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Abstract  QDaedalus is an automated, computer-controlled astro-geodetic measurement system. 
Astronomical deflections of the vertical measured by the QDaedalus system are significantly 
influenced by atmospheric refraction. Therefore, the measuring system was further improved by 
recording the environmental parameters influencing the refraction (air pressure, temperature, 
humidity) with accurate and high time resolution. In addition to meteorological parameters, refraction 
also depends on the spectrum of the stars. Both the continuously measured meteorological parameters 
and the color of the stars were taken into account in the calculation of the refraction. To control the 
method, we used the deflection of the vertical values of the Pistahegy point in the southern part of 
Budapest which were determined over 7 years during 260 night measurements. The corrected 
measurements fit within 0.01" with the average value of previous Pistahegy measurements. The 
standard deviation of the differences due to the corrections, however, may reach 0.015" for the DOV 
components. 
 
Keywords  QDaedalus, astro-geodetic measurement, deflection of the vertical, atmospheric 
refraction, star spectra, robust inversion  
 
 
1. Introduction 
 
Gravity as a vector also has length and direction. The length of the vector can be measured by different 
absolute and relative gravity methods. Direction of gravity (the vertical deflection) can be measured 
by astrogeodetic methods. Accurate determination of the direction of the gravity vector is an 
important task in geodesy and for certain engineering projects, but these measurements can also be 
used in geophysics too. 

Classical determination of vertical deflection is a very lengthy and costly job. Measurements are 
performed based on a pre-prepared star program. Night fieldwork, which may last for several weeks, 
requires serious infrastructure (transport, power supply, service staff, etc.). A suitable pillar must be 
built with a special observation tent for the measurements. So far, due to the rather lengthy and 
expensive method of astronomical position determination, such measurements have been performed 
at very few points, so e.g. currently only 138 points are available in Hungary, which corresponds to 
an average point distance of about 33 km. 

Determining the vertical deflection at a single point by astronomical position determination − 
including preparations, measurements, and calculations − required several months of work by many 
professionals. Accuracy of this measurement is about 0.2 arc second. The use of the QDaedalus 
system is a huge step forward in determining deflection of the vertical (DOV) as a single observer 
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can determine these values not more than 20-30 minutes with greater accuracy . 
The most problematic source of astrodeodetic measurements is atmospheric refraction. The 

magnitude of refraction depends primarily on meteorological parameters, which vary significantly in 
space and time. For the precise determination of the vertical deflection, a very long sequence was 
measured at the point Pistahegy. In the last 7 years we performed 260 measurements taken at this 
point in different seasons, in the most diverse meteorological, temperature and refraction conditions. 
In previous measurements, meteorological parameters were determined only at the beginning and end 
of the measurements, but more recently we have switched to high-precision recording of barometric 
pressure, temperature, and humidity every 10 seconds. This made it possible to continuously 
determine the refraction and take its effect into account during the entire measurement time. 

 
 

2. The QDaedalus system 
 
The QDaedalus system is a computer-controlled, GNSS-assisted automatic measuring system, 

which can be used mainly for high-precision determination of the local vertical direction (deflection 
of the vertical = DOV) (Bürki et al. 2021, Hirt et al. 2010, Hauk et al. 2016, Tóth and Völgyesi 2016). 

The N-S and E-W component ξ and η can be computed by 
 , (1) 

 . (2) 

where φ, λ are geodetic latitude and longitude on WGS84 ellipsoid, measured by GNSS, and Φ, Λ are 
astronomical latitude and longitude provide by QDaedalus system from celestial equatorial 
coordinates (δ, α) of measured stars (Völgyesi and Tóth 2015, 2016). 

