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Abstract

Tropospheric delay is an important factor affecting high precision Global Navigation Satellite System (GNSS) position-
ing and also the basic data for GNSS atmospheric research. However, the existing tropospheric delay models have
some problems, such as only a single function used for the entire atmosphere. In this paper, an ERA5-based (the fifth
generation of European Centre for Medium-Range Weather Forecasts Reanalysis) global model for vertical adjustment
of Zenith Tropospheric Delay (ZTD) using a piecewise function is developed. The ZTD data at 611 radiosonde stations
and the MERRA-2 (second Modern-Era Retrospective analysis for Research and Applications) atmospheric reanalysis
data were used to validate the model reliability. The Global Zenith Tropospheric Delay Piecewise (GZTD-P) model has
excellent performance compared with the Global Pressure and Temperature (GPT3) model. Validated at radiosonde
stations, the performance of the GZTD-P model was improved by 0.96 cm (23%) relative to the GPT3 model. Validated
with MERRA-2 data, the quality of the GZTD-P model is improved by 1.8 cm (50%) compared to the GPT3 model,
showing better accuracy and stability. The ZTD vertical adjustment model with different resolutions was established
to enrich the model's applicability and speed up the process of tropospheric delay calculation. By providing model
parameters with different resolutions, users can choose the appropriate model according to their applications.
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Introduction

Tropospheric delay is an important factor affecting the
high precision of space technologies and also the key
aspect of atmospheric scientific research (Ding, 2020;
Huang et al,, 2012; Li et al., 2021; Nafisi et al., 2012; Xia
etal., 2019; Zhang et al., 2020; Zhou et al., 2021). Depend-
ing on the elevation angle of a satellite, its effect ranges
from two to twenty meters (Huang et al., 2021a; Zhao
et al,, 2014). Therefore, a high precision tropospheric
delay model is beneficial for Global Navigation Satellite
System (GNSS) positioning and atmospheric water vapor
sensing (Huang et al., 2021b; Jin & Su, 2020; Mohammed
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et al, 2022; Tang et al,, 2013; Yang et al, 2020; Zhang
et al.,, 2018; Zhou et al., 2020; Zhu et al., 2021).

The existing tropospheric delay models can be classified
into three categories. The first one is numerical weather
modeling, for instance the Vienna Mapping Functions
(VMF) (B6hm et al., 2006) and the Potsdam Mapping
Factors (PMF) (Zus et al,, 2014). The second one is ana-
lytical modeling with in-situ meteorological observa-
tions, like the Hopfield model (1969), the Saastamoinen
model (1972), and the Black model (1978). The third
category includes empirical models, such as the Univer-
sity of New Brunswick (UNB) series models (Leandro
et al., 2006, 2008), European Geostationary Navigation
Overlay Service (EGNOS) model (Penna et al., 2001),
TropGrid series models (Krueger et al., 2004; Schiiler
et al, 2014), Global Pressure and Temperature (GPT)
series models (Bohm et al, 2007, 2015; Lagler et al,
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2013; Landskron et al,, 2018), and Saastamoinen+ GPT3
model. The UNB3 model stores meteorological param-
eters in tabular form and divides the world into five lati-
tude bands. Krueger et al. (2004) developed the TropGrid
model using National Centers for Environmental Predic-
tion (NCEP) atmospheric reanalysis data, and the quality
of the TropGrid model is superior to that of the EGNOS
model. Schiiler et al. (2014) added the diurnal variation of
the tropospheric delay to the TropGrid model and con-
structed the TropGrid2 model. This model improves the
temporal resolution of the model but ignores the semi-
annual variation in tropospheric delay. GPT3 is the lat-
est generation model of GPT series, which is an upgraded
version of GPT2w, and has long been recognized as the
high precision tropospheric delay model (Ding and Chen,
2020; Sun et al., 2019).

