et al., 2012; Eq. (33))
that determined from a global gridded topographic model, r, is the
geocentric radius of the computation point on the ellipsoid, y denotes
the normal gravity, p is the mass density and P, are the fully nor-
malised Legendre functions determined with the use of a recursive al-
gorithm (cf. Appendix A). It should be mentioned that in Eq. (6), zonal
coefficients of the spherical harmonic gravity model CZ%,O, ¢ =1,2,3,

AU
4, were obtained by rescaling the corresponding ones C,,, of the se-
lected reference system, e.g. GRS80, WGS84, as follows (e.g.
Barthelmes, 2013, p. 19, Eq. 111):

(=)
whereGMY and GM%M — geocentric gravitational constants of the re-
ference system and the GGM, respectively.RY and R°“™ — radii of the
Earth of the reference system and the GGM, respectively.In the IG-
iK-TVGM the interest is on TVGMF values instead of GMF values form
GRACE-based GGMs with respect to reference model, e.g. the
EGM2008, EIGEN-6C4, GECO. Thus, the differences AC),, ACy, and
ACT . AS? between spherical harmonic coefficients Cj CRACE), §PIGRACE)
from GRACE-based GGMs and Cjiref mod) gMRef mod) £rom 4 selected re-
ference model are as follows:

RU
RGGM

GMY

U AU
Caro = Cro X GMCM

)
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AC};’,, — C;ZEGRACE) _ C;rV’(chf. mod.)

A Sgr/n _ S;’ZEGRACE) _ C:er(lRef. mod.)

ACme — Cgly(lGRACE) _ C;JV;GRACE) _ (Cevi’y(lkef. mod.) __ C%Ref. mod.))

A Sg"m — SZVEGRACE) _ SZE'GRACE) _ (S;:y(lkeﬂ mod) __ SgUrisef. mod,)) 8)
where Cj{ORACE) | GLIGRACE) g CRef mod) - gHRet-mod) re regcaled (cf. Eq.

(7)) spherical harmonic coefficients of the normal gravity field of
GRACE-based GGMs and the reference GGM, respectively.

With the use of ACJ, and AS],, temporal variations of gravity
functionals (presented in Egs. (1)-(5)) are determined in the IG-
iK-TVGM as follows:

lmax €
AWl(r,/l,q;) = g z Z

€=0 m=0

( ) P (sin 9)(ACY, cos mA + AS), sin mA)

©)

¢ ¢
(5) Z P (sin 9)(ACE, cos mA + ASY, sin md)
;

m=0

&,
GM max
ATiagy = =— ),
r £=0

(10)
oM o ¢
ANG.g) = m ez;] ( e) mzo Py (sin )(ACE, cos mA
+ AS}, sin ma) an
GM &% (R
Aégm(m o= — Z;) (r) €+1) mz:O Py (sin 9)(ACE, cos md
+ AS}, sin mA) (12)
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Fig. 2. Analysis of temporal variations of geoid heights at point P (¢ = 52°N, A = 20°E, h = 0) for the period between January 2004 and December 2010 using the

TVGMF-Analysis (SA).

4 e ¢
GM & (R .
Ay = - Z (7) ¢-1 Z P (sin )(ACE, cos mA
€=0 m=0
+ AS}, sin mA) 13)

It should be noted that, in the IGiIK-TVGMF, AN are determined
instead of N. Thus, the contribution of geoid heights signal induced
from the topography, i.e. the term NT in Eq. (3a), is vanished com-
pletely. Moreover, the zero-degree term in gravity field parameters is
also eliminated. This is because the Earth mass M, the mass of the el-
lipsoid M, the potential of the geoid W° and the potential of the re-
ference ellipsoid U°, from the reference system, e.g. GRS80 or WGS84,
applied to determine GMFs from GRACE-based GGMs are equal to the
corresponding ones applied to determine GMFs from the reference
model.

