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Abstract

In precise global navigation satellite system (GNSS) data processing, the mapping function is a key factor in troposphere delay
modelling. Currently, site-dependent troposphere mapping functions are only provided for specific sites, while for other sites,
other mapping functions, such as the gridded Vienna Mapping Function (VMF1/VMF3), are recommended, in which a height
correction is always required to convert the hydrostatic mapping function from model height to site height. In this analysis,
an improved height correction model is proposed based on the fifth-generation European Centre for Medium-Range Weather
Forecasts reanalysis (ERAS5). Compared to the commonly used Niell model, the coefficients in the improved model are no
longer constants but are provided in a global 5° x 5° grid on a monthly basis, with the significant difference that the coefficient
a of the Niell model is modelled as quadratically varying with height. To evaluate its performance, we applied the improved
model to VMF1 (2° x 2.5°) and VMF3 (5° x 5° and 1° x 1°) gridded data for all of 2015 and then compared them with
site-dependent data at 402 VMF1 sites and 505 VMF3 sites, respectively. It was shown that the improved model outperformed
the Niell model at most stations, and the improvement of the slant path delay (SPD) became better with increasing height
difference. The maximum improvement of the SPD at a 3° elevation angle is 29.5 mm at SANT for the VMF1 2° x 2.5° grid
and 18.7 mm and 16.4 mm for the VMF3 5° x 5° and 1° x 1° grids, respectively, both achieved at NAMA. For all height
difference intervals, the average and maximum improvements of the SPD can reach approximately 30% and 50% for both the
VMF1 2° x 2.5° and VMF3 1° x 1° grids, respectively, while only approximately 14% and 30% improvements for the VMF3
5° x 5° grid, respectively, due to the coarse resolution of the mapping function. Therefore, we can benefit significantly from
the improved model, which becomes even more important when stations with large height differences, i.e. in mountainous
areas or on mid-ocean islands, are included in precise GNSS data processing.
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1 Introduction

For space geodetic measurements, when a radio signal travels
through the troposphere, it slows down and the propagation
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path bends, thus causing tropospheric delay. As a major error
source, this delay is usually separated into hydrostatic and
nonhydrostatic (wet) parts (Davis et al. 1985; Boehm et al.
2006b):

AL = AL Amfy + AL, Amfy, (1

where ALj and AL%, represent the zenith hydrostatic delay
(ZHD) and zenith wet delay (ZWD), respectively, and mfj,
and mf,, are the hydrostatic and wet mapping functions.
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In precise data processing, ZHD can be calculated accu-
rately from empirical models or numerical weather models
(NWMs) (Zhang et al. 2021), while ZWD is usually esti-
mated as an unknown. Since errors in the mapping functions
directly influence the modelling accuracies of the tropo-
spheric delay (Boehm et al. 2006a; Ning et al. 2016), they
have been an important topic and have attracted much
attention. To date, researchers have built several mapping
functions, such as the Niell Mapping Function (NMF)
(Niell 1996), Isobaric Mapping Function (IMF) (Niell 2000),
Global Mapping Function (GMF) (Boehm et al. 2006a)
and Vienna Mapping Functions (VMF1/VMF3) (Boehm and
Schuh 2004; Boehm et al. 2006b; Landskron and Boehm
2018; Urquhart et al. 2014), among which VMF1/VMF3,
calculated by the ray-tracing technique through NWMs pro-
vided by the European Centre for Medium-Range Weather
Forecasts (ECMWF), is assumed to be the most accu-
rate (Boehm et al. 2009; Landskron and Boehm 2018).
In VMF1/VMEF3, the following third term fraction form is
adopted (Boehm et al. 2006b):
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where e is the elevation angle, and coefficients a, b and ¢ are
different for the hydrostatic and wet mapping functions. In
VMF1, the coefficients b and ¢ are both constants, while the
hydrostatic coefficient ¢ depends on the station latitude and
day of year (Boehm et al. 2006b). By comparison, annual and
semiannual variations in coefficients b and ¢ are modelled
in VMF3 to improve the accuracies in mountainous areas
(Landskron and Boehm 2018).

