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Introduction

Microwave space-geodetic observations such as Global Navigation Satellite Systems (GNSS) or
Very Long Baseline Interferometry (VLBI) are delayed in the neutral atmosphere. In order to
improve the quality of these techniques for precise applications like reference frame realisation, we
need to get more knowledge about the temporal and spatial refractivity variations in the
neutrosphere. In addition to the annually to hourly long periodic variations, which can be
considered within the adjustment process, micro-scale meteorological phenomena in the range of
minutes to sub-second affect space-geodetic observations as well. Thus, induced phase fluctuations
of wavefronts passing through the turbulent medium form a significant error source for
electromagnetic wave propagation on the one hand side. On the other side, they reveal information
about the turbulent media through which the signal has travelled and thus can be used to enhance
the modelling of neutrospheric refraction.
In order to identify high-frequency atmospheric effects, we analysed 1Hz high-rate GPS
observations from the continuous operating GNSS station at the Geodetic Observatory Wettzell
and derived post-fit carrier phase residuals for several days with a Kalman-Filter based Precise
Point Positioning (PPP) approach. Since undifferenced carrier phase observations contain a
superposition of several effects, the computed power-law behaviour of the residuals might not
follow the theoretically predicted stochastical behaviour for refractivity fluctuations. Hence, first
the influence of multipath was identified. A residual stacking was performed, and the reduced
residuals were analysed with regard to turbulenct characteristics.

PPP analysis and residual stacking

A daily PPP analysis was performed for the station WTZR for 17 consecutive days in 2011 with
the IfE-MATLAB toolbox. We choosed this time and station in order to study the variability of
water vapour in the atmosphere and the resulting refraction effects with two techniques in the
radio frequency domain (GPS and VLBI) in parallel. We used a Kalman Filter approach (see Tab.
1 for settings) to generate L3 1 Hz GPS carrier phase residuals.

Tab. 1: PPP analysis settings.

Processing time intervall DoY 257-273 2011 & Sundays DoY 072:7:359 2011
Elevation cut-off angle 5 ◦

observation weighting elevation dependent sin2(E )
Sampling rate 1 s
EOP/Satellite orbits & -clocks CODE final, CODE.CLK (5 s),

linearly interpolated to 1 s [Bock et al., 2009]
Satellite antenna absolute antenna model from IGS08.atx
Receiver antenna individual absolute calibration
Troposphere a priori model Saastamoinen Model, mapped with VMF1
Troposphere modelling random walk with process noise of 15 mm/

√
h

Static coordinates modelling Random constant
Carrier phase ambiguities modelling Random constant
Receiver clock model 2-state-model [van Dierendonck et al., 1984],

[Weinbach and Schön, 2011]

The L3 phase residuals show variations of about ±80 mm and an elevation dependent behaviour,
see Fig. 2(a) exemplary for one day and selected satellites. Apart from turbulence effects, the
phase residuals contain superpositions of several effects, such as residual receiver and satellite clock
variations, receiver noise, and multipath. In order to reduce their impact and to study the
turbulence, we applied a receiver clock modelling [Weinbach and Schön, 2011], used high-rate
satellite clock corrections [Bock et al., 2009] and generated a statistically robust multipath stacking
map [Fuhrmann et al., 2015]. Congruent cell with an azimuth resolution of 2 ◦ at the local horizon
and elevation resolution of 1 ◦ were computed. In addition to the days during the VLBI
CONT11 campaign, we computed PPP L3 phase residuals for other 39 days in 2011. Overall 56
days of PPP analysis yield 43.947.448 L3 phase residuals, with 163.6140 outlier (0, 4%) and 273
residuals (0, 0006%) in cells with less than 15 residuals. As expected, the multipath stacking map
shows smaller variations and standard deviations at lower elevation and vice versa, see Fig. 1(a)
and 1(b). An indicator for multipath might the higher standard deviation in a sector between 150 ◦

and 190 ◦ at 45 ◦ elevation.
After removing the computed mean stacked values from the original residuals, variations, especially
at higher elevations are removed and the histogramm shows less values exceeding ±15 mm, see
Fig. 2(b) and 2(c).
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(a) WTZR mean stacked L3 phase residuals for 56 days in
2011.
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(b) WTZR standard deviation of mean stacked L3 phase
residuals.