 

 
Fig. 1 Schematic construction of the QDaedalus system 

 
The main component of the QDaedalus system is an adapted Leica TCA 1800 robotic total station 

(Fig. 1). The eyepiece of the instrument is replaced with a CCD sensor. The GNSS receiver provides 
accurate timing of star observations and WGS84 coordinates. At the beginning of a measurement, 
important step is to calibrate the instrument. The calibration is made by a new solution using a special 
ATK2 collimator. The external computer controls the robotic total station via the QDaedalus 
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software. Immediately after the measurement is completed, the software calculates the ξ and η 
components of DOV: 
 
 
3 Measurements by QDaedalus system 
 
For the precise determination of DOV, a very long sequence was measured at the point Pistahegy. 
(the WGS84 coordinates of the measurement point are, ϕ = 47˚24’53.8112” and λ = 19˚08’17.8948”) 
(Tóth and Völgyesi 2018). From the autumn of the year 2015 until now we performed 260 night 
measurements taken at this point in different seasons, in the most diverse meteorological and 
refraction conditions. On Fig. 2 the results of all 260 Qdaedalus measurements of DOV at the 
Pistahegy station can be seen, both the results of the Danish method and the Cauchy-Steiner weights 
(Tóth and Völgyesi 2016) are presented. 

Here we present a quick overview of the inversion procedure with Cauchy-Steiner weights. More 
details are found in Tóth and Völgyesi (2016). Robustification of the inversion with Cauchy-Steiner 
weights was successfully applied in other problems like e.g. Fourier Transformation (Szegedi and 
Dobróka 2014, Szegedi et al. 2014). 

Our goal is to determine the model parameter vector 

 { }, , , zm iΦ Λ ω=
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where Φ, Λ, ω, iz denote astronomical latitude, longitude, orientation correction, index error of the 
instrument, respectively. We have measurements for each epoch i of the telescope axis and position 
of the star's image on the CCD sensor: 

 { }, , , , 1, 2,...mid z x y i Nι ι ι ι= =


  (4) 

where N denotes the number of measurement epochs, ℓi, zi, xi, yi denote direction of the telescope’s 
pointing axis and position of the star image on the CCD, respectively. Model equations can be written 
for the i-th measurement epoch with calibration parameters a11, a12, a21, a22, x0, y0 as 
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The general form of the above equations is ( , ) 0eiig d m =
  

, where { }, , ,eid z x yι ι ι ι=


  denote 
theoretical values. The model equations are implicit in both data and parameters. The inversion 
solution for the parameter vector with Cauchy-Steiner weights is  

 0
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where the inverse matrix depends on the Cauchy-Steiner weights and the vector g0 is the function 
value of g at the Taylor point used in gradient linearization. The diagonal matrix 'W  of Cauchy-
Steiner weights is 
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and it depends on the residuals e′i, dihesion ε′ and k is the parameter of the Pk product norm introduced 
by Steiner (1987). 

At the start of measurements, the calibration of the CCD sensor and the inaccuracy of the computer 
clock caused various problems. Following the solution of the calibration and computer clock problem, 
after the first 77 measurements, the accuracy of QDaedalus measurements improved significantly. 



From the 140th measurement, another problem was realized in our measurements, the N-S 
components ξ of DOV values began to increase more and more. We could not find the problem until 
the 170th measurement, and then it turned out that the parameters of the Leica TCA 1800 total station 
have been changed. 

Repairing and calibrating the Leica TCA 1800 total station, after the 171th measurement the 
Qdaedalus system measures acceptable DOV values again. This experience underlies the need of 
regular instrument integrity check and calibration in case of high accuracy requirements. 

 

 
Fig. 2 DOV inversion results of 260 QDaedalus measurement series by the Danish method vs. Cauchy-

Steiner weights at Pistahegy Station. Numbers of series are given on the plots. Ellipses indicate estimated 
inversion errors. Median of ξ is -2.39″ /-2.37″, median of η is 5.15″ /5.17″ for Danish/Cauchy-Steiner 

methods, respectively. 
 

The results of problem-free measurement series 78 to 139 and 171 to 260 are located in hatched 
area in the middle of the Fig. 2, these points marked by red dots and the serial number of 
measurements are given next to the dots. The DOV values marked by blue stars computed from the 
first 77 measurements are separated in the lower part of the figure, and the values marked by black 
reverse triangles computed from the series of 140-170 Qdaedalus measurements can be found in the 
left upper part of the figure. 
 