Song et al. (2011) built the Shanghai Astronomical
Observatory (SHAO) model based on the European Cen-
tre for Medium-Range Weather Forecasts (ECMWF)
atmospheric reanalysis data, whose accuracy was
improved by 60.5% compared to the EGNOS model. Li
et al. (2018) introduced a new method to simulate ZTD
vertical characteristics and constructed a ZTD model of
non-meteorological parameters named IGGtrop_SH.
This new model improved the ZTD correction perfor-
mance, especially in the Northern Hemisphere. Yao et al.
(2016) recommended the Global Zenith Tropospheric
Delay (GZTD2) model, considering the diurnal variation
in the tropospheric delay. This model was validated using
the International GNSS Service (IGS) data with its Root
Mean Square (RMS) of 3.9 cm. Based on the Global Geo-
detic Observing System (GGOS) atmosphere data, Sun
et al. (2017) developed the Global Zenith Tropospheric
Delay Simplified (GZTDS) model with an assumption
that the troposphere is a nonlinear system. The mean
RMS of the GZTDS model, as validated with the IGS
data, is 3.46 cm, equivalent to that of the GPT2w model.

In recent years, the data provided by atmospheric
reanalysis products such as ERA-Interim, ERA5 (the
fifth generation of European Centre for Medium-Range
Weather Forecasts Reanalysis), NCEP, or MERRA-2 (the
second Modern-Era Retrospective analysis for Research
and Applications), have been widely used to obtain trop-
ospheric delay information (Li et al., 2012, 2015; Yang
et al,, 2021; Zhou et al., 2020) as this method can obtain
relatively accurate information. It is necessary to rely
on the tropospheric delay model of high precision and
high spatial and temporal resolution to obtain the tropo-
spheric delay information at the location of a GNSS user
by interpolating the information at the grid points to the
GNSS sites (Li et al., 2016, 2017; Ma et al., 2021; Xia et al.,
2020). Li and He, (2021) investigated the methods of
deriving tropospheric parameters from the ERA-Interim
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surface data. Based on realistic assumptions on atmos-
phere structure, complicated formulas were proposed for
vertical adjustment of pressure and PWV (Precipitable
Water Vapor).

Since the tropospheric delay is dependent on the eleva-
tion, it varies at different atmospheric heights. However,
the commonly used troposphere delay vertical profile
model only uses a single function for the entire tropo-
sphere. Furthermore, it is difficult to reflect the change
in tropospheric delay with respect to heights. Address-
ing these limitations in the previous models, this paper
developed an ERA5-based global model for vertical
adjustment of zenith tropospheric delay using a piece-
wise function.

Data

Radiosonde data

The radiosonde data provides the measured meteorologi-
cal parameters at more than 1 500 stations around the
world. The radiosonde data are obtained from the actual
measurements of meteorological sensors on sounding
balloons, which have high accuracy and reliability, and
they are widely used to validate measurement results
(Gui et al., 2017; Sun et al., 2019).

Atmospheric reanalysis product data

ERAS5 includes atmospheric reanalysis data since 1979,
which can be freely downloaded. Its pressure layer is
divided into 37 sub-layers, which can provide key tropo-
spheric parameters such as temperature, pressure, and
specific humidity. Compared to the previous product
ERA-Interim atmospheric reanalysis data, ERA5 can pro-
vide suitable surface parameters and vertical profile data,
and its temporal resolution has increased from six-hour
to one-hour.

MERRA-2 includes atmospheric reanalysis data since
1980, which can also be freely downloaded. Its pressure
layer is divided into 42 sub-layers. (Randles et al., 2017;
Molod et al., 2015).

Development of the GZTD-P model

For the better expression of the vertical profile of zenith
tropospheric delay over the globe, negative exponential
functions are often used to simulate the vertical change
of the delay (Chen et al., 2020; Yao et al., 2013, 2016). To
further verify the vertical change in the delays, two grid
data points of the ERA5 atmospheric reanalysis data at
0:00 UTC (Universal Time Coordinated) on January 1,
2014, were randomly selected. The ZTD was obtained by
the integration method on different pressure layers. An
exponential function was used to fit the vertical change
of the delays and the results are shown in Fig. 1. The
exponential function, as well as the integration method
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(Thayer, 1974), are expressed as follows. The Saasta-
moinen model is introduced to obtain the ZHD (Zenith
Hydrostatic Delay) above the top pressure level (Saasta-
moinen, 1972).