Atpresent, site-dependent and gridded VMF1/VMF3 data
are provided and available at https://vmf.geo.tuwien.ac.at/
(Landskron and Boehm 2018). The site-dependent mapping
functions are calculated directly at specific stations and are
only provided for International GNSS Service (IGS), Very
Long Baseline Interferometry (VLBI), Satellite Laser Rang-
ing (SLR) and Doppler Orbitography and Radio-positioning
Integrated by Satellite (DORIS) stations. For other stations
not included in these networks, researchers are recommended
to use the gridded VMF1/VMF3 data. Currently, gridded
data are provided at three resolutions for user applications:
2.0° x 2.5° for VMF1 and both 5° x 5° and 1° x 1° for
VME3 (Landskron and Boehm 2018). The mapping func-
tions for any sites globally can then be calculated horizontally
through bilinear interpolation with four surrounding points
of the gridded data.

Due to the strong dependences of ZHD/ZWD and the map-
ping functions on heights, height corrections in tropospheric
models are always required to convert them from model
height to site height, as done in VMF1/VMF3 (Kouba 2008),
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GMF and GPT2 (Boehm et al. 2006a; Lagler et al. 2013).
Researchers have built accurate models for ZHD/ZWD
height corrections; for example, Kouba (2008) proposed the
ZHD height correction model adopted in VMF1/VMF3 by
considering the height dependence of atmospheric pressure.
A new ZWD vertical approach proposed by Dousa and Elias
(2014) takes an exponential decay parameter y as input,
rather than a water vapour pressure decreasing factor as
adopted in the UNB3 model (Collins and Langley 1997),
and outperforms the existing ZWD methods by a factor of
2 to 3. Modelling the annual and semiannual variations in
inverse scale height, Lou et al. (2018) built a zenith total
delay (ZTD) exponential model in China. Compared with
ZHD/ZWD, very little research has been done on the height
correction of mapping functions, and until now, there has
been no height correction model for the wet mapping func-
tion due to an assumption of its independence from station
height, while the empirical height correction model proposed
by Niell (1996) (hereafter called the Niell model) is usu-
ally applied to the hydrostatic mapping function and can be
expressed as follows:

1] 4 G
1 1‘*‘1??,”
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where H is the station height in kilometres and ay;, by, and
¢y are the coefficients calculated based on the climatology
by Niell (1996). The Niell model is widely adopted in grid-
ded VMF1/VMF3, GMF and GPT2. However, the constant
values of these coefficients, calculated by the least squares
method using values at nine elevation angles and then aver-
aged spatially over five latitudes and temporally over nine
standard profiles, are not accurate enough to account for
variations in mapping functions with heights, especially con-
sidering that the accuracies of NWMs and mapping functions
have been greatly improved. Zus et al. (2015) indicated that
when utilizing the Niell model, the residual errors of slant
hydrostatic delay at a 3° elevation angle can reach up to
50 mm for users located 2 km above the orography. Land-
skron and Boehm (2018) also noted the importance of a new
height correction model to enhance tropospheric modelling
accuracies in precise GNSS data processing.

In this analysis, we establish an improved height correc-
tion model for the hydrostatic mapping function. The paper is
organized as follows: Sect. 2 introduces the methods and data
adopted in the manuscript. Section 3 evaluates the internal
modelling accuracies and external accuracies of the cor-
rection model applied to gridded VMF1/VMF3. Section 4
discusses the performance of our proposed improved model,
and conclusions are provided in Sect. 5.


https://vmf.geo.tuwien.ac.at/
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2 Data and method

In this section, the NWM data and method used to calculate
the tropospheric mapping functions, together with the form
and generation method of the improved correction model, are
introduced.

2.1 NWM and calculation of tropospheric mapping
functions

The fifth-generation ECMWF reanalysis (ERAS) data
(https://cds.climate.copernicus.eu/) (Hersbach et al. 2019),
the latest reanalysis product, were adopted to calculate map-
ping functions in this analysis. ERAS monthly averaged
parameters of relative humidity, temperature and geopo-
tential on 37 pressure levels were used to calculate the
neutral atmospheric refractivity. Before calculation, several
transformations should be applied to the ERAS parame-
ters, including converting geopotentials to geodetic heights
using the Somigliana equation (Mahoney 2005) and Earth
Gravitational Model 1996 (EGM96), and converting relative
humidity values to water vapour pressures according to satu-
ration vapour pressures (World Meteorological Organization
2012). Then, the refractivity can be obtained using a radio
refractive index formula with the ‘best average’ coefficients
(Riieger 2002). Under the assumption of a local spherical
symmetric atmosphere, tropospheric delay at any elevation
angle can be calculated by in-house ray-tracing software
developed based on the 4th-order Runge—Kutta method (Qu
et al. 2015). For consistency, the same strategies for calcu-
lating coefficients b and ¢ for VMF1/VMF3 were adopted
when generating the improved height correction model for
VMF1/VMEF3. However, coefficient a was estimated from a
single averaged delay over several azimuths at an outgoing
elevation of 3°, adopted in the gridded and site-dependent
VMEF3 (Landskron and Boehm 2018), rather than at the ini-
tial elevation of 3.3° as done in VMF1.

