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Abstract We use all VGOS data observed at the On-
sala Space Observatory in 2022 to estimate zenith total
delays and horizontal gradients with a temporal resolu-
tion of 5 min. Corresponding analyses are performed
with data from two co-located GNSS stations and a
ground-based microwave radiometer. Pairwise com-
parisons result in correlation coefficients of p > 0.99
and p > 0.64 for the zenith total delays and the gra-
dients, respectively. Pairwise offsets are < 1.5 mm for
all parameters. The weighted root-mean square differ-
ences are on the order of 3—-5 mm and 0.5 mm for zenith
total delays and the gradients, respectively. This study
is encouraging in the sense that is proves that VGOS
can resolve signal path delays in the neutral atmosphere
with high temporal resolution and a high level of agree-
ment with results derived from independent co-located
instrumentation. It also opens up for inter-technique
combinations and augmentation in data analysis.
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1 Introduction

The temporal and spatial variation of the signal de-
lay in the neutral atmosphere is one of the major re-
stricting factors for radio-wave-based space-geodetic
techniques, such as Very Long Baseline Interferome-
try (VLBI) and Global Navigation Satellite Systems
(GNSS) (Nilsson and Haas, 2010). While the hydro-
static delays can be modeled well based on informa-
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tion of atmospheric pressure and corresponding map-
ping functions, the so-called wet delays, related to the
amount of water vapor, fluctuate rather rapidly. Thus,
parameters describing these wet delays are usually es-
timated in the VLBI and GNSS data analyses, applying
appropriate mapping functions. These estimates will
also absorb any uncertainties in the a priori hydrostatic
delays. Additionally, direction-dependent fluctuations
are usually estimated as linear horizontal gradients, in-
cluding contributions from both hydrostatic and wet
parts of the atmosphere. Finally, the analyses of VLBI
and GNSS data usually result in time series of zenith
total delays (ZTD) and total horizontal gradients in the
north and the east directions (NGR, EGR).

Ground-based microwave radiometers, often
referred to as water vapor radiometers (WVR), are
remote sensing instruments that are sensitive directly
to the amount of water vapor in the atmosphere. Thus,
by operating a WVR in a so-called sky-mapping
mode, it is possible to derive time series of zenith wet
delays and horizontal wet gradients. Adding model
information based on pressure data to these estimates,
also from the WVR time series of ZTD, NGR, and
EGR can be derived.

Having access to simultaneously operating co-
located instrumentation such as VLBI, GNSS, and
WYVR provides an opportunity to assess the parameters
describing the signal delay in the neutral atmosphere.

In Section 2 we describe the co-located instruments
and the corresponding data. Section 3 explains the in-
dividual techniques and the specific data analyses that
were performed. The resulting time series are com-
pared pairwise in Section 4. Section 5 concludes the
paper.
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2 Data

We study data obtained form the co-located instrumen-
tation for VLBI, GNSS, and WVR at the Onsala Space
Observatory (OSO). Figure 1 shows the two VLBI an-
tennas used for observations in the VLBI Global Ob-
serving System (VGOS), called O13E and O13W in
the following, as well as the two GNSS stations ONSA
and ONSI, part of the International GNSS Service
(IGS), and the WVR Konrad. All five instruments are
co-located within about 500 m and thus can be ex-
pected to basically share the same local atmosphere.

A previous study by Haas and Elgered (2023) fo-
cused on four VGOS Research & Development (VR)
sessions that were observed in 2021 and 2022. These
VR sessions were dedicated to achieve as many obser-
vations as possible in order to sense the atmosphere at
VGOS stations with high temporal resolution. Here we
investigated all 42 VGOS sessions in 2022 where the
OTT participated. Among them, there were 36 VGOS
operational (VO) sessions and six VR sessions. The
standard VO sessions do not achieve the high number
of observations as the dedicated VR sessions in 2021
and 2022, only about 2,500-3,000 instead of about
5,400-5,800 observations, but nevertheless a reason-
ably large number that should allow to estimate atmo-
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Fig. 1 Top: Co-located instrumentation at the Onsala Space Ob-
servatory: The Onsala twin telescopes (left); ONSA and ONSI,
two of the GNSS stations (middle); the microwave radiome-
ter (right). Bottom: Sketch showing that the reference points of
the instruments are at different heights. The reference points of
GNSS station ONSA is at the same height as the one of the mi-
crowave radiometer, but it is A2 = 2.1 m above the one of GNSS
station ONS1, and Ah = 6.647 m and Ah = 6.649 m above the
ones of the VGOS stations O13E and O13W, respectively.

spheric parameters with high temporal resolution. Ta-
ble 1 provides an overview of the VGOS sessions ob-
served at OSO in 2022.

