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Abstract. Grid-wise Vienna Mapping Functions 1 (VMF1) and Vienna Mapping Functions 3 (VMF3) tropospheric products

have been widely used to interpolate the a priori zenith hydrostatic delay (ZHD) and zenith wet delay (ZWD) over the GNSS15
(Global Navigation Satellite Systems) stations for the mitigation of tropospheric delays inherited in GNSS observations.

Since the two products only provide ground surface ZHD and ZWD for global grid points, the ZHD and ZWD of the four

grid points nearest to the GNSS site need to be reduced to the same height of the GNSS site before a horizontal interpolation

(e.g., bilinear interpolation or inverse-distance weighted interpolation) is implemented. However, the accuracy of the

officially recommended simple reduction model may not be as good as desired if the height of a GNSS site largely differs20
from that of the four ground surface grid points to be used in the interpolation. In this contribution, a new reduction model

for each grid point is developed for reducing the grid-wise ZHD and ZWD to the target height to improve the interpolation

performance. The sample data for the modelling were the 10-year (2010–2019) ZHD and ZWD profiles over the grid points

obtained from ERA5 monthly-mean reanalysis data, while 3-year (2020–2022) ERA5 hourly reanalysis and IGS

(International GNSS Service) site-wise ZTD products were used to evaluate the new model. Test results showed that the25
accuracy of the ZHD, ZWD (as well as the ZTD) interpolated from the VMF1/VMF3 products deduced by the new model

was significantly better than the ones deduced by traditional methods, especially for sites with substantial height disparities

from adjacent VMF grid points. It is expected that the new model adds good value to related fields such as GNSS positioning

and GNSS meteorology for better performance.

1 Introduction30
Tropospheric delay occurs when an electromagnetic wave is transmitted through the atmosphere due to the refraction of the

neutral gas. The tropospheric delay (TD) is defined as:
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610 ( ) TD N ds ds L−= + −∫ ∫ (1)

where the first and second term denote the delay resulting from the velocity change and geometric path change, respectively;

N is the refractivity index; s is the transmission path, i.e., the bended path, of the signal; L is the length of satellite-receiver35
straight line. The refractivity index N is defined as:
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where k1 , k2 , k3 are three refractivity constants (Rüeger, 2002; Thayer, 1974); Pd and e are atmospheric pressures resulting

from dry air and water vapor, respectively; P is the total atmospheric pressure ( 𝑃 = 𝑃𝑑 + 𝑒 ); T is the atmospheric

temperature; 𝑁ℎ and 𝑁𝑛ℎ are hydrostatic and non-hydrostatic part of the refractivity, respectively. 𝑘2
' is a constant related to40

𝑘1 and 𝑘2:
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where dR and vR are the specific gas constants for dry air and water vapor, respectively. /d dR R M= , /v vR R M= , where

R is the universal gas constant (8.3143 J/K/mol ); Md (28.9644 g/mol ) and Mw (18.0152 g/mol ) are the molar mass of dry air

constant and water, respectively.45
The tropospheric delay is one of the major error sources embedded in observations of space geodetic techniques, such

as GNSS (Global Navigation Satellite Systems) and VLBI (Very Long Base-line Interferometry). Since the second term in (1)

is quite smaller (usually less than 0.1 mm for elevation angles above 57°) than the first term, and the bending effect can be

absorbed by advanced mapping functions (see (5)) (Möller and Landskron, 2019; Nafisi et al., 2012), researchers mainly

focus on the modelling of the first term in (1). As a convention, the zenith tropospheric delay (ZTD) is widely used in GNSS50
and VLBI data processing:

  h nh dh ZHD ZWDZTD N dh N == + +∫∫ (4)

where ZHD and ZWD are zenith hydrostatic delay and zenith non-hydrostatic delay (usually called zenith wet delay (ZWD)),

respectively. Then a slant tropospheric delay can be modelled using ZHD, ZWD together with mapping functions (Chao,55
1974; Chen and Herring, 1997; Niell, 1996):

TD=ZHD∙mfh+ZWD∙mfw+ΔTgrad (5)

where mfh and mfw are the mapping functions for the hydrostatic and non-hydrostatic part of the tropospheric delay,

respectively; ΔTgrad is the tropospheric gradient, which is caused by the azimuthal asymmetry of the troposphere.
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The modelling accuracy of ZHD affects the accuracy of GNSS-estimated station height and ZTD (Boehm et al., 2006;60
Tregoning and Herring, 2006; Kouba, 2009). Furthermore, an accurate ZHD is necessary for converting ZTD to precipitable

water vapor (PWV) in GNSS meteorology (Bevis et al., 1992; Wang et al., 2017; Zhu et al., 2024). For ZWD, a pre-obtained

