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SUMMARY

The entity of technical work at national scales based on well established horizoraad
vertical refererce networks. The knowledge of the location where an event took place (e.g.,
natural disaster, crustal deformatiormd small distortions of a construction) is crucial to
crisis managemenadditionally, precise knowledge of ann c i ¢lace is po3sibléo lead

to more equitable confrontation from the authorities.

With the applications of modern technologgyrizontal position determinatias feasible wih
particularly high precisionWith respect to vertical control networks their confrontation is
different: the effect of the earth's gravity field, due to the inherent connection of the height
information with the natural environment, complicatesth the measurement andhe
utilization of leveling data. The importance of height information is extrerhigl; it is
enoughif one thinks of thehuman activitiesthat dependent onts precise and rigorous
determination The exploitation of surface water resouras well as underground ones, the
construction of large technical infrastructures (dams, brigdgessjvell as decisiemaking on
environmental issues requjras much as possibl@recise and henceforth reliable height
information. In combination, therefore, with the horizontal position elevation data complete
our knowledge for thethreedimensional location of an incidentwithin the natural
environment where we live and act.

I n the frame of thduadtingn ofi Arelsiermedds glirlolup
co-financed by the E.U. (European Social Fund) and national funds under the Opération
Program fAEducation an2l01l3iof,elangr djeaactni hgr 20
quality control of the Hellenic vertical network is currently in progress. Two investigation

areas onein Attika andanother inThessaloniki have been chosen. Theasiiaclude several

height benchmarks of the national trigonometric and leveling networks. Static GPS
observations as well as classical spirit leveling in combination with special trigonometric
leveling are performedo assess the internal accuracy of thve hetworks. Some initial

numerical tests based on GPS and leveling measurements are presented and the goals of the
project are analyzed
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1. INTRODUCTION

The total of the technical work of a countsybased on well established horizontal reference
networks as well as vertical ones. The knowledge of the location where an event took place
(e.g., natural disaster, crustal deformations, and small distortions of a construction) is crucial
to a crisis maagement. On the other hand, the precise knowledge of an incident place is
possible to lead to more equitable confrontation from the authorities. With the applications of
modern technologysuch as GNSS/GRShe horizontal determination is feasible with
paricularly high precision. The horizontal control networks are measured and validated
continuously and their accuracy is particularly high. With respect to the vertical control
networks their confrontation is different: the effect of the earth's gravitg, fatle to the
inherent connection of the height information with the direct natural environment,
complicates the processes of measurement and utilization of levelin(ydegas et al. 2006,
Vergos 2011) The importance of height information is extremklgh; it is enough one to

think the human activities dependent on this. The exploitation of surface water resources as
well as underground ones, the construction of large technical infrastructures (dams, bridges),
as well as the decisiemaking on environmntal issues require as much as possible precise
and henceforth reliable hypsometric information. In combination, therefore, with the
horizontal position the height data complete our knowledge for the location of an incident in
the natural environment wheewe live and act.

The evaluation of the Hellenic vegéil network is the main objective of thigork. Height
information of high accuracy and reliability in a common reference system is essential.
Especially today, with the paBuropeareffort for the egblishment of a common European
Vertical Network, the validation of the Helleniertical network seems a oneay road
decision. In order to underline the importance of the reference systems unification, we
mention that the International Association of o@esy (IAG) establishedeveral sub
Commissions that are responsible for the definition and realization of contigngeodetic
reference systemd-or Europe the corresponding sGbmmission is EUREF, whichas
introduced the European Terrestrial Refer System of 1989 (ETRS88hd the European
Vertical Reference System (EVRSThe realization of ETRS89 in Greece has been
established through the Hellenic Positioning System (HER®&psampalos et al., 20P9
During the next years the connection of Hegtical datum with Europe has to be done; this is
al so a European Community directive under th
validation of the vertical network has to be carried out.
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2. THEORETICAL BACKGROUND

