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Abstract

In space geodetic techniques, the mapping functions (MFs) provide the relationship between zenith
and slant tropospheric delays. The MFs are determined under the assumption of spherically layered
atmosphere. However, the atmosphere is not spherically layered, and the asymmetry should be
considered. Therefore, tropospheric gradients are taken into account. Nevertheless, tropospheric
gradients alone can not fully represent the deviation from a spherically layered atmosphere, and hence
cm level errors arise especially for low elevation angles. In this study, we present new approaches to
modify the wet MF to reduce mismodelling of tropospheric delays. The delays in the study were
calculated using ray-tracing algorithm based on ECMWF's ERA5 dataset. We first analyzed the
performances of the new approaches. Then, two Precise Point Positioning (PPP) simulation studies and
a real case study were carried out for two different regions namely Germany and Tirkiye. According
to the results, the proposed approaches reduce the modelling errors up to by a factor 6 for both
regions. Besides, simulation studies show that the approaches improve the accuracies of the ZTDs and
heights. In the practical application however, we could not find a clear improvement in the PPP analyze
and this might be related to the ERAS which can not be regarded error-free.
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Introduction

GNSS (Global Navigation Satellite Systems) is the most widely used space geodetic technique for
positioning, navigation and timing since it works in all weather conditions and 24 hours a day. The basic
GNSS measurement is the signal travel time between the navigation satellites and the receiving ground
station. Thereby the signals are passing through the Earth’s atmosphere. The neutral part of the
atmosphere, simply referred to as the troposphere, causes signal delays due to the dry air and water
vapor. These delays, namely tropospheric delays, can reach up to 30 m especially at lower elevation
angles, and hence must be considered in the processing step in order to achieve precise positioning
and timing information (Teunissen and Montenbruck, 2017). Tropospheric delays are typically divided
into hydrostatic and wet delays. Although the Zenith Hydrostatic Delay (ZHD) can be accurately
obtained using the pressure value of the station by the equation of Saastamoinen (1972) or Davis et
al. (1985), Zenith Wet Delays (ZWD) cannot be calculated accurately due to the rapid changes of the
humidity field in the atmosphere both temporally and spatially (Landskron and Bohm, 2018a). Thus,
the ZWD must be modelled in space geodetic techniques. Tropospheric delays occur in any slant
direction. In the GNSS analysis however, these delays are estimated in the zenith direction. The relation
between slant and zenith delays is provided by the Mapping Functions (MFs) for a layered atmosphere.
The MFs are determined based on the atmospheric parameters in a vertical profile. Radiosonde (RS)
and Numerical Weather Model (NWM) data can be used to obtain the required parameters (Niell,
2001; Bohm and Schuh, 2004). It was demonstrated that compared with MFs derived from a
climatology, MFs derived from NWMs increase the accuracy of the estimated parameters in the
analysis of space geodetic (Bbhm and Schuh, 2004; Bohm et al., 2006a). Typically, the hydrostatic and
wet MF are calculated under the assumption of a spherically layered atmosphere by using ray tracing
algorithms (see e.g., Zus et al., 2014). The atmosphere however, is not symmetric and, the azimuthal
asymmetry must be considered. In space geodetic techniques, the so-called tropospheric gradients
take into account the effect of azimuthal asymmetry (Chen and Herring, 1997; Bar-Sever et al., 1998;
Willis et al., 2012). The estimation of the tropospheric gradients is important especially if low-elevation
angle observations are included in the analysis (Nilsson et al., 2013). Low elevation angle observations
are important insofar as they improve the decorrelation of otherwise strongly correlated parameters
such as the zenith delay, station height and station clock error (Rothacher et al. 1998). For example,
Masoumi et al. (2017) demonstrated that including lower elevation observations decrease the
correlations between the Zenith Total Delay (ZTD), station height and clock. On the other hand,
mismodelling of the tropospheric delay or MFs causes increasing errors in station heights. One of the
most used MFs in the literature based on a NWM climatology is the Global Mapping Function (GMF)
(Bohm et al., 2006b). It has been derived based on spherical harmonics series by using ERA-40’s
monthly mean vertical atmospheric profiles given on global grid data from 1999 to 2002. Although this
MF is easy-to-use and has better accuracy than the widely used Niell Mapping Function (NMF) (Niell,
1996), especially short-term variations cannot be predicted since GMF is based on climatology data.
The Vienna Mapping Functions 1 (VMF1) however, is generated based on European Centre for
Medium-Range Weather Forecasts (ECMWF) operational NWM analysis on a global 2°x2.5° grid with
6-hour temporal resolution. Tesmer et al. (2007) have shown that the VMF1 is more accurate than the
GMF and NMF due to the fact that it is based on NWM data. Moreover, there are other MFs which
were produced based on the VMF1 concept such as the UNB-VMF1 (Santos et al., 2012; Urquhart et
al., 2014) and the GFZ-VMF1 (Zus et al., 2015). The main difference between these MFs is that they are
based on different NWM data. They all have in common that they are based on an efficient concept,
i.e., the number of MF coefficients to be derived from the NWM are kept minimal. Other more rigorous
solutions exist such as direct mapping or the derivation of additional (all three) MF coefficients such
as the Potsdam Mapping Function (PMF) (Zus et al., 2014).
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The choice of MF does not only affect the coordinates but also the ZTDs because of the high correlation
between them. The ZTD estimates are the main observable in GNSS based atmospheric remote sensing
because the Precipitable Water Vapor (PWV), a key quantity in meteorology, can be derived with very
little additional uncertainty (Bevis et al., 1992). Recently, Zus et al., (2021) proposed an approach to
modify the wet MF and to reduce the errors of estimated heights and ZTDs. They showed that a simple
modification of the wet MF reduced the errors from the standard approach from 2.4 mm to 1 mm and
1.8 mm to 0.5 mm for heights and ZTDs, respectively.