2.2 Establishment of the improved height correction
model

According to the empirical equation of the Niell model
(Eq. 3), it is assumed that mfj, varies linearly with height,
and such variations are temporally constant. However, actual
variations in mf;, are more complex and time dependent. To
be more accurate, in this analysis, a refined model denoted
as HCHMF-2 (Height Correction of Hydrostatic Mapping
Function: the number ‘2’ means quadratic form of coeffi-
cient a) is established, assuming that the coefficient ay in
Eq. (3) varies quadratically with height (Eq. 4).

1+ a1H2+a2H+a3

bpt
l 1+ I+c,
ht
Amfh =H- 1 T aiH*+ayH+a (4)
S e sin e + “LTRpTE
sin e+ sine+cp;

where ay, a»,a3, by, and ¢y, are the height correction model
coefficients.

Coefficients of the proposed height correction model are
provided in a gridded type. The fitting height interval (from
mean sealevel (MSL) to 5 km above MSL applied in this anal-
ysis), an important factor in establishing the model, should be
selected to guarantee that nearly all possible users are located
within this interval, so the extrapolation errors when using
the model can be avoided. Using the monthly averaged ERAS
data in 2015, we calculated four groups of HCHMF-2 coef-
ficients fitted within different height intervals (from MSL to
2 km, 3 km, 4 km and 5 km above MSL). Taking the mapping
functions calculated directly at different heights as reference,
the maximum and average root mean square (RMS) of the
slant path delay (SPD), equal to mf; multiplied by ZHD,
errors for the 3° elevation angle at different heights using
different groups of coefficients are shown in Figure S1 in the
supplementary material. We find that the extrapolation errors
can reach up to tens of millimetres, which cannot be ignored.
Additionally, due to the different orography files adopted in
VMF1/VMF3, different height correction models must be
provided separately if we adjust the fitting interval based on
the orography height. The refractive index from the orogra-
phy of ERAS downwards to MSL is calculated by exponential
extrapolation, which will result in some errors in the mod-
elling coefficients. To evaluate its impact, two HCHMF-2
models, fitted using the mapping functions from orography
and from MSL to 5 km above MSL, denoted as HCHMF-2
(Orography) and HCHMF-2 (MSL), respectively, are cal-
culated. Taking the site-dependent VMF3 as reference, the
performances of these two models when applied to the VMF3
5° x 5° grid are compared, and the differences in the RMS of
the SPD errors at the 3° elevation angle in 2015 are shown in
Figure S2 in the supplementary material. The RMS increases
are not larger than 1.4 mm for all those IGS stations when
using the HCHMF-2 (MSL) model. However, for those sta-
tions below the orography of ERAS, the RMS can increase up
to 58.2 mm when using the HCHMF-2 (Orography) model.
Considering these factors, at each grid point, we calculated
the tropospheric mapping functions every 100 m from MSL
to 5 km above MSL, and the differences inm f;, at each height
grid relative to that at MSL were obtained to calculate the
coefficients in a least squares method with starting values of
a; =0,a2 =0,a3 =0, by = 0 and ¢y = 0. The height cor-
rection model was calculated from monthly averaged ERAS
data every month, and provided on a global 5° x 5° grid. The
accuracies are slightly improved by providing the height cor-
rection model every day based on daily ERAS data, but for
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Table 1 Details of the three models for comparison in this analysis

Model Expression Spatial Temporal
resolution resolution
Niell model Equation (3) Single Single
HCHMF-2 Equation (4) 5" x5 Monthly
model
HCHMEF-0 Equation (3) 5 x5 Monthly
model

most stations, the improvements in the SPD are not larger
than 4.0 mm at the 3° elevation angle (detailed results are
provided in Figure S3 in the supplementary material). Thus,
to balance the modelling accuracies and computational load,
we elected to provide a monthly height correction model in
this analysis. Height correction at any station can be obtained
by bilinear interpolation in the horizontal plane with the four
surrounding grid points, while the same set of monthly coef-
ficients are used for any date within one month, which means
that no temporal interpolation is needed.

