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1. Statement of the Problem

Construction of large hydropower complex is accompanied by a signifi cant 
technological impact on the environment. Large volumes of soil are redistributed, 
groundwater regime varies, there is the risk of deformation of the earth surface. 
One of the main methods of monitoring this dangerous phenomenon is the appli-
cation of GNSS technology. The implementation of this method without a loss of 
coordinate accuracy depends on the conditions of horizon openness on the point of 
observations and the absence of objects causing multibeam eff ect, what is not always 
possible. This condition is not implemented on all points. Conducting high accuracy 
linear and angular observations in a complex with GNSS measurements will allow 
provide the necessary accuracy for the determination of the coordinates and their 
displacements.

2. Main Research of the Problem

Dniester Hydroelectric Pumped Power Station (HPPS) is located on the Dniester 
River in the Chernivtsi region of the Ukraine. The projected capacity of the station 
is 2.268 MW, and it is one of the largest HPPS in the world. The station is a part of 
the Dniester hydropower complex, consisting of: HPS-1 with a dam height – 45.0 m, 
a length of the main reservoir – 220 km and the volume – 3.0 billion m3 (operated 
since 1981); HPS-2 with length of buff er reservoir – 20 km and a volume – 78.0 m3 

(operated since 1998); Dniester HPPS with volume of upper reservoir – 26.0 mil-
lion m3 is under construction. In 2012 the fi rst hydraulic unit of the station was put 
into operation.
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During the construction of the HPPS, large amounts of soil were moved: there 
were excavated 15.3 million m3, including an underground output of 426 thousands 
m3 and there were piled up 10.5 million m3. The mode of the hydropower com-
plex functioning is characterized by seasonal and daily fl uctuations in the water 
level in the reservoirs. The maximum value of the daily fl uctuations, in accordance 
with the project, for the buff er reservoir may reach 9m and for the upper reservoir – 
15 m. These factors lead to changes in hydrodynamic loadings and changes of the 
stress-deformed state of the near-surface parts of the Earth crust [1, 2]. In this regard 
systematic geodetic monitoring on hydraulic constructions of HPPS and surround-
ing area becomes important. For such monitoring the control geodetic network of 
Dniester HPPS was established, which can be considered as a local geodynamic 
polygons. The geometric confi guration of the control geodetic network points of 
the Dniester HPPS was created considering the geomorphological structure of the 
surrounding areas as well as the location of the manmade objects – buildings, struc-
tures, embankments, etc. Network points represent the tubular marks of long-term 
storage, enabling forced centering of geodetic instruments. Figure 1 shows the con-
trol geodetic network points on the left bank of the Dniester River.

The high-precision geodetic receivers of the satellite signals were used as the 
main equipment for measuring the horizontal displacements of the geodetic net-
work points. Measurements on the points of the control geodetic network of HPPS 
have been implemented since 2004. Currently, 12 cycles of observations have been 
performed.

In Figure 2 the general scheme for measuring vectors of control geodetic net-
work of Dniester HPPS (October 2012) is presented; in Figure 3 the scheme of the 
control geodetic network points location on the satellite images is shown.

Fig. 1. Points of the control geodetic network on Dniester HPPS
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Fig. 2. The general scheme for measuring vectors of control geodetic network of Dniester 
HPPS (October 2012)
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Fig. 3. The scheme of the control geodetic network points location on the satellite image
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For the implementation of the measurement, the special work program was de-
veloped. It takes into account the confi guration of the control geodetic network and 
minimizes transportation costs when moving between points [3].

According to this program three independent sessions of GPS-observations 
with duration 6 hours using diff erent satellite signals receivers were conducted for 
each of the points of the control geodetic network. Total observation time at each of 
the points is not less than 18 hours.

For the implementation of the last cycle of the GPS-measurements (October 
2012) nine dual-frequency GPS-receivers were used:

 – Leica GX-1230GG – 4,
 – Novatel DL-V3-L1/L2G – 2,
 – Trimble R7 – 2,
 – Javad Maxor – 1.

Observations were performed on thirty-eight points of the network. The lengths 
of the measured vectors are in the range from 5.0 m to 4.2 km.

Processing of measured vectors was made using software “Leica Geo Offi  ce 
Combined” (LGO), with the calculation of the corrections for the infl uence of the 
ionosphere on observational data and taking into account the tropospheric refrac-
tion by the Hopfi eld model. Totally during twelve cycles 369 vectors on the points 
of the control geodetic network were measured. According to the results of the ad-
justment of the GPS-observation data the accuracy of determination of plane coordi-
nates of the points does not exceed ±2 mm.

Points of the control geodetic network, which in the vast majority embedded in 
the open areas and the antennas of the GPS-receivers are receiving a qualitative satel-
lite signal. For observations on slope stability on the part of the right bank of the Dni-
ester River it is planned to install special ranging marks to monitor displacements of 
slopes below the upper reservoir. On these points the closeness of the celestial sphere 
on west direction is 20–30 degrees. Additionally the large number of plantings (trees 
and shrubs) will cause a multibeam eff ect (reception of re-refl ected signals). These 
factors will have a negative eff ect on the accuracy of the GPS-observations.

