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Abstract. The methodology of all kinds of geodetic measurements of the Geodetic Vertical Second Order Network, the
information on the observation data received and main results of the accuracy estimation and adjustment of the network
are presented.

In 2006 the development of the Geodetic Vertical First Order Network of Lithuania was completed. It was the basis to
adopt the Height System of Lithuania (LAS07). The densification of the Geodetic Vertical First Order Network started
in 2010 by development of the Geodetic Vertical Second Order Network. The Second Order Network consists of 74
levelling lines, and total length of them is 3087 km. In the period of 2010-2013 the 16 levelling lines (814 km) were
observed. Rest of levelling lines were observed in 2013-2016. Total number of benchmarks is 2099. The levelling was
executed by digital levels Trimble DiNi12 and coded rods Nedo L.LD13. All ground benchmarks were positioned by GPS
receivers Trimble 5700 and Trimble Zephyr Geodetic antennas. LitPOS stations served as fiducial points. The gravity
accelerations at all benchmarks were observed by gravimeters Scintrex CG-5.

The levellings of the Second Order Network carried out is characterized by high precision: the double run of one kilo-
metre levelling RMS error does not exceeds 0.7 mm. The adjustments of the second order levelling lines applying least
square method were executed separately in each region outlined by the First Order network lines and border of a country.
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Introduction

Activities of Lithuanian National Geodetic Vertical Reference Network (NGVRN) establishment are going on since
1998 (Petroskevicius, ParSelitinas 1998; Lithuanian National Geodetic... 2001; Petroskevicius ez al. 2005a, 2005b,
2005c¢; Makinen et al. 2005; Buga et al. 2005; Biiga et al. 2006, Putrimas et al. 2008; Krikstaponis, Tumeliene 2011;
Kazakevicius et al. 1999). The goal of NGVRN establishment is a creation of new Lithuanian height reference, based
on the European Vertical Reference System, and which could be suitable for present period practical and scientific
needs (Augath et al. 2000; European Vertical Reference... 2000; Krikstaponis et al. 2007; ParSelitinas 2008a). The
NGVRN consists of five polygons. Perimeter of the network is ca. 1900 km. Its development was finished in 2006.
Connections of the first order vertical network with the vertical networks of neighbouring countries were established
(one — with Polish vertical network, three — with Latvian vertical network) (Parseliunas 2008a; Aleksejenko et al.
2011). All this creates good preconditions for determination of relations between height systems and for introduction
of a new Lithuanian geodetic vertical (height) system. But this network is not dense enough to transfer the geodetic
vertical system to the all territory of Lithuania and to improve the linkage of the geoid model to GPS/levelling points.
So it is necessary to dense existing NGVRN by developing the Second Order Geodetic Vertical Network. The project
of the Second order network was prepared in 2005-2006 (KrikStaponis et al. 2014; Kazakevicius, Tumeliene 2005),
therefore its implementation was stopped by economic crisis. Nowadays the works to develop the Second Order Geo-
detic Vertical Network of Lithuania are completed.
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Design of the Second Order Geodetic Vertical Network

The territory of Lithuania (65.3 th.sq.km) is divided in to five regions. Borders of the regions are First Order Network
levelling lines and lines connecting Lithuanian national Vertical Network to the corresponding networks of the neigh-
bouring countries (Aleksejenko ef al. 2012; Krikstaponis, Tumeliene 2011). Lines of Second Order Geodetic Vertical
Network are arranged in such way that any point inside or outside the polygon will be in less than 30 km away from
benchmarks of First and Second Order Network. Were possible levelling lines were projected through gravimetric
points of first class, existing National levelling benchmarks and National GPS Network points (which are mounted in
appropriate way).

The project of Second Order Network of each region was created individually, based on the benchmarks of First
Order Network which are in territory of this region. Existing road network, relief and specific conditions of locality
was taken into account (Fig. 1).

Fig. 1. Scheme of Second Order Geodetic Vertical Network of Lithuania (lines in bold; the lines codes and lengths are presented
in circles; observed in 2006-2012 coloured in yellow, in 2013 — red, in 2014 — blue, in 2015, 2016 — brown)

Design of the Network

Design of the Geodetic Vertical Second Order Network was done according to requirements of (Lithuanian National
Geodetic... 2001). Some levelling lines consist with the existing levelling lines of different epochs. It was necessary
to establish more than 50% new benchmarks. The types of new ground and wall benchmarks are presented in Fig. 2
and 3.



