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For further information
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Classical geodetic control network 
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Öresundsbron                          https://news.cision.com/

One of the primary issues of geodesy is the building and maintenance of 
small-scale precise geodetic control networks of which the longest 
baseline lengths are a few kilometers. e.g. 

• To monitor the deformation or deflection in dams
• Bridges and Tunnels
• High towers
• Landslide

Öresundsbron                          https://news.cision.com/

Tallest towers in the world Wikimedia



Reduction of slope distance to horizontal distance in the 

geodetic networks
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DOV: Deflection of vertical

The problem is that we collect the observations on the Earth’s 
surface (physical shape of the Earth), but the Earth’s mathematical 
shape (e.g. Ellipsoid) is used for calculations. 

 cos(90 ) sinHD SD Z SD Z= − =

Challenges

– Refraction error

– Geometric effects (Curvature-

skewness)

– Physical effects (Deflection of the 

verticals)

Reducing slope to horizontal distances is 

a challenge for us (without involving any 

systematic error)



Aim

To quantify the physical and 

geometric effects (assuming a 

spherical and ellipsoidal Earth 

model) on the vertical angles by 

performing a simulation that can 

be relevant and useful for the 

writing of surveying guidelines.
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These problems have not been mentioned in the guidelines.



Deflection of vertical (DOV) 

▪ The DOV components at the Earth’s surface using the quasigeoid and 

Molodenskij’s definition of the height anomaly. Molodensky et al. (1962) 

discarded the geoid and defined a new surface, the quasigeoid, in which 

the geoidal undulation is replaced by height anomaly (Heiskanen and 

Moritz 1967, p. 312):
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North-south component 

East-west component 
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Data:
• SWEN17_RH2000 → is a geoid model

• The terrain inclinations are derived using 
the Swedish photogrammetric DEM (second 
terms).
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Curvature-skewness problem using ellipsoidal and spherical model

Ellipsoidal model Spherical model
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Curvature-skewness problem Curvature problem 
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Solutions for the challenges
▪ Challenges

– Refraction error, 

– Geometric effects (curvature-skewness)

– Physical effects (Deflection of the verticals→ DOV)

▪ Solutions:
– Refraction error: the recommended solution to solve this problem is 

the reciprocal reading of vertical angles at the same time from both 

ends of a distance 

– Solution 1: Reciprocal reading can be a solution for geometric and 

physical effects, if the points are at the same elevation. Otherwise:

• Curvature-skewness error should be taken into account for 

correcting vertical angles. 

• The DOV affects the collected zenith angles and should be 

used for converting slope distances to horizontal distances.

– Using regional gravity database and calculating precise 

DOV components (i.e. ζ, η) and correcting the geodetic 

observations.

– Solution 2: Terrestrial 3D geodetic control network (see HMK –

Stommätning 2021 Section 3.2.4) and using only horizontal directions 

and slope distances.

– Solution 3: Network-aided method (J. Surv. Eng., 2021, 147(4): 

04021024).

Collecting reciprocal observations is time-consuming, especially in the rough topography areas (e.g. dam sites) and increases 

the fieldwork and costs of the projects. Cost and time are important factors to establish optimum and precise geodetic 

networks (Kuang 1996).

Vertical 
angles can 
be included 
in the 
calculations 
without any 
problem

Collectling 
the vertical 
angles can 
be ignored



Quantifying 

physical (DOV) and Curvature-

skewness errors on the reduction 

of slope distance to horizontal 

distance 
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Results: DOV components at the Earth’s surface
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The resolution of the DOV components in latitude and longitude directions are 0.01° and 0.02°
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North-south component East-west component 



Effect of DOV on horizontal distances

▪ Effect of DOV on zenith angle

▪ Coverting slope distance to 
horizontal distance

– HD: horizontal distance

– SD: Slope distance

– Z: Zenith (vertical) angle

▪ Variation of HD due to the effect of 
DOV on Zenith angle:

 cos(90 ) sinHD SD Z SD Z= − =

SD

HD

Z

 sin( )  sin( )
PHD ZSD Z SD Z = + −

P

Q

Location Latitude Longitude Height (m)

Kebnekaise 67.93° N 18.60° E 1702.3

Umeå 63.68° N 19.78° E 84.0

Mårtsbo 60.595143° N 17.258525° E 32.1

Skövde 57.95° N 14.50° E 262

m
et

er

Umeå

Mårtsbo

Skövde

Kebnekaise cos( ) sin( )
PZ P PQ P PQ     = +
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α: Azimuth



Effect of DOV on horizontal distances: Mårtsbo

 sin( )  sin( )
PHD ZSD Z SD Z = + −
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1 km
4.2 mm

1 km
16.5 mm

For larger ΔH 

90°  ̶ 85° normal case



Effect of DOV on horizontal distances: Umeå

 sin( )  sin( )
PHD ZSD Z SD Z = + −
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Effect of DOV on horizontal distances

The DOV effect depends on
Baseline length
Height difference
Azimuth

The effect of DOV (physical effect) 
will not be uniform in the 
network because of the baselines' 
different azimuths.