 
4 Significance and measurement of meteorological parameters 
 
The biggest source of error in QDaedalus measurements is the atmospheric refraction. Atmospheric 
refraction is the deviation of light from a straight line as it passes through the atmosphere. 
Astronomical or celestial refraction causes stars to appear higher above the horizon than they actually 
are (see Fig. 3). This refraction is due to the velocity of light through air, decreasing with increased 
density. Air density is primarily a function of pressure, temperature and humidity.  

So the amount of atmospheric refraction is a function of the temperature gradient, temperature, 
pressure, and humidity (the amount of water vapor, which is especially important at mid-infrared 
wavelengths). Refraction also depends on the color (wavelength) of the light. The degree of refraction 
also depends on the zenith angle and color of the stars. For example, in the visible spectrum, the 
shorter wavelength blue refracts more strongly than the longer wavelength red (see Fig. 3). Turbulent 
air can make distant objects appear to twinkle (atmospheric scintillation). 
 



 
Fig. 3 Atmospheric refraction 

 
In previous measurements, meteorological parameters were determined only at the beginning and 

end of the measurements, but more recently we have switched to high-precision recording of 
barometric pressure, temperature, and humidity every 10 seconds. 

Meteorological parameters were measured with BME280 which is as a combined digital humidity, 
pressure and temperature sensor. The sensor module is housed in an extremely compact metal-lid 
LGA package with a footprint of only 2.5×2.5mm² with a height of 0.93mm. At the heart of the 
module is the next-generation digital temperature, humidity and pressure sensor manufactured by 
Bosch – BME280. This precision sensor can measure relative humidity from 0 to 100% with ±3% 
accuracy, barometric pressure from 300Pa to 1100 hPa with ±1 hPa absolute accuracy, and 
temperature from −40°C to +85°C with ±1.0°C accuracy. This is available on a small module which 
provides access to the sensor via the I2C interface. BME280 is designed to be compatible with 
Raspberry Pi, which can be programmed in python when connecting them. Fig. 4 shows the 
Raspberry Pi and the compatible BME280 digital measuring unit. In the lower left part of the figure 
the format of the measured database can be seen (date, time, temperature, pressure and humidity). An 
easiest way to connect BME280 to the Raspberry Pi is shown in Fig 5.  
 

 
Fig. 4 Atmospheric refraction 

 



 
 

Fig. 5 Connection of BME280 to the Raspberry Pi 
 
 
5 Improved modelling of radial-symmetric refraction for QDaedalus measurements 
 
Ground-based astrometrical observations at visible wavelengths are all affected by refraction. 
Astronomical refraction may be subdivided into a radial-symmetric and an asymmetric component, 
which is often called anomalous refraction. 

Anomalous refraction is considered to be a major limiting factor for ground-based astrometry in 
general and astrogeodetic observations in particular (Hirt, 2006). While a digital zenith camera system 
is affected mostly by anomalous refraction close to the zenith, the QDaedalus system is affected by 
both anomalous and radial-symmetric parts. Therefore it is essential to model the latter, radial-
symmetric part accurately. 

In the following we describe an improved modeling of radial-symmetric refraction (which will be 
called simply refraction hereafter) with respect to our previous simple model. This improved 
modeling consists of two parts. First, refraction strongly depends on the local meteorological 
parameters at the observation site. Therefore continuous precise monitoring of these parameters has 
been implemented which facilitates more accurate, time-dependent calculation of refraction. Second, 
refraction also depends on the wavelength of the observed light. Measured stars have different 
spectral characteristics, and the value of refraction should vary with the spectral type depending on 
how the spectrum is distributed across the instrument’s pass band (Stone, 1996). 
 
 
6 Refraction calculated from in-situ monitoring of meteorological parameters 
 
Due to (radial-symmetric) refraction apparent zenith distance z′ of a star will be less than its true 
topocentric zenith distance z by the amount of refraction r. Our previous simple refraction model 
employed Meeus′ (1998) formula (16.1) with temperature T in °C and air pressure p in hPa: 

 3
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where c1 = 58.294″ and c2 = 0.0668″. In this model we used mean temperature and pressure calculated 
over the measurement period. 

