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Abstract We assess the impact of mapping functions
on geodetic very long baseline interferometry (VLBI).
The results from the analysis of 13 years of VLBI data
processed by employing different mapping functions
are intercompared. One of these is the newly devel-
oped Potsdam mapping function (PMF). The PMF per-
forms slightly better than the VMF1 in terms of baseline
length repeatability and Earth orientation parameters.
Additionally, we investigated the impact of the underly-
ing spatial resolution of the numerical weather model
employed for the ray-tracing on the geodetic estimates,
and we found millimeter level differences in the height
estimates during severe weather events.

Keywords VLBI, troposphere, mapping functions, ray-
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1 Introduction

In data analysis of space geodetic techniques, such as
Very Long Baseline Interferometry (VLBI) and Global
Navigation Satellite Systems (GNSS), including obser-
vations spanning a wide range of elevations improves
the de-correlation of the estimated position height from
the estimates of the residual zenith delay and the clock
parameters, hence enhancing the precision of these pa-
rameters. Unlike low elevation GNSS observations, the
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VLBI observations are unaffected by the effects of
multi-path scattering and phase center variations. Thus
the adoption of an elevation dependent weighting strat-
egy as well as an elevation mask angle (= 7°) is inessen-
tial. This allows VLBI analysis to benefit from fully uti-
lizing low elevation observations. Nevertheless, as the
elevation angle decreases, the mapping function (MF)
uncertainties rapidly increase, degrading the positioning
precision. Therefore, it is imperative that accurate map-
ping functions be applied and that their uncertainties be
described stochastically in the adjustment.

Throughout the years, several tropospheric MF have
been developed --- the interested reader is referred to
Nilsson et al. (2013) for a review. To date, the most ac-
curate and widely globally applied MF are the Vienna
Mapping Functions 1 (VMF1) (Bohm et al., 2006), be-
cause the functional formulation and the underlying data
set (ECMWEF operational analysis) are very accurate.
Therefore, they are recommended by the latest IERS
Conventions (Petit and Luzum, 2010). However, the cli-
matological approach adopted for the description of co-
efficients b and ¢ prevents parametrized mapping from
representing short-term and anomalistic atmospheric
behavior (cf. Section 2). In addition to this, as the un-
derlying numerical weather model (NWM) is intended
to produce the best state estimate, it is subject to system
changes (e. g., February 2006, January 2010, and March
2016) which consequently lead to inhomogeneities in
the time series of the products. In an effort to address
these issues, we used our in-house ray-trace software
package (Zus et al., 2012) to determine the a, b, and ¢
coefficients utilizing the ERA-Interim reanalysis (Dee
et al., 2011). Hereinafter, this rigorous MF will be re-
ferred to as the PMF.

In this paper, we study the benefit of applying the
PMF in VLBI analysis. Section 2 outlines the develop-
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ment of the PMF. In Section 3, we perform a series of
VLBI solutions and elaborate on the geodetic results.
Section 4 recapitulates the results and provides an out-
look.

2 The Potsdam Mapping Functions (PMF)

In essence, the total delay that radio signals experience
when traversing the neutral atmosphere is approximated
as a function of elevation € and azimuth o:

Ttrop (87 (X) = mfhd/i =+ mfwdvzv
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where the subscript & stands for hydrostatic and w for
wet. The zenith delays are denoted by d;, and Gyg and
Ggw are the total linear horizontal delay gradients. The
fitting ansatz for both symmetric MF (mf;) follows the
continued fraction form normalized to yield unity at
zenith (Herring, 1992). Here, the total gradient MF mf,
follows Chen and Herring (1997).
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For our investigations, we employ ERA-Interim at
the original resolution (six-hourly 1° x 1° fields on 60
model levels) and the ray-trace algorithm proposed by
Zus et al. (2012). In essence, for the considered VLBI
stations we compute tropospheric delays for various
elevation and azimuth angles in order to estimate the a,
b, and c coefficients of the MF and the total linear hori-
zontal delay gradients by a least-squares fit. A detailed
description can be found in Dousa et al. (2016).