Here, we propose and test three approaches to modify the wet MF. The corresponding performance
of the modified wet MFs is analyzed. Simulation studies and a case study with real GNSS data were
carried out for two different European regions based on Precise Point Positioning (PPP) technique
proposed by Zumberge et al. (1997). The first one covers Central Europe including Germany and large
parts of Poland, Czech Republic and Austria, and the second covers Tirkiye.

Tropospheric Delay

In space geodetic techniques, the troposphere causes signal delays due to the dry air and water vapor.
The tropospheric delay T is defined as;

T=[, nis)ds—G (1)

where s denotes the arc length of the ray path, n represents the refractive index and G denotes the
geometric distance between the GNSS satellite and the ground receiver. The refractive index is related
to refractivity N, hence T can be written based on hydrostatic and wet refractivity as;

n=10"°N+1 (2)
T=107°f, Np(s)ds+107° [, Ny(s)ds+S—G (3)

where S is the length of the actual propagation path of the ray from the GNSS satellite to the ground
station. Nj and N,, are the refractivities of the hydrostatic and wet part, respectively. The refractivity
is a function of pressure, temperature and water vapor pressure. In order to determine the refractivity,
data from radiosondes and numerical weather models can be used. RS only provides profile
information at dedicated times (typically two times per day). On the other hand, NWMs provide the
three-dimensional refractivity field. In this study we are especially interested in the deviation from a
locally spherically layered atmosphere and thus data from RS are not useful. We make use of ECMWF's
ERAS reanalysis, which provides atmospheric variables globally with both high temporal (1-h) and
spatial (0.25°) high resolution (Hersbach et al., 2020). It is important to note that NWMs do not
represent the true state of the troposphere. They can be solely regarded an approximation of it.

The hydrostatic and wet refractivity are computed according to;

M
Nh = k1 ?dp (4)
(5)

where k4, k5 and k5 are empirically determined refractivity constants (Thayer, 1974). M, is molar mass
of dry air, R is general gas constant, e denotes water vapor pressure and T denotes temperature. p
represents total density and can be calculated as;

p=patpw (6)
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pa=@—e)7 7 (7)
pw=ets (8)

where p; and p,, denote partial densities of dry and wet part, respectively. p is pressure and M, is
molar mass of water.

