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Abstract. Tropospheric delay is one of the major error
sources for space geodetic techniques, such as the Global
Navigation Satellite Systems (GNSS). Mapping functions
are used to scale the delay from zenith direction to the el-
evation angle of the signal. Several mapping functions have
already been published, including the Global Mapping Func-
tions (GMF) and Vienna Mapping Functions 1 (VMFI). Re-
cently, a refined version of VMF1, VMF3, was released. The
tropospheric gradients GRAD were also determined using
the same data set as VMF3. This study aims to test the per-
formance of VMF3 on GNSS observations in Indonesia, us-
ing observations from 21 stations of the permanent GNSS
network in Indonesia, InaCORS. Data processing was car-
ried out using Precise Point Positioning in Bernese GNSS
Software, version 5.2 for the year 2014. Station coordinates
were estimated daily, while the zenith wet delays were es-
timated every 30 min and tropospheric gradients were esti-
mated hourly. A similar processing scheme was carried out
using GMF and VMF1. Generally, the results from VMF3
agree very well with the results from GMF and VMF1, al-
though small biases can be found, especially for the height
component. Based on the repeatability, while there is no sig-
nificant difference for the latitude and longitude, there are
slight improvements for the height, particularly compared to
GMF. The estimated gradients tend to fluctuate more com-
pared to gradients from GRAD. The correlation coefficients
between the estimated gradients and those from GRAD are
small, with the largest being 0.65 at site CUKE.

1 Introduction

Tropospheric delay is one of the major error sources in space
geodetic observations. It needs to be taken into account dur-
ing the analysis to improve the quality of observation model.
Generally, tropospheric delays can be divided into two com-
ponents: the hydrostatic and wet delays. These delays are of-
ten described as the delays at the zenith direction.

Zenith hydrostatic delays AL{ can be obtained using sur-
face pressure measurements at the station. Several mod-
els have been developed to calculate AL?, for instance the
model by Saastamoinen (1972):

. 0.0022768 - p
b 1 —0.00266 - cos(2¢) —0.28 - 107° - heyy

where p is pressure, ¢ is geographic latitude, and Ay is el-
lipsoidal height of the site.

Zenith wet delays AL% depend on the amount of water
vapor in the atmosphere. Since water vapor is highly vari-
able, temporally and spatially, it is more difficult to estimate
ALZ%, based only on surface measurements. It is common
practice to estimate ALZ, along with other parameters during
the analysis of GNSS observations. Alternatively, it is also
possible to approximate ALY, using various models, such as
using the formula by Askne and Nordius (1987):

ALZ =1075. <k§+k—3> _fare @)
T/ gm-(A+1)

where k), and k3 are empirically determined refractivity con-

stants, Rq is the specific gas constant for dry constituents, and

gm 1s the mean gravity. This formula requires information on

water vapor pressure e, mean temperature weighted with wa-

ter vapor pressure Tr,, and water vapor decrease factor A.

Mapping functions are then used to scale the tropospheric
delays from the zenith direction down to the elevation angle
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Figure 1. InaCORS stations used in the data analysis.

of the signal. Several mapping functions have already been
published, for instance the Global Mapping Functions, GMF
(Bohm et al., 2006a), and the Vienna Mapping Functions 1,
VMF1 (Bohm et al., 2006b). Recently, a refined version of
VMF1, VMF3 (Landskron and Bohm, 2017), was released.

VMEF3 was developed based on ray-traced delays using
data from the European Centre for Medium-Range Weather
Forecasts (ECMWF), ERA-Interim, from the year 2001 to
2010, at 3° elevation angle (for 1° x 1° grid) and eight az-
imuth angles (0° : 45°:315°). The coefficients a, b, and ¢
were determined using least-squares adjustment. The b and
¢ coefficients have a temporal and spatial dependence, which
was accomplished by estimating seasonal fits containing an-
nual and semi-annual terms for the temporal dependence, and
using a spherical harmonics expansion up to degree 12 for the
spatial dependence.

Tropospheric horizontal gradients also need to be consid-
ered to account for azimuthal asymmetry, especially for ob-
servations at low elevation angles. Horizontal gradients can
be estimated in the analysis of GNSS or Very Long Base-
line Interferometry (VLBI) observations. However, it is also
possible to obtain these gradients from other sources, such as
from Numerical Weather Models (NWMs). The tropospheric
gradients GRAD (Landskron and Bohm, 2018) were deter-
mined through ray-tracing using the same NWMs as VMF3,
based on the model by Chen and Herring (1997):

AL(a,e) = ALg(e)+mfy(e)-[Gy-cos(a) + Ge -sin(a)] (3)

where G, and G, are the north and east gradients, respec-
tively, and mf is the gradients mapping function. AL is the
product of the zenith hydrostatic and wet delays with their
respective mapping functions (the isotropic part):

ALo(e) = AL: -mfy(e) + AL, - mfy () )
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This study aims to assess the performance of VMF3 on
GNSS observations in Indonesia. For this purpose, 21 sta-
tions from the Indonesian permanent GNSS network, Ina-
CORS, were chosen based on their location and data avail-
ability. The map of the stations can be seen in Fig. 1. The ma-
jority of InaCORS stations are located on Java Island. Most
stations on other islands were constructed recently and there-
fore have limited number of observations.