The firstorder vertical controinetwork of Greece was established and meashyethe
Hellenic Military Geographic Service from 1963 to 1986. On the other hanggihés of the
Hellenic trigopnometric network W& some height informatiorwhich was obtained by means

of trigonometric leeling. This vertical information has not besgstematicallyvalidated

since its creationalthough relevantefforts have been made during the evaluation of
EGM2008 (Kotsakis et al. 2008a, 2008@hus, he validation of the vertical reference
network bebre the establishment of the European interconnection is essential. In particular,
Greece has not been connected yet with any of the unified vertical control systems, resulted a
major difficulty in dealing with crosborder problems, relating to transmasiof raw
materials as well as with road and rail transportations. A prerequisite for the Hellenic vertical
datum integration is its evaluation and the use of new technologies for its continuous update.
The validation of the height data must be based eninkerpretation of inner accuracy
solution and the external control using heterogeneous data. The leveling problem in modern
times has been transferred from classical terrestrial solutions to the introduction of new
methods based on the dipole of highuaecy and fast evaluation. This dipole can lead to
continuously updating information for reference point variations and introduce the necessity
of decision models through a GIS application.

The need for separation between horizontal and vertical posigiak@rives from the different
accuracy provided by the terrestrial observations. Horizontal directions are measured with
increased accuracy with respect to the vertical ones. This is due to the atmospheric refraction
effect. The abovementioned eventroduces greater uncertainty to the vertical positioning.

This is why classical geodetic observations are divided into horizontal directions and
distances for horizontal positioning and spirit leveling measurements for vertical positioning.
Hypsometric data ar referenced to suitable level surfaces. These surfaces represent
characteristic elements of the observation environr(ese also Figure 1)A characteristic

level surface is the MSL. This surface represents the traditional connection of all human
activities with the natural environment. Practically, it is the common knowledge that the MSL

is a zereheight surface. Theoretically speaking, MSL in a global scale constitutes a balance
surface of waters, . e., an e dnuthispnannernthei a | S
concept of geoid as a height reference surface is introduced. The geoid is an equipotential
surface of the Earthés gravity field that i
that the effects of tides and marine currentsrareoved. In weldefined national vertical

control network, heights are referenced in a datum point of zero altitude. Usually, the zero
height point is defined by local MSL observations from tide gauges records. In reality, the
sealevel change is measurddom a conventionally elected level, which is considered
constant: the tide gauge zero. Another reference surface used is the ellipsoid of revolution.
The ellipsoid is not a physical surface and
the horiontal positioning, due to the simplicity of its mathematical relations. The ellipsoid is

the reference surface utilized by the geodetic satellite missions. The data of such missions will
be used for the validation of the current vertical network. The megight reference surfaces

used in the proposed act as well as the measurements (satellite or terrestrial) applied is
depicted in Figurel, where the triplet of heights under investigation are outlased) the
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orthometric heightH) being the distance@n g t he pl ump | ine from
geoid, b) the ellipsoidal heightYb ei ng t he di stance al ong the
the reference ellipsoid and c) the geoid height being the distance along the vertical from the
geoid to the rerence ellipsoid (Tziavos and Andritsan®899).

Figure 1: Height reference surfaces (Credits: HofmaMellenhof and Moritz, 2005)
3. DESCRIPTION OF PROJECT

The lack ofsystematic evaluation dhe Hellenic vertical reference systeif¥RS) and the
conequent need for itgalidationdictates the main focus tie project To this respect, two

study areas have been selected, one in Attica and another in Thessaloniki, in order to
investigate the deficiencies of the Greek VR8thin the VRS validationrecent satellite and
classical terrestrial dafeom the latest gravityield dedicated satellite missions of GOCE and
GRACE will be used, in order to determine the deviations of the Greek VRS w.r.t. a global
vertical datum.

The work carried out is at theoftiers of modern geodetic and surveying research, given the

i mmedi ate necessity for the wunification of
latter is of main importance to all fields of geosciences if one considers that the vertical
dimension m geolocation is the most problematic one in termsatfievableaccuracy.A

similar integratedvalidation procedure with the combination of a large number of
heterogeneous data has not been implemented in Greece. With the methoddiogyin

the preset work, the continuous validation of height control networks is possible through the
assimilation of new terrestrial as well as satellite data into the algorithms.

3.1GPS/Leveling data

The entire wor k ¢ &EVATEONO Roojett was icdiuctedh in tivth e A
investigation areas, the prefectures of Attica and Thessaloniki, with the areas under study
being geographically determined by their administrative coverage and topographic features.
Thus, the region in Attica is bounded north and west bgdtainistrative borders and south

and east by the coastline. The study area in Thessaloniki is bounded north, northeast and
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northwest by its administrative borders, while southwesursoundeddy Strymonikos Gulf
and southeast by the Thermaikos Gulf.ureR illustrates the two areas under study.