With a continuous in-situ monitoring of temperature, pressure and relative humidity during a 
measurement session, time-varying refraction can be calculated with formula (8). We logged these 
data with 10 second sampling rate and linearly interpolated both temperature and pressure to each 
measurement epoch. Fig. 6 shows the logged environmental data for a particular measurement at the 
Pistahegy site. 
 

 
Fig. 6 Temperature, pressure and relative humidity at the Pistahegy site measured on 09.18.2020. Time axis labels 

show day and UTC time (hh:mm) 
 

During the 30 min measurement session temperature fluctuates by 1 °C and pressure increases by 
0.3 hPa. Variation of refraction with respect to mean temperature and pressure amounts to ±0.06″ 
according to Fig. 7. All the measured zenith angles were in the range of 30°±2°. 
 



 
Fig. 7 Variation of the refraction angle in arcsec at the Pistahegy site with respect to average meteorological 

parameters on 09.18.2020. Time axis labels show day and UTC time (hh:mm) 
 

If we take into account that the standard deviation of vertical deflection components obtained for 
this particular measurement is about 0.05″ with Cauchy-Steiner weights (Tóth and Völgyesi 2016), it 
is obvious that variation of meteorological parameters should be included in refraction modeling 
whenever possible. The average bias in estimated N-S and E-W vertical deflection components for 8 
measurements (each 30 minute long) is below 0.006″ and 0.002″, respectively, if we neglect variation 
of temperature and pressure (Fig. 8). The standard deviations of the differences, however, is 0.012″ 
and 0.006″ for the N-S and E-W components. 
 

 
Fig. 8 Deflection of the vertical differences at Pistahegy site (measurements 227-234) resulted from processing 

with continuously monitored temperature and air pressure with respect to processing with average meteorological 
parameters, obtained with two standard processing methods. 

 
When DOV components are calculated with 0.001″ precision, it is important that coordinates of 

the stars used for the processing should be defined with at least the same precision. We found, 
however, that in the original QDaedalus star database declinations and right ascensions of the stars 
were given only with precisions 0.01″ and 0.01 s (0.15″) from the FK6 star catalogue (Wielen et al. 
1999). Hence we updated the original star catalogue with more accurate FK6 star coordinates (precise 
at least to 0.00001″ and 0.000001 s in declination and right ascension). It can be seen in Fig. 9 that 
rounding of star coordinates affected the DOV components significantly, because average bias of the 



E-W component was 0.055″ using less precise coordinates. 
 

 
Fig. 9 Deflection of the vertical differences at Pistahegy site (measurements 227-234) resulted from processing 

with more precise star catalogue coordinates, obtained with two standard processing methods. 
 
 
7 Refraction calculations by taking into account star spectra 
 
Theoretically, refraction should be determined by tracing the path of light through the atmosphere. 
However, in lack of detailed knowledge of the atmospheric temperature, pressure and water vapor 
along this path, a more practical approach may be followed. This approach requires only knowledge 
of the meteorological conditions recorded at the observing site with each observation. This approach 
is very simple and fast and is also very accurate for zenith distances under 75° (Smart 1965, Green 
1985). The computation for refraction is reduced to a boundary-value problem with this formulation. 
Since refraction r depends on the wavelength of light λ, for accurate computation of the radial 
component of refraction this dependence must also be taken into account. 

We first summarize the formulation for the calculation based on Stone (1996). According to the 
above theory, the refraction r(λ) at the observing site can be computed by first computing the index 
of refraction of air n0 at the site and then evaluating the expressions 
 γ = n0 – 1 (9) 
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where t  is known air temperature in °C at the site, g is the sea-level gravity at the Earth’s equator, g0 
is gravity at the observing site, ϕ is astronomical latitude of the observing site, h is the height above 
the Earth’s surface and z′  is the apparent zenith distance of a star. 

