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Abstract. During the Continuous Very Long Baseline Inter-
ferometry (VLBI) Campaign 2017 (CONT17), carried out
from 28 November through 12 December 2017, an exten-
sive data set of atmospheric observations was acquired at the
Geodetic Observatory Wettzell. In addition to in situ mea-
surements of temperature, humidity, pressure or wind speed
at the surface, radiosonde ascents yielded meteorological pa-
rameters continually up to 25 km height, and integrated water
vapor (IWV) was obtained at several elevations and azimuths
from a water vapor radiometer. Troposphere delays estimated
from Global Navigation Satellite Systems (GNSS) observa-
tions plus comparative values from two different Numerical
Weather Models (NWMs) complete the abundance of data.
In this presentation, we compare these data sets to param-
eters of the Vienna Mapping Functions 1 and 3 (VMF1 &
VME3), which are based on NWM data by the ECMWEF, and
to estimates of VLBI analysis using the Vienna VLBI and
Satellite Software (VieVS). On the one hand, we contrast the
variety of troposphere delays in zenith direction with each
other, while on the other hand we utilize radiosonde data and
meteorological observations at the site to create local map-
ping functions which can then be compared to VMF3 and
VMF1 at Wettzell. In general, we thus received very good
accordance between the different solutions. Also in terms of
the mapping functions, the local radiosonde mapping func-
tion is in consistence with VMF1 and VMF3 with differences
less than 5 mm at 5° elevation.

1 Introduction

From 28 November through 12 December 2017, the Geode-
tic Observatory Wettzell carried out an extensive measure-
ment campaign of atmospheric and meteorological parame-
ters (Kliigel et al., 2019). The time frame was actually cho-
sen such as to coincide with CONT17, the Continuous VLBI
(Very Long Baseline Interferometry) experiment 2017. Be-
side a number of further data such as wind speed, cloud cov-
erage or solar radiation, the following observations are of im-
portance for the present study:

— a local meteo station measured pressure, temperature
and humidity at the surface every minute

— a water vapor radiometer determined the integrated wa-
ter vapor (IWV) of the air at several elevation and az-
imuth angles every minute

— semi-daily ascents of radiosondes built vertical pro-
files of pressure, temperature and humidity up to 25 km
height

— two independent Global Navigation Satellite Systems
(GNSS) analyses yielded hourly zenith total delays A L*
at station WTZR, once performed by BKG data cen-
ter (GNSSpkg) and once performed by the Wettzell
local array using the inhouse analysis software SGSS
(GNSSwerT) (Kliigel et al., 2019).

In addition to this observation campaign, we supplement
the data sets with the following quantities:

— hourly zenith wet delays ALZ, estimated from VLBI
analysis at the station WETTZELL using the Vienna
VLBI and Satellite Software (VieVS; Bohm et al., 2018)
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— six-hourly zenith hydrostatic delays AL; and zenith wet
delays AL% from Numerical Weather Model (NWM)
data by NCEP (National Center for Environmental Pre-
diction)

— six-hourly zenith hydrostatic delays ALZ, zenith wet
delays ALZ, and mapping factors mfy, and mfy, from the
Vienna Mapping Functions 3 (VMF3; Landskron and
Bohm, 2017). VMF3 is determined by 2-D-ray-tracing
through NWM data by the ECMWF (European Centre
for Medium-range Weather Forecasts) in 1° x 1° hori-
zontal resolution and 25 pressure levels.

— six-hourly zenith hydrostatic delays ALZ, zenith wet
delays ALZ, and mapping factors mf}, and mfy, from
the Vienna Mapping Functions 1 (VMF1; Béhm et al.,
2006). VMF1 is determined by 1-D-ray-tracing through
NWM data by the ECMWF in 0.25° x 0.25° horizontal
resolution and 21 pressure levels.

The resulting wealth of data enables an extensive compar-
ison of the different quantities and allows inferences about
the performances of the different observation techniques.

The upcoming Sect. 2 enumerates the preparatory work
that had to be done prior to the data analysis. Section 3 out-
lines the necessary steps for deriving a mapping function
from radiosonde data. Section 4 elaborates on the results of
the various comparisons, before the findings are concluded
in Sect. 5.

2 Preparatory work

For ensuring full consistency, the observations had to be
treated ahead of the comparison. This treatment mainly en-
compasses the reduction to a uniform height level and the
temporal interpolation.