Table 1 Overview of the instrumentation operating at OSO dur-
ing VGOS sessions in 2022.

Session Date |013E O13W ONSA ONS1 WVR

V02013 2022-01-13| v/ v
VR2201 20220120 v -
V02027 2022-0127| v  —
V02034 2022-02-03| \/ - o
V02041 2022-02-10[ / -
V02048 2022-02-17| v/ - v
V02055 2022-02-24| \/ -
V02062 2022-03-03) v -
V02069 2022-03-10| v -
VR2202 2022-03-17| v = v
V02083 2022-03-24| \/ -
V02090 2022-03-31| v -
V02097 2022-04-07| / - v
VO2111 2022-04-21| v -
VO2118 2022-04-28| v —
V02125 2022-05-05| v -
V02132 2022-05-12| / v
VR2203 2022-05-19| —
V02153 2022-06-02] — VWV
V02160 2022-06-09] —
V02167 2022-06-16| v v v
V02181 2022-06-30| —
V02187 2022-07-06| v v v
VR2204 20220721 v v v vV
V02223 2022-08-11] v/ v
V02230 2022-08-18| v v v vV
V02237 2022-08-25| v vV Vv VW
V02244 2022-09-01| v Vv vV
V02251 2022-09-08| / v
VR2205 2022-09-15| v/
V0226520220922 /v
V02272 2022-09-29| v V-
V02279 2022-10-06| v v v vV
V02286 2022-10-13| v v vV
V02293 2022-10-20| — VvV
V02299 2022-10-26 | /-
V02307 2022-11-03| v/ v
VR2206 2022-11-09| / -
V02321 2022-11-17| v/
V02335 2022-12-01| v v Vv
vo2348 20222121 /v
V02363 2022-1229| /

For 22 out of the 42 sessions, both OTT were par-
ticipating. O13W was not participating between the
end of January and early May since its digital back-
end was sent for repair. O13W did not participate in
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VR2206 and O13E did not participate in VO2293 due
to lack of disk space. For VO2132, O13W observed
just the first 17 hours of the session. For VO2321
and V02335, O13W missed the first five hours and
first 14.5 hours, respectively. The two GNSS stations,
ONSA and ONSI, that are part of the IGS, were operat-
ing continuously during 2022-2023. The WVR missed
three sessions (VR2201, V02272, VO2299).

3 Data Analysis

The VGOS data were analyzed with a least-squares
approach using the ASCOT software (Artz et al.,
2016), following the analysis strategy recommended
for the ITRF2020 processing (Gipson, 2020). The
VMEF3 mapping functions were applied (Landskron
and Bohm, 2018) with a minimum elevation cutoff
of 5°. Very loose constraints of 21.6 cm/h for ZWD
and 2.16 cm/h for NGR and EGR were applied to
estimate these signal delay parameters with a temporal
resolution of 5 min. The final zenith total delays (ZTD)
resulted in adding the estimated ZWD and the a priori
zenith hydrostatic delays (ZHD) that were modeled
using the local pressure recorded in the VLBI logfiles.

Multi-GNSS data (i.e., GPS, GLONASS, Galileo)
were analyzed with the Kalman-filter based software
GipsyX (Bertiger et al., 2020) using precise point po-
sitioning (PPP) (Zumberge et al., 1997). The VMF]I
mapping functions (Boehm et al., 2006) were used with
a minimum elevation cutoff of 7°. The Kalman-filter
analysis used a 5-min temporal resolution and loose
variance constraints: 1 cm?/h for ZWD and 3 mm?/h
for NGR and EGR. The final ZTD resulted in adding
the estimated ZWD and the a priori ZHD.

To analyze the WVR data we used an in-house
software (Elgered et al., 2019). It is based on an un-
constrained least-squares analysis and applies a sky-
mapping strategy with an elevation cut-off of 25°. The
temporal resolution of the derived ZWD and gradients
is 5 min. Periods with rain and individual observations
through dense water clouds (equivalent zenith liquid
water content > 0.7 mm) were deleted. Since the WVR
is exclusively sensitive to wet delays and wet gradients,
ZHD calculated based on in-situ pressure data, were
added to the WVR-derived ZWD, and hydrostatic gra-
dients, based on the VMF products, were added to the
WVR-derived wet gradient parameters.