To clearly show the effects of the proposed quadratic
model (denoted as HCHMF-2), another model (denoted as
HCHMF-0), expressed as Eq. (3) with coefficients recalcu-
lated using monthly ERAS data, was also evaluated. Details
of these three models are listed in Table 1 for comparison.

3 Results

In this section, we evaluate the internal accuracies of the
quadratic model when calculating the coefficients, as well
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Fig. 1T RMS of the monthly SPD errors at the 3° elevation angle in 2015
using three models for different heights at (—27.5°S, 20°E) (left) and
(—=77.5°S, 130°E) (right). The blue curve represents the Niell model,
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as the external modelling accuracies when applied to the
VMF1/VMF3 grids.

3.1 Internal modelling accuracies

We first calculated the internal modelling accuracies to evalu-
ate their capabilities in modelling variations of the mapping
function with height. Taking the mapping functions calcu-
lated from the monthly averaged ERAS data every 100 m on
a global 5° x 5° grid as reference, we applied the height cor-
rections using the Niell, HCHMF-0 and HCHMF-2 models
to the mapping function calculated at the MSL of each grid
and then compared them with the reference values. Thus,
the monthly m f, errors in 2015 are obtained for each height
correction model at each height and grid. Figure 1 shows the
RMS of the monthly SPD errors at the 3° elevation angle
for different heights at two grid points: (—27.5°S, 20°E)
and (—77.5°S, 130°E). It is clear that the RMS using the
Niell model, with a maximum of approximately 50 mm at
5 km, increases gradually with height. The RMS using the
HCHMF-0 model is smaller than 2 mm at the first grid point
but can reach up to 21 mm for approximately 1.5 km above
MSL at the second grid point. By comparison, the best per-
formance is achieved using the HCHMF-2 model, of which
the RMS is always smaller than 3 mm for all heights at these
two grid points.

Figure 2 shows the RMS of the monthly SPD errors at
a 3° elevation angle every 500 m above MSL on a global
5° x 5° grid, as well as the maximum and average val-
ues. Note that different colour bar labels are used for the
three models. Clearly, the global RMS using the Niell model

— Niell model
— HCHMF-0
—— HCHMF-2 H
| | | | [ ! 1

10 15 20 25 30 35 40 45 50
RMS of the SPD errors /mm

0 5§

the black curve denotes the constant model (HCHMF-0), and the red
curve shows the quadratic model (HCHMEF-2)
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Fig.2 RMS of the monthly SPD errors at the 3° elevation angle in
2015 every 500 m above MSL on a global 5° x 5° grid using the Niell
model (a), HCHMF-0 model (b) and HCHMF-2 model (c), together
with the maximum (indicated by pentagram) and average (indicated
by circle) RMS at each height (d). For a—c, the colour bar represents

always increases with height, with the average RMS gradu-
ally increasing from 5.0 mm at 0.5 km to 22.3 mm at 5.0 km.
Even atlower heights there are still large errors, especially for
those points at mid and high latitudes. The maximum RMS
can reach up to 34.0 mm at 1.5 km above MSL. When using
the HCHMF-0 model, the accuracy is greatly improved, and
the average RMS is smaller than 6.7 mm, confirming the
importance of considering spatial and temporal differences
in the mapping function variations with height. Nevertheless,
we notice that the errors are still larger in some areas. For
those stations approximately 1.5 km above MSL, the max-
imum and average RMS can reach 23.7 mm and 6.7 mm,
respectively, indicating that the HCHMF-0 model cannot
interpret well the variation in mapping functions with station
height in some areas. By comparison, the HCHMF-2 model
performs the best, with a maximum RMS of only 5.6 mm.
In addition, the accuracies using the HCHMF-2 model are
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the global RMS value, yellow means smaller RMS and reddish means
larger values. For the right panel (d), the different colours denote dif-
ferent models, among which the blue, black and red curves represent
the Niell, HCHMF-0 and HCHMF-2 models, respectively

comparable at different heights, and the average RMS is
always approximately 1.0 mm.