The index of refraction of air at wavelength λ (Å) can be computed accurately from known air 
temperature T (K), atmospheric pressure Ps (hPa) of dry air (atmospheric pressure corrected for water 
vapor) and water vapor pressure Pw (hPa) using the empirical approximations given by Owens (1967). 
According to Owens, the index of refraction of air n0(λ) can be computed very accurately using the 
equations given in Stone (1996). The water vapor pressure Pw can be computed from the known 
ambient temperature t (°C) and relative humidity RH using the following formulas: 
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Next, using the absolute temperature T = 273.15 + t ,  Ps = p – Pw  and  σ = 103/λ  we calculate 
differential index of refraction from the formulas 
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The previously discussed refraction r(λ) is only for monochromatic light of wavelength λ. In reality 
observations with QDaedalus are made through the optical pass band from about 350 nm to 750 nm. 
As discussed in Stone (1984), a good approach is to calculate mean refraction rm by weighting the 
individual selective refractions r(λ) with the apparent stellar flux at wavelength λ and averaging across 
the pass band. The mean refraction is given then by 

 0
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where S(λ) is the spectral energy distribution of the star being observed; E(λ) is the transmittance of 
the interstellar dust; A(λ) is the transmission of the atmosphere; L(λ) is the transmission of the 
telescope optics; D(λ) is the quantum efficiency of the detector being used and r(λ) is the selective 
refraction. 

The function E(λ) in (19) is given by 

 0.4 ( ) ( )( ) 10 RE B V aE λλ − −=  (20) 

where a(λ) is the interstellar absorption magnitudes at wavelength λ, parameter R is defined as the 
absorption ratio (R~3), and E(B – V) is the color excess of the star being observed. The absorption 
has been normalized to a reddening RE(B – V) = 1.0 and a numerical approximation is given as: 

 2
0.995958 0.0805414( ) 0.544472a λ

λ λ
= − + −  (21) 

In equation (21) wavelength λ should be given in μm. The atmospheric transmission A(λ) at zenith 
distance z′ is given by 

  (22) 
where 



 2 3
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In equation (23) wavelength λ should be given in μm.  
The spectral energy distribution S(λ) of the star as well as the E(B – V) color excess can be 

determined from the spectral type of the star. A comprehensive spectrophotometric library of stars 
can provide such an information. We have used the spectral library compiled by Jacoby et al. (1984), 
which contains spectra for 161 stars having spectral classes O-M and luminosity classes V, III and I. 
The spectra extend from 351 to 742.7 nm at a resolution of ~0.45 nm. An example plot of the radiative 
intensity of the HD 66171 star from G2 spectral and V luminosity class from this library is shown in 
Fig. 10. 
 

 
Fig. 10 Spectrum of the HD 66171 star of G2 spectral and V luminosity class from the Jacoby library of stellar 

spectra (Jacoby et al. 1984) 
 

To reduce computation time we interpolated spectral data to 0.1 nm stepsize and then integrated 
stellar fluxes over 5 nm intervals. Finally we normalized the fluxes S(λ) to unit magnitude. Integrated 
and normalized fluxes between 355 and 740 nm as well as E(B – V) color excess data were then saved 
into an Sqlite database for fast access.  

The QDaedalus system’s CCD sensor is F-080 from Allied Vision that includes a Sony ICX-204 
CCD detector. Monochrome quantum efficiency D(λ) of this detector is shown in Fig. 11. These data 
were digitized from 400 nm to 740 nm in 5 nm steps and stored in a Sqlite database. 

 



 
Fig. 11 Quantum efficiency of the Sony ICX-204 detector in the 400 nm - 1000 nm spectral range (Allied Vision, 

Guppy F-080 DataSheet V5.2.2) 
 

Transmission of the telescope optics L(λ) was taken to be unity in the 400 nm - 1000 nm spectral 
range, because optical glass materials have nearly unit transmissivity in this range (Edmund Optics 
2021) 

Since the original star catalogue of the QDaedalus system did not contain spectral and luminosity 
classes of the stars, we included these data from the Hipparcos catalogue (van Leeuwen, 2007) for all 
of the 4311 stars in the database. 

