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Abstract

The incorporation of the newly available satellite data of GOCE and GRACE missions into
global geopotential model solutions provides valuable information on the low to medium
frequency band of the gravity field spectrum, an important connection to height datum
control and unification. The use of this enriched contribution to existing national height
systems quality control will reveal the well known inconsistencies in previous vertical
network establishment methods, as well as strengthen the connection solution between
adjacent national networks.

The quality control of the vertical network in Attica region (Central Greece) is evaluated
in the present study. Collocated GPS/levelling and gravity observation points are utilized
with emphasis to trigonometric benchmarks and height reference sites. A spectral enhanced
combination scheme is used for the network quality investigation based on the frequency
content of pure satellite solutions (GOCE and GRACE) and combined satellite and ground
global geopotential model solutions of high degree of expansion. Detailed DTM (Digital
Terrain Model) information is incorporated in order to estimate Residual Terrain Model
(RTM) effects, leading to an expansion degree of 648,000 (1 arcsec). Finally, detailed
information about the quality of the height network in Attica is presented in conjunction
to proposals towards the establishment of a new height network.

Keywords
GOCE/CHAMP satellites * GPS/levelling « Height network control ¢ Spectral enhanced
method

Approximately 11,000 km of traverses and 11,000 vertical
control benchmarks comprise the Greek vertical network.
The tide gauge in Piraeus harbor is the fundamental control

The first-order vertical control network of Greece was estab-
lished and measured by the Hellenic Military Geographi-
cal Service from 1963 to 1986 (Milona-Kotroyianni 1989).
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point of the network. The establishment of the Hellenic
Vertical Network was based on sea level changes obser-
vations at the reference tide gauge and no W, estimation
was performed. On the other hand, the first order Hellenic
triangulation network has some height information, due to a
limited number of trigonometric leveling lines. This vertical
information has not been validated since its creation. The
validation of the vertical reference network before the estab-
lishment of the European interconnection is thus essential.
A first thorough validation of the Hellenic triangulation net-
work using EGM2008 (Pavlis et al. 2008) was performed by
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Kotsakis et al. (2010) using GPS data from Hellenic Position-
ing System (HEPOS; Gianniou 2008) and the leveling infor-
mation of selected pillars. Recent regional studies were also
performed by Vergos et al. (2014), Andritsanos et al. (2015),
Vergos et al. (2015) using combination solutions of recent
Global Geopotential Models (GGMs) from GOCE mission.

In the present study, the validation of recent (2014-2016)
GOCE/GRACE/CHAMP geopotential models at newly mea-
sured GPS/Leveling benchmarks of Central Greece is per-
formed. Within this validation, the confirmation of low
frequency spectrum improvement through the assimilation
of low degree harmonics of satellite missions is proven.
Detailed terrain information using Advanced Spaceborne
Thermal Emission and Reflection Radiometer (ASTER) and
Shuttle Radar Topography Mission (STRM) mission data for
the Residual Terrain Model (RTM) effect computation is take
into account. The paper comprises three sections. Section 2
presents the methodology followed and the data availability
and Sect. 3 describes the results of the study. The conclusions
are given in Sect. 4.

2 Methodology and Data

2.1 Data Availability and Test Area

2.1.1 GPS/Levelling Information

Newly available campaigns in Attica were carried out during
the last 2 years with 59 GPS/Levelling benchmarks used
as test control points. Trigonometric pillars of the Greek
Triangulation Network as well as height reference sites of
the Hellenic Vertical Network were utilized in this study. The
orthometric height of the abovementioned sites were com-
puted using classical spirit leveling (height reference sites)
as well as trigonometric leveling (pillars) and are part of
the Hellenic Vertical Network, measured and evaluated from
1960 to 1989 (Milona-Kotroyianni 1989). The accuracy of
the orthometric heights used is largely unknown since there
is not any scientific publication on the adjustment proce-
dure available. Based on its documentation, the orthometric
heights of the Hellenic Vertical Network refer to a mean-tide
system (IERS Conversions 2010). The geometric heights on
these sites were measured using GPS observations during the
last 2 years with an estimated accuracy at the level of 2—
5 cm and 1-2 cm in the horizontal position. The estimated
benchmarks coordinates from GNSS observations refer to
the ITRF2008 reference system (epoch 2011.0). The loca-
tions of the test points of this study are presented in Fig. 1.