dQTD = dj1p, - exp(a - (Hy — Hy)) (1)

e=S-P/0.622 2

N=kxP—-e)/T+k xe/T+ksxe/T*> (3)

dzrp =1 x 107° hhT NdH (4)
L

2.2767 x 1073 x P
1—2.667 x 1073 x cos(2¢) — 2.8 x 107 x ht
(5)
where déTD is the fitting result at height Hy (km), dyp is
the ZTD data at height H, (km), and @ is a parameter, N is
the refractivity, P, e, S, T are the meteorological param-
eters, /g is the lowest height, k7 is the topmost height,
ki, ko, k3 are the refractive index constants, d%HD is the
ZHD above the top pressure level, and ¢ is the latitude.
Figure 1 shows that the vertical change of ZTD can
be effectively simulated by a negative exponential func-
tion, but the ZTD at the two selected ERA5 grid points
shows a poorer performance in the heights from 2 to
4 km. The largest fitting error reaches about —4 c¢cm, and it

—
dZHD -

also shows large fitting errors appear in the heights from
about 9 km to 10 km, reaching about —3 c¢m. In order to
simulate the vertical change in ZTD more accurately,
a piecewise function is recommended to express the
change in ZTD in different height intervals. Eight grid
points are selected randomly to fit each elevation inter-
val, and the optimal elevation interval is finally deter-
mined, which is divided into 0-3 km, 3-8 km, 8-16 km,
and>16 km. The piecewise function is expressed as
follows:

djrp - exp(H; - (Hy — Hy)) H; < 3km
d%TD _ j%zTD : eXP(Hé -(H; — H,)) 3km <H; <8km
7o - exp(H3 - (H; — H,))  8km < H; < 16 km
drp - exp(Hj - (Hy — Hy)) H; > 16km

(6)
where Hj, H;, H3, H; represents the ZTD height scale
factor, H; represents the target height, H, represents the
reference height, dtZTD represents the ZTD value at the
target height, dQTD, d;ZTD, d;gTD, dEA‘TD represents the
ZTD values at the reference height in different elevation
intervals, respectively.

The RMS of fitting error with the piecewise function
and the exponential function at each elevation inter-
val are shown in Table 1. As observed, the mean fitting
error of the exponential function is about 20.7 mm, but
the error can be effectively reduced by the piecewise
function. It can be seen that the mean fitting error is
the smallest in the 3-8 km elevation interval, only about
2.7 mm.
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Table 1 The fitting error of piecewise function and exponential

function
Coordinate RMS of piecewise function and exponential

function (mm)

0-3km 3-8km 8-16km >16km Exponential

function

70°N,40°E 7.2 2.8 84 32 226
70°N,80°E 8.7 29 9.8 3.0 218
40°N,140°W 9.8 0.5 84 32 16.9
40°N,100°W 9.8 1.0 79 29 251
40°S,40°E 12.5 19 8.1 3.1 19.3
40°S,80°E 9.8 23 74 3.1 240
70°S,140°W 82 2.0 9.8 3.0 15.5
70°S,100°W 10.6 32 9.7 3.0 22.5
Mean over the 104 2.7 9.0 3.1 20.7
globe

The fitting errors of the exponential function and the
piecewise function at the selected two grid points are dis-
played in Fig. 2.

Figure 2 exhibits that the piecewise function has a bet-
ter fitting precision, and the performance is improved
significantly in the lower heights compared to the expo-
nential function. Therefore, the layered vertical profile
information on ZTD calculated with the ERA5 atmos-
pheric reanalysis data from 2012 to 2016 is used to
develop the model. Some limitations remain in the cur-
rent models, for instance the adoption of single gridded
point data for modeling and the further optimization
of model parameters. An approach based on the slid-
ing window algorithm (Huang et al, 2019, 2021c) was
applied to remove these limitations in the model.

In order to optimize the model parameters, a window
size of 2° x 2° is proposed, and the piecewise function is
used for modeling in each height interval, considering
the seasonal changes. The equation can be expressed as
follows:

tdoy . tdoy
H; = . 2 . 2
s =Lt ay - cos ( JT365.25) +as-sin ( "365.25
tdoy . tdoy
cos (4 sin ( 4
+aa - cos < JT365.25> +assin ( "365.25
(7)

In (7), Hy represents the ZTD height scale factor in
each height interval, ai, a, a3, as, as are the seasonal
parameters, and fqoy is the day of year. The ERA5-based
global model for vertical adjustment of zenith tropo-
spheric delays using the piecewise function is developed,
which is named GZTD-P model. The expression is shown
in (6) and (7).
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Results and discussion