Geometric problem

How to calculate the curvature-

skewness effect on slope distance 

reduction?  
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Curvature problem using spherical model

▪ The angle between two normals (at points P and Q) can be 

obtained by 

▪ To simplify the simulation, one can assume that the first point 

(i.e. P) is projected on the sphere surface hp=0, thus the slope 

distance between points P1 and Q is given by: 

▪ The slope angle on the sphere at point P1

▪ The curvature error on the slope distance reduction (reciprocal 

reading)
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Angle between normals (curvature-skewness angle)

Sectional view of normal skewness at 
points P and Q  above an ellipsoid of 
revolution. 

(Assuming different baseline lengths assuming 100 m height difference)

Height 

difference 

(meter) 

Distances (meter) 

100 300 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 

0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.2 0.4 0.4 

5 0.0 0.1 0.2 0.4 0.6 0.8 1.0 1.1 1.3 1.4 1.5 1.6 

10 0.1 0.2 0.4 0.8 1.2 1.5 1.9 2.3 2.6 2.9 3.2 3.5 

50 0.4 1.2 1.9 3.9 5.9 7.8 9.4 11.7 13.6 15.5 17.3 19.2 

100 0.8 2.4 3.9 7.8 11.7 15.6 19.5 23.4 27.3 31.1 34.9 38.8 

150 1.2 3.5 5.9 11.8 17.6 23.5 29.3 35.2 41.0 46.8 52.6 58.4 

200 1.6 4.7 7.8 15.7 23.5 31.3 39.1 46.9 54.7 62.5 70.2 77.9 

250 2.0 5.9 9.8 19.5 29.4 39.1 48.9 58.7 68.4 78.1 87.8 97.5 

300 --- --- 11.7 23.5 35.2 47.0 58.7 70.4 82.1 93.8 105.5 117.1 

400 --- --- 15.7 31.3 47.0 62.6 78.3 93.9 109.5 125.1 140.7 156.3 

500 --- --- 19.6 39.2 58.7 78.3 97.9 117.4 136.9 156.4 175.9 195.4 

 1 

The curvature-skewness effect on the 
slope distance reduction in reciprocal 
measurements.  
Unit: mm 
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The curvature-skewness 
effect depends on

Baseline length
Height difference

© M. Bagherbandi
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Is it possible to avoid 

reading vertical angle and 

get rid of the challenges?

  

Our suggestions:

Solution 1: Reciprocal reading can be a solution for geometric and physical
effects, if the points are at the same elevation.
Solution 2: Terrestrial 3D geodetic control network (see HMK – Stommätning
2021 Section 3.2.4) and using only horizontal directions and slope distances.

Solution 3: Network-aided method (J. Surv. Eng., 2021, 147(4): 04021024).

Refraction error 
Geometric effects (Curvature-skewness)
Physical effects (Deflection of the verticals)
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▪ Adjusting the slope distance observations (unidirectional) in the 
form of a 3D free network adjustment

▪ Computing adjusted coordinates (e n u ) for all network points 
using the initial values of coordinates of the geodetic control 
points

▪ Computing horizontal distances

▪ The calculated horizontal distances, along with the horizontal 
angles or direction observations, are used then in the process of 
the 2D network in the final free network adjustment

Journal of Surveying Eng., 2021, 147(4): 04021024

Is it possible to avoid reading vertical angles?

Answer: YES!

𝐷𝑖𝑗 = Ƹ𝑒𝑖 − 𝑒𝑗
2
+ 𝑛𝑖 − 𝑛𝑗

2



Network-Aided Reduction of Slope Distances in

Small-Scale Geodetic Control Networks

Damghan reservoir rockfill dam Mojen reservoir rockfill dam
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Reciprocal vs unidirectional (network aided)

slope distances: Mojen dam
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Reciprocal reading 
including:
1. Slope distances
2. Vertical angles
3. Horizontal directions

Unidirectional reading 
including:
1. Slope distances
2. Horizontal directions

Reciprocal observations Unidirectional observations (Network-aided method)



Reciprocal vs unidirectional (network aided)

slope distances: Mojen dam
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• The redundancy numbers reflect the geometrical strength of a geodetic network.
• It is desirable to design a network with relatively large (close to 1) and uniform 

redundancy numbers.
• The redundancy numbers show the ability to detect gross errors in the network.



Take home messages

▪ The physical and geometric impacts on the vertical angle 
are important to convert the slope distances to the 
horizontal ones in the geodetic networks

▪ One practical solution (according to the surveying 
guidelines) to eliminate these problems is collecting the 
vertical angles reciprocally and designing the geodetic 
networks so that the stations’ elevations are as much at 
the same level as possible. 

– following the guidelines is sometimes difficult 
because of the project circumstances

• establishing a geodetic network for monitoring 
high towers and structures,

• existing rough topography. 

– Therefore, designing a geodetic network with all 
stations at the same elevation is not always 
possible

– Our results show that ignoring these effects may 
lead to significant errors, especially if the height 
differences between the points are large,

• Even if one measures the vertical angles 
reciprocally
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Off-dam network

On-dam network



Take home messages
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Solution:
Network-aided 

method
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Take home messages

2024



Thank you for your attention!
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