2.1.2 Geopotential Model Availability

The geoid height information was obtained by the use of
12 newly available Global Geopotential Models (GGMs)
published during the last 2 years (2014-2016). These models
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were used to their maximum degree and order (d/o). They
incorporate satellite only or combined information (satellite
and ground observations). The satellite models are divided to
GOCE only models, GOCE, GRACE and CHAMP models
and GRACE only or GRACE/GOCE models. EGM2008
(Pavlis et al. 2008) is used as reference model in the vali-
dation up to its maximum degree of expansion (2190). The
detailed information of the 12 GGMs used in this study is
presented in Table 1.

2.1.3 Detailed Terrain Information

The terrain effects on geoid height information were
taken into account using satellite derived DTMs. Data
from Advanced Spaceborne Thermal Emission and
Reflection Radiometer (ASTER) mission and Shuttle Radar
Topography Mission (SRTM) were utilized in terrain
representation. The 1 arcsec resolution of the terrain
information led to an increased accuracy on the computation
of the masses effect on the geoid. It is the first time that
this high terrain resolution is used in the area under study.
The differences between the heights of the two DTMs are
presented in Table 2 where a mean difference of —3.6 m
and a std. of +8.2 m are noticed. These results are expected
due to the different satellite measurement procedure of each
mission. In addition, ASTER and SRTM mission internal
accuracy reaches the level of ten of meters (namely, 20 m
and =16 m).

2.2 Combination Scheme and Validation
Procedure
2.2.1 DataPreprocessing and Datum Concept

The most important aspect in geodetic data combination
techniques is the homogeneity of the reference systems used
in the heterogeneous measurements. GPS observations for
the horizontal positioning as well as for the ellipsoid height
estimation, classical leveling techniques for the orthometric
height estimation and GGM geoid heights must refer to a
common system as accurately as possible. The horizontal
positions refer to WGS84 global system. As far as the
vertical position is concerned, the adopted tide system is
also of great importance. WGS84/ITRF uses the tide-free
system while geoid height from certain models refers to
zero-tide system (ITU-GRACE16, ITU-GGC16, GOCOO05C,
GOCOO05S, GGMO5C and GGMOS5G). In this study, the
“conventional tide-free system” (IERS Conventions 2010) is
used. The zero-tide geoid heights were transformed to the
tide-free system according to:
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Fig. 1 The locations of the 23°00'
GPS/Levelling benchmarks in
Attica

38730

38°00'

23°00
Table 1 The 12 GGMs used for the geoid height information

Satellite used Model name
GOCE only models DIR ver. 4
DIR ver. 5
SPW ver. 4
TIM ver. 4
TIM ver. 5
GOCE, GRACE and CHAMP EIGEN-6s4
GOCO05¢
GOCO05s
GRACE and GRACE/GOCE GGMO05c¢
GGMO05g
ITU-GGC16
ITU-GRACE16

Table 2 Difference between ASTER and SRTM-1 1 arcsec DTMs

(m) max min mean rms sd
ASTER-SRTM1 167 —302 —3.628 7.379 8.223
Units in m

where §C/{ is the 2nd degree harmonic coefficient of the
disturbing potential in the tide-free system and §C/; is the
respective coefficient in the zero-tide system. The residual
part of the equation is derived from the ellipsoid model con-
stants and the position and mean gravity of the computation
point (IERS Conventions 2010).

23°30' 24°00'

38°30'
38°00
23°30" 24°00'
Max degree
of expansion Citation
260 Bruinsma et al. (2013) .y
300 Bruinsma et al. (2013)
280 Gatti et al. (2014)
250 Patbeta-204H6
280 Brockmann et al. (2014)
300 Férste-andBratasma (2010) 32
720 Pail et al. (2016)
280 Mayer-Giirr et al. (2015)
360 Ries et al. (2016) 33
240 Bettadpur et al. (2015)
280 Akyilmaz et al. (2016a)
180 Akyilmaz et al. (2016b)

The mean-tide orthometric heights (Hyr) of the Hellenic 118
Vertical Datum were also transformed to the tide-free system 119
(Hrp) according to Ekman (1989): &2

Hrr = Hyr + (1 + k) (9.9 —29.6sin’p) [cm]  (2)

where k is the Love number and ¢ is the geodetic latitude of 121
the point. The final complete contribution of the GGM to a 122
specific degree was computed using: 123

A
Noou =t +No+ S8 H 3)
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where —0.4376m is the zero—degree harmonic on
geoid heights w.r.t. WGS84, and the A;'B H is the height
anomaly to geoid height conversion term. The height
anomaly ¢ was computed from each model coefficients
as:

GM n max a\n n
o= S
X (8C pm cosmA + 88, sinmA) P,y (cos 9)
“4)

where r,%, A are the spherical coordinates of the point, y
is the normal gravity of the point and §C,,, §Sym, Pnm are
the normalized spherical harmonic coefficients and Legendre
functions of n degree and m order.