Makedoniaknnraki

b o Thessaloniki

Figure 2: The areas under study in Attica (left) and Thessaloniki (right) (Gdeayftn).

As already mentioned, the present work focuses on the exploitation of the vertical component
in geodetic positioning, i.e., in order to investigate its influence on gravity field and geoid
modeling as well as to classical surveying and cartographic project. The height information is
based on two types of data: (a) geoid heights from local gravimetoidels and global
geopotential models and (lpatellite and conventionajeodetic measurements for the
determination of ellipsoidal and Helméaype orthometric heightsrespectively The latter

types were to be determined through dedicated GPS campapnsleveling and special
trigonometric leveling(Balodimos et al., 2007)neasurements. Due to earlier work of the
research groups involved in the project, all three types of height informatienawailable

for a number of benchmarks in both areaslamstudy (see Figur8, where the existing
database is presented), therefore the work carried out referred to additional measurements in
order to filkin the areas under study.
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Figure 3: Existing height data on benchmarkste regions of Attica (left) and Thessaloniki (right).
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3.1.1Leveling data identification and collection

Given the availability of a number of GPS/Leveling benchmarks with collocated GPS and
leveling observations, the first step referred to thergetstion of new benchmarks (BMs) to
be measured. The new BMs were selected from the National Trigonometric and Leveling
Network, established by the Hellenic Military Geographic Service (HMGS) in order to
guarantee the connection to the national horizcaual vertical networks. Figuresand5
depict the existing Horizontal and Leveling Networks in the two areas under study asethey
given by HMGS ywww.gys.g). As it can beseenthe Leveling Network comprises of less
points than the Trigonometric Network so their availability was crucial for planning the
Elevation Project given that a large portion of the Greekeling Network BMs has been
destroyed.
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Figure 5: The Trigonometric and Leveling Network in the region of Thessal@nikiw.gys.gr)

Given that the trigonometric and leveling networef HMGS are not systematically
maintained many BMs, even though they are shown in thepeetive geoindex service, do
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http://www.gys.gr/

not exist anymore. Therefqrihe first step referred to a reconnaissance campaign in order to
identify BMs that still exist and verify that they are in gocaondition to be measured
(monument not destroyed or relocated, ef€he height BMseconnaissanceas based on
descriptionsof their locationprovidedby HMGS along with an approximatstimationof
their geodetic coordinates. Overall six trgckemprising ofa total number of 157 height
BMs, were followed so as to idafy height benchmarks in AtticsFrom these, only the 27
were foundncluding three points thatere inappropriate to uskn the region of Thessaloniki
overall five trackscomprising of a total number of 28 height BMeere followed in order to
indentify the height benchmarks. From these, ddints were foung all of them being
adequate for measuremenkgure 6 depicts the 27 height BMs which were found in the
region of Attica and the 10 height BMs in the region of Thessaloniki.

8187110298
8187110022

270030028, 176300040
3 o

2|
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.

Figure 6: Theheight BMs that were found in the region of Attica (left) and Thessaloniki (right)

Of the total number of height benchmarks that were found after the research in the two
investigation areas only a part of them were chosen for conducting the leveling
measwements. The two methods that were used in order to determine the orthometric heights
are classic spirit leveling and special trigonometric leveling. The plan of leveling
measurements is based on the prevailing conditions of each investigation aregT abléha
summarizes the leveling measurements in the regions of Attica and Thessaloniki. It should be
noted, that for most leveling BMs, since GPS measurements cannot be performed directly on
them, collocated BMs were establishedlart distancem order tomeasuréoth orthometric

as well as ellipsoidal heights for all of them.

In order to reassess the leveling network in the investigation areas of Attica and Thessaloniki
a combination of satellite and ground based techniques were used for therdeiennof
orthometric height differences. Specifically, the height differences that were selected and
measured in Attica were ten and in Thessaloniki twelve. As already have mentioned, the two
types of techniques that were applied are the classical $pweling and the special
trigonometric leveling. The two techniques were applied not only between height benchmarks
but also between benchmarks and height benchmarks. Table 1 presents in detail the regions,
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the techniques and the equipment of the leveaiiegsurements which were used in the areas

under study in Attica and Thessaloniki.