The delays for the hydrostatic and wet parts, hereinafter denoted T}, and T,,, are defined as in Eq. (9)
and Eq. (10). These delays are determined by a ray-tracing algorithm. In this study, we followed the
algorithm proposed by Zus et al. (2014).

Tp =107 [, Nu(s)ds+S—G (9)

T, =107° [, N, (s)ds (10)

In space geodesy, the signal travel time is measured between the source and the receiving antenna,
and this travel time is expressed in units of meter using the speed of light (Nilsson et al., 2013). In the
analysis of space geodetic measurements, solely corresponding delays in zenith direction are
estimated. The relation between slant and zenith delays is provided by the so-called Mapping Function
(MF). MFs are determined using Herring’s (1992) continued fraction form (Eq. 11). MF coefficients, a,
b and c, are estimated using non-linear least square estimation. In this study, we followed the same
strategy as in Zus et al. (2021) with only small modification in the quality check step.

1+
b
1+——
MF(e) = 12 11
( ) sin (e)++ (11)
sin (e)+sin (e)+c

We note that MFs derived from a layered atmosphere depend on the elevation angle e only. The MFs
do not depend on the azimuth angle a. Typically, tropospheric delays which are calculated under the
assumption of a spherically layered atmosphere, hereinafter denoted T, are used to estimate the MF
coefficients. Another possibility is to compute a bunch of tropospheric delays for various elevation and
azimuth angles, average over the azimuth angle, and estimate the MF coefficients. However, those MF
coefficients will differ from MF coefficients obtained by utilizing tropospheric delays calculated under
the assumption of a spherically layered atmosphere. The azimuthal asymmetry is approximated
utilizing tropospheric gradients, hereinafter denoted Gy and Gg, using the model by Chen and Herring
(1997). Hence, the tropospheric delay model can be written as;

T(e,a) = Ty(e) + my(e)[Gy cosa + Ggsinal (12)
To(e) = mp(e)Zp + my(e)Zy, (13)
my(©) = St v 4

where Z;, and Z,, are hydrostatic and wet delays in zenith direction; m,, and m,, are hydrostatic and
wet mapping functions and, m, denotes the gradient mapping function. C in Eq. (14) has a value of
0.0031 and 0.0006 for the hydrostatic and wet part, respectively (Chen and Herring, 1997).

In this study, we compute 120 tropospheric delays for each station and each epoch. The delays were
computed under the 30° spacing azimuth angles, and in each azimuth we considered the elevation
angles as 3°, 5°, 7°, 10°, 15°, 20°, 30°, 50°, 70°, and 90°. In addition, we calculate 10 delays utilizing
solely the refractivity profile above the station in question. Those 10 tropospheric delays, i.e.,
tropospheric delays calculated under the assumption of a spherically layered atmosphere, are the ones

4
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we utilize in the determination of the hydrostatic and wet MF coefficients. For details the reader is
referred to Zus et al. (2021).

Modified Wet Mapping Function

In the GNSS analysis, the tropospheric delay is modeled based on Eq. 12. However, the right-hand side
in Eq. 12 is only an approximation of the tropospheric delay. In literature various variants exist to refine
the approximation of the tropospheric delay. In general, the azimuth and elevation angle dependency
of the tropospheric delays can be approximated by a polynomial expansion. For example, the rigorous
expansion of the tropospheric delay utilizing orthogonal polynomials was proposed by Zhang et al.
(2020) and Barriot and Feng (2021). Another approach which is presumably less accurate but more
simple was proposed by Landskron and B6hm (2018b). In this study we follow an approach which is
very close to the approach proposed by Landskron and B6hm (2018b). We will follow the approach by
Zus et al. (2021). For some elevation angles the differences between tropospheric delays and
tropospheric delays calculated under the assumption of a spherically layered atmosphere are
expanded in a Fourier series. If one further assumes that the coefficients of the Fourier series follow
the same elevation angle dependency, namely the elevation angle dependency of the gradient MF,
then the tropospheric delay reads as;