Data processing was carried out using Precise Point Posi-
tioning (PPP) in Bernese GNSS Software 5.2 (Dach et al.,
2015) for the year 2014. The elevation cutoff angle is 5°,
while the antenna corrections, orbit files, and clock correc-
tions are taken from the Center for Orbit Determination in
Europe, CODE (Dach et al., 2016). Three different mapping
functions were used, namely GMF, VMF1, and VMF3. Since
Bernese only supports GMF and VMF1, changes had to be
made in the Bernese subroutines in order to allow the soft-
ware to use VMF3. The codes for VMF3 can be found at http:
/Ivmf.geo.tuwien.ac.at/codes/ (last access: 4 March 2020).

The comparison of estimated coordinates and tropospheric
parameters from VMF3 and GMF is shown in Sect. 2, while
the comparison with VMF1 is shown in Sect. 3. The slant
tropospheric delays at 5° elevation angle from all three map-
ping functions are shown in Sect. 4. Section 5 presents the
comparison of the estimated gradients using VMF3 with the
gradients from the model GRAD. Conclusions are drawn in
Sect. 6.

2 VMF3 and GMF

The first analysis was carried out using VMF3 troposphere
model, specifically the gridded version, since none of the In-
aCORS stations are part of the IGS network (with the ex-
ception of site BAKO). The a priori hydrostatic zenith de-
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Figure 2. Estimated coordinates from VMF3 and GMF and their differences for station BAKO (a) and CAIR (b). On the right side of the

latitude and longitude plot, max-min value in cm is given.

lays AL; were also taken from the gridded VMF3. Gridded
VMPF3 is available in two grid sizes: 1° x 1° and 5° x 5° reso-
lutions. For this study, the 1° version was chosen since it has
higher resolution than VMF1.

Station coordinates were estimated daily, while zenith wet
delays ALZ were estimated every 30 min, and tropospheric
gradients (both north and east) were estimated hourly. The
results were then compared with GMF whose a priori AL
were based on the values of the Global Pressure and Tem-
perature, GPT (Bohm et al., 2007). The estimated coordi-
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nates comparison as well as the differences at two stations
are shown in Fig. 2, namely at stations BAKO in West Java
and CAIR in West Sumatra. BAKO was chosen since it is
part of the IGS network, while CAIR since it is located al-
most at the equator.

Both results, from VMF3 and GMF processing schemes,
agree very well at all stations, particularly for the horizon-
tal components. The differences in the estimated latitude and
longitude are typically smaller than 1 mm, with the longitude
differences slightly larger than the latitude. At some stations,

Adv. Geosci., 50, 77-86, 2020
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Figure 3. The differences of tropospheric parameters from VMF3 and GMF. Zenith wet delays and gradients (north and south) were esti-

mated.
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Figure 4. Repeatability of estimated coordinates from VMF3 and
GMF.

small biases appear in the height component, similar to site
CAIR (Fig. 2, lower part). However, in general, the estimated
heights from VMF3 and GMF agree well. The differences
between the two models for the height component are at the
mm level.

The mean absolute biases and the standard deviations for
all 21 sites can be seen in Table 1. For latitude and longi-
tude, the mean biases are smaller than 1 mm, whereas for the

Adyv. Geosci., 50, 77-86, 2020

height, the mean absolute biases range from less than 1 mm
(at station CKUP) to more than 6 mm (at station CBKL).

Additionally, tropospheric parameters are also compared,
namely the zenith total delays AL{ and total tropospheric
gradients (north and east), Gn; and Ge, respectively. The
comparison of the differences between the tropospheric es-
timates can be seen in Fig. 3. The differences between the
estimated AL{ from both models are less than 1cm with a
SD of around 0.6 mm. For the estimated gradients, the dif-
ferences are typically less than 2 mm with a SD of less than
0.1 mm, although the values for Ge; are larger than Gny.

To compare the performance between VMF3 and GMF,
the repeatability of the estimated coordinates from each sta-
tion was determined. The comparison can be seen in Fig. 4.
In general, both VMF3 and GMF yield similar results. This
is especially true for the horizontal components, latitude and
longitude. However, for the height component, using VMF3
yields slightly better results for more than half of the stations,
as seen from smaller standard deviations.