ZWD can also be used for the direct correction of the wet delay or treated as a pseudo-observation for the constraining of the

wet delay to accelerate the convergence of precise point positioning (PPP) (Sun et al., 2021a). Thus, it has been a continuous

global effort in improving the accuracy of ZTD for the data processing of space geodetic techniques.65
The ZHD can be modeled with a desirable accuracy using Saastamoinen model with in-situ atmospheric pressure (P)

measurements as input (Davis et al., 1985; Saastamoinen, 1972):

0.0022768 0.0022768
( , ) 1 0.00266 cos(2 ) 0.00028

P PZHD
f H Hϕ ϕ

= =
− −

(6)

where 𝜑 and H are the latitude (in radians) and height (in km) of the GNSS site, respectively. Although the ZWD can also be

calculated in a similar way, i.e., using an empirical model, e.g., the Askne-Nordius model, together with in-situ70
meteorological measurements, its accuracy is poor due to the dynamic nature of water vapor (Chen and Liu, 2016). The

Askne-Nordius model is expressed as:
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where Tm is the weighted mean temperature; λ is the water vapor decay parameter; gm is the mean gravitational acceleration;

es is the surface water vapor pressure.75
Since most GNSS stations are not mounted with meteorological sensors and it is complex for real-time GNSS users to

process forecasted NWM data to obtain the atmospheric parameters, empirical tropospheric delay models like UNB3m

(Leandro et al., 2006) and GPT models are commonly used (Boehm et al., 2007; Böhm et al., 2015; Lagler et al., 2013;

Landskron and Böhm, 2018). Considering the spatial-temporal variations of the meteorological variables, some advanced

models were developed to improve the modeling accuracy of the tropospheric delay (Huang et al., 2023; Jiang et al., 2024;80
Li et al., 2018; Sun et al., 2023; Yang et al., 2021b; Yao et al., 2015; Zhao et al., 2023). Such empirical models, while easy

to use, have limited accuracy due to rapid variations of the troposphere (Wang et al., 2017; Xia et al., 2023).

Fortunately, the tropospheric delay can also be obtained from grid-wise Vienna Mapping Functions 1 (VMF1, with the

resolution of 2.5°×2°) (Boehm et al., 2006, 2009) and Vienna Mapping Functions 3 (VMF3, with the resolution of 1°×1° and

5°×5°) (Landskron and Böhm, 2018) products provided by the Vienna University of Technology (TU Wien). The ZHD,85
ZWD, and the coefficients of VMF1 and VMF3 mapping functions for each point are determined at four epochs (0, 6, 12, 18

UTC) each day using NWM data from the European Centre for Medium-Range Weather Forecasts (ECMWF), and the

tropospheric delay for the time and location of interest can be interpolated from its surrounding grid points. Two kinds of

NWM data are used to generate the VMF1/VMF3 products, i.e., ECMWF OPERATIONAL NWM for VMF1_OP and

VMF3_OP, and ECMWF FORECAST NWM for VMF1_FC and VMF3_FC. In addition, some other VMF1-like products90
(GFZ-VMF1 and UNB-VMF1) are also publicly available for users (Santos, 2011; Zus et al., 2015).
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Recent studies have shown that the accuracy of the tropospheric delay obtained from the grid-wise VMF1 and VMF3

products is significantly better than the ones predicted by empirical tropospheric delay models (Sun et al., 2021b; Yang et al.,

2021a). Before the release of the VMF3 product, the VMF1 product was highly recommended for GNSS data processing

(Kouba, 2008). Yao et al. (2018b) evaluated the ZTD predicted by VMF1_FC using references from IGS (International95
GNSS Service) final ZTD products and results demonstrated a 1.83 cm mean root-mean-square (RMS). Yuan et al. (2019)

investigated the performance of VMF1_FC using real-time precise point positioning (PPP) and results showed that the

accuracy of the PPP-estimated position and ZTD using VMF1_FC-based ZHD were better than those from empirical models.

The VMF3 product, including two resolutions (1°×1° and 5°×5°), have become available since 2018, and the VMF3

mapping function outperforms VMF1’s (Landskron and Böhm, 2018). Sun et al. (2021a) utilized the ZWD predicted by100
VMF3_FC (1°×1°) as a pseudo-observation to constrain the ZWD parameter in real-time single-frequency (SF) PPP and

results indicated that the convergence time of SF-PPP was significantly shortened. Yang et al. (2021a) evaluated the

accuracy of the ZHD and ZWD over China predicted by VMF3_OP using reference data from ERA5 reanalysis. Sun et

al.(2021b) evaluated the accuracy of the ZHD predicted by VMF1_FC and VMF3_FC using 3-year surface atmospheric

pressures measured at 443 globally distributed radiosonde stations and results showed that the mean RMSE of the ZHD105
values predicted by VMF1_FC, VMF3_FC (5°×5°) and VMF3_FC (1°×1°) at all the 443 stations were 5.9, 5.4, and 4.3 mm,

respectively, and the accuracy of the ZHD predicted by VMF1_FC and VMF3_FC can meet the demands of real-time PWV

retrieval.