Table 1 The regions, the techniques and the equipment of the leveling measurements in Attica and Thessaloniki.
Leveig Startin Technique
Process | Date Region rting Ending Pant ID . q Equipment
No Point ID
ATHENS
1 09/10 Ano Souli 5161020148 5161020147 CSL Topcon DL-101C
2 09/10 Rafina 5161020130 161017 CSL Topcon DL:101C
3 13/10 Rafina 5161020130 5161020131 STL LeicaTCR 1202
4 13/10 | Nea Makri | 5161020135 5161020136 STL LeicaTCR 1202
5 16/10 | Grammatiko | 5161020152 161105 STL LeicaTCR 1202
6 16/10 | Kapandriti | 5161020163 5161020161 STL LeicaTCR 1202
THESSALONIKI
1 11/09 Peristera | 8063220022 63067 CSL Leica Spr. 150
2 11/09 Epanomi 8116220021 8116220021 104g CSL Leica Spr.150
3 11/09 Peristera | 8063220023 8063220023_103g CSL Leica Spr. 150
4 11/09 Peristera | 8063220022 8063220022 _1Gy CSL Leica Spr. 150
5 11/09 Kardia 8103160009 8103160009 _10fy CSL Leica Spr. 150
6 11/00| AgI0S | 8118040011 8118040011 106g( cs| Leica Spr. 150
Athanasios
7 11/09 Gefira 8303030021 8303030021_10yy CSL Leica Spr. 150
) 12/09 Proxoma | 8176030029 8176030029_10$y CSL Leica Spr. 150
9 12/09 Proxoma 8176030029 176021 CSL Leica Spr. 150
10 12/09 Dorkada 8187110022 8187110022 1Gig CSL LeicaSpr. 150
11 12/09 Koufalia 8176200040 8176200040 _1G8y CSL LeicaSpr.150
12 12/09 Kartere 8187110298 8187110298 1049 CSL Leica Spr. 150
13 11/09 | Peristera | 8063220022 63067 STL Topcon GTS212
14 11/09 Epanomi 8116220021 8116220021_10ig STL Topcon GTR12
15 11/09 Peristera 8063220023 8063220023 _103g STL Topcon GTS212
16 11/09 Peristera 8063220022 8063220022 143y STL Topcon GTS212
17 12/09 Kardia 8103160009 8103160009_10§y STL Topcon GTS212
18 12/09 Agios 8118040011 8118040011 _106g(  sTL Topcon GTS212
Athanasios
19 12/09 Gefira 8303030021 8303030021_10yy STL Topcon GTS212
20 12/09 Proxoma | 8176030029 8176030029_10$y STL Topcon GTS212
22 12/09| Dorkada | 8187110022 8187110022 _1G5y| sTL TopconGTS212
23 12/09 Koufalia 8176200040 8176200040 _108%y STL Topcon GTS212
24 11/09 Kartere 8187110298 8187110298 104 STL Topcon GTS212
* CSL : Classical Spirit Leveling STL: Special Trigonometric Leveling
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3.1.2GPSdata identification and collection

The GPS data to be collected refer to ellipsoidal heights over the previously outlined network
of identified trigonometric and leveling BMs as well as over the newly established reference
points close to the leveling BMs. The latter were located in a digience from the height
benchmarks of the national leveling network for validation and quality control. From the 27
vertical benchmarks which were found Attica, 9 were selected to be measured
Furthermore, in Thessaloniki all the available verticaldbemarks were suitable for GPS and
leveling observations. After theelectionof the appropriate height benchmarks, the selection
of the benchmarks of the national trigonometric netwodk place In order to guarantee the
redundancy of the measurementtgraative benchmarks were selected, within some eligible
areas for each point. Figur@sand 8 depict the location of the benchmarks along with the
confidence regions where alternative BMs would be sought.