3 VMF3and VMF1

The second comparison was done for VMF3 and VMFI,
which are both discrete mapping functions. For VMF]1, the
a priori ALf1 were taken from the gridded VMF1, which is
available for the grid size 2.0° x 2.5°. VMF3 and its a priori
AL}Z1 were taken from the 1° x 1° grid size, similar to Sect. 2.

The comparison of estimated coordinates and their differ-
ences at sites BAKO and CAIR can be seen in Fig. 5. The

www.adv-geosci.net/50/77/2020/
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Figure 5. Estimated coordinates from VMF3 and VMF1 and their differences for station BAKO (a) and CAIR (b). On the right side of the

latitude and longitude plot, max-min value in cm is given.

differences between VMF3-VMF]1 are generally smaller than
VMEF3-GMF at all sites, probably because both are discrete
mapping functions, whereas GMF is empirical. Small biases
of a few mm also appear in the height component, as with
GMF, only to a smaller degree.

The mean absolute biases and the standard deviations
can be seen in Table 2. Compared to GMF, the biases for
VMF1 are generally smaller. This is especially obvious for
the height component.

www.adv-geosci.net/50/77/2020/

The differences in tropospheric estimates (ALY, Gn,, and
Gey) can be seen in Fig. 6. The results are quite similar as
the differences between tropospheric estimates from VMF3-
GMF.

The repeatability of the estimated coordinates from VMF3
and VMF1 are depicted in Fig. 7. The results from VMF3 and
VMF1 are very similar for all three components. The height
components at some sites are slightly improved when using
VMF3.

Adv. Geosci., 50, 77-86, 2020
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Figure 6. The differences of tropospheric parameters from VMF3 and VMF1. Zenith wet delays and gradients (north and south) were
estimated.

Table 1. Mean absolute biases and standard deviations for VMF3 and GMF.

Mean absolute biases and standard deviations (SD) in mm

Site

Latitude  SD Latitude Longitude SD Longitude Height SD Height
BAKO 0.093 0.064 0.120 0.159 1.950 0.879
CAIR 0.157 0.150 0.423 0.495 5.790 1.036
CAMB 0.049 0.058 0.115 0.201 2.394 1.372
CBIK 0.070 0.075 0.275 0.213 3.734 1.023
CBKL 0.396 0.165 0.624 0.424  6.891 1.198
CBTL 0.086 0.094 0.238 0.258 3.849 1.282
CFAK 0.044 0.076 0.092 0.171 1.240 0.608
CKEN 0.141 0.073 0.159 0.177 3.000 0.753
CKUP 0.046 0.082 0.074 0.101 0.722 0.662
CMAN 0.055 0.062 0.097 0.138  0.982 0.762
CMLG 0.325 0.247 0.427 0.471 5.976 0.917
CNAB 0.203 0.147 0.342 0.355 3.614 0.827
CNYU 0.136 0.113 0.311 0.288  6.774 1.228
CREO 0.026 0.046 0.101 0.121 1.175 0.799
CRUT 0.045 0.066 0.152 0.223 1.013 0.736
CSAB 0.108 0.942 0.608 4218  0.664 2.802
CSAU 0.021 0.028 0.076 0.076 1.232 1.050
CSMN 0.112 0.110 0.419 0327 4429 1.307
CTBN 0.125 0.102 0.291 0.291 4.163 0.986
CUAL 0.039 0.067 0.087 0.143 1.473 0.886
CUKE 0.042 0.048 0.114 0.103 2.750 1.712
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Table 2. Mean absolute biases and standard deviations for VMF3 and VMF1.

Biases and standard deviations (SD) in mm

83

Site
Latitude SD Latitude Longitude SD Longitude Height SD Height
BAKO 0.177 0.064 0.227 0.158 3.183 0.474
CAIR 0.125 0.131 0.333 0.398 4.782 0.773
CAMB 0.012 0.024 0.035 0.057 0.413 0.308
CBIK 0.033 0.043 0.119 0.078 1.809 0.384
CBKL 0.301 0.136 0.493 0.331 5.454 0.696
CBTL 0.051 0.069 0.143 0.167 2.065 0.540
CFAK 0.013 0.033 0.033 0.055 0.295 0.193
CKEN 0.093 0.058 0.112 0.144 2.105 0.342
CKUP 0.016 0.074 0.046 0.063 0.266 0.220
CMAN 0.114 0.073 0.167 0.148 2.293 0.538
CMLG 0.268 0.202 0.361 0.418 5.110 0.759
CNAB 0.112 0.068 0.172 0.144 2.236 0.394
CNYU 0.099 0.077 0.213 0.181 4.832 0.605
CREO 0.029 0.036 0.125 0.123 1.621 0.489
CRUT 0.078 0.115 0.283 0.305 2.233 0.578
CSAB 0.094 0.900 0.416 2.107 0.512 2.466
CSAU 0.008 0.015 0.028 0.037 0.381 0.275
CSMN 0.068 0.081 0.284 0.243 2.715 0.663
CTBN 0.080 0.074 0.190 0.188 2.623 0.564
CUAL 0.012 0.022 0.030 0.049 0.403 0.233
CUKE 0.015 0.028 0.033 0.049 0.483 0.369
g1 o the values from the Global Pressure and Temperature, GPT
£ (Bohm et al., 2007).
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Figure 7. Repeatability of estimated coordinates from VMF3 and
VMF1.