To improve the accuracy of VMF1/VMF3-predicted ZTD, the officially recommended ZTD interpolation method was

re-investigated, and then a new vertical reduction model was developed to reduce both ground surface ZHD and ZWD to the110
height of interest e.g., the height of a GNSS station, for an interpolated result from the four grid points surrounding the

GNSS station. The methodology and data utilized in this research are presented firstly, followed by test results, their

analyses, and discussion. Conclusions of this contribution are given in the final section.

2 Data Sources

2.1 ERA5 monthly mean reanalysis data115
ERA5 reanalysis data are the state-of-the-art atmospheric reanalysis data provided by the ECMWF. In this contribution, the

10-year (2010–2019) ERA5 monthly mean geopotential, temperature and water vapor pressure reanalysis data at 37 pressure

levels over the grid points of the VMF1 and VMF3 products were selected as the samples for the development of the new

ZTD vertical reduction model. These geopotential heights were converted to ellipsoidal heights for adapting to geodetic

applications following the equations given by Nafisi (2012).120

2.2 ERA5 hourly reanalysis data

For the evaluation of the newly developed ZHD and ZWD vertical reduction models, ERA5 hourly reanalysis data over the

grid points at 0, 6, 12, 18 UTC on 5th, 10th, 15th, 20th, 15th, and 30th day of each month in the 3-year period of 2020–2022

were selected for the calculation of the references. Since the horizontal resolution of the reference data coincides with the
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VMF1 and VMF3 products, temporal interpolation and horizontal geospatial interpolation were not needed to carry out for125
the model evaluation.

2.3 GNSS ZTD data

ZTD products in the 3-year period of 2020–2022 at 394 IGS (International GNSS Service) stations were selected for the

evaluation of the new ZHD and ZWD vertical reduction models. The geographical distribution of these stations is shown in

Fig. 1.130

Figure 1. Geographical distribution of 394 GNSS stations selected for the evaluation of the new model

3 Methodology

3.1 Re-investigation of officially recommended ZTD interpolation method

To improve the accuracy of VMF1/VMF3-predicted ZTD, the officially recommended ZTD interpolation method, as follows,135
was re-investigated first:

[1]. Identifying the four ground grid points surrounding the target point S (see Fig. 2) provided in the VMF1and VMF3

products, see points A~D. Then, for each of the four grid points, the following procedure is performed.

Figure 2 Diagram for the interpolated ZHD and ZWD for the position of S based on the ZHD and ZWD values at the four140
ground grid points surrounding S (A to D) reduced to the height of S (A’~D’).

[2]. Performing a linear interpolation of the ZHD and ZWD values of the grid point in the temporal domain: data from the

two neighbouring epochs (selected from 0, 6, 12, 18 UTC) that are most close to the GNSS observation time of S were used

in the interpolation, and the interpolated results were denoted by ZHD0 in (8) and ZWD 0 in (10) since they are the ground145
surface values (i.e., A ~ D) of the grid point.
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[3]. Using an inverse process of the Saastamoinen model to calculate the ground atmospheric pressure of the grid point:

0 0
0

[1 0.00266 cos
0 8

(2 ) 0.0
7

0028
0.0 22 6

]ZHD
P

hϕ− −
= (8)

where 𝑃0 and ℎ0 are the ground atmospheric pressure and height of the grid point, respectively.

[4]. Reducing 𝑃0 to the height of S using the following vertical atmospheric pressure reduction model (Kouba, 2008):150

( )5.225
0 1 0.0000266P hP ∆= − (9)

where P is the reduced atmospheric pressure at the height of S (A’~D’); 0.0000266 is an empirical decay parameter for

atmospheric pressure; h∆ is the difference between the target and reference heights.

[5]. Obtaining reduced ZHD (A’~D’) using P obtained in (9) and the Saastamoinen model.

[6]. Using product-provided ZWD, i.e., ZWD0 and the following reduction model to obtain reduced ZWD (for A’~D’):155

0 e
200

xp
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Z hWD ZWD ∆ 
 


−
=
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[7]. Repeating steps [2]-[6] for all the four points (A’~D’), then using the four reduced ZHD and ZWD values and the

bilinear interpolation in the spatial domain to obtain the interpolated ZHD and ZWD for S.

3.2 GPT2w-based ZTD reduction method
It is noted that in (9) a fixed empirical atmospheric pressure decay parameter (0.0000266) was applied for the vertical160

reduction of atmospheric pressure on a global scale. However, the general state of atmospheric conditions varies with season

in the temporal domain and also with region in the spatial domain (Wang et al., 2022; Zhang et al., 2021a). Thus, the decay

parameter is better modelled dynamically in both spatial and temporal domain.