In 2012 the reciprocal linear observations on the points of control geodetic net-
work were held. Measurements were made with robotic total station (Total Station 
Positioning System TCRP-1201 of Leica company. The mean square error (RMS) in 
the measuring horizontal and vertical angles by one trial was 1 and measuring lines 
is ± (1 mm + 1.5 ppm).

Table 1 shows the vectors and their diff erences collected from satellite and lin-
ear measurements.

Points OBRYV and STVORNYI are located on the right bank of the Dniester 
River and the measurements were carried out on the points on the left bank. The 
vertical diff erence between them is 130 m. Points GZ13-GZ-15 are located on the 
building of the HPPS water intake.
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As seen from Table 1, the maximum diff erence in linear measurements by total 
station in both directions does not exceed 3.2 mm, and on average is equal to 1.6 mm. 
Diff erences of measured vectors obtained from satellite and ground-based observa-
tions do not exceed 2.3 mm, what will provide the necessary accuracy in the obser-
vations of deformations slopes.

Table 1. Vectors and their diff erences resulting from satellite and linear 
measurements

No. Name of vector

Length of vector [m]
DGPS–DTCRP

[m]GPS TCRP 1201

DGPS RMS DTCRP Ddirect–Dreverse

1 OBRYV OGZ-1 1 591.9383 0.0001 1 591.9371 0.0018 0.0012

2 OBRYV OZS5A-1 684.2568 0.0000 684.2559 0.0025 0.0009

3 OBRYV OGZ2-1A 1 114.7608 0.0001 1 114.7585 0.0032 0.0023

4 OBRYV OGZ2-2A 1 110.1854 0.0000 1 110.1839 0.0011 0.0015

5 OBRYV OGZ5B-1H 749.4259 0.0000 749.4239 0.0011 0.0020

6 OBRYV OGZ5B-2H 740.0407 0.0000 740.0395 0.0001 0.0012

7 STVORNYI OGZ2-1A 1 009.3891 0.0001 1 009.3868 0.0028 0.0023

8 STVORNYI OGZ5A-1 1 178.5900 0.0001 1 178.5889 0.0029 0.0011

9 GZ-13 GZ-14 26.5482 0.0002 26.5485 0.0003 −0.0003

10 GZ-14 GZ-15 36.4487 0.0002 36.4490 0.0003 −0.0003

11 OBRYV OGZ-1 62.9953 0.0001 62.9956 0.0011 −0.0003

During construction of the HPPS the conditions of GPS-observations were 
changing from cycle to cycle as openness of the celestial sphere for GNSS mea-
surements is reducing, which leads to additional errors and loss of accuracy of the 
plane coordinates of the control geodetic network. To improve the accuracy of the 
determination of the points coordinates under unsatisfactory conditions of recep-
tion of satellite signals we used ground precision geodetic techniques. The points 
(GZ-10 – GZ-12) mounted on water outlet of Dniester HPPS can be considered as 
weak points for GPS-observations. On these points the reception of signals from 
satellites systems GNSS is signifi cantly impeded. Points are located in straight close 
to technological and building structures. These factors aff ect negatively on the qual-
ity of phase GNSS measurements. Determination of coordinates on these points 
had been made by linear-angular observations. Control points of geodetic network 
STVORNYI and OGZ2-1A were taken as initial. The observation network has the 
form of triangles. Figure 4 shows a scheme of linear-angular measurements on the 
Dniester HPPS.



Complex High Accuracy Satellite and Field Measurements of Horizontal and Vertical... 89

Observations are made by robotic total station TCRP-1201. The angles and lines 
are measured in automatic mode by 8 trials. Figure 5 shows the process of linear-an-
gular observations on the point STVORNYI. Measurements are made with the use 
of vehicles during four hours. Preliminary processing of non-simultaneous obser-
vations was done with the introduction of corrections for meteorological conditions 
(temperature and pressure).

GZ-10 

GZ 11

GZ 12

OGZ 2 1A

STVORNYI

D=1009,386 m

D=524,545 m

D=520,018 m

D=524,525 m

D=538,110 m
D=586,547 m

D=638,118 m

Dniester River

Fig. 4. Scheme of linear-angular measurements on the Dniester HPPS

Fig. 5. Observations by TCRP-1201 at point STVORNYI
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The adjustment of plane and altitude experimental network was implemented 
using software complex “MG Networks” based on the results of preliminary pro-
cessing and making assumptions about the same refractive fi eld on the whole area. 
Evaluation of the accuracy of point position is given in Table 2.