Moreover, temporal variations of gravity gradient (2" vertical de-
rivative) AT,,, temporal variations of equivalent water thickness AEWT
and temporal variations of deflection of the vertical in north-south A¢
and east-west Ay components as well as temporal variations of surface
deformation in the east Ae, north An and up Ah components are com-
puted using AC, andAS},. The mathematical formulae used to de-
termine these TVGMFg are:

Temporal variations of gravity gradient (2°¢ vertical derivative)
(Torge and Miiller, 2012, p. 273, Eq. 6.138);

2nd

o e e
GM ‘Zax a
ATrron) = —5 Z ¢+ 1+ 2)(—) Z (Aach, cos ma
r =2 r m=0
+ AS}, sin mA) Py, (sin @) 14

Temporal variations of equivalent water thickness (Wahr et al.,
1998);

50

lmax €
AEW Ty o0y = p“"e z Z P, (sin ¢) (A m COS MA

+ AS},, sin m2) (15)

Temporal variations of deflection of the vertical in north-south and
in east-west components (Torge and Miiller, 2012, p. 273, Egs. 6.137a
and 6.137b);

¢ ¢ .
GM a 0P, (sin ¢)
A, 0= = Z (—) Z (AC},, cos mA + AS}, cos m/l)mT
=2 =0
(16)
P e
GM max
A _ mACE sin mA
n(r,q:,/l) rzy cos ezz ( ) mz:o ( ‘m
+ mAS}, cos mA) Py (sin @) 17

Temporal variations of surface deformation in east, north and up
components (Zhang et al., 2017);

3a X
Ae(r,(p,l) Pw Z Z mPé’m(SIH (P)
pave cos ¢ €=0 m=0

1 (—ACZ, sin mA

+ ASg,, cos mA) (18)
4
3ap, ¥ P, (s1n )
Ang oy = —— 2 Z Srem S0 @) > i N (ACS,, cos mA
ave ¢=0 m=0
+ mASg,, sin ma) (19)
3ap fmax
Ao = — Z z By (sin qo) (ACgm cos mA + AS},, sin mA)

Pave €=0 m=0

(20)
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Fig. 3. Temporal variations of EWT at a grid of 3° X 3° spatial resolution and mean height of zero located in the Amazon basin (bounded by parallels of 1.5°S and

10.5°S and meridians of 61.5°W and 70.5°W) from the TVGMF-Computation.

With surface density coefficients ACg,, and AS,, defined as

ACE,) _ Pue 2¢ +1[ACE,
ASg, |~

3p, 1+ ke | AS],
where a is the radius of the Earth (semi-major axis), h, k and [ denote
the load Love numbers, pq,. and p,, are the average density of the Earth
and the water density, respectively, and %;m@ are the 1% derivative

(21)

of the fully normalised Legendre functions with respect to ¢ that are
determined using a recursive algorithm (Bosch, 2000; Appendix A). It
should be noted that the 1% derivative of the fully normalised Legendre
functions defined by other authors, e.g. Tscherning (1983), cannot be
used at the poles (Bosch, 2000).

Assuming that temporal variations of ellipsoidal heights are re-
presented by temporal variations of surface deformations in the up
component, physical height (e.g. orthometric height) changes AH can
be estimated using Egs. (11) and (20) as follows (e.g. Godah et al.,
2017b, 2017¢):

AH = Ah — AN

It should be noted that Eq. (9)-(22) describe the computation of
TVGMFs over a single point. However, when the computation of
TVGMFs is performed over a grid, these equations will repeatedly be
used to compute TVGMFs at each point of that grid.

22)

3.3. Analysis and modelling of the TVGMF

Two methods, namely the seasonal adjustment (SA) method
(Findley et al., 1998), also called seasonal decomposition method (e.g.
Makridakis et al., 1998), and the Principal Component Analysis/Em-
pirical Orthogonal Function (PCA/EOF) method (e.g. Jolliffe, 2002),
were implemented in the IGiK-TVGMF to analyse and model the
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TVGMF. The fundamentals and the usefulness of these methods for the
analysis and modelling of time series of the TVGMF were demonstrated
by several authors (e.g. Rangelova, 2007; Forootan, 2014; Krynski
et al., 2014; Godah et al., 2017a, 2018).