T(e,a) = my(e)Zp + my(e)Z,, + my(e)Zy + my(e)[Gy cosa + Ggsina] +mgy(e)[Z;cos2a +
Z,sin2a] + mgy(e)[Z5 cos3a + Z,sin3a] + - (15)
As it can be seen in the equation, Gy and Gy can be interpreted as the second and third coefficients of

the series expansion. The first coefficient of the series expansion Z, appears in a term which depends
solely on the elevation angle. Hence, Zus et al. (2021) suggested to modify the wet MF as follows.

z' = % (16)
my,(e) = my,(e) + my(e)z’ (17)

After the modification of the wet MF, the tropospheric delay can be written as;
T(e,a) = my(e)Zy + my,(e)Z,, + my(e)[Gy cosa + Ggsina] (18)

In other words, the wet MF which still depends on the elevation angle only, takes into account the
deviation from a spherically layered atmosphere. Based on the PPP simulation results presented in Zus
et al. (2021), it can be concluded that the modification of the wet MF can significantly reduce the errors
of the estimated zenith delays and heights. However, they used C as 0.0031 in gradient MF at the
modification step. Since the origin of the extra term containing Z, is more likely to be the wet than the
hydrostatic refractivity field a different choice of C appears natural. Therefore, we chose C as 0.0006
in order to improve the approximation. Hence, we modified Eq. (17) as;

my,(e) = my(e) + my(e)z” (19)
Inmg, C was taken as 0.0006.

As stated in the above section, hydrostatic and wet MF coefficients are typically determined utilizing
tropospheric delays calculated under the assumption of spherically layered atmosphere. This is the
case for e.g. the VMF1 (Bohm et al., 2006a) where the parameter b and c are fixed to known values
and solely the parameter a is determined based on a single ray-traced delay. Zus et al. (2015) analyzed
the error of this concept. They showed that the differences between the VMF1 concept and the more
rigorous approach are small in general. However, they can become substantial when the station height
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is different from the station height for which the single coefficient was determined. Hence, we
estimated station specific MF coefficients by direct mapping to avoid the errors for low-elevation
observations.

The tropospheric gradients were obtained based on Zus et al. (2019). To modify the wet MF, we first
obtained the differences D between T and T, by averaging over the azimuth angles. Then we
approximated the differences D, which depend on the elevation angle by an elevation angle
dependent function of our choice and obtained by a least square fit the parameters of our chosen
functional form. Hereby low elevation angle differences are down-weighted by the square of the sine
of the elevation angle. We compared three approaches to modify wet MF. They are summarized in
Table 1.

Table 1 The three proposed approaches to modify the wet MF.

Approach Description Observation Model Modified Wet MF
. suggested by Zus N ; _ Zy
(i) et al. (2021) D(e) = my(e)z, mi,(e) = m,(e) + mg(e)z
. same as (i) with . y _ , Zy
Z1
combination of (i) my'(e) = my,(e) +mg(e) 7
(iii) and (i) D(e) = mgy(e)z, + my(e)z, 2"
+ mgy(e) 7
w

Results and Discussion

The ECMWF’'s atmospheric reanalysis ERA5 was used to calculate zenith delays, estimate MF
coefficients, gradients and additional tropospheric parameters. We assume that ERA5 represents the
true atmospheric conditions. Although it can provide atmospheric variables globally, the accuracy of
variables varies from area to area. For example, Jiao et al. (2021) investigated the spatial-temporal
variation performance of ERA5 precipitation data over China. They found that correlations between
ERAS and observations vary from region to region due to the topography. Velikou et al. (2022) showed
that the temperature accuracy of ERAS changes for different regions in Europe. Therefore, we selected
two different study areas as Germany and Tirkiye, to test the proposed approaches. In both regions,
we selected real continuously operating GNSS stations (Fig. 1 and Fig. 2). In the figures, blue stars
indicate the stations POTS and ISTN which were used in the second simulation studies for validation
and the green triangles denote the stations that we utilized in the case study. In the case study, we
also used the stations POTS and ISTN. The stations shown in the figures were used in the first simulation
study. The stations cover Germany and Tirkiye so that our results can be regarded representative for
stations located in the respective country. Since significant deviations from a locally spherically layered
troposphere can be expected in warm and moist seasons, the time period was chosen as July 2021.
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Fig. 1 GNSS stations located in central Europe covering Germany and large parts of Poland, Czech
Republic and Austria. Blue star represents station POTS, green triangles denote the stations utilized
in the case study. In total, there are 431 stations.