3.2 External modelling accuracies

To evaluate the applicability of the quadratic height correc-
tion model to the popularly used VMF1 and VMF3 grids,
we applied the improved model to gridded models and then
compared them with site-dependent VMF1 and VMF3 data.
A total of three gridded models, VMF1 (2.0° x 2.5°) and
VME3 (1° x 1° and 5° x 5°), were evaluated in this analysis.
We downloaded the 6-hourly VMF1 and VMF3 data (UTC
00, 06, 12 and 18 h) for all of 2015 and ignored those sta-
tions with data fewer than 30 days. Thus, as shown in Fig. 3,
the comparisons were actually conducted for 402 stations for
VMF1 and 505 stations for VMF3. Using the VMF1/VMF3
orography files, we calculated the orography heights of sta-
tions by bilinear interpolation and then compared them with
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Fig. 3 Distribution of VMF1/VMF3 stations adopted in evaluating the
external modelling accuracies (top) and height differences (negative
value means station is below the model orography) between station and
VMF1/VMF3 model orography (bottom)

station heights. Figure 3 plots the height differences between
the station and its orography height. We observe that the
height differences for the three gridded models are mostly in
the range of £2.0km, while reaching up to 3.5 km at MKEA
(19.8°N, 204.5°E).

Since the gridded coefficient ay, is obtained by converting
the hydrostatic mapping function mf; from model orogra-
phy to MSL using the Niell model (Landskron and Boehm
2018), the impact of the Niell model on the gridded VMF1
and VMF3 mf), should be computed before evaluating the
performance of the improved models. This is done as fol-
lows: mfj, is converted from MSL to orography using the
Niell model and then converted to station height using the
improved height correction model. After these transforma-
tions, mfy, unaffected by the Niell model, can be compared
with site-dependent VMF1 and VMF3 mapping functions.

Figure 4 shows the 6-hourly VMF1 SPD errors at the 3°
elevation angle in 2015 for NAMA and AREQ, of which the
height differences are approximately 1.3 km and -0.7 km,
respectively. It is clear that when using the Niell model, there
are still large systematic residual errors at both sites. The
RMS of the SPD errors at the 3° elevation angle reaches
20 mm. Applying the HCHMF-0 model, the RMS can be
reduced by approximately 72% at NAMA. However, the
improvement is not obvious at AREQ, for which the RMS is
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Fig. 4. 6-hourly VMF1 SPD errors at the 3° elevation angle for NAMA
(19.2°N, 42.0°E) (top) and AREQ (—16.5°S, 288.5°E) (bottom) in
2015. The different symbols represent different models (red triangle:
Niell model, blue square: HCHMF-0, black star: HCHMF-2)

still 17.0 mm. The different performances using the HCHMF-
0 model for AREQ and NAMA suggest that the correction
model based on Eq. (3) may not exactly represent the vari-
ation in mf;, with height globally. Comparatively, the best
results are achieved using the HCHMF-2 model, of which
the RMS is 4.8 mm and 10 mm for NAMA and AREQ,
respectively.

Figure 5 depicts the RMS of the 6-hourly SPD errors at the
3¢ elevation angle in 2015 for 402 VMF1 sites and 505 VMF3
sites. When the height differences are small, especially within
=+ 0.5 km, comparable performances can be achieved using
all three height correction models except that the RMS at
the VMF1 site AIRA (31.8°N, 130.6°E) reaches 56 mm,
which requires further investigation. The average RMS for
the VMF1 2° x 2.5° and VMF3 1° x 1° grids is 6.6 mm
and 2.5 mm, respectively, and becomes slightly worse for
the VMF3 5° x 5° grid due to the coarse resolution. When
the height difference becomes larger, the accuracy using the
Niell model decreases rapidly. The maximum RMS for the
VMF1 2° x 2.5° and VMF3 1° x 1° grids reaches 48 mm
and 26 mm, respectively, both arising at SANT (—33.1°S,
289.3°E), while itis 35 mm at IQQE (—20.3°S, 289.9°E) for
the VMF3 5° x 5° grid. The height differences at these sites
are all larger than 1.4 km. The performances can be improved
with the refined models. Comparing the RMS using the Niell
and HCHMF-2 models, maximum improvements of 18 mm,
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24 mm and 14 mm can be achieved when applied to the
VMF1 and VMF3 5° x 5°/1° x 1° grids, respectively.