Table 2 Median formal errors of ZTD, NGR, and EGR derived
from the analysis of VLBI, GNSS, and WVR data.

0-ZTD (mm)|{c-NGR (mm)|c-EGR (mm)
VGOS 1.65 0.31 0.31
GNSS 1.50 0.28 0.30
WVR 0.12 0.06 0.06

Since the reference points of the individual instru-
ments are at different heights, see Figure 1, correspond-
ing corrections were applied to refer all ZTD to a com-
mon reference height (Rothacher et al., 2011). The
common reference height was chosen to be the height
of the GNSS station ONSA. Table 2 gives an overview
of the median formal errors of the ZTD, NGR, and
EGR parameters derived from the individual analyses.

As an example, Figure 2 depicts time series of ZTD,
NGR, and EGR derived from all five techniques for
one VGOS session in the summer of 2022. During this
24-hour period, the ZTD showed a rather large vari-
ation of about 130 mm, which was sensed nicely by
all five techniques. Small-scale fluctuations in NGR
and EGR were also sensed with all five techniques.
From the gradient time series is becomes evident that
the GNSS analysis used looser constraints than the
VLBI analysis. However, since both techniques use dif-
ferent analysis strategies, least-squares for VLBI and
Kalman-filter for GNSS, it is difficult to compare the
constraints. Both VLBI and GNSS results agree well
with the independent WVR results.

4 Comparisons

The resulting signal delay parameters, ZTD and gra-
dients, of all three techniques were compared pair-
wise. We chose the ONSA GNSS station and the O13E
VGOS telescope for these comparisons because they
acquired the largest amount of data during the 42 ex-
periments. Doing so, there were 10,440 data points
for the conmparison of GNSS and VGOS, 5,879 data
points for the comparison of VGOS and WVR, and
6,431 data points for the comparison of GNSS and
WVR. Figure 3 depicts the pairwise correlations be-
tween the three techniques for all 42 experiments in
2022, as well as offsets and weighted root mean square
(WRMS) differences. The ZTD are highly correlated
with correlation coefficients above 0.99, while, as ex-
pected, the NGR and EGR parameters show less corre-
lation but still all above 0.63.
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Fig. 2 Time series of ZTD derived for VO2167 on 16/17 June
2022. The ZTD variation is about 130 mm during this 24-hour
period.

The pairwise offsets are < 1.5 mm for the ZTD, and
not statistically significant for the gradient parameters.
The WRMS differences are on the order of 3-5 mm
and < 0.5 mm for ZTD and gradients, respectively.

5 Conclusions

Our comparison of signal path delay parameters de-
rived from co-located instrumentation at OSO during
42 VGOS sessions in 2022 shows good agreement
among the investigated techniques. We conclude that
the comparison of VGOS and GNSS results with the
corresponding results from a co-located and indepen-
dent WVR are meaningful for a temporal resolution as
high as 5 min. Small-scale variations in ZTD, NGR,
and EGR are clearly detectable by all three techniques.

The ZTD agree pairwise with correlation coeffi-
cients p > 0.99. Pairwise offsets of ZTD are < 1.5 mm,
and the weighted root mean square (WRMS) differ-
ences are on the order of 3—5 mm.

As expected, the agreement for horizontal total gra-
dient parameters is worse. However, even here, pair-
wise correlation coefficients of p > 0.63 are achieved.
The gradient offsets are insignificant and the WRMS
differences are about 0.5 mm.

In general, this high level of agreement between
co-located and independent techniques is encourag-
ing. Our conclusion is that VGOS data analysis should
operationally determine signal delay parameters with
high-temporal resolution. It opens also up for inter-
technique combinations as well as inter-technique aug-
mentation in the data analysis.
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Fig. 3 Pairwise correlations of ZTD (top row), NGR (middle row), and EGR (bottom row) for GNSS/ONSA, VGOS/O13E, and
WVR. There are 10,440 data points each for GNSS/ONSA vs. VGOS/O13E (left column), 5,879 data points each for VGOS/O13E
vs. WVR (middle column), and 6,431 data points each for GNSS/ONSA vs. WVR (right column). Besides the correlation coeffi-
cients (p), also the pairwise offsets (0) and weighted root mean square differences (w) are given. Note that, because the pairwise
comparisons do not use the identical time periods, they cannot be compared to each other in terms of accuracy.
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