Birvydiené, R.

A

040

14 ¥
7t

1.60

0.20
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Fig. 3. Scheme of Wall benchmark (type G-10)

An information on all levelling lines and benchmarks of the Geodetic Vertical Second Order Network is presented

in Table 1.
Table 1. An information on levelling lines and benchmarks of the Geodetic Vertical Second Order Network
Benchmarks
Year of
ch(;glee Title of line Lel? I%lth’ I;I,[El ;1:;; observa- Newly mounted Existing Total
tions Ground |Wall bench-| Fund. Ground |Wall bench-| hum-
benchmarks| marks benchm |benchmarks| marks ber
1 2 3 4 5 6 7 8 9 10 11
1 |Palanga—Kretinga 13.15 194 2006 1 2 - 3 5 11
2 |Kuziai—Telsiai 58.12 714 2006 7 15 1 3 16 42
3 |Seduva—Panevérys 48.91 684 2006 4 17 - 6 6 33
4 |Kiduliai-Sakiai 24.86 296 2006 9 8 — 1 3 21
5 |Klaipéda—Rietavas 52.54 664 2006 12 16 — — 9 37
6 | Gudeliai—Alytus 44.03 724 2006 11 14 — 1 6 32
7 | Vievis—Elektrénai 12.02 190 2006 1 5 2 — 1 9
8 |Silute-Nida—Klaipéda 102.80 | 1160 2010 11 15 — 22 16 64
9 |Rokiskis—Paneveézys 84.43 1236 2011 34 — 2 4 14 54
10 ;Zzlal_Plunge_Kret' 7428 | 1072 | 2011 30 3 1 4 14 52
11 |Alytus—Elektrénai 80.57 1160 2012 26 7 4 4 7 48
12 | Vilnius—Sumskas 36.37 460 2012 34 7 — 1 1 43
13 | Pabradé—Geledné 25.37 294 2012 2 5 — 6 1 14
14 | Utena—Svencionéliai 49.18 588 2012 — 11 — 8 3 22
15 | Visaginas—Varniskiai 21.70 324 2012 - - - 22 - 22
16 g;‘i“ge‘R‘etavas‘St“l' 85.83 | 1136 | 2012 1 13 - 12 16 0
2-1 |Mankiskiai—Viduklé 65.94 728 2014 62 1 — 1 — 64
2-2 |Kryzkalnis—Viduklé 12.05 180 2014 — 4 — 2 — 6
2-3 | Jurbarkas—Viduklé 47.46 614 2014 16 7 — 8 2 33
2-4 | Viduklé—Raseiniai 19.94 294 2014 2 2 — 3 6 13
2-5 |Raseiniai—Skémiai 50.78 722 2014 9 9 — 7 6 31
2-6 |Sakiai—Pilviskiai 30.80 422 2014 1 7 — 7 5 20
2-7 | Siliné—Raseiniai 37.83 518 2014 5 8 — 9 2 24
2-8 | Siliné—Jurbarkas 14.10 168 2013 — 4 — 3 2 9
2-9 Vilkija—Siliné 45.60 582 2013 1 11 1 8 12 33
2-10 |Raseiniai-Ariogala= | 65 35 | 919 | 2014 10 6 - 7 17 40
Vilkija
2-11 | Vilkija—Kédainiai 48.88 688 2014 7 10 — 8 5 30
2-12 |Kaunas—Vilkija 34.25 448 2013 — 7 — 9 8 24
2-13 | Kaunas 18.26 266 2014 — 1 — 5 7 13
5-1 |Prienai—Marijampolé 39.79 482 2014 11 10 1 - - 22
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End of Table 1