2.2.2 Combination Scheme and Heights
Validation

The quality control of the GPS/Levelling benchmarks
in Attica was achieved using a spectral enhancement
approach (Vergos et al. 2014). In this method, EGM2008
is chosen as the reference GGM and the contribution of
various GOCE/GRACE/CHAMP and surface gravity GGMs
is taken into account in the low to medium frequency
band. This enrichment of EGM2008 is calculated using
an appropriate degree-step procedure. In this manner,
the improvement of the newly available GGM can be
considered w.r.t. the expansion degree of the tested model.
In detail, the enhancement method can be divided into three
steps:

Step a = Geoid height of tested GGM i (Nf) is computed
to a maximum degree of expansion n;.

Step b = Reference model EGM2008 (NFGM2008) i5 ysed
to fill-in medium and high frequency content (up to degree
2,190).

Step ¢ = Residual Terrain Modelling (NR™) effects
complete the high and ultra high frequency information.

The residual geoid heights were computed using the
following equation:

AN = NGPS/LeV _ _ NRTM _ N(]

&)

i EGM?2008 |2190
N 2 N ni+1

A 10 degree step was used in the incorporation of the
newly available test model information to the complete geoid
spectrum. The signal of EGM2008 was substituted by the
signal of the satellite-based model in successive different
bands of the gravity spectrum from degree 2 to the maximum
degree of the satellite model using the abovementioned
degree step.
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2.2.3 RTM Effects Consideration

The 1 arcsec detailed DTM information integrates the geoid
signal to an expansion degree 648,000. The omission error
in this combination procedure is below 1 mm based on
the behavior of EGM2008 omission error model. The RTM
effects computed from ASTER and SRTM1 DTMs are iden-
tical and the differences in the terrain effect to the geoid
height are insignificant. The estimated RTM effects at the 59
GPS/Levelling benchmarks are presented in Fig. 2.

As seen from Fig. 2 the RTM effect to the geoid heights is
below 3 mm, due to the small discrepancies of the terrain
from the reference DTM used in the computations. This
reference DTM is a mean surface used in RTM effects com-
putations. A 5 arcmin resolution is chosen for this reference
DTM according to the maximum degree of the geopotential
model used.

3 Results and Discussion

The incorporation of the newly available models in
EGM2008 signal resulted to improved statistics of the
differences between GGM geoid heights and GPS/Levelling
geoid heights at the tested benchmarks in Attica. Specifically,
the assimilation of the frequency band 100-160 degree led to
a significant improvement. The detailed model combination
results are presented as follows.

3.1 GOCE Only Models

Both DIR, TIM and SPW GOCE solutions contributed sig-
nificantly to the improvement of the EGM2008 geoid sig-
nal. In particular, when replacing the frequency content of
EGM2008 at the low and medium band (maximum degree
between 100 and 160) the improvement reached 1-2 cm in
terms of the std. (standard deviation) of the differences at the
benchmarks. In Fig. 3, the results of the assimilation of TIM-
based solutions (version 4 and version 5) to the EGM2008
signal is presented.

The incorporation of GOCE TIM-R4 signal to the
EGM2008 up to the maximum degree of 100-160 band
led to improved statistics in terms of sd of the differences.
For the frequency band 160-220, the results showed no
difference with pure EGM2008 solution. In addition, the
same improvement is noticed when the maximum degree
of GOCE TIM-R4 model reached the 220-240 band.
The 5th release of the model, although it incorporates
more coefficients (maximum degree 280), showed that the
assimilation of TIM-RS signal above degree 240 led to worst
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Fig. 2 The estimated RTM effects to the geoid height signal of the GPS/Levelling benchmarks using ASTER 1 arcsec DTM
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Fig. 3 The sd of the differences from the assimilation of GOCE TIM-R4 model (left) and GOCE TIM-R5 model (right) to the EGM2008 signal

results (see Fig. 3—right part). Similar results were noticed
in all GOCE- only models. The incorporation of higher
harmonics of the test models to the combination solution led
to worst statistics. The differences at the 59 GPS/Leveling
points are presented in Fig. 4. The maximum degree of the
test model is 140 and 300, respectively (GOCE DIR ver. 5
model).