Figure 6 plots the average RMS of the 6-hourly SPD errors
for the 3° elevation angle at five intervals according to distinct
height differences. The improvement using the HCHMF-0
and HCHMF-2 models becomes obvious with increase in
height differences. When applying the HCHMF-2 model to
the VMF1 2° x 2.5° and VMF3 1° x 1° grids, the average
improvements reach approximately 30% at all intervals, and
the largest improvement achieves approximately 50% within
intervals of 2-3 km and 1-2 km, respectively. However, the
average and largest improvements for the VMF3 5° x 5° grid
are only approximately 14% and 30%, respectively, due to a
coarser resolution. Compared with the HCHMF-2 model, the
HCHMF-0 model exhibits a slightly smaller improvement,
especially within the interval of 1-3 km for the VMF3 grids.
The average improvements for these three grids based on
the HCHMF-0 model are approximately 26%, 5% and 18%,
respectively.
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Fig.6 Average RMS of the 6-hourly SPD errors in 2015 for stations
within distinct height differences at the 3° elevation angle for the VMF1
2° x 2.5° (top) and VMF3 5° x 5° (middle)/1° x 1° (bottom) grids. The
different colours represent different models (red: Niell, blue: HCHMF-
0, black: HCHMF-2). The number of sites represents the number of
stations within each interval according to height differences

To clearly investigate the reliability of the improved mod-
els, histograms for the differences in the RMS of the SPD
errors at the 3° elevation angle using two models with respect
to the Niell model are shown in Fig. 7. Improvements can be
achieved at most stations, especially when employing the
VMEF3 1° x 1° grid. Additionally, for those stations whose
performance worsens, the magnitudes are all within 5 mm.
We also plot the actual values in Fig. 7 of those stations at
which the RMS differences are larger than 5 mm. There are
38, 18 and 19 stations for the VMF1 2° x2.5° and VMF3 5° x
5°/1° x 1° grids, respectively, with height differences vary-
ing from approximately 0.4 to 2.5 km. The improvements
using the HCHMF-2 model can reach up to approximately
8 mm at several stations where the height differences are
approximately 0.5 km, indicating that the improved mod-
els are also necessary for those stations with small height
differences. Compared with the HCHMF-2 model, the per-
formances using the HCHMF-0 model are mostly the same
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Fig.7 Histograms of the differences in the RMS of the 6-hourly
SPD errors at the 3° elevation angle in 2015 between the HCHMF-
0 (left panels)/HCHMF-2 (middle panels) models and the Niell model,
together with the absolute RMS differences larger than 5 mm (right pan-
els) for the VMF1 2° x 2.5° (top) and VMF3 5° x 5° (middle)/1° x 1°

except for eight stations (denoted using red circles in Fig. 7).
This will be further discussed in the next section.

4 Discussion

Compared with the Niell model, the accuracies of the hydro-
static delay mapping functions using the HCHMF-0 and
HCHMEF-2 models have been shown to be better. In this
section, some factors that affect the performance are further
discussed.

4.1 Benefits and importance of the HCHMF-2 model

As shown in Fig. 7, the performances of the HCHMF-0 and
HCHMF-2 models are similar for most IGS stations. Is it

@ Springer

(bottom) grids. The blue triangles and black circles in the right panels
denote the HCHMF-0 and HCHMF-2 models, respectively. The green
pluses represent the height difference between station height and cor-
responding orography height

still necessary to generate the HCHMF-2 model? To answer
this question, we conducted the following analysis as an
example. We generated 5° x 5° gridded mapping functions
from the monthly averaged ERAS5 data in 2015 using the
VMEF3 5° x 5° orography file, named ‘orography_ell_5 x
5’. Meanwhile, the site-dependent mapping functions using
the monthly averaged ERAS5 data in 2015 were calculated
directly at 258,121 simulated sites, located at 0.5° x 0.5°
grids 1.5 km above MSL, that is, every 0.5° in the longitudinal
and latitudinal directions. Then, we applied the HCHMF-0
and HCHMF-2 models to the gridded mapping functions and
compared them with the site-dependent mapping functions.