The main objective of the PCA/EOF is to reduce the dimensionality
of the data vector and to identify the most important patterns ex-
plaining the variability within the data. It also aims at finding optimal
orthogonal directions along which the observation values are maxi-
mally distributed. The PCA/EOF is considered among the most popular
second order analysis techniques that have been used to extract domi-
nant patterns from time series of geophysical data (e.g. Forootan,
2014). On the other hand, the main goal of the SA method is to de-
compose the time series signal into three components, i.e. Trend, Sea-
sonal and Random components. Two models of the SA method (1)
additive model (i.e. Trend + Seasonal + Random) and (2) Multi-
plicative model (i.e. Trend X Seasonal X Random) were defined (e.g.
Makridakis et al., 1998). The additive model is suitable for time-series
data of relatively constant seasonal variations. On the other hand, the
multiplicative model is useful when the seasonal variation increases
over time (ibid).

The SA method decomposes the TVGMF in the time domain, while
the PCA/EOF method analyzes the TVGMF in the spatio-temporal do-
main. The main advantage of the PCA/EOF method compared to the SA
method is that patterns in TVGMF can spatially be illustrated. The PCA/
EOF method also superior the SA method for areas characterized with
insignificant variation patterns of TVGMFs in the space domain (e.g.
Godah et al., 2017a, 2018). On the other hand, the SA method performs
slightly better than the PCA/EOF when there is a significant variation of
TVGMF patterns in the space domain (see. Godah et al., 2017c).

The detailed algorithms and steps concerning the implementation of
the SA method and the PCA/EOF method for the analysis and the
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Fig. 4. Analysis of temporal variations of EWT at the Amazon basin (bounded by parallels of 1.5°S and 10.5°S and meridians of 61.5°W and 70.5°W) for the period
between January 2004 and December 2010 using the TVGMF-Analysis (PCA/EOF).

modelling of TVGMFs were given in Godah et al. (2017a, 2018).
However, in this section, these methods are described as far as they are
relevant to the IGiK-TVGMF.

The seasonal variations of gravity/mass functionals are induced
from the mass transport and mass distribution within the Earth system.
In regional and global scales, amplitudes of such seasonal variations do
not significantly increase over a couple of decades (e.g. Ik et al., 2004;
Jin, 2013). Thus, TVGMFs can be linked additively, and the additive
model of the SA method can be applied. The TVGMF is decomposed into

TVGMF =LT + S + E (23)

where S denotes a seasonal component, LT is a long term/trend com-
ponent and E is an unmodelled component.

The periodicities in TVGMF time series were estimated using peri-
odogram values P that are computed as follows (see Eq. (13.1.4) in Wei,
2006; p. 290):

= (a2 + b)) L
R = (@l +b)3 8
where a and b are Fourier coefficients, i denotes the month and q is the
number of elements in the time series investigated.

The TVGMF™°%!A) model in the SA method is developed as the

sum of seasonal and long term/trend components
TVGMF™%l6® = IT + 3, (25)

In the PCA/EOF method, TVGMEF; time series for points of the grid is
constructed to the matrix U. This matrix can be represented by the

product of two matrices V and P,
U=VP +¢ (26)

where V consists of principal component analysis (PCA) modes, P is the
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loading matrix that defines the EOF loading patterns and reflects con-
tributions of original variables to various PCA modes, and the matrix &
are unmodelled parts of TVGMF.

The PCA/EOF method relies on finding matrices P and V. In the
IGiK-TVGMF, these matrices were estimated using the SVD (Singular
Value Decomposition) algorithm. The fraction of the total variance of
TVGMF reflected by the PCA mode j was estimated as follows:

4 G =123, .0
gj ) = 1,4,5, ...,
A

(27)
where A; denotes the eigenvalue estimated from TVGMF, t is the
number of points of the grid and variable A is the total variance of
TVGMF.

The TVGMF™04eIPCA/EOR) 5dels developed with the use of the
PCA/EOF method were obtained as

t
TVGMFmodel(PCA/EOF) — Z PCAS'EOFS

s=1

28)

4. Overview of the IGiK-TVGMF

The IGiK-TVGMF comprises of three graphical user interfaces
(GUIs) developed with the use of a MATLAB R2017a App Designer (cf.
https://www.mathworks.com/products/matlab/app-designer.html).
The first GUI, named the TVGMF-Computation (cf. Figs. 1 and 3), is the
main interface of the IGiIK-TVGMF. In this GUI, thirteen TVGMFs can be
determined at an individual point or a set of points, i.e. a grid of points,
using GRACE-based GGMs from seven different computation centres
(cf. Table 1). Different parameters, e.g. the Degree-2 (Cs), the re-
ference model, the reference system and the maximum d/o, can be
specified in this GUI. Moreover, in the TVGMF-Computation,
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Fig. 5. The differences between AN obtained from (a) the IGIK-TVGMF and GRAVSOFT, i.e. ANig_gr (b) the IGIK-TVGMF and ICGEM CS, i.e. ANjg_ic, and (c) the

GRAVSOFT and ICGEM CS, i.e. ANgg_ic.