Fig. 2 GNSS stations located in Tirkiye. Blue star represents station ISTN, green triangles denote the
stations utilized in the case study. In total, there are 159 stations.

At first, we calculated ray-traced tropospheric delays utilizing the algorithm proposed by Zus et al.
(2014). Next, we estimated the MF coefficients, gradients and additional tropospheric parameters for
each station and for each hour. We then investigate the difference between ray-traced and assembled
tropospheric delays. The assembled tropospheric delays follow from the combination of zenith delays,
MF coefficients, gradients and additional tropospheric parameters. We investigate the three
approaches mentioned above. We determined the residuals for each station, epoch, elevation and
azimuth angles, and then we calculated the RMS deviations for each elevation angle. In Fig. 3, the RMS
deviations as a special function of the elevation angle (which is close to the gradient MF) are shown
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for both regions using all stations in the regions. We also plotted the RMS deviations for the traditional
(standard) approach. The traditional approach, given in Eq. (12), was represented by “D” in the figure.
The reason of choosing the special function of the elevation angle and not the elevation angle itself
becomes clear in this plot as the RMS deviation for the standard approach nearly follows a straight
line. This explains why it is nearby to choose simply the gradient MF times a factor to improve the
functional form of the tropospheric delay. It can be seen that the proposed approaches summarized
in Table 1 decrease the errors in both regions especially for low elevation angles. For example, at the
lowest elevation angle of three degree the approach (i) (see Table 1) decreases the error of the
standard approach by a factor of three and the approach (ii) decreases the error of the standard
approach by a factor of six. The approach (iii) decreases the error of the standard approach to a few
mm for all elevation angles. These improvements have a critical importance since adding low elevation
observations in the positioning analysis decrease the correlation between the unknowns.

Germany Tiirkiye

0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
1/(sin(e)*tan(e)) 1/(sin(e)*tan(e))

O,M

Fig. 3 RMS deviation as a special function of the elevation angle for the approaches. The left plot
shows the result for Germany the right plot shows the result for Tirkiye. For details the reader is
referred to the text.

The additional parameters which are used to modify the wet MF are related to the humidity field. In
order to show this relation, we plotted the PWV, Gy, G and the parameter Z, for one epoch in Fig. 4.
The PWV and Z; values in the figure were derived for a grid with a horizontal resolution of 0.5°. It is
obvious that the Z, values are not random numbers, they are related to the humidity field. Roughly
spoken, the Z, values arise in the convergence zone of the (integrated) water vapor field. In essence,
the tropospheric gradients (G and Gg) are related to the first derivative in the PWV field and the
parameter Z; is related to the second derivative in the PWV field. The appearance of Z, can also be
roughly translated into an error of estimated ZTDs in PPP. According to the rule of thumb of Zus et al
(2021), the error in the ZTD estimates is about seven times Z,. The Z, values range from -2 mm to 2
mm, and this corresponds to errors in the ZTD estimates of about -14 mm to 14 mm. Therefore, they
should be taken into account in the modelling of the delays. However, the filigree structure in the Z,
map is an indication that NWMs may have problems to predict this additional parameter. Small
deviations of the NWM from the true state of the atmosphere can cause significantly different Z;
values. Hence, although we clearly improve the functional form of the tropospheric delay by a simple
approach it is not guaranteed that this will yield an improvement in a practical application. The success
in practice will depend on the ability of the NWM, in our case ERA5, to constrain the additional
tropospheric parameters.
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Fig. 4 The regional PWV, Gy, Gg and the additional parameter Z, that is used to modify the wet MF
for July 1, 2021 07 UTC (first approach)

In the next step a first simulation study was carried out to test the standard and proposed approaches
for the stations in the considered regions. In the first PPP simulation study, the so-called linearized
observation equation was solved and coordinates, clocks zenith delays and tropospheric gradients
were estimated. Other GNSS error sources and parameters such as ambiguities were assumed as fixed.
Details on the PPP simulation are explained in Zus et al. (2021). In the PPP simulation, ray-traced
tropospheric delays were used as observations, and estimated coordinates, zenith delays and
gradients were compared with the known values. We ran five scenarios to demonstrate the potential
of the new approaches in PPP. The scenarios are listed in Table 2. In the first scenario, the ZHD was
taken from Global Pressure and Temperature (GPT) model (Bohm et al., 2007) and the hydrostatic and
wet MF were taken from GMF (B6hm et al., 2006b). In the second scenario, the a priori ZHD and the
MFs were based on the NWM. In the third, fourth and fifth scenarios, again all parameters were based
on NWM. However, the wet MFs were modified based on the proposed approaches of this study.