Table 2. Results of adjustment of plane and altitude experimental network 
under the same infl uence of vertical refraction

Name of point
Mean square error of points position

MX [m] MY [m] MH [m]

OGZ 2-1A 0.0006 0.0013 0.0011

GZ-10 0.0014 0.0015 0.0013

GZ-11 0.0014 0.0015 0.0013

GZ-12 0.0016 0.0016 0.0013

Elevations of reciprocal leveling are usually determined by calculating the av-
erage value  of the off  height/superiority direct hAB and reverse hBA values of eleva-
tions [4, 5]:
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where:
 DAB – inclined distance between points of observation, measured by 

electronic total station with the introduction of corrections for 
the meteorological conditions of the light beam,

 AAB, ZBA – measured zenith angles, respectively for direct and reverse tra-
verse of observations,

 iA, iB – heights of total stations at corresponding points,
 vA, vB – heights of bearing targets at corresponding points,
 R – the radius of Earth curvature (R = 6380 km),
 kAB, kBA – the coeffi  cients of the vertical refraction along the observation 

line on points A and B,
 ,A Bu u D   – deviations of plumbing lines on observation points,

206,265  .
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Elements from the formula are shown in Figure 6.
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Preliminary calculations are performed on the condition of the uncertainty of 
the vertical refraction and deviations of the plumbing lines:
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Average value of the integral coeffi  cient of vertical refraction [6] is calculated as 
a result of direct and reverse elevation from equation (1) by substitution (2) and (3) 
and with the condition that A Bu u  :
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Let’s consider equations describing the dependence of the vertical refraction 
from the meteorological values and will set down equation system of vertical refrac-
tion coeffi  cients for two directions AB and BA [5]:
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where:
 PAB and PBA – average integral values of atmosphere air pressure for cor-

responding lines [millibar],
 TAB and TBA – average integral temperature of air for corresponding 

lines [K],
 cAB and cBA – average integral anomalous gradients of air temperature on 

the height 1 m for corresponding lines,
 he AB and he BA – equivalent height of the light beam on the underlying 

surface,
 b – degree (b = 4/3 – for unstable stratifi cation, b = 1 – for indif-

ferent, b = 2/3 for stable stratifi cation).



Complex High Accuracy Satellite and Field Measurements of Horizontal and Vertical... 93

It is impossible to solve equation (5) and (6) jointly without establishing a link 
between them.

Let’s set down equations of anomalous refractions for corresponding lines AB 
and BA:

 nAB AB nAB

nBA BA nBA

k k k

k k k
 (7)

where kn AB, kn BA – the coeffi  cients of the normal vertical refraction on condition of 
dry adiabatic temperature gradient in a dry atmosphere γadiab = 0.0098 K/m and is 
calculated by the formula [5]:

 212.27n
Pk

T
  (8)

The ratio of coeffi  cients of anomalous refraction kan AB and kan BA for directions AB 
and BA can be presented as:
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where /k AB BAq  – coeffi  cient of refraction ratio.

Coeffi  cient of refraction ratio is the ratio of the anomalous parts of the vertical 
refraction:
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Equations (7) considering (9) will be:
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Next is summing up two equation of the system (10) and will obtain:
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By simple transformations let’s fi nd the partial coeffi  cients of the vertical refrac-
tion from equation (11) considering (12):
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In our previous studies [7, 8], it was proposed to determine the coeffi  cient of 
refraction ratio according to the fl uctuations of zenith angles:

 AB
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mZ
q
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  (14)

where mZAB and mZBA – mean square errors of zenith angle measurements at the 
ends of lines, calculated from trials of vertical angles observations.

The adjustment of plane and height experimental network was implemented 
using software complex “MG Networks” according to the results of elevation calcu-
lations with the introduction of partial corrections for vertical refraction (13). Results 
of point adjustment are shown in Table 3.

Table 3. Results of adjustment of plane and height experimental network taking into account 
the impact of vertical refraction

Name of point
Mean square error of points position

MX [m] MY [m] MH [m]

OGZ 2-1A 0.0006 0.0013 0.0007
GZ-10 0.0014 0.0015 0.0009
GZ-11 0.0014 0.0015 0.0009
GZ-12 0.0015 0.0016 0.0009

Table 4 shows the values of RMS corrections into the measured angles, lines, 
and elevations that are obtained by network adjustment. The values of the correc-
tions, as seen in Table 3, are within the measurement accuracy.

Table 4. Values of corrections to the measured angles, lines and elevations 
of the experimental network

Values
Value of corrections

horizontal angles
["]

lines 
[mm] relative error elevations

[mm]
RMS 0.57 1.5 1:416 000 0.9

Max. value 0.63 1.6 1:331 000 0.9
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3. Conclusions

1. Twelfth cycle of determination of the plane coordinates of control geodet-
ic network of Dniester HPPS was conducted using the specially developed 
program of GPS-observations. The accuracy of determination of point coor-
dinates does not exceed ±2 mm.

2. Comparison of vectors derived from satellite and ground-based observa-
tions was implemented. The maximum diff erence between the measured 
lengths of vectors is 2.3 mm.

3. Linear-angular measurements on points of experimental plane and height 
network were conducted. Accuracy of obtained coordinates of the points are 
within 1.6 mm.

4. Corrections for the vertical refraction introduced by the method of refraction 
ratios have improved the results of reciprocal trigonometric leveling.

5. Implemented researches show the possibility to create plane and height net-
works applying the proposed method for monitoring the dynamic motions 
on geodynamic polygons.
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