Fig. 1: PPP L3 phase residuals stacking map with corresponding standard deviation.
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(a) WTZR DoY 261 original L3 phase
residuals.
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(b) WTZR DoY 261 reduced L3 phase
residuals.
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(c) WTZR DoY histogram of original and
reduced L3 phase residuals for 56 days in
2011.

Fig. 2: PPP L3 phase residuals before and after multipath stacking and their distribution.

Stochastic tools for turbulence investigations

High-frequency turbulence effects can be best described stochastically. Following the widely ac-
cepted Kolmogorov turbulence model, refractivity fluctuations can be characterised by specific
power-law processes. In order to identify these fluctuations in the resulting phase residuals, ded-
icated analysis tools are applied such as temporal structure functions (Fig. 3(a) and 3(d)), power
spectrum (Fig. 3(b) and 3(e)) or the Allan variance (Fig. 3(c) and 3(f)).

The prevailing turbulent regime is then characterized by the shape of the structure function
yielding typical slopes in a log-log-plot ranging from 5/3 to 2/3 for small separations τ and finally
reaching 0 for large τ [Wheelon, 2001]. In addition, the slope of power spectrum or Allan vari-
ance can be used as indicator for turbulence processes [Thompson et al., 2001] (see Tab. 2).

Since undifferenced carrier phase residuals contain a superposition of several unmodelled ef-
fects, the computed slopes from the original residuals will not clearly show the theoretical values.
Thought, residual stacking and removing the stacked values will reduce the residual multipath ef-
fect, we expected to approximate the slope values from literature and thus identify turbulence ef-
fects in the reduced phase residuals.

Tab. 2: Power law relations for turbulence.

Exponent
Quantity 3D turbulence 2D turbulence

(very small τ ) (small τ )
(Temporal) structure function 5/3 2/3

phase spectrum - 8/3 - 5/3

Allan variance - 1/3 - 4/3
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(a) temporal structure function of original L3
phase residuals
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(b) power spectrum of original L3 phase
residuals.
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(c) modified Allan Variance of original L3
phase residuals.
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(d) temporal structure function of reduced L3
phase residuals.
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(e) power spectrum of reduced L3 phase
residuals.
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(f) modified Allan Variance of reduced L3
phase residuals.

Fig. 3: Statistics of computed PPP L3 phase residuals and reduced residuals.

Conclusions and Outlook

I We performed 56 days of daily 1 Hz PPP analysis in order to generate a large number of resid-
uals for statistically robust multipath stacking. The mean values were reduced from the original
residuals and the resulting reduced residuals were analysed with regard to turbulent effects.

I The theoritical values for slopes in log-log plot of temporal structure function, power spectrum
and Allan variance cannot be observed in original and reduced residuals for very small τ . For
time lags up to ∼45 s (small τ ), the slopes nearly reaches the expected values. There is a slight
change resulting from residual stacking and reduction in the computed power-law behaviour for
these time lags. For longer time lags, the influence is most significant.

I For time lags up to ∼45 s a slope of ∼ 2/3 can be observed in the temporal structure function.
For larger time lags, the slope nearly reaches 0 in the reduced residuals. Hence long periodic ef-
fects are reduced by the performed stacking and reduction, see Fig. 3(a) and 3(d).

I In the power spectrum of phase residuals a slope of ∼- 5/3 is noticeable for periods up to
∼100 s. A peak in the spectrum appears at ∼20 s and ∼100 s. For periods up to ∼1000 s the
slopes nearly reaches 0 and then changes again, see Fig. 3(b) and 3(e).

I The modified Allan variance shows a continuous ∼- 4/3 behaviour for periods up to ∼45 s. For
larger periods it is changing to a more steep negative slope of ∼- 2 and ∼- 2.6 for the reduced
residuals respectively, see Fig. 3(c) and 3(f).

I Further investigations will concentrate on Kalman filter settings and the simulation of turbu-
lence effects in order to analyse in which step of geodetic data processing atmospheric turbu-
lence can be observed.
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