Table 2
Statistics of ANjg_gr, ANjg_ic and ANgg_ic (m).
Min Max Mean Std.
ANjg_cr = ANgix-vemr) — AN(GRAVSOFT) —0.00019 0.00014 -0.00002 0.00006
ANig_1c = AN(gik-Tvamr) — ANacGem cs) —0.00091 0.00088 0.00000 0.00014
ANgric = AN(Gravsorr) — ANuccem cs) —0.00084 0.00092 0.00002 0.00015
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Table 3
The parameters applied in the TVGMF-Computation to validate TVGMFs.
TVGMF Computation centres Degree-2 (Cz0) Reference Model Reference System Maximum d/o Filter
Geoid heights GFZ Release 05 SLR data EIGEN-6C4 WGS84 60 DDK3
Equivalent water thickness GFZ Release 05 SLR data EIGEN-6C4 WGS84 60 DDK2
Gravity disturbance GFZ Release 05 GRACE data EGM2008 GRS80 90 DDK1
Gravity anomalies GFZ Release 05 GRACE data EGM2008 GRS80 20 DDK1
Deflections of the vertical (east-west component) GFZ Release 05 GRACE data GECO GRS80 90 DDK1
Gravity gradients (the 2" vertical derivative) GFZ Release 05 GRACE data GECO GRS80 90 DDK1
Deflections of the vertical (north-south component) GFZ Release 05 GRACE data GECO GRS80 90 DDK1
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Fig. 6. Temporal variations of geoid heights AN at ¢ = 53.5° and A = 16.5°
from the IGiIK-TVGMF (red line) and the ICGEM G>-Browser (blue line). (For
interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)
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Fig. 7. Temporal variations of equivalent water thickness AEWT at ¢ = 52.47°
and A = 21.03° from the IGiK-TVGMF (red line) and the ICGEM G>-Browser
(blue line). (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

decorrelation filters, i.e. DDK1, DDK2, ..., and DDKS, (cf. Kusche et al.,
2009), as well as the Gaussian filter of radius from 0 to 1000 km, can be
applied to reduce noise, i.e. the north-south striped patterns, included
in GRACE-based GGMs. The computed values of TVGMFs and the ap-
plied Gaussian filter can be visualized in panels of the TVGMF-Com-
putation. The second and third GUIs, named the TVGMF-Analysis
(PCA/EOF) and the TVGMF-Analysis (SA), respectively, were devel-
oped to analyse and model the TVGMF (cf. Figs. 2 and 4). In the current
version of the IGIK-TVGMF, only data without gaps can be analysed
using the SA and PCA/EOF methods. The components of TVGMF, the
percentages of total variance, 1% and 2™ PCAs/EOFs and TVGMF data
used in the analysis together with their model can be depicted in the
panels of the TVGMF-Analysis (SA) and TVGMF-Analysis (PCA/EOF).
In all those GUIs, numerical results with their metadata obtained from
the computation or from the analysis can be saved as text files in an
arbitrary folder specified by the user. The IGIK-TVGMF is optimized
and tested on Microsoft Windows operating system. However, it might
also be operated on Mac and Linux/Unix's operation systems.
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Fig. 8. Temporal variations of gravity disturbance Adg,, at ¢ = 52.47° and
A = 21.03° from the IGIK-TVGMF (red line) and the GRAVSOFT package (blue
line). (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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Fig. 9. Temporal variations of gravity anomalies AAg, at ¢ = 52.47° and
A = 21.03° from the IGiK-TVGMF (red line) and the GRAVSOFT package (blue