35032

Figure 7: Map of the Attica test areawith the location of the groups of alternative benchménés ellipsoids,
the existing height benchmaried circle and the already available benchmarks of the national trigonometric
network(green triangles

All GPS measurementsave beercollectedin static mode andave beerconnectedo the

HEPOS stations. The HEPOS stations near Attica and Thessaloniki were used as reference
stations for the GPS measurements in order to calculate the coordinates of the benchmarks in
the HTRSO7 datum, providing higlcaracy and homogeneity. Besides, HEPOS stations
provide several other advantages. First of all, they ensure smaller baseline lengths compared
with the EPN EUREF Permanent Networlstations, as there is a dense network all over
Greece and especialip Attica and Thessaloniki. In éhcase of EPN, the only available
stations would be AUTL1 in Thessaloniki and NOAL in Attitzading tobaseline lengths
greater than 50 knOn the contrarythe HEPOS network ensures smaller baselimet)e
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order of 25 km, whichallow the determinationof highly accurategeometric heiglst
Moreover, HEPOS data are available in any observation rate unlike the EPN data which are
providedat an observation rate of 30 sec. FigQréepicts the HEPOS stations that were used

in this work.

187060>
Ml c176030020 187091 151000
Ty 167093 187082>
AL 187074 1870705
187063
1760215
176018 8187110298
ke 3187110022 167042
: 176026> ¢ 137045
176035
3176200040
3118040011 m

8303030021 PR

: ) ; 112061>
103030> 112025
103031

303080>
03075 | susioon |
63067> [ 2116220021
303073> : 1030195 brools
303074 SOl 102020 3063220022

" 112008
o 113022 3063220023 112010

162006> 118018

162015 303011> 3
162002 303020 630655
3030905 303021
303001 -
Lignz 1180015 103017

113045

7 1030075 63055
5

1030252103028 103021 103009
103003>
103005

ok

1020142103018 103016

p: ” \ 8103160000  [RMACEERTET

Figure 8: Map of the Thessalonikiest areawith the location of the groups of alternative benchmérkd
ellipsoidg, the existing height benchmari®d circle and the already available benchmarks of the national
trigonometric networKgreen triangles

For each am@ under study, dual frequency receivers were asdtls mandatory for baselines
longer than 10 Km, in order to reduce thdluence of theionosphee. For the GPS
measurements in Attica the appropriate equipment of the Ge&deggying Laboratory of

the Technological Educational Institute of Athens was used. Regarding the area of
Thessaloniki, the Department of Geodesy and Surveying of the School of Rural and
Surveying Engineering of the Aristotle University of Thessaloniki provided the necessary
equipnent.

Figure 9: The HEPOS stations which cover the investigation areas of Attica (left) and Thessaloniki (right).
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Table 2 presents the specifications of the equipment that used in the two investigation areas.
The TOPCON HiperPro reaaar offers 40 channels and provides full wavelengths as well as
code measurements on L2 frequency undeé Panti-Spoofing) conditions. With regard to
performance specifications, TOPCON HiperPro receiver is characterized by an accuracy of 3
mm + 0.5 ppm (brizontally) and 5 mm + 0.5ppm (vertically). On the other hand, LEICA
SR520 receiver offers 20 channels and similarly with TOPCON receiver, it provides full
wavelengths as well as code measurements on L2 frequency under conditioi®s dhé
accuracy is bthe order of 3 mm + 0.5ppm for static survey and 5 mm + 1 ppm for rapid
static.Figures10 and 11 outline the setip used for the GPS static measurements on HMGS
trigonometric BMsn Attica and Thessaloniki, respectively

Table 2: GPS equipment that u$én the areas of Attica and Thessaloniki.

Investigation Area Receiver Type Antenna Type
Attica TOPCON HiperPro |TOPCON HiperPro
Thessaloniki LEICA SR520 LEICA AT502

Figure 11: The LEICA SR520 receiverduring the GPS measurements on BMs in Thessaloniki.
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The GPS measurements in both investigation draas been conducted following commonly
defined parameters, i.@ccupation time of at least 60 minutes, logging rate 15 sec and
elevatonmask ™0 The antenna height measurements
mm, while the reference point was at the top of the benchmark. The uniform equipment and
procedure dr the antenna height measurements provide homogeneity and high accuracy, with
variations of the order of-2 cm. Considering the above, the errors in reading or typing the
antenna height, which are a common source of errors in GPS measurements, cadelde av
The next section outlines the results from the two leveling methods employed to determine
orthometric heights as well as the analysis of the GPS processing for the determination of
geodetic coordinates.

ar

4. NUMERICAL ANALYSIS
4.1Leveling results andanalysis

As far leveling is concerned, traditional spirit and special trigopnometric leveling have been
employed. Tables 3 and 4 summarize the results acquired over the leveling baselines w.r.t. the
determination of the height difference between a retereamd a measuring poir@iven the
superiority of spirit leveling, it is interesting to notice that the differences between spirit and
trigonometric leveling achievedinge froma f ew mm up t o Ndstakcesm f or
These data will be used in igbet combination schemes for the adjustment between
orthometric, ellipsoidal and geoid heights towards the unification of the Greek Vertical
Reference System (VRJziavos et al2012a,b; Vergos and Sideris 2002, Vergos et al.