As is also shown in (9), since the vertical correction for atmospheric pressure is related to the difference between the

reference and target heights, a low-accuracy decay parameter may significantly affect the accuracy of the reduced ZHD165
result. To address this issue, the atmospheric decay function utilized, i.e., (9), can be replaced with a better solution:

0
0

1

m dg M
R

P
T

hP
ββ 

∆ 
 

= −



 (11)

where 𝑇0 is the temperature (in K) at the reference height; 𝛽 is the temperature lapse rate. The accuracy of these two

variables affects the accuracy of the vertical correction of atmospheric pressure, thus these two variables or parameters need

to be estimated properly. Fortunately, they can be predicted by empirical models like GPT2w, then (9) can be replaced with170
a temperature-dependent atmospheric pressure decay function, i.e., (11). Zhang et al. (2021b) utilized GPT2w-predicted

atmospheric temperature and its lapse rate as the input of (11) for the vertical reduction to the ZHD provided by

VMF1/VMF3-like products, and test results in the Tibetan Plateau region were significantly improved. In this research, the

water vapor decrease factor (λ) predicted by GPT2w was adopted for the vertical reduction to the ZWD provided in grid-

wise VMF1/VMF3 products using the ZWD decay function given by Dousa (2014):175
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3.3 A new ZTD reduction method for VMF1/VMF3 products

If a constant temperature lapse rate ( 0.0065 K/mβ = ) is utilized, the exponential term of (11) can be simplified as(Yao et al.,

2018a):

( ) 6
0 0

5.25
1P P h hτ = − −  (13)180

where 0Tτ β= . Since the denominator part of the Saastamoinen model, i.e., 𝑓 (φ, H) in (6), is approximately equal to 1,

the specific value of the ZHD at height h above the reference height can be simplified as:

( )0 0

0 0

5.256
1P h hZHD

ZHD P

τ − − = (14)

Then the ZHD at height h can be obtained by:

( ) 5.256
0 01ZHD ZHD h hτ = − −  (15)185

For ZWD, in this research, the ZWD decay function proposed by Dousa (2014) was modified to:

( ) 5.256( 1)1
0

0 0
( ) 1ZWD P h h

ZWD P
γγ τ
++  = = − −  (16)

Thus

( ) 5.256( 1)
0 01ZWD ZWD h h

γ
τ

+
 = − −  (17)

In this contribution, τ and γ for each of the VMF1/VMF3 grid points were modeled through the following steps:190
[1]. For the spatial domain, τ and γ at the ground surface of the grid point for the 120 months in the 10-year period of 2010–

2019 were fitted using the ERA5 monthly-mean reanalysis data mentioned above.

[2]. For the temporal domain, the seasonal variations of τ and γ at the grid point were modeled by fitting the above 120

monthly-mean τ and γ values:

1 2
0 1 2cos( 2 ) cos( 4 )

365.25 365.25
DOY d DOY dt t A Aπ π

− −
= + + (18)195

where 𝑡0 is the mean of the parameter (i.e., either τ or γ); 𝐴1 and 𝐴2 are the amplitudes of annual and semi-annual variation

of the parameter, respectively; 𝑑1 and 𝑑2 are the day of year (DOY) corresponding to their initial phase. Then the ZHD and

ZWD at height h can be obtained using (15) and (17), respectively.

4 Results and discussion200
Three schemes for the reduction of the ground surface ZHD and ZWD values provided by grid-wise VMF1/VMF3 products

were evaluated in this research, and they are:
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1) Scheme 1 for the ZHD and ZWD resulting from officially recommended methods, i.e., (9) – (10);

2) Scheme 2 for the reduction functions expressed in (11) and (12) based on empirical temperature and its lapse rate, as

well as the water vapor decay parameter obtained from the GPT2w model205
3) Scheme 3 for the new model based on (15) and (17).

The RMSE was used to measure the overall discrepancy and accuracy of the interpolated results obtained from the above

three schemes:

( )2, ,
1

1   
n

VMF i ref i
i

RMSE ZTD
n

ZTD
=

= −∑ (19)

where ZTD VMF and ZTD ref are the VMF-based ZTD (including ZHD and ZWD) and the reference ZTD, respectively.210
It should be noted that only the forecast VMF1/VMF3 products were utilized for the model evaluation since only these two

products could be adapted to real-time GNSS data processing and real-time retrieval of PWV in GNSS meteorology.

4.1 Using ERA5 hourly reanalysis data as reference

In this section the ZHD and ZWD obtained from the 3-year (2020–2022) ERA5 hourly reanalysis data at nine pressure levels

at the grid points were used as the reference. The reference ZHD was obtained from the Saastamoinen model, while the215
ZWD was obtained from using discrete integration, see (Sun et al., 2021a).