1 2 3 4 5 6 7 8 9 10 11
5-2 |Pagiriai—Prienai 22.81 340 2014 4 6 - 2 - 12
Kaisiadorys—
5-3 Verbyliskes 44.20 648 2014 8 3 - 7 11 29
5-4 | Alytus—Sestokai 41.31 540 2014 3 7 - 7 7 24
5.5 Marglonys—Baltarusgos 318 36 2014 4 _ B B B 4
siena
5-6 |Kalvarija—Vistytis 39.06 536 2014 8 6 - 5 3 22
5.7 (Nawieii - Valkininkai=) -y 511159 | 2014 17 - 1 2 - 20
Varéna
s.g |Nawicji - Valkininkai—| ¢ 53 | 568 | 2014 6 8 - 4 2 20
Alytus
5-9 |Sestokai—Lenkijos siena | 21.80 288 2016 13 3 — — — 16
5-10 | Lentvaris-Naujieji 4230 | 520 | 2014 40 - - 5 2 47
Valkininkai
5.11 | Jasionai-Naujicji 4292 | 570 | 2014 3 10 - 9 1 23
Valkininkai
5.1 | Varéna-Merkine- 6057 | 760 | 2014 | 10 15 - 8 | 45
Leipalingis
5-13 | Verbyliskés—Prienai 20.43 310 2014 1 2 — 3 7 13
4-1 |Vilnius—Ukmerge 83.46 1304 2015 5 22 — 23 20 70
4 | yamius MoleiZRuk- 406 04 | 1672 | 2015 4 23 - 35 18 | 80
4-3 | Sal¢ininkai—Sumskas 55.28 952 2014 6 9 - 10 9 34
4eq |Rozimieravas-Baltarus- | g 5g | 144 | 2015 - 1 3 1 1 16
ijos siena
45 | ghalina-Didzasalis= g9 74 | 1304 | 2014 15 16 - 19 17 67
Svencionéliai
4-6 |Marijampolis—Lazinkos | 8.54 112 2014 — 1 — 2 — 3
3.1 [Siauliai-Pakruojis— 7169 | 940 | 2015 18 8 - 9 10 45
Pasvalys
3-2 |Birzai—Latvijos siena 22.84 306 2015 3 3 - 7 1 14
Paneveézys—
3-3 Vabalninkas—Birzai 65.17 872 2015 10 7 - 18 6 41
3-4 |Pandelys—Latvijos siena | 26.63 376 2015 1 1 — 8 7 17
3-5 | Obeliai—Latvijos siena 20.16 250 2015 13 1 - 1 3 18
3-6 |Utena—Svédasai 27.82 430 2015 6 4 4 5 19
3-7 |Svédasai—Rokiskis 35.50 518 2015 8 1 - 7 6 22
3-8 |Panevézys—AnyksCiai 55.98 748 2015 11 7 1 6 6 31
3.9 |AmkStiai-Kavarskas— | 3y 56 1 496 | 2015 2 3 - 9 1|25
Radiskis
3-10 | Ukmergé—Krekenava 71.03 970 2015 10 11 - 19 12 52
3-11 |Kédainiai—Krekenava 27.08 384 2015 5 3 — 6 5 19
3-12 | Krekenava—Panevézys 34.00 486 2015 2 4 1 9 10 26
3-13 | Anyk$ciai—Svedasai 23.16 342 2015 4 3 - 2 3 12
1-1 | Skuodas—Kulupénai 40.26 506 2016 6 7 - 5 10 28
1-2 | Plungé—Mazeikiai 57.90 654 2016 9 12 — 10 2 33
1-3 | Lase—Latvijos siena 9.90 140 2015 4 2 — — — 6
1-4 | Rietavas—Saugos 50.04 622 2016 9 5 - 8 12 34
o5 |Slauliai=N. Akmene=l o, 1o | go0 | 2016 | 17 10 - 9 noo| 4
Latvijos siena
1-6_|Silale-Silute 6454 | 832 | 2016 12 4 - 17 15 48
1-7 |Silale—Laukuva 17.69 276 2016 1 2 — 5 4 12
1-8 | Bubiai—Varniai 53.34 650 2016 14 5 - 5 6 30
1-9 | Varniai—Telsiai 34.69 448 2016 7 5 - 5 7 24
1-10 | Varniai-Laukuva 16.85 242 2016 — 4 — 6 1 11
1-11 |Silale-Tauragé 31.47 434 2016 3 2 — 14 3 22
1-12 |Klaipéda 13.50 182 2014 — 2 — — 6 8
1-13 | Nida—Rusijos siena 4.53 70 2016 1 - — 1 — 2
>|3087.29| 41766 630 473 18 516 462 2099
1103 —52.5% 996 —47.5% 100%
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In total it was established 1103 new ground and wall benchmarks (52.5%) in the Geodetic Vertical Second Order
Network, used existing — 996 (47.5%). There are 1164 ground benchmarks (55.5%) and 935 (44.5%) in the network.
It is necessary to stress, that into network was included the big part of main geodetic reference points: zero order GPS
points Meskonys, Saseliai and Akmeniskiai, 290 GPS points of other orders, LitPOS stations, 13 points of first order
gravimetric network.

