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Abstract Atmospheric pressure is a critical parameter in Global Navigation Satellite System (GNSS)
technology to calculate zenith hydrostatic delay (ZHD). Because the reference pressure is usually not at
the height of the GNSS receiving antenna, a vertical correction of the pressure value is inevitable. This paper
used the ERA-Interim data to develop a grid model for such correction by introducing a new parameter.
Then, the ERA-Interim and radiosonde data were employed for assessing the newly built model along with
other two types of state-of-art vertical correction methods (which are named as the virtual temperature
(Tv)-based model and the temperature (T0)-based model in this paper). Furthermore, the assessments were
conducted in two cases where the measured meteorological data are available and unavailable. Results
show that the Tv-based model and the T0-based model may have limitations in some ice-covered regions
(e.g. the Antarctica, the Qinghai-Tibetan Plateau and the Greenland), but the grid model built in this paper
does not show the weaknesses. For the results of the four different assessments devised in this paper
(assessed with the ERA-Interim or radiosonde data, with or without the measured meteorological data), the
grid model always shows the highest precision among these three models, and the T0-based model has
higher accuracy than the Tv-based model. Additionally, this paper found that when the height differences of
the correction are large, the Tv-based model may have large uncertainties while the grid model is
still applicable.

1. Introduction

When the signal of a GNSS satellite travels through the troposphere, it will be refracted and delayed, thus
causing errors in the pseudorange/carrier phase observations. Usually, zenith total delay (ZTD) is used to
represent such error. Since the availability of ZTD information can effectively improve the positioning effi-
ciency, efforts have been made to build ZTD models in order to obtain high-precision ZTD estimations
(Askne & Nordius, 1987; Böhm et al., 2007, 2014; Collins & Langley, 1997; Hopfield, 1971; Ifadis, 1986;
Krueger et al., 2004; Lagler et al., 2013; Saastamoinen, 1972; Schüler, 2014; Yao et al., 2015). ZTD can be
divided into ZHD and zenith wet delay (ZWD), among which high-precision ZHD can be estimated using
empirical models with measured pressure (Askne & Nordius, 1987; Hopfield, 1971; Saastamoinen, 1972).
Thus, pressure is a crucial parameter in ZTD modeling in GNSS technology. In addition, in the field of GNSS
meteorology, when subtracting ZHD from ZTD, ZWD can be derived, which can be transformed into precipi-
table water vapor (PWV) with the conversion coefficient derived from weighted mean temperature (Tm)
(Askne & Nordius, 1987; Bevis et al., 1992, 1994; Ross & Rosenfeld, 1997). PWV is a momentous parameter
to research atmospheric issues since it is a principal component of greenhouse gas, and its variation can
greatly influence the change of weather and climate (Allan, 2012; Chung et al., 2014; Rocken et al., 1997).
Therefore, for both of the GNSS positioning research and GNSS meteorology, the availability of ZHD with
small uncertainty is important and the research to obtain high-precision pressure data is significant.

For the methods to obtain pressure, the collocated measured pressure data are always the first choice
(Alshawaf et al., 2015; Ohtani & Naito, 2000; Wang et al., 2007). However, in reality, there is usually no meteor-
ological observation equipment nearby at the location of the GNSS receiving antenna. Therefore, an alterna-
tive dataset that can provide long-term continuous atmospheric data would be useful (Hagemann et al.,
2003; Jade & Vijayan, 2008). Such data can be derived from the numerical weather prediction (NWP) model’s
output (Bevis et al., 1994; Hagemann et al., 2003). Advanced assimilation technology has been used in NWP
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model, rendering the products have small uncertainty compared with the measured data (Dee et al., 2011;
Simmons et al., 2007). The NWPmodel’s products are provided in a grid form on a global scale with high reso-
lution and users can download them for free through the Internet. Nevertheless, the NWP model’s products
are normally updated with some time delay and the temporal resolution is not high enough to satisfy real-
time application (Wang et al., 2016). Furthermore, due to the Internet problem or some other reasons, the
NWP model’s products are sometimes unavailable to some users. Thus, in real-time/near real-time applica-
tions, the role of empirical models seems to be important (Zhang et al., 2016). Many efforts have been made
to construct high-precision empirical models for tropospheric correction, from which high-precision pressure
empirical values can be obtained (Böhm et al., 2007, 2014; Collins & Langley, 1997; Krueger et al., 2004; Lagler
et al., 2013; Schüler, 2014; Yao et al., 2015).