Figure 3(a) shows each scheme’s mean RMSE of ZHD interpolated from VMF1 and VMF3 at each pressure level in the 3-

year period at all global grid points. We can see that Scheme 3 (red) outperformed Schemes 1 and 2 at all levels, and Scheme

2 outperformed Scheme 1 at the three levels of 1000, 900 and 800 hPa. However, the Scheme 2 results were poor at high-

altitude pressure levels, especially in the range above 600 hPa. These results suggest that Scheme 3, which is our new model220
result, is the best performer for reducing the VMF1/VMF3-based ZHDs.

Figure 3(b) shows the statistical results of the interpolated ZWD values. We can see that Scheme 3 outperformed Scheme 1

and 2 in general, especially in the bottom half range (from 1000 to 600 hPa), where the water vapor content mainly

concentrates, and in this range both Schemes 1 and 2 exhibited large differences and Scheme 2 is worse than Scheme 1.

Whilst both had little differences in the upper half range. These results suggest that our new model is the best one for225
reducing the ZWD obtained from the grid-wise VMF1/VMF3 products, while Scheme 2 may offer an improved accuracy

result but only at some pressure levels in comparison with Scheme 1, the officially recommended one.
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Figure 3 Mean RMSE of the (a) ZHD and (b) ZWD interpolated from VMF1_FC and VMF3_FC for each scheme at each230
pressure level in the 3-year (2020 – 2022) period at all global grid points

4.2 Using IGS ZTD data as reference

In this section, ZTD values at 394 IGS stations in the 3-year period, same as in the last section, were used as the reference of

the ZTD interpolated using the VMF1/VMF3 products for the performance evaluation of the three schemes.

Figure 4 shows the time series of VMF1/VMF3 predicted ZTD errors at IQQE station compared with IGS final ZTD product.235
As is shown in the figure, the ZTD predicted by Scheme 3 was significantly improved, especially for VMF3(5°×5°). This

indicates that the ZTD vertical reduction model has a significant impact on the ZTD interpolation.

Table 2 lists mean, maximum and minimum values of RMSE. As shown in the table, large RMSEs were also found from

Schemes 1 and 2. For Scheme 2 (blue), an extreme RMSE value (29.67 cm) occurred at the IQQE station using the VMF3

(5°×5°) product. The maximum RMSE of Scheme 3 was significantly reduced, and the Scheme 3 result suggests the240
effectiveness of the proposed approach in the improvement of the accuracy of the interpolated ZTD. It should be noted that

the IGS ZTD values are ground surface ZTDs, unlike that in Figure 3, the mean RMSE of Scheme 3 had a small
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improvement, as most IGS stations are in flat areas. However, for the stations with substantial height disparities from

adjacent VMF grid points, the accuracy of the interpolated ZTD was significantly improved. It is expected that, in the ground

surface domain, the new model adds good value to related fields such as GNSS positioning and GNSS meteorology for245
better performance in regions with large topographic relief.

Figure 4 Time series of VMF1/VMF3 predicted ZTD errors at IQQE station compared with IGS final ZTD product

Table 1 Mean, minimum and maximum (in cm) of the RMSEs of the ZTD results interpolated for each scheme.250

Schemes VMF1 VMF3(5°×5°) VMF3(1°×1°)

min mean max min mean max min mean max

1 0.51 1.90 6.79 0.90 2.20 6.05 0.80 1.60 3.16

2 0.69 1.82 8.25 0.52 2.21 29.67 0.52 1.55 5.45

3 0.76 1.78 3.89 0.61 2.05 4.45 0.62 1.51 2.84

5 Conclusions

The ZHD and ZWD provided by grid-based VMF1 and VMF3 tropospheric products are for ground surface values at each of

the global grid points, and these products have been widely used for interpolating the a priori ZHD and ZWD for GNSS

receivers and VLBI stations. In the case that the height of the target GNSS receiver differs largely from its four surrounding

grid points to be used for the interpolation of ZTD, the ZHD and ZWD values at the grid points need to be reduced to the255
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height of the GNSS station before a horizontal interpolation is performed. Although some simple reduction models are

available, their accuracy may not be as good as desired. Thus, in this contribution, new ZHD and ZWD reduction models for

each of the four grid points to be used for interpolation were developed to improve the accuracy of interpolated results. The

sample data for the modeling were the ZHD and ZWD profiles over the grid points obtained from ERA5 monthly-mean

reanalysis data during the period of 2010–2019. The two sets of reference data used to evaluate the new models were the260
ZHD and ZWD at nine pressure levels of ERA5 hourly reanalysis data and surface ZTD at 394 globally distributed IGS

stations during the 3-year period 2020–2022. Test results showed that the accuracy of the ZHD, ZWD, as well as ZTD

interpolated from the VMF1/VMF3 products deduced by the new model was significantly better than the traditional method.