Precise levelling

The precise levelling of the Geodetic Vertical Second Order Network was executed according to requirements of (Lith-
uanian National Geodetic... 2001).

The two level’s sets Trimble DiNil2 were used. They were researched, calibration of coded staffs was done,
additional equipment was checked preparing to field expeditions.

Height differences between benchmarks of vertical network were measured forward and backward. Number of
stations between neighbouring benchmarks was always even. Staffs were interchanged when direction of levelling was
changed. For the mean reading from the staff about 5 readings with the accuracy of 0.01 mm were done. Height dif-
ference at station measured twice did not exceed 0.25 mm. Distances to the staffs were measured in every station with
accuracy of 0.01 m. Length of sight did not exceed 50 m. Difference of sight length in the station was less than 0.5 m.
Accumulation of such differences between neighbouring points was below 1.0 m. Temperature of invar bands was
measured by contact electronic thermometers Ama-digit ad 30th with 0.1 °C accuracy. Staff invar band temperature
was determined at the height 1.5 m.

Final height differences and geopotential numbers between benchmarks were calculated by special computer
programs, developed by Institute of Geodesy, Vilnius Gediminas Technical University.

Finally could be stated, that there are 2239 levelling runs between all benchmarks of the Vertical Second Order
Network. Average length of lines is 1.38 km, average distance from level till rods is 37 m.

Gravity measurements

The gravity accelerations measurements were executed at the benchmarks of the Geodetic Vertical Second Order Net-
work to estimate the gravity field non-homogeneity what should be taken into account in the calculations of the most
reliable geopotential numbers (Petroskevicius et al. 2008; Petroskevicius, Popovas 2010). The two relative gravimeters
SCINTREX CG-5 were employed for observations. The gravimeters were calibrated at calibration base EISISKES,
VILNIUS, PANEVEZYS, SALOCIAI (Par3elitinas ef al. 2013). The first and second order gravity points were served
as fidutial stations (Birvydiené et al. 2009; Parselitinas ef al. 2010). Average distance between fidutial stations is about
10 km.

The average value of the standard deviations of the gravity accelerations at the benchmarks of the Geodetic Ver-
tical Second Order Network equal to 13.6 nGal was received. The accuracy was calculated analysing the double meas-
urements differences.

Ground benchmarks positioning

The ground benchmarks of vertical network were positioned by 6—8 GPS receivers Trimble 5700 with Trimble Zephyr
Geodetic antennas. LitPOS stations served as fiducial points (Parselitinas e al. 2008, 2008a, 2008b). Inclined antenna
height from three antenna sides was measured in meters and in inches for control. Data registration interval was 10
seconds and cut off angle was 5°. Depending on observation conditions and distances from the GPS stations, measure-
ment sessions lasted for 2.5—4 hours. Baselines connecting National Geodetic Vertical and GPS networks were com-
puted and adjusted by Trimble Total Control software package. Typical scheme of GPS measurements is presented in
Fig. 4.

Quality evaluation of the precise levelling

Quality of the precise levelling of the Geodetic Vertical Second Order Network is controlled according to height dif-
ference tolerances computed for the levelling run. All discrepancies of height difference should do not exceed:

5=3.0 mmJL, (1)

where L — length of levelling line in km.