In most cases, the meteorological observation instruments and the GNSS receiving antennas are not at the
same heights. In addition, the NWP model can only provide data at the height of the grid point, and the
empirical model can only provide data at the reference level of the model (Wang et al., 2016; Zhang et al.,
2016). Both of the grid point height and the reference level are usually different with the height of the
GNSS receiving antenna. Sometimes, the height of the GNSS receiving antenna and the height of the refer-
ence pressure even differ greatly. To obtain the pressure at the height of the GNSS receiving antenna, a value
correction in the vertical direction is necessary. In the early stage, the standard pressure formula is the widely
used method for such correction (Berg, 1948; Böhm et al., 2007; Collins & Langley, 1997). Then, later studies
developed more sophisticated and higher-accuracy methods. Currently, there are mainly two types of the
methods. The first method employs the Tv at the target height to conduct the correction (Böhm et al.,
2014; Lagler et al., 2013; Yao et al., 2015; Zhang et al., 2016). For convenience, this method is named as the
Tv-based model in this paper. The second method requires the temperature at the same height of the pres-
sure and the temperature lapse rate of the vertical profile (Schüler, 2014; Bosy et al., 2010; Karabatić et al.,
2011; Wilgan et al., 2015; Dousa & Elias, 2014; Wang et al., 2016). The secondmethod is named as the T0-based
model in this paper. Both of these two methods have dependence on temperature. The measurement of the
temperature value may have uncertainty; thus, errors may be introduced during the correction process.
Moreover, for the case where the measured meteorological data are unavailable, the pressure and the tem-
perature data should be obtained from the empirical model and the final value of the pressure may have
larger uncertainty.

Based on the equation of the T0-based model, a new method for pressure vertical correction was developed
in this paper by introducing a new parameter. This method has no dependence on temperature or any other
meteorological parameters. The coefficients of this method were directly determined using the pressure data
derived from the NWP model’s products and were stored in a grid form on a global scale. This newly devel-
oped method is named as the grid model in this paper. Additionally, the performances of the three different
pressure vertical correction models (the Tv-based model, the T0-based model and the grid model) were
assessed using multisource data and were evaluated in two different cases (i.e. with measured meteorologi-
cal data and without measured meteorological data). The outline of this paper is as follows. The introductions
of the data used in this paper and the relevant methods are given in Section 2, followed by the development
of the grid model shown in Section 3. Section 4 displays the assessment process and results of these three
different models. Conclusions are given in Section 5.

2. Data and Method
2.1. ERA-Interim Data

Commonly used atmospheric NWPmodel’s products include the data from the European Centre for Medium-
Range Weather Forecasts (ECMWF) and the National Centers for Environmental Prediction (NCEP). Several
studies have proven that the ECMWF is more accurate than the NCEP (Yu et al., 2010; Chen et al., 2011,
2012; Wang et al., 2005). The ERA-Interim data is the global reanalysis product published by the ECMWF in
recent years, which was proven to show higher quality than the previous ERA-40 data (Dee et al., 2011;
Simmons et al., 2007). The ECMWF ERA-Interim offers ample meteorological data from 1979 in a grid form
with the highest spatial resolution of 0.125° and the highest temporal resolution of 6 hours, which can be
downloaded for free online. ERA-Interim data can provide surface data and pressure levels data. The pressure
levels data include the pressure information of 37 levels from 1000 hPa to 1 hPa. In this study, the pressure
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levels data from 1000 hPa to 250 hPa (the corresponding height range is
approximately 0~10 km) and the surface data on a global scale with the
spatial resolution of 2.5° at 00 UTC over four years (2013~2016) were used.

2.2. Radiosonde Data

Radiosonde data originate from the radiosonde dataset of the National
Climate Data Center (NCDC), which can be obtained via Integrated
Global Radiosonde Archive (IGRA). IGRA includes high-quality observa-
tional data derived from more than 1500 radiosondes and sounding bal-
loons from the 1960s, and users can download it for free online. The
radiosonde data can provide pressure information of each height level,
where the first height level contains the surface data. In this study, the

pressure values derived from all the levels in the height range of 0~10 km at 00 UTC and 12 UTC over the
2016 year were used and 678 radiosonde stations distributed globally were selected, the distribution of
which is shown in Figure 1.

2.3. GPT2w Model

One of the widely used empirical models is the global pressure and temperature 2 wet (GPT2w) model. Böhm
et al. (2014) usedmonthly mean pressure-level data of ERA-Interim to build this model, which can provide the
grid data of the mean, annual and semi-annual coefficients for meteorological elements of pressure, water
vapor pressure and its decrease factor, temperature and its lapse rate, weighted mean temperature but also
hydrostatic and wet mapping function coefficients of the Vienna mapping function 1, the equation of which
is described as:

r tð Þ ¼ A0 þ A1 cos
doy

365:25
2π

� �
þ B1 sin

doy
365:25

2π
� �

þ

A2 cos
doy

365:25
4π

� �
þ B2 sin

doy
365:25

4π
� � (1)

where A0 denotes the mean value, (A1, B1) denotes the annual amplitude, (A2, B2) denotes the semiannual
amplitude, and doy denotes the day of year. This model only requires the specific time and location and
can provide grid coefficients with the 5° and 1° spatial resolutions. The program and the grid data of the
GPT2w model can be obtained for free online.