Selective refraction r(λ) is calculated for each epoch and each wavelength using the measured 
temperature, air pressure and humidity using Eq. (12). Calculation of mean refraction rm for a 
measured star is then performed via Eq. (19) by numerical integration with 5 nm stepsize in the 400-
740 nm spectral range.  

As discussed above, the value of refraction should vary with the spectral type depending on how 
the spectrum of a star is distributed across the pass band. Stone (1996) calculated differential color 
refraction for various instrumental pass bands with respect to an F-type star, and got values between 
−0.115″ and 0.101″ for 45° zenith distance. 

We calculated refraction using environmental data with and without taking into account the spectra 
of measured stars. Utilizing the above algorithm for QDaedalus measurements we calculated 
refraction differences for stars measured near zenith distance 30° that resulted from using spectral 
information in the computation. Fig. 12 shows an example plot of these differences for a particular 
standard 30 minute measurement. As we see the differences are in the range −0.125″ ÷ 0.070″, in 
agreement with Stone (1996). 



 
Fig. 12 Variation of the refraction angle in arc sec at the Pistahegy site by taking into account colors of stars. 

Standard 30 min measurement No. 231 on 09.18.2020 is shown. Time axis labels show day and UTC time 
(dd hh:mm) 

 
It is obvious that variation of refraction due to the different colors of stars (spectra) should be 

included in refraction modeling. The average biases in estimated N-S and E-W vertical deflection 
components for 34 measurements were −0.009″ and −0.003″, respectively, if we neglect stellar 
spectra (Fig. 13). The standard deviations of differences are 0.013″ and 0.018″ for the N-S and E-W 
components. 
 

 
Fig. 13 Deflection of the vertical differences at Pistahegy site (34 measurements No. 227-260) resulted from 

processing with star spectra with respect to processing without it, obtained with two standard processing methods. 
Continuously monitored environmental parameters were taken into account in both cases 

 
 
8 Conclusion 
 
Astronomical deflections of the vertical measured by the QDaedalus system are significantly 
influenced by atmospheric refraction, which depends primarily on the environmental parameters (air 
pressure, temperature, humidity) and the spectrum of the stars. 

In the last 7 years we performed 260 measurements taken at Pistahegy point at the southern part 
of Budapest in different seasons, in the most diverse meteorological, temperature and refraction 



conditions. In previous measurements, meteorological parameters were determined only at the 
beginning and end of the measurements, but more recently we have switched to high-precision 
recording of barometric pressure, temperature, and humidity every 10 seconds. This made it possible 
to continuously determine the refraction and take its effect into account during the entire measurement 
time. During the 30 min measurements time session temperature fluctuated by 1 °C and pressure 
changed by 0.3 hPa. All the measured zenith angles were in the range of 30°±2°. Compared to the 
value calculated for the average temperature and air pressure, the refraction changed by ± 0.06 ″. 

We want to emphasize, that although we applied two standard inversion procedures with Danish 
and Cauchy-Steiner weights, the latter gave consistently better results in terms of both accuracy of 
the inversion parameters and correlation norm. This is probably due to the higher statistical efficiency 
of M-inversion in cases of non-Gaussian distribution of residuals compared with the robust E-
estimation with Danish method commonly used in geodetic data processing. 

Refraction also depends on the wavelength of the observed light. Measured stars have different 
spectral characteristics, and the value of refraction should vary with the spectral type depending on 
how the spectrum is distributed across the instrument’s pass band. We calculated refraction using 
environmental data with and without taking into account the spectra of measured stars. Utilizing our 
algorithm for QDaedalus measurements we calculated refraction differences for stars measured near 
zenith distance 30° that resulted from using spectral information in the computation. The differences 
were in the range −0.125″ ÷ 0.070″. It is obvious that variation of refraction due to the different colors 
of stars (spectra) should be included in refraction modeling. The average biases in estimated N-S and 
E-W vertical deflection components for 34 measurements were −0.009″ and −0.003″, respectively, if 
we neglect stellar spectra. The standard deviations of differences are 0.013″ and 0.018″ for the N-S 
and E-W components. 
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