Figure 8 shows the RMS of the monthly SPD errors at
the 3° elevation angle in 2015 on a global 0.5° x 0.5° grid
for the two improved models, and the distribution of the dif-
ferences for HCHMF-2 minus HCHMF-0. Compared with
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Fig. 8 RMS of the monthly SPD errors in 2015 at the 3° elevation angle
for stations distributed in 0.5° x 0.5° grids using the HCHMF-O0 (top)
and HCHMF-2 (bottom) models, together with the distribution of the

the HCHMF-2 model, the RMS of the HCHMF-0 model
becomes larger for more than 95% of the grid points. Addi-
tionally, the RMS increases by more than 8 mm for 19% of
the grid points, mainly located in the Tibetan Plateau, East
Antarctica, Middle Andes and islands in the Atlantic Ocean
and Pacific Ocean. This is consistent with the results shown in
Fig. 7 that the accuracies of the HCHMF-0 model are worse
than those of the HCHMF-2 model at several stations, with
height differences of approximately 0.7—1.5 km. Considering
the rule of thumb that GNSS station height error is one-fifth
of the troposphere delay error at the lowest elevation angle
(Boehm et al. 2006b; Zus et al. 2015), such improvement is
important for precise GNSS applications, for example, the
establishment of a terrestrial reference frame based on space
techniques (Altamimi et al. 2016; Blewitt et al. 2010; Deng
et al. 2016), which is particularly dependent on using mid-
ocean geodetic stations to bridge vast ocean surfaces. These
results validate the effectiveness of the HCHMF-2 model,
and such effects will become even more important when more
stations are installed in these areas.

4.2 Unified model coefficients for VMF1 and VMF3
grids

Due to the different strategies in calculating the mapping
function coefficients b and ¢ in VMF1/VMF3, we calculated
different height correction coefficients of the HCHMF-2
model for the VMF1/VMEF3 grids (hereafter called the VMF1

RMS differences between the two models (right). The colour bar in the
left panels represents the RMS value. Right panel: X label represents
the RMS differences, and Y label denotes the number of simulated sites

l T T ¥ T L T 5 T
[+ VMF3 5°x5° grid
0.04T"|o VMF3 1°x1° grid 1

RMS of the SPD differences

0 100 200 300 400 500
stations

Fig. 9 RMS of the 6-hourly SPD differences in 2015 at the 3° elevation
angle between the VMF1 and VMF3 HCHMF-2 models when applied
to the VMF3 5° x 5° and 1° x 1° grids. The red stars and blue squares
represent the differences for VMF3 5° x 5° and 1° x 1° grids, respec-
tively

HCHMF-2 model and VMF3 HCHMF-2 model, respec-
tively). Can we ignore the differences and provide one unified
model for VMF1/VMF3 grids? To answer this question, we
applied the VMF1 HCHMF-2 model to the VMF3 1° x 1°
and 5° x 5° grids in 2015 and compared them with the results
using the VMF3 HCHMF-2 model. Figure 9 shows the RMS
of the 6-hourly SPD differences at the 3° elevation angle for
521 stations between the VMF1 and VMF3 HCHMF-2 mod-
els. Clearly, all the differences are smaller than 0.03 mm.
Thus, it is feasible to ignore the differences in calculating
hydrostatic coefficients b and ¢ in VMF1/VMF3 and gener-
ate one unified height correction model.
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Table 2 Details of three experiments, differentiated in the spatial reso-
lution of the height correction model and mapping function, undertaken
in evaluating the impacts of the height correction model’s spatial reso-
lution

Experiments Spatial resolution of Spatial resolution of
height correction mapping functions
model

HCMS5_MF5 59 x 5° 59 x 5°

HCMS5_MF1 5° x 5° 1°x 1°

HCM1_MF1 1°x 1° 1°x 1°

4.3 Resolution of height correction models

The spatial resolution of the height correction model calcu-
lated in Sect. 2 is 5° x 5°. Can we further improve the accu-
racies by enhancing the spatial resolution of the HCHMEF-
2 model? We designed three experiments (HCMS5_MFS5,
HCM5_MF1 and HCM1_MF1), listed in Table 2, to anal-
yse the impact of the height correction model resolution. To
avoid the impact of the differences between the data and
methods adopted in this analysis, as well as in calculating
VMF1/VMF3, the monthly height correction models and
mapping functions in 2015 are all calculated by our own
ray-tracing techniques. In addition, the mapping functions
calculated directly at 521 sites from the monthly averaged
ERAS data are taken as reference.