After finishing the precise levelling based on double (forward and backward) run the levelling discrepancies
distribution was be estimated. Levelling results are correct if they satisfy formula (1). The discrepancies of formulae
(1) were distributed into intervals from 0 increasing every +0.5 mm: |0 - 0.5|mm\/z , |0.5 —1.0|mm\/z ,
|l,0 - l,5|mm\/z, |1.5 - 2.0|mm\/f , |2.5 - 2.0|mm L and > |2.5|mm\/f. Histograms are presented in Fig. 5-6.
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Fig. 4. Typical scheme of ground benchmarks positioning
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Fig. 6. Results of quality evaluation of precise levelling

RMS error of weight unit of levelling run (one kilometre) is computed from formula (8)

ﬂ:

[r#’]

2n

B

(@)

where p =1/L— weight of height difference, L — distance between points in kilometres, d — discrepancy of double

levelling height difference, 7 —number of discrepancies.

RMS error of double levelling of one km length run is computed according to formula:

The systematic errors were calculated following the formula

My = ——.
NG

3
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3, =% @

and their influence was estimated according to inequality

| [d\/E] |so.25[ \d@\ ] )

When inequality (5) is satisfied, the systematic errors could be ignored. Characteristics of the precise levelling
accuracy are presented in Table 2.

Table 2. Characteristics of the precise levelling accuracy

Code of line Title of line 0, | [d\/;] | 0.25[ |d\/;| ] Mijm, MM
1 2 3 4 5 6
1 Palanga—Kretinga 0.27 4.1 1.6 0.31
2 Kuziai-Telsiai 0.27 13.7 6.1 0.32
3 Seduva—Panevézys 0.24 28.3 12.2 0.35
4 Kiduliai-Sakiai 0.20 7.9 2.5 0.31
5 Klaipéda—Rietavas 0.29 12.9 6.9 0.46
6 Gudeliai—Alytus 0.23 7.1 4.6 0.35
7 Vievis—Elektrénai 0.12 3.6 1.1 0.25
8 Silute-Nida—Klaipeda 0.03 13.2 3.7 0.12
9 Rokiskis—Panevezys —0.04 0.6 4.5 0.35
10 Telsiai—Plunge—Kretinga 0.03 213 14.0 0.36
11 Alytus—Elektrénai 0.01 1.3 7.1 0.37
12 Vilnius-Sumskas 0.02 4.3 6.2 0.36
13 Pabrade—Geledne 0.06 0.4 2.4 0.43
14 Utena—Svencionéliai —0.46 8.5 3.4 0.35
15 Visaginas—Varniskiai -0.13 4.2 4.0 0.47
16 Plungé—Rietavas—Stulgiai 0.08 2.6 6.7 0.37
2-1 Mankiskiai—Vidukle 0.34 21.6 16.6 0.62
2-2 Kryzkalnis—Vidukle 0.36 7.4 1.8 0.17
2-3 Jurbarkas—Vidukle 0.40 13.6 7.5 0.51
2-4 Viduklé—Raseiniai 0.69 8.0 3.7 0.62
2-5 Raseiniai—Skémiai 0.35 11.2 7.0 0.51
2-6 Sakiai-Pilviskiai 0.19 3.3 3.8 0.45
2-7 Siline—Raseiniai 0.36 7.9 3.7 0.34
2-8 Siline—Jurbarkas 0.05 0.1 0.9 0.26
2-9 Vilkija—Siline —0.03 0.4 43 0.34
2-10 Raseiniai—Ariogala—Vilkija 0.01 5.9 6.2 0.38
2-11 Vilkija—Kedainiai 0.18 33 5.7 0.49
2-12 Kaunas—Vilkija 0.07 34 34 0.32
2-13 Kaunas 0.23 1.8 1.6 0.30
4-1 Vilnius—Ukmerge 0.00 7.6 13.9 0.49
4-2 Vilnius—Moletai—Kuktiskes —-0.01 4.5 12.2 0.42
4-3 Sal¢ininkai-Sumskas 0.30 14.1 5.7 0.46
4-4 Kazimieravas—Baltarusijos siena 0.00 1.7 1.8 0.33
4-5 Ignalina—DidZiasalis—Svencionéliai 0.20 259 134 0.47
4-6 Marijampolis—Lazinkos 0.18 2.5 0.9 0.68