line). (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

4. Examples of results of the IGiIK-TVGMF

The implementation of the IGIK-TVGMF is exemplarily demon-
strated. Two case studies were considered. They are conducted using a
desktop computer equipped with an AMD FX (tm)-8350 Eight-Core
processor and 16 GB of RAM (Random Access Memory). In the first case
study, temporal variations of geoid heights at point P (¢ = 52°N,
A = 20°E, h = 0) were determined and analysed. The parameters: (a)
Computation Centre “GFZ Release 05, (b) Degree-2 (Cy) “SLR data”,
(c) Reference Model “EGM2008“, (d) Reference System “GRS80“, (e)
Maximum d/o “60” and (f) Filter “Decorrelation (DDK3)“, were chosen
in the TVGMF-Computation (Fig. 1). The resulting time series of geoid
heights variations are depicted in the upper-right panel in Fig. 1. Since
the decorrelation filter is used, Gaussian filter coefficient values illu-
strated in the lower-right panel in Fig. 1 appear as a horizontal line of
constant values equal to one. This computation indicates that the
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Fig. 10. Temporal variations of deflections of the vertical (east-west compo-
nent) Ay at @ = 52.47° and A = 21.03° from the IGiK-TVGMF (red line) and the
GRAVSOFT package (blue line). (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 11. Temporal variations of gravity gradients (the 2"¢ vertical derivative)
AT, at @ = 2.163°S and A = 55.126°W from the IGiK-TVGMF (red line) and the
GRAVSOFT package (blue line). (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 12. Temporal variations of deflections of the vertical (north-south com-
ponent) A¢ at the ¢ = 2.163°S and A = 55.126°W from the IGiIK-TVGMF (red
line) and the GRAVSOFT package (blue line). (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of
this article.)

elapsed time to compute TVGMFs at a single point using the
TVGMF-Computation is ca. 32s.

The determined temporal variations of geoid heights were analysed
using the TVGMF-Analysis (SA). It should be noted that RLO5 GRACE-
based GGMs from the official GRACE Science Data System, i.e. CSR,
GFZ and JPL, without gaps are available for the period from January
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2004 to December 2010; for the remaining period, some gaps occur.
Thus, temporal variations of geoid heights, for the period between
January 2004 and December 2010, obtained at point P, were chosen for
the analysis. Fig. 2 depicts the outcomes of the analysis. It consists of
four panels that shows components of temporal variation of geoid
heights, i.e. seasonal, long term/trend and unmodelled components, as
well as temporal variations of geoid heights data and their model.

In the second case study, a grid of 3° x 3° spatial resolution and
mean height of zero located in the Amazon basin, bounded by parallels
of 1.5°S and 10.5°S and meridians of 61.5°W and 70.5°W, is considered.
The temporal variations of EWT for this grid were determined using the
TVGMF-Computation and the parameters: (a) Computation Centre
“CSR Release 05“, (b) Degree-2 (C50) “GRACE data”, (c) Reference
Model “GECO”, (d) Reference System “WGS84“, (e) Maximum d/o
“60“, (f) Filter “Gaussian” and (g) Gaussian Filter Radius “500 km”
(Fig. 3). Fig. 3 shows mean values of AEWT over the grid and the plot of
Gaussian filter values coefficient. Moreover, the resulting temporal
variations of EWT, for the period between January 2004 and December
2010, were analysed using the TVGMF-Analysis (PCA/EOF). Fig. 4 il-
lustrates percentages of total variance of temporal variations of EWT,
the first and second PCAs and EOFs. It also shows temporal variations of
EWT data and their model for the point with ID number of eleven.

4.1. Examples of the validation of TVGMFs determined with use of the
IGiK-TVGMF

Firstly, a comparison between TVGMFs from the IGiK-TVGMF,
GRAVSOFT and ICGEM CS (ICGEM Calculation Service; http://icgem.
gfz-potsdam.de/calc) has been conducted. As an example, geoid heights
for March 2005 and September 2005 are determined at a global grid of
3° x 3° spatial resolution using GFZ GRACE-based GGMs truncated at
d/o 60, the DDKS filter, C,o from GRACE data, GRS80 and these three
softwares. The differences between resulting geoid heights are obtained
as follows:

29

AIV(IGiK—TVGMF) =N IGiK-TVGMF (Mar. 2005) — N IGiK-TVGMF (Sep. 2005)

ANGravsorr) = N GrAVSOFT (Mar. 2005) = N GRAVSOFT (sep. 2005) (30)

(31)

AIV(ICGEM cs) = N ICGEM CS (Mar. 2005) — N ICGEM CS (Sep. 2005)

The AN(GrAVSOFT)s
ANi_ic = ANggik-rvemr) — ANuccem cs) and ANgr-ic = AN(GravsorT) —
ANqcgem cs) are obtained and depicted in Fig. 5. The statistics of these
differences are given in Table 2.