The new model is expected to be applied to related fields such as GNSS positioning and GNSS-meteorology for better

performance.265
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https://doi.org/10.24381/cds.6860a573 (Hersbach et al., 2023b); ERA5 hourly reanalysis data on pressure levels are available

at: https://doi.org/10.24381/cds.bd0915c6 (Hersbach et al., 2023a); IGS ZTD data are available at NASA Crustal Dynamics

Data Information System (CDDIS) (International GNSS Service, 2000)285
References

Bevis, M., Businger, S., Herring, T. A., Rocken, C., Anthes, R. A., and Ware, R. H.: GPS meteorology: Remote sensing of
atmospheric water vapor using the global positioning system, J. Geophys. Res., 97, 15787–15801,
https://doi.org/10.1029/92jd01517, 1992.

https://doi.org/10.5194/gmd-2024-123
Preprint. Discussion started: 4 November 2024
c© Author(s) 2024. CC BY 4.0 License.



12

Boehm, J., Werl, B., and Schuh, H.: Troposphere mapping functions for GPS and very long baseline interferometry from290
european centre for medium-range weather forecasts operational analysis data, J. Geophys. Res. Solid Earth, 111, n/a-n/a,
https://doi.org/10.1029/2005JB003629, 2006.

Boehm, J., Heinkelmann, R., and Schuh, H.: Short note: A global model of pressure and temperature for geodetic
applications, J. Geod., 81, 679–683, https://doi.org/10.1007/s00190-007-0135-3, 2007.

Boehm, J., Kouba, J., and Schuh, H.: Forecast Vienna Mapping Functions 1 for real-time analysis of space geodetic295
observations, J. Geod., 83, 397–401, https://doi.org/10.1007/s00190-008-0216-y, 2009.

Böhm, J., Möller, G., Schindelegger, M., Pain, G., and Weber, R.: Development of an improved empirical model for slant
delays in the troposphere (GPT2w), GPS Solut., 19, 433–441, https://doi.org/10.1007/s10291-014-0403-7, 2015.

Chao, C. C.: The tropospheric calibration model for mariner mars 1971, NASA JPL, Pasadena CA, 1974.

Chen, B. and Liu, Z.: A comprehensive evaluation and analysis of the performance of multiple tropospheric models in China300
region, IEEE Trans. Geosci. Remote Sens., 54, 663–678, https://doi.org/10.1109/TGRS.2015.2456099, 2016.

Chen, G. and Herring, T. A.: Effects of atmospheric azimuthal asymmetry on the analysis of space geodetic data, J. Geophys.
Res. Solid Earth, 102, 20489–20502, https://doi.org/10.1029/97JB01739, 1997.

Davis, J. L., Herring, T. A., Shapiro, I. I., Rogers, A. E. E., and Elgered, G.: Geodesy by radio interferometry: Effects of
atmospheric modeling errors on estimates of baseline length, Radio Sci., 20, 1593–1607,305
https://doi.org/10.1029/RS020i006p01593, 1985.

Dousa, J. and Elias, M.: An improved model for calculating tropospheric wet delay, Geophys. Res. Lett., 41, 4389–4397,
https://doi.org/10.1002/2014GL060271, 2014.

Hersbach, H., Bell, B., Berrisford, P., Biavati, G., Horányi, A., Muñoz‐Sabater, J., Nicolas, J., Peubey, C., Radu, R., Rozum,
I., Schepers, D., Simmons, A., Soci, C., Dee, D., and Thépaut, J.: ERA5 hourly data on pressure levels from 1940 to present,310
https://doi.org/10.24381/cds.6860a573, 2023a.

Hersbach, H., Bell, B., Berrisford, P., Biavati, G., Horányi, A., Muñoz‐Sabater, J., Nicolas, J., Peubey, C., Radu, R., Rozum,
I., Schepers, D., Simmons, A., Soci, C., Dee, D., and Thépaut, J.: ERA5 monthly averaged data on pressure levels from 1940
to present, https://doi.org/10.24381/CDS.BD0915C6, 2023b.

Huang, L., Lan, S., Zhu, G., Chen, F., Li, J., and Liu, L.: A global grid model for the estimation of zenith tropospheric delay315
considering the variations at different altitudes, Geosci. Model Dev., 16, 7223–7235, https://doi.org/10.5194/gmd-16-7223-
2023, 2023.

International GNSS Service: GNSS final troposphere zenith path delay combination product,
https://doi.org/10.5067/GNSS/GNSS_IGSTROPZPD_001, 2000.

Jiang, C., Gao, X., Zhu, H., Wang, S., Liu, S., Chen, S., and Liu, G.: An improved global pressure and zenith wet delay320
model with optimized vertical correction considering the spatiotemporal variability in multiple height-scale factors, Geosci.
Model Dev., 17, 5939–5959, https://doi.org/10.5194/gmd-17-5939-2024, 2024.