2007) Therefore the inhen¢ consistency of the height information as well as proper error
modeling, which can be achieviedm spirit leveling through the baseline length, are vital.

Table 3: Leveling results for the investigation area of Attica.

Levelin , . Orthometric
Procesgs Region Ste_lrtmg En_dlng S* Technique* Height
Point ID Point ID (km) .
No Difference*
1 Ano Souli 5161020148 | 5161020147| 1.13 CSL -48.752
2 Rafina 5161020130 161017 0.60 CSL 3.754
3 Rafina 5161020130| 5161020131| 0.95 STL -22.105
4 Nea Makri | 5161020135| 5161020136| 1.23 STL -22.638
5 Grammatiko | 5161020152 161105 0.40 STL 8.206
6 Kapandriti 5161020163 | 5161020161 | 3.47 STL 27.751
*S: Distance CSL : Classical Spirit Leveling STL: Special Trigopnometric Leveling

Table 4: Leveling results for the investigation arealtfessaloniki.

Levelin . DHcs, -
Proces% Region Starting Ending Point ID S* | DHes. | DHsm DHgr
No Point ID (km) (m) (m) (m)

1 Peristera 63067 8063220022 0.32 4.817 | 4.785 0.032
2 Epanomi | 8116220021| 8116220021 104g 0.06 0.399 | 0.395 0.004
3 Peristera | 8063220@3 | 8063220023 103gg 0.106 | 0.796 | 0.806 -0.010
4 Peristera | 8063220022| 8063220022 148y | 0.032| 0.123 | 0.125 -0.002
5 Kardia 8103160009, 8103160009 1Gfp 0.04 0.233 | 0.231 0.002
6 Ag. Athan. | 8118040011| 8118040011_1Qfy | 0.077 | -0.562 | -0.562 -0.000
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7 Gefira 830330021 | 8303030021_1Gyg | 0.055| -0.447 | -0.446 -0.001
8 Proxoma | 8176030029 8176030029 10y | 0.071 | -2.064 | -2.066 0.002
9 Proxoma | 8176030029 176021 0.3 | 10.536| 10.548 -0.012
10 Dorkada | 8187110022| 8187110022 _1Qfy | 0.091 | -2.222 | -2.201 -0.021
11 Koufalia | 8176200040 | 8176200040 _1agy | 0.02 | 0.556 | 0.549 0.007
12 Kartere | 8187110298 8187110298_1Ggy | 0.028 | 0.728 | 0.737 -0.009

* CSL : Classical Spirit Leveling STL: Special Trigonometric Leveling

4.2 GPSresults and analysis

In order to determine the geodetic coaates of all the GPS BMs in HTRS07, HEPOS
reference stations have been used for each investigatiorEadapoint has been connected

to two HEPOS stationsDuring GPS processing three different approaches have been
followed. First, the benchmarks and thewly established points were solved from the nearest
HEPOS reference station. Afterwards, the measured benchmarks and points werk@uolved
the next nearesHEPOS reference station. Finallg, leastsquares adjustment has been
computed for each poinsing the two baselines connectitig point to the HEPOS stations.
Different GPS processing softwgpackages have been used for the baseline reduetitin

the results presented herein coming from the Leica Geo Office (LGO) program. Figures 1
and 13depct the processed baselindsr both areasSo that in each station the geodetic
coordinates are determined as adjusted solution from both the nearest awectt nearest
HEPOS station.

Figure 12. Baselines (short and long) in Attica and processisglte (LGO).

Tables 5 and 6 present the geodetic coordinates (X, Y, Z) in HTRSO07 as well as the standard

deviations (std) of all the measured benchmarks and points in Attica and Thessaloniki,
including both the nearest and the furthest HEPOS referert@stia these tables, both the
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