2.1 Height reductions

The various observations are each valid for different heights.
The radiosondes were launched from the surface, the pres-
sure sensor is located inside a building, the GNSS antenna
is mounted on the roof of a building, while the reference
point of the VLBI antenna is located some 20 m above the
ground. As a rule of thumb, a height difference of 8 m cor-
responds to a pressure difference of approximately 1hPa,
which in further consequence causes a difference in zenith
hydrostatic delay of 2.5 mm. Hence, non-consideration of a
uniform height level would introduce significant biases into
the comparison. We therefore define the ellipsoidal reference
height h.j as 666 m, which is in fact the height of the GNSS
antenna, and reduced all data to this height.

For the reduction of the zenith hydrostatic delay ALf, we
applied Egs. (1)-(3) as suggested by Kouba (2008). The in-
dex O here denotes the original height of the observation,
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whereas 7 means the ellipsoidal reference height of 666 m.
Additionally, ¢ is the geographic latitude.

A (1 0.00266.- cos2
PO = 5.0022768 ( e cosCe)
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0.0022768 -
AL? P 3)

b 1 20.00266 - cos(2¢) — 0.28 - 100 - 1

That is, AL is first converted to the respective pressure
value. This pressure is then reduced to the reference height
and converted back to zenith hydrostatic delay.

The zenith wet delay ALZ, does not decrease linearly with
height and may be subject to several inversions, therefore the
reduction in Eq. (4) is only an approximation (Kouba, 2008).

h—hq

ALj, = AL, -e” 70 (4)

Lastly, also the hydrostatic mapping function mfy,, whose
creation is outlined in the upcoming Sect. 3, requires a height
reduction. For this purpose, we follow the reduction by Niell
(1996) (Eq. 5). The elevation angle of the observation is de-
noted with ¢ here.

1+ 0.0000253

1 I+ oot
mfy = mfy, + — - 0.0000253
sin(e)  sin(e) + — T 5mmg—
SIN(&)+ Grte3+0.00TTa
h —ho (5)
1000

Inaccuracies resulting from the height reductions, how-
ever, bear the risk of introducing biases to the comparisons.
There is no necessity for any horizontal reductions, as all
measuring sites in Wettzell are located in immediate vicin-

ity.
2.2 Temporal interpolation

To overcome the problem of different temporal resolutions,
interpolations were made. As the radiosondes were launched
only twice daily, we interpolated the other data to these ref-
erence epochs using spline interpolation.

2.3 Further preparations

The water vapor radiometer outputs IWV, which has to be
converted to zenith wet delay ALZ prior to the compari-
son. This is handled with Eq. (6) as suggested by Askne and
Nordius (1987).
Iwv
(k2,+71%)'Rw
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Here, k;" and k3 are empirical constants, Ty, is the weighted
mean temperature of water vapor pressure and R, is the spe-
cific gas constant of water vapor.

Moreover, in order to derive the GNSS zenith wet delay
ALY, the zenith hydrostatic delay ALj, from the in situ pres-
sure measurements was subtracted from the GNSS zenith to-
tal delay AL*.

3 Creation of a radiosonde mapping function

All mapping functions by TU Wien such as VMF3 and
VMEF]1 are based on ray-tracing through NWMs. This has
the big advantage that they are valid for the whole Earth and
in a temporal resolution of four times a day. A drawback is,
however, the comparably small vertical resolution of 25 pres-
sure levels from 1000 to 1hPa, which can only be further
densified through interpolation. Radiosondes can overcome
this problem as they profile the entire atmosphere above the
station very densely. On their way from the surface to their
maximum height at up to 25km (the point where the bal-
loons burst), radiosondes measure temperature, pressure and
humidity every second, thus yielding a vertical resolution of
up to 5000 levels.

For processing the radiosonde data, it was first necessary
to convert temperature 7 and humidity r in [%] to water va-
por pressure e, which was accomplished with the Magnus
formula in Eq. (7).

17.1.T

e =06.1078 - 23547 . r @)

With this, the hydrostatic refractivity Ny and wet refrac-
tivity Ny, at each layer can be determined using Eqs. (8) and

9).

k —e e
thﬁl(pT +T) (8)
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Integrating these refractivities over the full height range
directly yields ALj and ALY, respectively.

The determination of mapping functions from radiosonde
data is not as straightforward, though. Here, the path de-
lays are not only required in zenith direction, but also in
slant elevation angles. The radiosonde profile is only 1-D,
that is, there is no information about the horizontal distribu-
tion of the meteorological quantities. It is therefore necessary
to proceed on the simplified assumption that the vertical ra-
diosonde profile is valid also in the vicinity of the station.
The atmosphere can thus be imagined as a series of plates
stacked over one another. For high elevation angles, this sim-
plification is certainly unproblematic. For very low elevation
angles, however, it may have a negative impact on the accu-
racy.
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Table 1. Bias and standard deviation in zenith hydrostatic delay
ALf1 (mm) between the reference solution from in situ pressure
measurements and the other solutions.