We compare our product (PMF_1.0 hereafter) with
the original VMF1 (VIE-VMF1) and UNB-VMF1!
(from NCEP reanalysis 1) in terms of slant total delays
(STD) for € = 5° (cf. Figure 1). Because differences in
the MF coefficients are overshadowed by discrepancies

I unb-vmfl.gge.unb.ca/About . html

in both hydrostatic and non-hydrostatic zenith delays
between different providers, we follow Balidakis et al.
(2016) to extract the necessary data for the calculation
of the zenith delays. The rule of thumb suggests that the
STD difference at the lowest elevation angle a station
observed during a session equals approximately five
times the expected estimated station height difference
(Bohm, 2004). Considering the rather large bias present
in the UNB-VMF]1 differences, we have opted not to
consider it in the subsequent VLBI analysis.

3 VLBI Data Analysis and Results

We perform two series of VLBI solutions. Initially,
we utilize the classical Gau-Markov least-squares ad-
justment module of the VieVS @ GFZ VLBI software
(Bohm et al., 2012; Nilsson et al., 2015) to analyze ob-
servations from the IVS-R1 and IVS-R4 sessions (1,326
24-hour multi-baseline sessions), spanning the period
2002-2015 and featuring in total a 32-station global
network. We produce three solutions, varying only the
MF applied: (1) VIE-VMFI, (2) GPT2w (Bohm et al.,
2015), and (3) PMF_1.0.

To study sub-daily variations and the impact of the
resolution of the underlying NWM on the geodetic re-
sults, the Kalman filter module of VieVS @ GFZ is better
suited (Soja et al., 2015). We analyze the best exist-
ing continuous VLBI data set, CONT142. The filter is
run forwards and backwards, followed by a smoother.
We produce four solutions, with a solution employing
PMF from ray-tracing in 0.5° x 0.5° fields (PMF_0.5
hereafter) and another from ray-tracing in CMC-GDPS?
(UNB-VMF1 hereafter), additionally to the above-listed
MF, excluding GPT2w.

In all solutions we employ homogenized in situ data
(Balidakis et al., 2016). In addition to the conventional
displacement models (Petit and Luzum, 2010), we cor-
rect for deformations induced by non-tidal atmospheric
pressure loading (NTAL®) and continental water stor-
age loading (Dill and Dobslaw, 2013), to reduce correla-
tions. Station coordinates and Earth orientation parame-

2 Fifteen consecutive 24-hour sessions in May 2014, featuring a
17 station global network.

3 dd.weather. gc.ca/model_gem_global/25km

4 The NTAL series are calculated employing the operational
model of ECMWEF, utilizing MOG2D-G to describe the dynamic
ocean response to pressure and wind forcing.
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(a) UNB-VMF1 - VIE-VMF1

(b) PMF - UNB-VMF1

(c) PMF - VIE-VMF1

Fig. 1: Shown are the average STD differences in mm at € = 5° between the VIE-VMF1, UNB-VMF1 and
PMF_1.0, calculated from 14 years of data, utilizing the same zenith delays for all three cases.

ters (EOP) are estimated at 24-hourly intervals, whereas
ZWD are estimated at hourly and linear horizontal delay
gradients at six-hourly intervals.

In VLBI analysis, varying the MF mainly impacts
the height coordinate component. We find that when
the PMF_1.0 is applied instead of VIE-VMF1, the es-
timated height changes by more than 1 mm at only
two sites, whereas GPT2w biases 35% of the sites con-
sidered, w.r.t. VIE-VMF1. The weighted root-mean-
square (WRMS) differences between VIE-VMF1 and
PMF_1.0 indicate marginal changes. When GPT2w is
applied, the WRMS increase can be as large as 16%
w.r.t. VIE-VMF1 (cf. Figure 2).
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Fig. 2: Differences of the residual height estimates at
Westford, USA, between the solutions applying VIE-

VMF1, PMF_1.0, and GPT2w.

Figure 3 illustrates that in the presence of severe
weather events, solutions obtained using MF that differ
only in the resolution of the underlying NWM may di-
verge signficantly. In this example, there was a severe
weather event at Tsukuba, Japan, on May 18, corre-
sponding to day of year 138 in 2014.