Accuracy verification of the GZTD-P model

Model validation at radiosonde stations

Taking the ZTD values of the layered profiles at 611 radi-
osonde stations around the world in 2017 and 2018 as
reference values, the accuracy of the model in ZTD ver-
tical adjustment at the radiosonde stations is validated.
In the validation of the GZTD-P model and the GPT3
model, the ZTD are vertically interpolated from the sur-
face layer to each layer at the radiosonde stations, con-
tinuing to the top layer of the radiosonde stations. The
accuracies of the GZTD-P and the GPT3 models in the
ZTD vertical interpolation of the radiosonde data in 2017
and 2018 are represented in Table 2 and Fig. 3.

As seen in Table 2, the GPT3 model has a nega-
tive average bias while the GZTD-P model has a posi-
tive average bias. The ZTD value obtained by the GPT3
model is smaller than the layered ZTD of the global radi-
osonde stations, and that obtained by the GZTD-P model
is larger. The bias of the GZTD-P model was 0.64 cm,
and the absolute value of the mean bias was reduced by
1.14 cm (64%) with the GPT3 model. The RMS of the
GPT3 model is 4.16 cm, while the RMS of the GZTD-P
model is 3.20 cm, which shows an increase in the accu-
racy by 0.96 cm (23%).

Figure 3 shows that the ZTD calculated with the
GZTD-P model is larger than that at most radiosonde
stations, and is smaller than that at the radiosonde sta-
tions over China. The GPT3 model has a clear negative
bias in the Pacific Ocean, Antarctica, Oceania, southern
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Table 2 The performance of the GZTD-P and GPT3 models validated at radiosonde stations
Models Bias specifications (cm) RMS specifications (cm)

Max Min Mean Max Min Mean
GZTD-P 7.39 —9.66 0.64 1248 1.72 3.20
GPT3 527 —13.35 —1.78 15.76 1.53 416

Asia, and northern South America, indicating that the
ZTD calculated with the GPT3 model in these areas is
less than that at the radiosonde stations. Positive biases
are seen in the Americas, central South America, and
northern Asia, indicating that the ZTD values of the
layered vertical interpolation calculated with the GPT3
model are greater than the ZTD values at the radio-
sonde stations in these areas. Both the GZTD-P model
and the GPT3 model show obvious negative bias values
in the China region, which could be attributed to the
region’s complex and changing climate and terrain. The
GPT3 model exhibits small RMS values in North Amer-
ica, South America, Europe, Antarctica, and Oceania,
but large RMS values in Asia, particularly China, which
exhibits the greatest RMS error. Nonetheless, the GPT3
model continues to perform admirably around the world.

The GZTD-P model has small RMS values all over the
world, particularly in North America, South America,
Europe, and Oceania, indicating better accuracy. The
GZTD-P model outperforms the GPT3 model in the
Arctic Ocean, the western part of the Atlantic Ocean, the
Pacific Ocean, and the northern part of Asia. The GPT3
model performs worse, which could be attributed to the
complicated climate. The vertical change is also more
complicated, and the GPT3 model struggles to detect
the ZTD change accurately. Furthermore, because the
piecewise function model can better simulate the vertical
variation characteristics of tropospheric delays in differ-
ent height intervals, a certain improvement of GZTD-P
model is shown for the areas of China with large terrain
fluctuations.

Because the zenith tropospheric delay is much related
to heights, we divided the troposphere into nine height
intervals to further analyze the accuracy changes of mod-
els at different heights. Elevations greater than 32 km are
separately combined into one height interval. Figure 4
depicts the results of the errors of the GPT3 and the
GZTD-P models in different height intervals in the ZTD
vertical interpolation at radiosonde stations.