The results presented in Fig. 5 and Table 2 reveal that the differ-
ences, in terms of maximum and minimum values, between AN ob-
tained from the IGiK-TVGMF, GRAVSOFT and ICGEM CS are at the
level of sub-millimetre. They also indicate that mean values and stan-
dard deviations of the differences between AN obtained from these
three softwares are at the level 0.02mm and 0.1 mm, respectively.
Fig. 5 exhibits vertical stripes when comparing AN obtained from IG-
iK-TVGMF and from GRAVSOFT with the corresponding ones obtained
from ICGEM CS. The main reason for these stripes might be ascribed to
the fact that in the ICGEM CS, low pass filtering of gravity field models
by gently cutting the spherical harmonic coefficients (cf. ftp://ftp.gfz-
potsdam.de/home/sf/bar/OldPublications/gentlecut_engl.pdf) is com-
pulsory applied. Overall, the results presented in Fig. 5 and Table 2
emphasize that AN from IGiK-TVGMF are conformable to the corre-
sponding ones from the GRAVSOFT.

Secondly, seven time series of TVGMFs from the IGiK-TVGMF were
validated with the corresponding ones from the GRAVSOFT package
(Tscherning et al., 1992) and the ICGEM G®-Browser (Barthelmes,
2016). Table 3 summaries the parameters applied in the
TVGMF-Computation to determine these TVGMFs. Temporal variations
of geoid heights are obtained at ¢ = 53.5° and A = 16.5° (cf. Godah
et al., 2017b), while temporal variations of gravity gradients (the 24

differences ANjg_gr = ANggik-Tvemp) —
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Table 4
Statistics of the differences between TVGMF from the IGiIK-TVGMF and the corresponding ones from the GRAVSOFT or ICGEM G>-Browser (cf. Fig. 6-12).
TVGMF Unit Min Max Mean Std.
IGiK-TVGMF vs. ICGEM G>-Browser AN m —0.0005 0.0007 -5x10"'® 0.0002
AEWT m —0.0172 0.0162 -8x107" 0.0070
IGiK-TVGMF vs. GRAVSOFT Ag mGal -1x10"% 1x107% -7x107Y 6 x107%
Agsa mGal -7 %x107% 7 x 107% —4x1071° 3x107%
Ay arcsec -9x10°% 1x10°% -3 x1071° 4x107%
Ag arcsec -9 x107% 7 x107% -5x10"Y 3x107%
AT,, E6tvos -5x107% 4x107% —1x1071° 3x10°%

vertical derivative) and temporal variations of deflections of the ver-
tical (north-south component) were determined at ¢ = 2.163°S and
A = 55.126°W. The remaining TVGMFs validated (see Table 3) were
obtained at ¢ = 52.47° and A = 21.03° (cf. Godah et al., 2016). It
should be noted that, in Table 3, the parameters utilized to validate
temporal variations of gravity gradients (the 2°¢ vertical derivative)
and temporal variations of deflections of the vertical (north-south
component) were arbitrary chosen. For the remaining TVGMFs, the
selection of these parameters was based on previous investigations
conducted in Godah et al. (2016; 2017a; 2017b; 2018). The results of
the validation are shown in Figs. 6-12. The statistics of the differences
between TVGMFs from the IGiK-TVGMF and the corresponding ones
from the GRAVSOFT or from the ICGEM G>-Browser are summarized in
Table 4.