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End of Table 2
1 2 3 4 5 6
5-1 Prienai-Marijampolé 0.27 4.0 3.0 0.33
5-2 Pagiriai—Prienai 0.14 4.7 2.4 0.51
5-3 Kaisiadorys—Verbyliskeés 0.13 6.6 4.2 0.33
5-4 Alytus—Sestokai 0.57 16.2 6.2 0.60
5-5 Margionys—Baltarusijos siena 0.51 5.2 1.3 0.23
5-6 Kalvarija—Vistytis 0.42 7.4 42 0.45
5-7 Naujieji Valkininkai—Varéna 0.13 43 33 0.40
5-8 Naujieji Valkininkai—Alytus 0.32 5.9 4.1 0.41
5-9 Sestokai—Lenkijos siena 0.43 6.1 2.9 0.36
5-10 Lentvaris—Naujieji Valkininkai 0.29 18.5 9.5 0.44
5-11 Jasitnai—Naujieji Valkininkai 0.03 0.2 3.9 0.42
5-12 Varéna—Merkiné—Leipalingis 0.01 0.1 7.4 0.47
5-13 Verbyliskés—Prienai 0.41 6.8 2.6 0.40
3-1 Siauliai-Pakruojis—Pasvalys 0.03 4.4 9.2 0.52
3-2 Birzai-Latvijos siena 0.57 83 3.1 0.44
3-3 Paneveézys—Vabalninkas—Birzai 0.30 14.1 8.1 0.46
3-4 Pandélys—Latvijos siena 0.04 1.7 2.2 0.30
3-5 Obeliai—Latvijos siena -0.01 2.8 3.8 0.48
3-6 Utena—Svédasai 0.44 155 4.5 0.52
3-7 Svedasai—Rokiskis 0.20 8.7 43 0.48
3-8 Panevezys—Anyksciai 0.17 10.0 7.0 0.58
3-9 Anyks¢iai-Kavarskas—Radiskis 0.27 11.2 5.1 0.46
3-10 Ukmerge—Krekenava 0.27 16.4 124 0.59
3-11 Keédainiai—Krekenava 0.13 3.9 2.9 0.40
3-12 Krekenava—Panevezys —0.10 4.1 6.8 0.59
3-13 Anyk3¢iai-Svedasai 0.38 5.1 3.4 0.63
1-1 Kilupénai—Skuodas 0.22 4.8 7.4 0.66
1-2 Plungé-Mazeikiai 0.09 9.7 7.7 0.55
1-3 Lasé—Latvijos siena 0.02 0.4 1.1 0.41
1-4 Rietavas—Saugos 0.25 133 7.4 0.47
1-5 é_iauliai—Naujoji Akmené-Latvijos 032 16.4 9.9 051
siena
1-6 Silale-Siluté 0.16 9.0 10.3 0.51
1-7 Silale-Laukuva 0.87 11.6 3.0 0.43
1-8 Bubiai—Varniai 0.21 10.9 7.0 0.58
1-9 Varniai—TelSiai 0.43 133 5.1 0.48
1-10 Varniai-Laukuva —0.06 2.0 2.7 0.57
1-11 Silale-Taurage 0.06 0.2 4.6 0.46
1-12 Klaipéeda -0.23 2.6 1.0 0.30
1-13 Nida—Rusijos siena -0.75 0.9 0.3 0.34

Based on Table 2 data it is clear that the RMS errors of the double run of one kilometre levelling do not exceed
0.7 mm. We could conclude that the precision levelling carried out is characterized by high accuracy and fits to re-
quirements of (Lithuanian National Geodetic... 2001).

The adjustments of the second order levelling lines applying least square method were executed separately in
each region outlined by the First Order network lines and border of a country.
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Conclusions

The National Second Order Geodetic Vertical Network was developed. The network is composed of 70 lines, and total
length is 3087 km. About 2250 benchmarks, 1200 of them newly mounted, were included into the Second Order Net-
work.

RMS errors of the double run of one kilometre levelling do not exceed 0.7 mm. We could conclude that the
precision levelling carried out is characterized by high accuracy and fits to requirements of (Lithuanian National Geo-
detic... 2001).

The National Vertical network and Height System of Lithuania (LAS07), adopted on its basis, fits to requirements
of a modern country.
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