Kouba, J.: Implementation and testing of the gridded Vienna Mapping Function 1 (VMF1), J. Geod., 82, 193–205,
https://doi.org/10.1007/s00190-007-0170-0, 2008.

https://doi.org/10.5194/gmd-2024-123
Preprint. Discussion started: 4 November 2024
c© Author(s) 2024. CC BY 4.0 License.



13

Kouba, J.: Testing of global pressure/temperature (GPT) model and global mapping function (GMF) in GPS analyses, J.325
Geod., 83, 199–208, https://doi.org/10.1007/s00190-008-0229-6, 2009.

Lagler, K., Schindelegger, M., Böhm, J., Krásná, H., and Nilsson, T.: GPT2: Empirical slant delay model for radio space
geodetic techniques, Geophys. Res. Lett., 40, 1069–1073, https://doi.org/10.1002/grl.50288, 2013.

Landskron, D. and Böhm, J.: VMF3/GPT3: refined discrete and empirical troposphere mapping functions, J. Geod., 92, 349–
360, https://doi.org/10.1007/s00190-017-1066-2, 2018.330

Leandro, R., Santos, M., and Langley, R. B.: UNB neutral atmosphere models: development and performance, Proceedings
of the Institute of Navigation, National Technical Meeting, Institute of Navigation, Monterey, California, USA, 564–573,
2006.

Li, W., Yuan, Y., Ou, J., and He, Y.: IGGtrop_SH and IGGtrop_rH: two improved empirical tropospheric delay models
based on vertical reduction functions, IEEE Trans. Geosci. Remote Sens., 56, 5276–5288,335
https://doi.org/10.1109/TGRS.2018.2812850, 2018.

Möller, G. and Landskron, D.: Atmospheric bending effects in GNSS tomography, Atmospheric Meas. Tech., 12, 23–34,
https://doi.org/10.5194/amt-12-23-2019, 2019.

Nafisi, V., Urquhart, L., Santos, M. C., Nievinski, F. G., Bohm, J., Wijaya, D. D., Schuh, H., Ardalan, A. A., Hobiger, T.,
Ichikawa, R., Zus, F., Wickert, J., and Gegout, P.: Comparison of ray-tracing packages for troposphere delays, IEEE Trans.340
Geosci. Remote Sens., 50, 469–481, https://doi.org/10.1109/TGRS.2011.2160952, 2012.

Niell, A. E.: Global mapping functions for the atmosphere delay at radio wavelengths, J. Geophys. Res. Solid Earth, 101,
3227–3246, https://doi.org/10.1029/95JB03048, 1996.

Re3data.Org: VMF Data Server, https://doi.org/10.17616/R3RD2H, 2016.

Rüeger, J. M.: Refractive index formulae for radio waves, FIG XXII International Congress, Washington, D.C. USA, 2002.345

Saastamoinen, J.: Atmospheric correction for the troposphere and stratosphere in radio ranging satellites, in: The Use of
Artificial Satellites for Geodesy, American Geophysical Union (AGU), 247–251, https://doi.org/10.1029/GM015p0247,
1972.

Santos, U. L.: Development of a VMF1-like service at UNB, PhD Thesis, University of New Brunswick, 2011.

Sun, P.: VMF_ZTDLpsR: V1.0.240923, , https://doi.org/10.5281/ZENODO.13826894, 2024.350

Sun, P., Zhang, K., Wu, S., Wang, R., and Wan, M.: An investigation into real-time GPS/GLONASS single-frequency
precise point positioning and its atmospheric mitigation strategies, Meas. Sci. Technol., 32, 115018,
https://doi.org/10.1088/1361-6501/ac0a0e, 2021a.

Sun, P., Zhang, K., Wu, S., Wan, M., and Lin, Y.: Retrieving precipitable water vapor from real-time precise point
positioning using VMF1/VMF3 forecasting products, Remote Sens., 13, 3245, https://doi.org/10.3390/rs13163245, 2021b.355

Sun, P., Zhang, K., Wu, S., Wang, R., Zhu, D., and Li, L.: An investigation of a voxel-based atmospheric pressure and
temperature model, GPS Solut., 27, 56, https://doi.org/10.1007/s10291-022-01390-5, 2023.

https://doi.org/10.5194/gmd-2024-123
Preprint. Discussion started: 4 November 2024
c© Author(s) 2024. CC BY 4.0 License.



14

Thayer, G. D.: An improved equation for the radio refractive index of air, Radio Sci., 9, 803–807,
https://doi.org/10.1029/RS009i010p00803, 1974.