MODEL Bias o
VMF3 =30 1.8
VMF1 -07 1.7
NCEP —-04 09

Radiosonde —-04 0.9

The ray-tracing technique applied here is referred to as 1-
D-ray-tracing, that is, the constructed ray path is subject to
refractivity changes only in one dimension. This technique is
also utilized for VMFI1. In contrast, for VMF3 a 2-D-ray-
tracer is used, which considers also horizontal changes in
refractivity. For the sake of completeness, it should be men-
tioned that in 3-D-ray-tracing the ray path would additionally
not be fixed to a vertical, two-dimensional plane, but would
propagate like a space curve.

The ray-tracing yields zenith delays as well as mapping
factors at the elevation angle 3°. Different azimuth angles
are not necessary, as the 1-D distribution of the atmospheric
profile would not make any difference with azimuth anyway.
In order to make the mapping available for arbitrary eleva-
tion angles, the mapping factors must be converted into the
mapping function coefficients a, b and c. This is done using
the empirical representations of b and ¢ from VMF3 and thus
calculating the a coefficients by means of inverting Eq. (10)
by Marini (1972).

14+ —4;
I+~
mf(e) = — T (10)
sin(¢) + ——4&——
sm(s)+sin(lﬁ

The resulting local radiosonde mapping function can thus
be used just like VMF3 and VMF1.

4 Results

The comparisons are done for zenith hydrostatic delays ALZ,
zenith wet delays AL, and for mapped slant hydrostatic de-
lays ALy and slant wet delays AL,, at an elevation angle
of 5°.

4.1 Zenith delays

Figure 1 shows that all zenith hydrostatic delays fit together
very well. The ones from in situ pressure measurements are
regarded as the most accurate representation, so they serve as
reference values in Table 1.

The zenith hydrostatic delays from NCEP and from the ra-
diosondes fit best, whereas there appears to be a small bias
in the zenith hydrostatic delays from VMF3. However, since
an inaccuracy in station height of 3 m would be reflected in
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Figure 1. Comparison of zenith hydrostatic delays AL}Z1 at Wettzell.

Table 2. Bias and standard deviation in zenith wet delay A L%, (mm)
between the reference solution from radiosonde data and the other
solutions.

MODEL BIAS o
VMF3 -0.8 54
VMF1 0.5 5.5
NCEP -5.0 4.1
GNSSgkG —-1.6 4.2
GNSSweTT —6.3 52
VLBI 2.3 4.1
WVR —-62 122

a zenith hydrostatic delay difference of approximately 1 mm,
these numbers have to be treated with caution. Another rea-
son for differences are the different horizontal resolutions
of the NWMs. For NCEP and VMF3, the horizontal resolu-
tion is 1° x 1°. VMF1, on the other hand, is determined from
0.25° x 0.25° NWMs. As a result, we do not see differences
in the low millimeter range as to be effective.

As was expected, the accordance in zenith wet delay ALZ,
is not as high as in AL} (cf. Fig. 2), since the wet part of the
delay is usually more fluctuating than the hydrostatic part.
This is also reflected in Table 2, where all solutions are refer-
enced to that of the radiosondes, which is expected to be the
most precise one.

Water vapor radiometers are known to be error-prone in
periods of rain, as thus the lens of the radiometer can be cov-
ered with water. Also the WVR used in this analysis yielded
occasional unrealistically high values, which were excluded
using the 3-o criterion. However, the two outliers on 4 and
11 December appear to have slipped through this exclusion.
Most likely, the outliers stem from rain periods, which is con-
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Day

firmed by comparison with rain measurements in Kliigel et
al. (2019).

4.2 Slant delays

For the comparison of slant delays, the delays from ra-
diosonde data are again used as reference values. As they
are, in contrast to VMF3 and VMF1, determined from direct
measurements of the atmospheric situation above the site,
they are expected to be of high quality. Nevertheless, there
are some limitations and drawbacks of the radiosonde data:

— The radiosonde profile is processed as if it were strictly
vertical. In reality, however, radiosondes do not ascend
vertically, but are moved by winds, especially by trade
winds in higher altitudes. The radiosondes used in this
study traveled up to 150 km eastwards before bursting at
an altitude of 20-25 km. Thus, the measured profile is in
fact not vertical, but is inclined at an elevation angle of
approximately 15° from the station.

The radiosonde profiles are only one-dimensional.
When ray-tracing especially at low elevation angles, the
resulting mapping functions thus do not reflect the real
atmospheric situation around the site.

The radiosondes ascend for up to 90 min in order to
reach their maximum height, but the integrated zenith
delays and mapping functions are each valid for launch
time.