As seen in Fig. 4, the GPT3 model exhibits obvi-
ous negative bias in each height interval in the layered
ZTD vertical interpolation at radiosonde stations, with
the maximum negative bias in the height interval from
4 to 8 km, which is close to —2.5 cm. The ZTD of the
layered vertical interpolation at the radiosonde stations

calculated with the GPT3 model is smaller than the ZTD
at the radiosonde stations. The GZTD-P model has a
slight negative bias in the height interval from 0 to 4 km
and a positive bias in the other height intervals. The
ZTD of the layered vertical interpolation at the radio-
sonde stations calculated with the GZTD-P model is

Bias of GZTD-P

RMS of GZTD-P
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Fig. 3 The bias and RMS of GZTD-P model and GPT3 model validated
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larger than the ZTD at the radiosonde stations. Nonethe-
less, in most of the height intervals the GZTD-P model
has a small absolute bias compared to the GPT3 model.
Both the GPT3 and the GZTD-P models have the larg-
est RMS values in the range from 4 to 8 km. This could
be because ZWD (Zenith Wet Delay) is unstable at the
elevations less than 10 km, and the value of ZWD gradu-
ally tends to O at the elevations greater than 10 km, allow-
ing ZWD’s effect to be ignored. ZTD is primarily affected
by ZHD, which helps reduce RMS values in the eleva-
tions greater than 10 km. In the height above 4 km, both
RMS values of the GPT3 model and the GZTD-P model
gradually decreased with increasing elevation. Com-
pared to the GPT3 model, the GZTD-P model shows lit-
tle improvement in ZTD vertical interpolation accuracy
in the 0—8 km range. In the elevations greater than 8 km,
the GZTD-P model significantly outperforms the GPT3
model in ZTD vertical correction, indicating that the
GZTD-P model performs better in ZTD vertical correc-
tion in high elevation region.

Model validation with MERRA-2 atmospheric reanalysis data
The ZTD vertical profile information of the MERRA-2
atmospheric reanalysis data in 2017 with a temporal
resolution of six-hour is used to verify the accuracy of
the GZTD-P and GPT3 models in the MERRA-2 atmos-
pheric reanalysis data. The ZTD at the surface height
is vertically interpolated to each layer of the MERRA-
2. Finally, the performance of the ZTD obtained by the
GZTD-P and the GPT3 models is shown in Table 3 and
Fig. 5.

Table 3 shows that both the GZTD-P and the GPT3
models have a negative bias in the ZTD vertical inter-
polation of the MERRA-2 atmospheric reanalysis data,
indicating that the ZTD calculated with the GZTD-P
model and the GPT3 model is smaller than that with
the MERRA-2 data. The bias of the GZTD-P model is
1.76 cm lower than that of the GPT3 model. The RMS of
the GZTD-P model is 1.77 cm. The performance of the
GZTD-P model is improved by 1.8 cm (50%) compared
to the GPT3 model, indicating that the GZTD-P model
has excellent correction effect and can better simulate the
vertical characteristics of the tropospheric delays.

Figure 5 shows that the GPT3 model has a large nega-
tive bias over the globe, particularly in the equator and
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Fig. 5 The biases and RMSs of GZTD-P model and GPT3 model
validated with MERRA-2 data

low latitude regions. Parts of Antarctica exhibit a positive
bias. The GZTD-P model also has a negative bias across
the globe, particularly in the Arctic Ocean, Central Asia,
and Antarctica, indicating that the ZTD calculated with
the GZTD-P model is smaller than the MERRA-2 inte-
grated ZTD. In terms of RMS, the GPT3 model exhibits
small RMS values in the northern and southern hemi-
spheres, Africa, North America, South America, Europe,
and Oceania, while large RMS values in the Pacific
Ocean, Atlantic Ocean, and Indian Ocean. The possible
reason is that the climate in these areas is complex and
the water vapor is relatively rich, resulting in a more dra-
matic change in ZTD vertical direction. The GZTD-P
model has better performance than the GPT3 model. The
Arctic Ocean, Asia, and Antarctica exhibit large RMS
errors, while the Pacific Ocean, Atlantic Ocean, Indian
Ocean, and other regions have small RMS errors. Com-
pared to the GPT3 model, the GZTD-P model performs
better in low latitudes.

To examine the seasonal variation of the GPT3 model
and the GZTD-P model in the ZTD layered interpolation
accuracy of the MERRA-2 atmospheric reanalysis data,
six grid points were chosen randomly, and the daily mean
bias and RMS were calculated in 2017. Figures 6 and 7
show the time series at the six MERRA-2 grid points.