Another quantitative measure of the impact of em-
ploying different MF on the geodetic results is provided
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Fig. 3: Differences of the residual height estimates at
Tsukuba, during CONT 14, between the solutions apply-

ing PMF_1.0 and PMF_0.5.

by studying the changes in the baseline length repeata-
bility. Therefore, we calculate the WRMS scatter of
baseline length estimates. Given a baseline length time
series {b}Y |, the formula we used reads:

WRMS = 3)

where vy, are the baseline length residuals from a
straight-line fit solved by a rigorous evaluation of the
non-linear Gauf3-Helmert model and o,, are their for-
mal errors. We find that PMF performs lslightly better
than VIE-VMFI1 (for ~ 60% of baselines longer than
1,000 km), and improves the repeatability for ~ 65% of
the baselines compared to GPT2w.

To assess the impact of varying the MF on the re-
sulting terrestrial reference frame (TRF), the seven-
parameter similarity transformation is performed, in
a session-wise manner. Figure 4c portrays that the scale
factor between the VIE-VMF1 and the PMF_1.0 solu-
tions yields sub-mm changes. The slightly positive bias
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Fig. 4: Time series of scale difference estimates from the epoch-wise Helmert transformation among all solutions
are shown in blue (dark) (1 ppb ~ 6.4mm). The cyan (light) line represents a 90-day moving median.

can be explained by (1) the different underlying NWM
data, i. e., the ECMWF ERA-Interim reanalysis versus
the ECMWF operational analysis, (2) the difference
between a rigorous MF and a MF based on the VMF1
concept, (3) the differences in the underlying ray-trace
algorithms, e. g., the PMF utilizes a local (Gaussian) cur-
vature radius of the Earth whereas the VMF1 utilizes
a constant curvature radius for the Earth, and finally
(4) the different boundary conditions considered. On
the contrary, Figures 4a and 4b demonstrate that using
an empirical MF considerably distorts the scale at the
cm-level, depending on weather conditions.

Differences between the MF tested here propagate
rather moderately to the estimated EOP. Nevertheless,
it has to be noted that the WRMS of all EOP series
marginally increases when GPT2w is applied in lieu
of VIE-VMF1. In particular, the WRMS of the polar
motion components inflates by ~ 2 %, and an offset as
large as 3 pas and —20pas (= 1 mm at a 10,000 km base-
line) appears in x,,/e and y o, respectively. Applying
the PMF reduces the WRMS of the celestial pole offset
xcrp by =~ 3.6 % compared to VIE-VMF1. The standard
deviation in the time series of the differences of ZWD,
NS, and EW gradients between the VIE-VMF1 solution
and GPT2w, is 3, 2.8, and 2.7 times larger compared
to the differences between PMF and the VIE-VMF1
solution (cf. Figure 5). An annual signal is visible in the
differences between PMF and VIE-VMF1.

In Figure 6, the discrepancies in the estimated ZWD
at Tsukuba during CONT14 are shown. The best agree-
ment is found between PMF_0.5 and PMF_1.0, whereas
the largest discrepancies lie between VIE-VMF1 and
PMF_0.5 (e. g., the bias in the ZWD series of Fortaleza,
Brazil exceeds 1 mm—not shown here).
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Fig. 5: The differences of the ZWD estimates at
Wettzell, Germany, between the solutions applying VIE-
VMF1, PMF_1.0, and GPT2w.
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Fig. 6: The differences of the ZWD estimates at

Tsukuba, during CONT14 between VIE-VMF1, UNB-

VMF1, PMF_1.0, and PMF_0.5.

4 Conclusions and Outlook

In this study, we address the MF that are employed
for VLBI data analysis. The PMF was developed from
rigorous ray-tracing in ERA-Interim, based on the ad-
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vanced mapping concept. Two series of VLBI solutions
were generated employing the least-squares method
and a Kalman filter, to study long and short term ef-
fects, respectively. Intercomparing the estimates, we
find that the scale is distorted (up to the cm-level) when
employing the empirical GPT2w model, whereas the
differences between VIE-VMF1 and PMF are at the sub-
mm level. PMF marginally improves the estimated EOP
series and the baseline length repeatability compared
to GPT2w and VIE-VMFI1. For CONT14, mm-level
differences in the height estimates can stem from the
resolution of the underlying NWM used for the ray-
tracing. A more thorough analysis spanning the entirety
of VLBI data is foreseen.
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