Table 2 Scenarios in the PPP simulation. The scenarios differ by the a priori ZHD, hydrostatic and wet
MF that is utilized in the simulation.

Scenario ZHD MFy MF,,
1 GPT GMF GMF
2 NWM PMF PMF
3 NWM PMF PMF;
4 NWM PMF PMPF )
5 NWM PMF PMPF i

The quality of the tropospheric model is measured in terms of the station specific RMS values. The
average RMS error for the estimated station Up component and ZTD is summarized in Table 3. In the
first scenario, we utilize data from climatology and thus as to expect, the largest RMS errors were
obtained for both regions. In the second scenario, the RMS errors decreased from 4.4 mm to 2.5 mm
and 5.2 mm to 4.0 mm in the Up component for the stations located in Germany and Trkiye,

9
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respectively. Similarly, the RMS values decreased from 2.2 mm to 1.5 mm and 2.5 mm to 2.0 mm in
the ZTD. In the other scenarios, we only changed the wet MFs. It can be seen from the table that the
proposed approaches improve the ZTD accuracy to a sub-mm level in both regions. Moreover, the
accuracies of the Up component were improved by approximately 70% in these regions.

Table 3 RMS values of the scenarios in the PPP simulation. The time period is July 2021. The RMS
values for the two regions (Germany and Tiirkiye) are obtained by averaging the station specific RMS

errors.
Scenario Germany Turkiye
ZTD [mm] Up [mm] ZTD [mm] Up [mm]
1 2.2 4.4 2.5 5.2
2 1.5 2.5 2.0 4.0
3 0.5 0.9 0.5 1.4
4 0.4 0.7 0.5 1.2
5 0.3 0.7 0.4 1.2

We then carried out a second simulation study to test the new approaches in an environment that is
closer to the real-world application. In essence, we generated simulated code and carrier phase
observations for L1 and L2 signals based on real satellite geometry for one station in the respective
region, using Bernese v5.2 (Dach et al., 2015). We utilized only the GPS constellation. In order to
generate more realistic observations, we added normally distributed random errors to the
observations. A priori sigmas were chosen to be 50 cm and 2 mm for code and carrier phase
observations, respectively. Moreover, we considered atmospheric (van Dam and Ray, 2010) and ocean
loading corrections (Lyard et al., 2006; URL-1). The simulation study also includes Earth rotation
parameters and differential code biases. For the ionospheric effects, we used CODE’s global
ionosphere maps. Finally, tropospheric delays were added based on the ray tracing algorithm.

We selected the stations POTS (in Potsdam, Germany) and ISTN (in Istanbul, Turkiye). The simulated
observations were processed based on PPP technique using Bernese v5.2. In the processing step, a
priori ZHD and MFs were altered as summarized in Table 2. For each scenario, we calculated residuals
of the parameters of PPP analysis. Then, we computed standard deviations of the parameters which
are listed in Table 4. As in the first simulation study, the worst results were obtained in the first scenario
in which data from climatology are utilized. In the second scenario, we used the NWM based ZHD and
MFs to process observations. Using NWM based parameters slightly reduce the errors. The three newly
proposed approaches yield the same precisions in the ZTD and the Up-component for both regions.
The approaches decreased the errors especially w.r.t the first scenario. The improvements are 6% and
4% in ZTD, and 7% and 9% in the Up-component for POTS and ISTN, respectively.