The results presented in Figs. 6 and 7 and Table 4 exhibit a very
good agreement between the IGiK-TVGMF and the ICGEM G>-Browser.
They reveal that standard deviations of the differences between
TVGMFs from IGiK-TVGMF and the respective ones from the ICGEM
G>-Browser are at the level of sub-millimetre for the geoid height and
sub-centimetre for the equivalent water thickness. They also indicate
that the differences, in terms of maximum and minimum values, can
reach 0.7mm and —1.7 cm for the geoid height and the equivalent
water thickness, respectively. The reason for these differences might be
due to the effect of the aforementioned guntelcut filter applied in the
ICGEM solutions. Figs. 8-11 and Table 4 reveal that the differences
between the corresponding Ag;,, Ag, AT, and Ay from the IGiK-TVGMF
and the GRAVSOFT are within or beneath numerical values that can be
provided by the GRAVSOFT, i.e. 1 X 10~ * or 4-decimals. Thus, these
differences can be considered negligible. For some months, e.g. March
2011, slightly large, e.g. —9 x 10~ *, differences between A& obtained
from the IGIK-TVGMF and the corresponding ones from the GRAVSOFT

were observed (see Fig. 12). This might be due to the fact that %;iw)

used in the IGIK-TVGMF are based on the Bosch (2000) while %jw)
used in the GRAVSOFT are based on the derivation given in Tscherning
et al. (1983). However, Fig. 12 and Table 4 reveal that seasonal and the
trend patterns in A¢ obtained from the IGIK-TVGMF and the corre-
sponding ones from the GRAVSOFT do not change significantly and
standard deviations of the differences between A& obtained from these
softwares do not exceed 3 x 10~ * arcsec. Overall, they indicate that to
some extend A¢ obtained from the IGIK-TVGMF agree with the corre-
sponding ones obtained from the GRAVSOFT.

Appendix B. Supplementary data

5. Conclusions and future developments

In this contribution, the IGiK-TVGMF, which is a new MATLAB
package, for the determination and the analysis of temporal variations
of gravity and mass functionals using GRACE-based GGMs is presented.
It handles all available monthly GRACE-based GGMs from seven com-
putational centres. The IGiK-TVGMF can be easily updated by in-
cluding new GGMs developed from GRACE/GRACE-FO mission data
and new degree-2 (C,o) data estimated from satellite laser ranging and
ocean bottom pressure data. The differences between temporal varia-
tions of gravity/mass functionals from the IGiK-TVGMF and the cor-
responding ones from the GRAVSOFT package, the ICGEM CS and the
ICGEM G°-Browser are merely negligible. Overall, the IGIK-TVGMF
overcomes some of the limitations of currently available softwares and
interactive online tools developed for the computation and the analysis
of TVGMFs. However, since the IGiK-TVGMF has been developed using
MATLAB scripting language, it may perform slower compared to other
softwares developed using high-level languages, e.g. FORTRAN, that
can be compiled into the machine language and interactive online tools
developed using the hypertext markup language. Thus, further im-
provements concerning the performance of the IGiK-TVGMF would be
needed in the future research.

The IGIK-TVGMF is available as an open source that can be redis-
tributed and/or modified under the terms of the GNU Library General
Public License 3. Currently, the IGiK-TVGMF, including MATLAB
functions and input datasets, is available at: https://github.com/
Walyeldeen/Walyeldeen-Godah. The near future plan is to make it
available via other sustained repository such as the repository of the
Institute of Geodesy and Cartography (IGiK), Warsaw, Poland (http://
www.igik.edu.pl/) and the European Observation System-Poland
(EPOS-PL; https://epos-pl.eu/).
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Appendix A

The normalised associated Legendre functions P, (sin ¢), up to d/o 120, are obtained as follows (e.g. Borre, 2008):
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Py (sin ¢) = 1.0
Py (sin ) = /3 cos ¢
Po(sing) = \[2X1 cos pPr—1o-1(sin @)

Em(sin g) = [ =080 cos pFs_y i (sin @)

_ e+ +m-1)(E-m—
(26 = 3)(¢ + m)(& —m)

D cos @Pr—ym(sin @)

The %:W) are obtained as follows (Bosch, 2000):

forl<m< ¢
% =JE@+mE@—-m+ 1P,
—JE+m+ 1€ —m)Pms1
form =0
OPoo _
T =0
OPo _ _ [e(€+1)
== n,
form =1
8
Tt = P
a
250 = Je + Do~ € = D + 2Py
andform =¢ > 1
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