The GPT3 model has a clear negative bias in the
selected grid points that are globally distributed, whereas
the GZTD-P model has both positive and negative

Table 3 The performance of the GZTD-P and GPT3 models validated with MERRA-2 data

Models Bias specifications (cm) RMS specifications (cm)

Max Min Mean Max Min Mean
GZTD-P 1.86 —529 —1.09 532 0.36 1.77
GPT3 0.67 —6.96 —285 6.97 1.10 3.57
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biases. The GPT3 model shows the seasonal variation in
RMS errors in the MERRA-2 ZTD vertical interpolation.
Nonetheless, the GZTD-P model has better performance
than the GPT3 model in terms of seasonal performance
because the biases and RMS errors are small throughout
the year.

Because ZTD varies with latitude, the globe is divided
into nine latitude intervals of 20 degrees to further
analyze the accuracy changes of the GPT3 model and
GZTD-P model at different latitudes. Figure 8 summa-
rizes the biases and RMSs of different latitude intervals
calculated with the GPT3 model and the GZTD-P model
in the MERRA-2 ZTD vertical interpolation.

Figure 8 shows that the GPT3 model has a clear nega-
tive bias value in each latitude interval in the MERRA-2
ZTD vertical interpolation. In the northern hemisphere,
the bias gradually increases from high latitudes to low lat-
itudes, reaching a maximum of — 3 cm, whereas the bias

o 73
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10— A0
t 0°, 120°W € 0°,120°E
S . o o %0 =
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change significantly with latitude, displaying a large nega-
tive bias. The GZTD-P model also exhibits a clear nega-
tive bias in each latitude interval in the MERRA-2 ZTD
vertical interpolation, indicating that the ZTD calculated
with the GZTD-P and GPT3 models is smaller than the
MERRA-2 ZTD value. In the northern hemisphere, the
bias of the GZTD-P model decreases gradually as lati-
tude decreases, which is the same in the southern hemi-
sphere. It demonstrates that the GZTD-P model has the
smallest bias in low latitude regions and the largest bias
in high latitude regions. The largest negative bias in the
latitude ranges from 70 to 90°S. In the northern hemi-
sphere, the RMS of the GPT3 model increases gradually
with decreasing latitude, which is the same in the south-
ern hemisphere, indicating that the performance of the
GPT3 model is worse in low latitudes, while it performs
better in high latitudes. The RMS of the GZTD-P model
changes little with latitude in the northern hemisphere,
indicating that the latitude factor has little impact on the
GZTD-P model’s performance. The RMS of the GZTD-
P model increases gradually with increasing latitude
in the southern hemisphere with the largest RMS pre-
sented in the latitude range from 70 to 90°S, indicating
that the GZTD-P model has higher accuracy in the lower
latitudes of southern hemisphere and poor accuracy in
high latitudes. In low-latitude regions around the world,
the GZTD-P model has greater accuracy improvements
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Table 4 The performance of the GZTD-P model and GPT3 model with different resolutions in the ZTD vertical interpolation of

radiosonde data

Models Number of Bias specifications (cm) RMS specifications (cm)
parameters
Max Min Mean Max Min Mean
GZTD-P-2 324000 7.39 —9.66 0.64 1248 1.72 3.20
GPT3-1 1296 000 527 —13.35 —1.78 15.76 1.53 416
GZTD-P-5 51840 7.04 —10.17 0.62 12.96 1.65 3.21
GPT3-5 51840 511 — 1342 —1.89 1553 146 421

than the GPT3 model, and there is some improvement in
high-latitude regions. As a result, the GZTD-P model has
superior ZTD vertical correction performance around
the world.

Analysis of the accuracy of the GZTD-P model with different
resolutions

When the GZTD-P model with a resolution of 2°x 2°
and the GPT3 model with a resolution of 1°x1° are
compared, the performance of the GZTD-P model with
a lower resolution is still better than that of the GPT3
model. One advantage of the sliding window algorithm
is that users can change the size of the sliding window
to obtain the model parameters at various resolutions
as needed. The goal of developing a lower horizontal
resolution version of the GZTD-P model is to enrich the
model’s applicability and speed up the tropospheric delay
calculation process.

To test the accuracy of the GZTD-P model with differ-
ent window sizes, a 5° x 5° window size model parameter
called GZTD-P-5 is created. The GZTD-P model with a
resolution of 5° x 5° is compared to a 5-degree version of
the GPT3 model, known as the GPT3-5 model. Further-
more, the GZTD-P model’s original resolution of 2° x 2°
is known as GZTD-P-2, and the GPT3 model’s resolution
of 1° x 1° is known as GPT3-1. They are used in the accu-
racy comparison. The ZTD values of the layered profile
integrated at 611 radiosonde stations were used to test
the accuracy of the model vertical interpolation of ZTD
at radiosonde stations. Table 4 and Figs. 9 and 10 show
the models’ performance in the vertical interpolation of
radiosonde data.