Table 4 Standard deviations of the parameters in the second simulation study

Scenario Germany (POTS) Tiirkiye (ISTN)
ZTD [mm] Up [mm] ZTD [mm] Up [mm]
1 4.9 4.6 4.9 44
2 4.8 4.4 4.9 42
3 4.6 43 4.7 4.0
4 4.6 4.3 4.7 4.0
5 4.6 4.3 4.7 4.0

10
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It is important to note that only ray-traced tropospheric delays were used as observations without any
noise, and solely coordinates, ZTDs, clock errors and gradients were estimated in the first simulation
study utilizing a quasi-realistic observation geometry. In the second simulation study however, other
GNSS error sources (e.g., noise on the carrier phase and code observation and the ambiguity) are taken
into account in the generation of observations and in the PPP analysis. Thus, improvements of the
proposed approaches in the second simulation study appear smaller. For example, if in the first
simulation study we chose the GPS only geometry and if gradients are solely estimated on a daily basis
(as it is the case in the second simulation study), then the RMS error for e. g. the scenario 1 and
Germany increases to 3.0 mm and 5.1 mm for the ZTD and station Up-component, respectively.

According to the results of both simulation studies, it can be concluded that the approaches to modify
the wet MF improve the accuracy of the ZTD and Up-component. Although there are no significant
differences between the proposed approaches in the PPP simulations, the most accurate results
measured in terms of the difference between ray-traced and assembled tropospheric delays can be
obtained by the approach (iii) proposed in this study. The results from the previous simulation studies
provide us an idea on what to expect in a real-world application. This is the next and final step in our
study. Thus, we selected 21 stations in total in both regions and performed a PPP analysis using real
observations for the validation of the proposed approaches. In the PPP analysis, we added another
scenario as listed in Table 5. In the added scenario, the a priori ZHD and MFs come from the GFZ-VMF1
which is produced based on the VMF1 concept but utilizing a different NWM namely ERAS5 (Zus et al.,
2015). We may regard the first and second scenario in the PPP analysis as the standard approaches.

Table 5 Scenarios in the PPP analysis. The scenarios differ by the a priori ZHD, hydrostatic and wet
MF that is utilized in the simulation.

Scenario ZHD MFy MF,,
1 GPT GMF GMF
2 VMF1 VMF1 VMF1
3 NWM PMF PMF
4 NWM PMF PMF)
5 NWM PMF PMFyi
6 NWM PMF PMF iy

The PPP analysis was carried out using Bernese v5.2. In this step, daily observations of the stations
were processed. First-order ionospheric effects were eliminated by the ionosphere-free linear
combination of L1 and L2 signals. Data processing strategy was summarized as in Table 6. In the
analysis, a priori ZHD and MFs were changed as in Table 5. For each scenario, coordinates and ZTDs
were analyzed. For the validation of ZTDs, we compared the estimated values with the ZTDs derived
from the ERAS. For the coordinates, we analyzed station heights only as they are mainly affected by
the chosen tropospheric model. We measure the impact by analyzing the coordinate repeatability.
Moreover, the median approach was applied to the time series of ZTD residuals and heights in order
to exclude outliers. The median approach is one of the most reliable outlier detection methods with
50% breakdown point (Rousseeuw and Leroy, 1987; Hampel et al., 2011). In Table 7, the statistics of
both, before and after the Median approach, are presented. The standard deviations after the outlier
detection are given in brackets.
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Table 6 Data processing strategy

Parameter Description
Precise GNSS orbits and clocks Produced by CODE (Dach et al., 2020)
Navigation satellite system GPS-Only
Cut-off angle 3°
300 s for observations
Sampling interval 1h for ZTD estimation

24h for the gradients estimation
Elevation dependent weighting

Weighting of the observations

sine
Second-order ionospheric effect | Global lonosphere Maps produced by CODE
Ambiguity Float
A priori ZHD Changed based on the scenarios given in
Mapping Functions Table 5
Ocean loading and atmospheric Regarded (Lyard et al., 2006; van Dam and
loading corrections Ray, 2010; URL-1)

Table 7 Statistics of the PPP analysis. The values given in brackets represents the statistics after the
Median approach.