3.2 GOCE, GRACE and CHAMP Satellite
and Combined Models

In this type of model, a constant improvement in the statis-
tics of the differences at the GPS/Levelling benchmarks
is noticed. The major improvement can be seen at the
assimilation band of 100-160 degree. It is worth emphasiz-
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Differences at benchmarks (go_cons_gcf_2_dir_r5 n=300)
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Fig. 4 Differences at the benchmarks using nmax = 140 (left part) and nmax = 300 (right part) in the assimilation of GOCE DIR-R5 model to

EGM2008 signal

Differences Ngps—Ngocoosc comb

0.25 i 1

0.20
E ]
o 0.15
[&] p
ﬂ:) - | — i —— | — — | — —— | | — —— o —— — —— — —— ]
E "'"3"-/\-...\‘_'____ ,4“-"-../-'\/"\/1 ™ =TT T NN B A
Bt ]
S 0.10
o] 4
7]

0.05 -

] Earth Gravity Model
— egm2008
goco05¢ combined
0.00 | T T T

0 40

80 120 160 200 240 280 320 360 400 440 480 520 560 600 640

680 720

Geopotential degree

Fig. 5 The sd of the differences from the assimilation of GOCO05C model to the EGM2008 signal

ing the case of the GOCOO5C model whereby the surface
gravity data enriched the geoid signal in a manner that the
assimilation of GOCOO05C signal to EGM2008 heights led
to statistical improvement regardless the maximum degree
of expansion of the tested model. Figure 5 demonstrates the
abovementioned statement.

3.3  GRACE: Only and GRACE/GOCE

Combined Models

The same improvement in the assimilation band of degrees
100-160 is noticed in the results of GGMO05C, GGMO5G,
ITU-GGC16 and ITU-GRACE16 models. The major differ-
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Differences at benchmarks (ITU_GRACE 16 n=120)
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Fig. 6 The differences at the GPS/Levelling benchmarks when the assimilation degree of ITU-GRACE16 model reaches the maximum 120 (left

part) and 150 (right part)

ence from all previous models is the case of GRACE — only
model (ITU-GRACE16). This model performed well until
the maximum degree of assimilation 120 but after the degree
150 it rapidly diverges. Figure 6 presents the differences at
the GPS/Levelling benchmarks when the maximum degree
of expansion of ITU-GRACEI6 is 120 and 150.

34 Discussion on the Hellenic Vertical

Network Quality

The enrichment of EGM2008 signal with the newly GGMs
from GOCE, GRACE and CHAMP missions led to an
improvement of 1-2 cm in terms of the sd of the differences
at the benchmarks of the Hellenic Vertical Network. The
estimated accuracy in the area of Attica from £13 cm
dropped to 11 cm with the assimilation of the 100-160
frequency band of the new models (see also Andritsanos
et al. 2014). The quality of this network can be validated
accurately taking into account the estimated accuracy of GPS
observations (various GPS solution strategies, e.g. Andrit-
sanos et al. 2016a) and the computed geoid error through
error propagation (Andritsanos et al. 2016b). The main
drawback in this statistical procedure is the fact that the
estimated accuracy of the orthometric heights of the Hellenic
Vertical Network through an integrated adjustment is largely
unknown and not scientifically documented. In this manner,
only some assumptions can be made on the accuracy of the
orthometric heights at the benchmarks (see, e.g., Vergos et
al. 2014; Andritsanos et al. 2016b). A thorough study on
the possible trends of the network (Andritsanos et al. 2016b)

will reveal problematic areas and possible correlations with
gravity based corrections. The W, estimation for the Hellenic
Vertical Network and its connection to the adopted value
from IERS Conventions (2010) (Vergos et al. 2015) using
recent satellite gravity dedicated missions is the contempo-
rary alternative of tide gauge based network establishment.
The local W, estimation will provide an ideal solution to the
numerous arbitrary height systems on the Greek islands.

4 Conclusions

The combination of newly available GOCE/GRACE global
geopotential models with the reference model EGM2008 and
adequate terrain information from RTM effects improved
the statistics of geoid differences at GPS/Leveling bench-
marks. The lower degree information from these models
outperformed the satellite contribution of EGM2008. This
improvement presented in the area of Attica can lead to the
quality control of the Hellenic Vertical Datum. The sd of
the differences at 59 newly measured GPS/Levelling bench-
marks reaches 11 cm after the enrichment of EGM2008
signal with GOCE, GRACE and CHAMP low to medium
frequency information. The assimilation of the full signal
of the tested models to the EGM2008 geoid heights led to
worst results noticing that the absence of surface gravity data
cannot be completely recovered by the attenuated satellite
gravity signal. The case of GOCOO05C, which incorporates
surface data in its solution, corroborates the abovementioned
statement.
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