Table 4 shows that the maximum RMS of the GZTD-
P-5 model is 0.48 cm higher than the GZTD-P-2 model,
while the minimum value is 0.07 cm lower. When the
horizontal resolution of the GZTD-P-5 model is reduced,
the accuracy of the GZTD-P-5 model is only 0.01 cm
lower than that of the GZTD-P-2 model, which is nearly
the same as the accuracy of the GZTD-P-2 model. The
GPT3-5 model has a negative mean bias, whereas the
GZTD-P-5 model has a positive mean bias, indicat-
ing that the ZTD calculated with the GPT3-5 model is

Bias of GZTD-P-2

Bias of GZTD-P-5

Bias of GPT3-1

ST

12 -8 -4 0 4 8om -12 -8 -4 0 4
Fig. 9 Bias of the GZTD-P model and GPT3 model with different
resolutions in the ZTD vertical interpolation of radiosonde over the
globe

8cm

smaller than the radiosonde stations layer ZTD value,
whereas the ZTD calculated with the GZTD-P model
is larger. Compared to the GPT3-1 model, the abso-
lute mean bias of the GZTD-P-5 model was reduced by
1.16 cm (65%), and the RMS error by 0.95 cm (23%). The
absolute mean bias of the GZTD-P-5 model was reduced
by 1.27 cm (67%) compared to the GPT3-5 model, and
the RMS error by 1.00 cm (24%). As a result, with the
same horizontal resolution, the accuracy of the GZTD-
P-5 model is higher than that of the GPT3-5 model. Fur-
thermore, the GZTD-P-5 model with the low horizontal
resolution has higher accuracy than the GPT3-1 model
with high horizontal resolution.

The GPT3-1 model has 1,296,000 model parameters for
Z'TD vertical adjustment, while the GZTD-P-2 model has
324,000 parameters, which is four times less than the for-
mer. The GZTD-P-5 model’s performance is comparable
to that of the GZTD-P-2 model. Meanwhile, the number
of parameters in GZTD-P-5 is nearly six times less than
that in GZTD-P-2, indicating that the GZTD-P-5 model
optimizes the parameters while maintaining good perfor-
mance. The number of model parameters in GZTD-P-5 is
51840, which is 25 times less than in GPT3-1 while pro-
viding better accuracy. Users should use the GZTD-P-5
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Fig. 10 RMS of the GZTD-P model and GPT3 model with different
resolutions in the ZTD vertical interpolation of radiosonde over the

16 cm

globe

model for ZTD vertical correction to optimize model
parameters and speed up the tropospheric delay calcula-
tion process.

Figures 9 and 10 show that the performance of the
GZTD-P-5 model is nearly equal to that of the GZTD-
P-2 model, with a small positive bias, indicating that the
ZTD obtained with the GZTD-P-5 model is greater than
the ZTD values at the radiosonde stations. The GZTD-
P-5 model outperforms the GPT3 models in the Arctic
Ocean, the junction of North and South America, West
Africa, the Pacific, and Asia. As a result, the GZTD-P-5
model is recommended for users to select for ZTD verti-
cal correction to further optimize the model parameters.

Conclusions

Zenith tropospheric delay correction relies heavily on
the troposphere vertical stratification model. By investi-
gating the characteristics of vertical tropospheric delay
with respect to height, the GZTD-P model, an ERA5-
based global model for vertical adjustment of zenith total
delay using a piecewise function, is developed. MERRA-2
atmospheric reanalysis data and radiosonde station data
are used to validate the GZTD-P model’s accuracy. The
GZTD-P model has excellent performance compared
with the GPT3 model. The user only needs to provide the
location and the Day of Year (DOY), and the ZTD value
at the user’s location can be calculated using the GZTD-P
model for vertical correction. As a result, it is useful in
global GNSS atmospheric sounding and GNSS precise
positioning. Because only the ERA5 atmospheric reanal-
ysis data are used for modeling in this paper, future work
will consider combining multi-source data to construct a
high-precision global tropospheric delay model.
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