Scenario Germany Tiirkiye

ZTD [mm] h [mm] ZTD [mm] h [mm]
1 13.5(11.6) 5.2(5.2) 15.9 (14.5) 9.6 (9.2)
2 13.3(11.5) 5.4 (5.2) 15.8 (14.4) 9.7 (9.3)
3 13.3(11.5) 5.4 (5.1) 15.9 (14.5) 9.7 (9.2)
4 13.0(11.2) 5.3(5.2) 15.6 (14.2) 9.9 (9.5)
5 13.0(11.2) 5.3(5.1) 15.7 (14.2) 9.9 (9.5)
6 13.0 (11.3) 5.3(5.2) 15.7 (14.3) 9.9 (9.4)

It can be seen in Table 7 that all three proposed approaches (Table 1) have nearly the same precisions
in station heights for both regions before outliers detection. Interestingly the first scenario which is
based on climatology data gives the best results in the station heights. A possible explanation is that
non-tidal loading is not applied and hence the a priori ZHD from the climatology yields the best
coordinate repeatability (Steigenberger et al., 2009). We can also conclude from the Table 7 that for
the considered stations and timespan there is no difference between the rigorous PMF (all three MF
coefficients are estimated, scenario 3) and the much more efficient VMF1 (a single MF coefficient is
estimated, scenario 2). In Germany, the proposed approaches improve the precisions w.r.t the second
and third scenario. In Tlrkiye however, the proposed approaches increase the errors in heights. One
possible explanation is that the accuracy of NWMs differ from region to region (Velikou et al., 2022).
In essence, ERAS is not accurate enough to provide higher order tropospheric parameters for Tiirkiye
but it is accurate enough to provide them for Germany. For ZTDs the best results were obtained based
on the proposed approaches in both regions. This is not too surprising as the reference ZTDs are
derived from ERAS. After the outliers detection, the best results for the station heights were obtained
in third and fifth scenarios for Germany. For Tiirkiye, the first and third scenarios yield the most precise
station height estimates.
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Conclusions

In this study, we propose new approaches to improve the parameterization of the tropospheric delays
in space geodetic techniques (e.g., GNSS) based on the modification of wet MF. We first analyzed the
model accuracies of the approaches, then we carried out two different simulation studies and finally
performed a case study for two different regions. The proposed approaches improve the model
accuracies by up to a factor of six especially for low elevation angles. In the first simulation study, solely
tropospheric delays were used as observations in the PPP analysis and coordinates, zenith delays and
gradients were compared with the known values. The study has shown that the proposed approaches
improve the ZTD accuracy to sub-mm level and decrease the errors in heights by approximately 70%.
In the second simulation study, we generated simulated code and carrier phase observations and
analyzed the observations using Bernese v5.2 based on PPP technique. The second simulation study
has also shown that the proposed approaches decrease the errors of ZTD and heights. According to
results of both simulation studies, it can be concluded that the approaches to modify the wet MF
improve the accuracies of ZTD and height. It is important to note that the two simulation studies solely
show us the potential improvements we can obtain in PPP. The assumption is that the NWM and all
parameters derived from the NWM are error-free. In reality however, the NWM is not error-frees. We
also carried out a real case study to show the performance of the approaches based on PPP technique
using Bernese v5.2. The results show that the approaches decrease the ZTD errors in Germany and
Turkiye. However, there is no improvement in heights especially for Tirkiye. A possible explanation is
that the NWM'’s accuracy is lower in Tlrkiye than in Germany. In summary, practically, the new
approaches do not yield significant improvements in the estimated station coordinate. In fact, the
approach based on climatology yields comparable results. This is in line with the results that were
obtained with the newly developed VMF3 (Landskron and B6hm, 2018a). Although we improved the
parameterization of the tropospheric delays, we measured this by comparing the difference between
ray-traced and assembled delays, we do not find an improvement in PPP. We think that the reason can
be related to the underlying data source that is used to estimate tropospheric parameters. In order to
obtain tropospheric delays and additional parameters to apply proposed approaches, different NWM
datasets can be used. We made use of ECMWF’s ERA5 dataset which is globally available with high
resolution both temporal and spatial. However, it is probably (to date) not accurate enough to apply
for the derivation of tropospheric parameters related to the highly variable humidity field.
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