2.4. Saastamoinen-ZHD Model

In GNSS meteorology, the Saastamoinen model was usually used to calculate ZHD with measured pressure
(Bevis et al., 1992), for it can estimate ZHD with small uncertainty less than 2 mm (Saastamoinen, 1972).
The equation of the Saastamoinen-ZHD model is shown as:

ZHD ¼ 2:2768�P
1� 0:00266� cos 2φð Þ � 0:00028�h (2)

where P denotes the atmospheric pressure (hPa), φ denotes the latitude of the station (radian), h denotes the
height of the station (km). Since the value of the denominator of the fractional equation is approximately 1 or
slightly less than 1, a proportional relation of approximately 2.3 between ZHD and P can be found. Therefore,
when the uncertainty of P is obtained, the uncertainty of ZHD can be deduced indirectly via the proportional
relation.

2.5. Vertical Correction Model for Pressure
2.5.1. Tv-Based Model
Virtual temperature is a modified temperature which includes the effect of humidity. The Tv-based model
employs the virtual temperature to perform the vertical correction of the pressure value. The equation of
the Tv-based model and the equation to calculate virtual temperature are shown as:

Figure 1. The distribution of the 678 selected radiosonde stations.
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P ¼ P0�e�
gm �M
R�Tv � h�h0ð Þ (3)

Tv ¼ T0 1þ 0:6077�Qð Þ (4)

where P denotes the pressure at the height of the GNSS receiving antenna (hPa), h denotes the height of the
GNSS receiving antenna (m), h0 denotes the height of the reference pressure (m), P0 denotes the reference
pressure (hPa), gm denotes the average gravity coefficient, which is 9.80665 m/s2, M denotes the molar mass
of dry air, which is 0.0289644 kg/mol, R denotes the universal gas constant, which is 8.31432 (J/K�mol), Tv
denotes the virtual temperature (K), T0 denotes the temperature at the height of the reference pressure
(K), and Q denotes the specific humidity (kg/kg). This method has been used in the GPT2w model and some
other tropospheric correction models (Böhm et al., 2014; Lagler et al., 2013; Yao et al., 2015; Zhang et al.,
2016).
2.5.2. T0-Based Model
The T0-based model directly uses the temperature at the height of the reference pressure and the tempera-
ture lapse rate to perform the correction. Its equations are shown as:

P ¼ P0
T0 � β h� h0ð Þ

T0

� �g�M
R�β

(5)

g ¼ 9:8063� 1� 10�7 hþ h0
2

1� 0:0026373� cos 2φð Þ þ 5:9�10�6� cos2 2φð Þ� �� 	
(6)

where g denotes the gravitational coefficient (m/s2), φ denotes the latitude of the GNSS user (radian), β
denotes the temperature lapse rate (K/m), and the other parameters are the same as those in eq. (3) and
eq. (4). Since the availability of β requires the whole temperature profile, which is hard to acquire in real time,
some studies simply employed 0.0065 K/m as the value of the lapse rate (Bosy et al., 2010; Karabatić et al.,
2011; Wang et al., 2016; Wilgan et al., 2015). In this paper, the value 6.5 K/kmwas also used as the temperature
lapse rate in the T0-based model.

3. Development of the New Grid Model
3.1. Expression of the Formula

Both of the Tv-based model and the T0-based model are well grounded in meteorology and physics.
However, the Tv-based model is derived assuming constant temperature, whereas in the T0-based model,
it is assumed temperature varies linearly with altitude. Our new model is developed on the basis of the T0-
based model. Observing the equation of the T0-based model (eq. (5)), it can be seen that in the exponential
term, the parametersM and R are both constants, which are 0.0289644 kg/mol and 8.31432 (J/K�mol) respec-
tively; thus, the exponential term of the equation can be considered as a function of the temperature lapse
rate β and the gravity coefficient g. For the simplicity of the equation of our newmodel, we fixed the value of
the exponential term by simply employing 0.0065 K/m and 9.80665 m/s2 (average gravity coefficient) as the
values of β and g respectively. Consequently, the final value of the exponential term turns into a constant,
which is 5.255. Additionally, the formula of the based term can be further sorted. Then, we can transform
eq. (5) into eq. (7):

P ¼ P0 1� β
T0

h� h0ð Þ
� �5:255

(7)