Tregoning, P. and Herring, T. A.: Impact of a priori zenith hydrostatic delay errors on GPS estimates of station heights and360
zenith total delays, Geophys. Res. Lett., 33, L23303, https://doi.org/10.1029/2006GL027706, 2006.

Wang, J., Balidakis, K., Zus, F., Chang, X., Ge, M., Heinkelmann, R., and Schuh, H.: Improving the vertical modeling of
tropospheric delay, Geophys. Res. Lett., 49, e2021GL096732, https://doi.org/10.1029/2021GL096732, 2022.

Wang, X., Zhang, K., Wu, S., He, C., Cheng, Y., and Li, X.: Determination of zenith hydrostatic delay and its impact on
GNSS-derived integrated water vapor, Atmospheric Meas. Tech., 10, 2807–2820, https://doi.org/10.5194/amt-10-2807-2017,365
2017.

Xia, P., Tong, M., Ye, S., Qian, J., and Fangxin, H.: Establishing a high-precision real-time ZTD model of china with GPS
and ERA5 historical data and its application in PPP, GPS Solut., 27, 2, https://doi.org/10.1007/s10291-022-01338-9, 2023.

Yang, F., Guo, J., Li, J., Zhang, C., and Chen, M.: Assessment of the troposphere products derived from VMF data server
with ERA5 and IGS data over china, Earth Space Sci., 8, e2021EA001815, https://doi.org/10.1029/2021EA001815, 2021a.370

Yang, F., Guo, J., Meng, X., Li, J., Zou, J., and Xu, Y.: Establishment and assessment of a zenith wet delay (ZWD)
augmentation model, GPS Solut., 25, 148, https://doi.org/10.1007/s10291-021-01187-y, 2021b.

Yao, Y., Xu, C., Shi, J., Cao, N., Zhang, B., and Yang, J.: ITG: a new global GNSS tropospheric correction model, Sci. Rep.,
5, 10273, https://doi.org/10.1038/srep10273, 2015.

Yao, Y., Sun, Z., Xu, C., Zhang, L., and Wan, Y.: Development and assessment of the atmospheric pressure vertical375
correction model with ERA‐Interim and radiosonde data, Earth Space Sci., 5, 777–789,
https://doi.org/10.1029/2018EA000448, 2018a.

Yao, Y., Xu, X., Xu, C., Peng, W., and Wan, Y.: GGOS tropospheric delay forecast product performance evaluation and its
application in real-time PPP, J. Atmospheric Sol.-Terr. Phys., 175, 1–17, https://doi.org/10.1016/j.jastp.2018.05.002, 2018b.

Yuan, Y., Holden, L., Kealy, A., Choy, S., and Hordyniec, P.: Assessment of forecast vienna mapping function 1 for real-380
time tropospheric delay modeling in GNSS, J. Geod., 93, 1501–1514, https://doi.org/10.1007/s00190-019-01263-9, 2019.

Zhang, H., Yuan, Y., and Li, W.: An analysis of multisource tropospheric hydrostatic delays and their implications for
GPS/GLONASS PPP-based zenith tropospheric delay and height estimations, J. Geod., 95, 83,
https://doi.org/10.1007/s00190-021-01535-3, 2021a.

Zhang, H., Yuan, Y., Li, W., Ji, D., and Lv, M.: Implementation of ready-made hydrostatic delay products for timely GPS385
precipitable water vapor retrieval over complex topography: A case study in the Tibetan Plateau, IEEE J. Sel. Top. Appl.
Earth Obs. Remote Sens., 14, 9462–9474, https://doi.org/10.1109/JSTARS.2021.3111910, 2021b.

Zhao, Q., Su, J., Xu, C., Yao, Y., Zhang, X., and Wu, J.: High-precision ZTD model of altitude-related correction, IEEE J.
Sel. Top. Appl. Earth Obs. Remote Sens., 16, 609–621, https://doi.org/10.1109/JSTARS.2022.3228917, 2023.

Zhu, D., Sun, P., Hu, Q., Zhang, K., Wu, S., He, P., Yu, A., Yin, W., and Liu, W.: A fusion framework for producing an390
accurate PWV map with spatiotemporal continuity based on GNSS, ERA5 and MODIS data, IEEE Trans. Geosci. Remote
Sens., 1–1, https://doi.org/10.1109/TGRS.2024.3447832, 2024.

https://doi.org/10.5194/gmd-2024-123
Preprint. Discussion started: 4 November 2024
c© Author(s) 2024. CC BY 4.0 License.



15

Zus, F., Dick, G., Dousa, J., and Wickert, J.: Systematic errors of mapping functions which are based on the VMF1 concept,
GPS Solut., 19, 277–286, https://doi.org/10.1007/s10291-014-0386-4, 2015.

395

https://doi.org/10.5194/gmd-2024-123
Preprint. Discussion started: 4 November 2024
c© Author(s) 2024. CC BY 4.0 License.