Figure 10 shows the RMS of the monthly SPD errors in
three experiments at the 3° elevation angle and the aver-
age RMS within five height difference intervals. Compared
with the results in Fig. 6, an additional improvement of
approximately 5-10 mm is achieved for the HCM5_MF5
and HCM5_MF1 experiments after removing differences in
the NWM data and data processing strategies adopted. By
improving the height correction model’s spatial resolution to
1° x 1°, an additional decrease in the RMS can be achieved,
especially for those stations with heights between 0.5 and
2 km above MSL. This suggests that if time permits, a 1° x 1°
height correction model would be a better choice. More-
over, compared with the results in the first two experiments,
the resolution of the tropospheric mapping function plays an
important role when the height differences are smaller than
1.0 km, where most of the permanent stations are located.
Thus, the contribution of the refined height correction model
resolution is limited when applied to the VMF3 5° x 5°
grid.

4.4 Impact of polynomial degrees for the coefficient
a

In the previous analysis, we modelled the coefficient a
with a quadratic polynomial. What about the performance
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Fig. 10 RMS of the monthly SPD errors in 2015 (top) at the 3° elevation
angle in three experiments, and the average RMS for stations within
five height difference intervals (bottom). The yellow pluses denote the
difference between station height and corresponding orography height

if adjusting the polynomial degree? To analyse this prob-
lem, we modelled the coefficient a with linear, quadratic
and cubic polynomials, indicated as HCHMF-1, HCHMF-
2 and HCHMF-3, respectively, and then recalculated the
global gridded coefficients of 5° x 5° using ERAS monthly
data in 2015. The global average and maximum RMS of the
monthly SPD residuals in 2015 at the 3° elevation angle for
each height after fitting the coefficients are shown in Fig. 11.
Clearly, the HCHMF-1 model, with a maximum RMS of
10.4 mm when the height difference reaches up to 1 km,
has the worst performance. Compared with the results using
HCHMF-2 however, the improvements using the HCHMF-3
model are not very significant. Detailed comparisons at all
grid points (Table S1 in the supplementary material) show
that the differences in the RMS of the monthly SPD residu-
als in 2015 between the HCHMF-2 and HCHMF-3 models
are nearly all within 3 mm, and the maximum difference is
3.8 mm. Compared with the HCHMF-2 model, most grid
points exhibit an increase in the RMS using the HCHMF-1
model, and the largest increase reaches up to approximately
8 mm. In contrast, only five grid points exhibit a reduction
larger than 3 mm (Table S2 in the supplementary material).
Hence, to balance both accuracy and complexity, we select
the quadratic form as the suitable expression for the coeffi-
cient a.
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Fig. 11 Global average (left) and maximum (right) RMS of the monthly
SPD residuals in 2015 at the 3° elevation angle at each height for
HCHMF-1, HCHMF-2 and HCHMF-3. The different colours repre-
sent the different models (green: HCHMF-1, red: HCHMF-2, yellow:
HCHME-3)

5 Conclusions

In this analysis, an improved height correction model
(HCHMF-2: Height Correction of Hydrostatic Mapping
Function-2) for hydrostatic mapping functions is proposed
and its accuracy analysed. Compared with the commonly
used Niell model, the variation in coefficient a with respect
to height is modelled quadratically in the improved model,
while the spatial and temporal variations in coefficients
are also considered. Our improved model shows good per-
formance when applied to the VMF1/VMF3 grids. The
accuracies are improved at most stations, especially at those
stations with large height differences with respect to model
orography. The improvements at the 3° elevation angle can
reach up to 29.5 mm, 18.7 mm and 16.4 mm for the VMF1
2° x 2.5°, VMF3 5° x 5° and 1° x 1° grids, respectively.
Due to a coarser resolution, improvements for the VMF1
2°x%2.5° and VMF3 1° x 1° grids are more evident than those
for the VMF3 5° x 5° grid. In addition, one unified height
correction model can be provided for the VMF1/VMF3
mapping functions, and the performances can be slightly
improved by improving the resolution of height corrections

if time permits. Considering superior internal accuracies,
such performance might also be improved by adopting the
same NWM and data processing strategies in calculating
the height correction model and mapping functions. Simi-
lar to the height correction model of the hydrostatic mapping
function, the height correction model of the wet mapping
function is also important for modelling wet tropospheric
delays. In the future, the height correction model for the wet
mapping function will be investigated and adopted, together
with the height correction model for the hydrostatic mapping
function in GNSS data processing when adopting gridded
tropospheric mapping functions. Empirical models for the
coefficients, with acceptable loss of accuracy, will also be
investigated in the future for convenient use in GNSS data
processing.
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tary material available at https://doi.org/10.1007/s00190-022-01677-y.
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