The current height of a radiosonde is constantly mea-
sured with absolute GNSS positioning, which generally
has an accuracy in the low meter range. As described in
Sect. 4.1, this may impact the resulting zenith delays.

Figure 3 and Table 3 describe the differences in slant hy-
drostatic delay.
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Figure 2. Comparison of zenith wet delays ALY, at Wettzell.

Day

224 T T T T T T
© Radiosonde
—VMF3
2ol —VMF1
T 22+ .
>
T
S
o 218 B
®
k7]
o
5216 4
>
=
kS
@
w2141+ B
21.2 ,
21 1 I I I I I I 1 I I I 1 I I
28/11 29/11 30/11 01/12 02/12 03/12 04/12 05/12 06/12 07/12 08/12 09/12 10/12 11/12 12/12 13/12

Day

Figure 3. Comparison of slant hydrostatic delays ALy, at an elevation angle of 5° at Wettzell.

Table 3. Bias and standard deviation in slant hydrostatic delay
ALy (mm) at 5° elevation between the reference solution from ra-
diosonde data and the other solutions. In the left part of the table (a),
the zenith delays as well as the mapping functions come from the
respective model; in the right part (b), the zenith delays from the
radiosonde data are used for all models, so that the results reflect
only the difference in mapping functions.

(a) | ®
MODEL  BIAS o | Blas o
VME3 272 185 | —0.1 5.5
VMF1 —-29 18.1 0.5 4.8

www.adv-geosci.net/50/1/2019/

There is a noticeably high bias in VMF3 in part (a), which
however stems mostly from the bias in ALﬁ (see Table 1).
The standard deviations are fairly equal. Part (b) proves that
the differences in the mapping factors are negligibly small,
that is, the differences come mainly from the zenith de-
lays. For the sake of completeness it is mentioned again that
VMF1 is determined with a 1-D ray-tracer, just like the ra-
diosonde data, which might cause correlations in the solu-
tions.

Lastly, Fig. 4 and Table 4 illustrate the difference in slant
wet delay ALy, again with the radiosonde data being the
reference solution.

The radiosonde delays are significantly farther away from
the VMF delays here. Also there is a higher bias in VMF3
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Figure 4. Comparison of slant wet delays ALy at an elevation angle of 5° at Wettzell.

Table 4. Bias and standard deviation in slant wet delay A Ly, (mm)
at 5° elevation between the reference solution from radiosonde data
and the other solutions. In the left part of the table (a), the zenith
delays as well as the mapping functions come from the respective
model; in the right part (b), the zenith delays from the radiosonde
data are used for all models, so that the results reflect only the dif-
ference in mapping functions.

(a) )
MODEL  BIAS o | Bias o
VMF3  —90 583 | —03 47
VMF1 47 58.9 —1.1 1.4

than in VMF1, which comes again from the zenith delays.
Apart from that, the mapping factors from VMF3 appear to
fluctuate more than those of VMF1, although their bias is
smaller. These differences are in a fairly small range, though.
In general, it is very pleasant that the differences resulting
only from the mapping functions (column (b) in Tables 3 and
4) are at or below 5Smm. According to a rule of thumb by
Bohm (2004), an error of 5 mm in slant delay at 5° elevation
corresponds to an error in station height of 1 mm.

5 Conclusions

In this paper, we have compared meteorological data sets
from the Geodetic Observatory Wettzell with data from
VMF3 and VMF]1 as well as with estimates from GNSS and
VLBI analyses. The main outcome is that in principle all
solutions are in good accordance with each other. All tech-
niques capture the same medium-term weather changes as
well as most short-term weather changes. The zenith wet
delays estimated in GNSS and VLBI analyses agree very
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well with each other and with other solutions, although
the Wettzell in-house solution GNSSwgrT performs slightly
worse than the GNSS solution by BKG. On the other hand,
the hydrostatic delays from VMF3 seem to be systemati-
cally larger than those of the reference solutions. However,
it cannot be ruled out that these biases come (partly) from
inaccuracies in the specified heights. In terms of slant de-
lays it is shown that the local mapping function derived from
radiosonde data yields very similar results as VMF3 and
VMF1. The differences in slant delay at 5° elevation result-
ing from the different mapping functions amount to 5 mm
at maximum, which corresponds to a station height error of
only 1 mm. Also here it has to be noted that there are several
accuracy-limiting factors in the genesis of the mapping func-
tions, which is why we do not regard small differences as to
be effective.

Data availability. The meteorological data sets by the Wettzell
Geodetic Observatory are available at https://doi.pangaea.de/10.
1594/PANGAEA.895518 (Kliigel et al., 2018), while the VMF3 and
VMF1 data can be downloaded at http://vmf.geo.tuwien.ac.at.
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