4 Slant delays at 5°

Slant delays at 5° were calculated using VMF3, VMF]1, and
GMF. In the case of VMF3 and VMF1, a priori zenith hydro-
static delay AL; was based on the ECMWF re-analysis data
using Eq. (1). For GMF, a priori AL was computed based on

www.adv-geosci.net/50/77/2020/

the year does not vary significantly.

ALy at site BAKO from GMF is smaller than from VMF3
(Fig. 8, left side). This is also the case at some other sites.
However, for most other sites, including site CAMB (Fig. 8§,
right side), ALy from VMF3 agrees well with ALy from
GMFE.

Seasonal patterns can be seen in AL,, for sites BAKO.
AL, is smaller between May and November, which coin-
cides with the middle of the dry season until the beginning
of the rainy season in Indonesia. Generally, seasonal patterns
are more obvious at sites located farther away from the equa-
tor. However, for sites located in the eastern part of Indone-

Adv. Geosci., 50, 77-86, 2020
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Figure 9. Slant hydrostatic and wet delays at 5° from VMF3 and VMF1 at sites BAKO and CAMB.

sia, in Papua and on the islands of Maluku (e.g. site CAMB),
the seasonal pattern for ALy, is not visible.

The comparison of slant delays from VMF3 and VMF1
are depicted in Fig. 9. Biases can be seen for the ALy, at sites
BAKO and several other sites. These biases seem to corre-
late with the bias from GMF, suggesting that the biases come
from VMF3.

Adyv. Geosci., 50, 77-86, 2020

5 Comparison with gradients from GRAD

The estimated gradients as obtained from the analysis of
GNSS observations are compared with the gradients from the
model GRAD. Comparison at two sites, BAKO and CUKE
can be seen in Fig. 10. The estimated gradients have larger
magnitude compared to gradients from GRAD.

The correlation coefficients for G, and G, at site BAKO
are 0.41 and 0.33, respectively. The values are similar for
the other sites, with the values G, tending to be larger than

www.adv-geosci.net/50/77/2020/
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Figure 10. Comparison of gradients from GRAD with the estimated gradients at site BAKO and CUKE.

Ge. The largest value for Gy, is 0.65 at site CUKE, while the
largest G value is 0.41 at site CNAB, both are located in
Papua.

Low correlation coefficients mean that the estimated gra-
dients do not fit well with the gradients from GRAD. The
estimated gradients are noisier, possibly because GRAD was
determined using NWMs, which are already smoothed. Dur-
ing GNSS data processing, other parameters were also es-
timated and this might introduce some errors in the results.
Gradients are also sensitive to the processing settings, such
as the elevation cutoff angle, gradient mapping function, and
GNSS constellation, as shown by Kac¢marik et al. (2019).

6 Conclusions

While there are no significant improvements in latitude
and longitude, applying VMF3 together with its hydrostatic
zenith delays can improve the height component compared to
GMF/GPT, as seen from the repeatability. However, in com-
parison with VMF1, only a slight improvement in the height
component can be seen.

Biases at some sites can be seen in the slant hydrostatic de-
lays at 5° between VMF3 and both VMF1 and GMF. The es-
timated gradients are noisier compared to the gradients from
the model GRAD, possibly due to the fact that GRAD was
determined using smoothed NWMs and errors are introduced
during the GNSS processing which can affect the estimated
gradient parameters.

It is recommended to use NWM-based mapping functions,
such as VMF3 and VMF1. However, considering that the
performance of VMF3 is comparable to VMF1, at this point

www.adv-geosci.net/50/77/2020/

we cannot conclusively recommend using VMF3 in place of
VMF]1 for GNSS stations in Indonesia.

Data availability. VMF1 and VMF3 can be downloaded from
https://vmf.geo.tuwien.ac.at/trop_products/ (Bohm, 2020).

RINEX data from InaCORS stations can be requested directly
from the Indonesian Geospatial Information Agency (BIG).
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