It can be observed from eq. (7) that the coefficient of the height difference is a proportion of temperature and
its lapse rate. We introduced a new parameter τ to express this proportional relationship. Both of the tem-
perature and its lapse rate have seasonal variations (Böhm et al., 2007, 2014; Lagler et al., 2013; Schüler,
2014; Yao et al., 2015), it can be deduced that their proportional relationship (i.e. τ) also has seasonal variation.
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Therefore, a trigonometry function with an annual cycle and a semi-annual cycle was used to model the new
parameter. Then, we obtained our new model, the equations of which are given below:

P ¼ P0 1� τ h� h0ð Þ½ �5:255 (8)

τ ¼ τ0 þ τ1� cos doy
365:25

2π
� �

þ τ2� sin doy
365:25

2π
� �

þ

τ3� cos doy
365:25

4π
� �

þ τ4� sin doy
365:25

4π
� � (9)

where P0 denotes the reference pressure (hPa), h0 denotes the height (m) of the reference pressure, P
denotes the pressure (hPa) at the height of the GNSS receiving antenna, h denotes the height (m) of the
GNSS receiving antenna, doy denotes the day of year, τ0 denotes the mean value, (τ1,τ2) denotes the annual
amplitude, and (τ3,τ4) denotes the semi-annual amplitude.

3.2. Determination of the Coefficients

The grid pressure profiles with a height range of 0~10 km and a spatial resolution of 2.5° derived from the
ERA-Interim pressure levels data of 3 years (2013~2015) were used to determine the model coefficients. It
is true that most of the vertical corrections start from the meteorological observation instrument height,
the radiosonde station height, the grid point height of reanalysis or the reference level of empirical models,
all of which are mostly near surface. Therefore, the surface pressure and the surface height were regarded as
the h0 and P0, respectively. The least squares method was employed to calculate the model coefficients at
each grid point on a global scale with a spatial resolution of 2.5°. The global distributions of the mean values,
annual and semi-annual amplitudes of the parameter τ are shown in Figure 2.

It can be seen from Figure 2 (a) that the mean values of the parameter τ are latitude-dependent. Generally,
the mean values are small in low-latitude regions and large in high-latitude regions. Particularly, in some
high-altitude and ice-covered regions (e.g. the Antarctica, the Qinghai-Tibetan Plateau and the Greenland),
the mean values are relatively large. According to Figure 2 (b), distinct annual cyclical variations of the para-
meter τ can be observed in the high-latitude continental regions of the North Hemisphere. This may because
the annual periodicity of the parameter τ is stronger in the continental regions than that in the oceanic
regions. It can be observed from Figure 2 (c) that apparent semi-annual cyclical variations mainly occur in
the polar regions, which is principally owing to the phenomena of polar day and night.

When we calculate the pressure at the location of a GNSS receiving antenna, the P0 at the height level of h0 is
required, which can be obtained either from meteorological observation instruments, radiosonde, reanalysis
or empirical models. The h0 may not be equivalent to the height of the GNSS receiving antenna, then, a ver-
tical correction should be conducted. The coefficients of the four grid points closest to the GNSS receiving
antenna are used to calculate the coefficients of the location of the GNSS receiving antenna employing
bilinear interpolation methodology. Then, the pressure at the height of the GNSS receiving antenna can be
derived using eq. (8) and eq. (9).

Figure 2. The global distributions of the model coefficients. A the global distribution of the mean values of the parameter τ. B the global distribution of the annual
amplitudes of the parameter τ. C the global distribution of the semi-annual amplitudes of the parameter τ.
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4. Assessment of the Pressure Vertical Correction Models

Bias and root of mean square error (RMS) are chosen as the criteria to perform the assessment. The expres-
sions of these two criteria are:

Bias ¼ 1
n
∑
n

i¼1
ePi � Pi


 �
(10)

RMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n
∑
n

i¼1
ePi � Pi


 �2
r

(11)

whereePi denotes the reference value, Pi denotes the estimation value, and n denotes the number of observa-
tions. Bias reflects the deviation between the estimation value and the reference value, and RMS reflects the
precision of a model.

4.1. Assessed With ERA-Interim Data

To assess the correction performances of the three different models (i.e. the Tv-based model, the T0-based
model and the newly built grid model), the ERA-Interim data with a spatial resolution of 2.5° over the whole
2016 year were used to derive the referenced pressure profiles. Considering the practical situations, the GNSS
receivers are rarely located vertically too far away from the ground surface. Therefore, only the pressure pro-
files at height within 3 km (±3 km) from the surface were used as references.
4.1.1. With Measured Meteorological Data
In this section, the data of the meteorological parameters (i.e. the surface pressure, the surface temperature
and the specific humidity) needed for the three models to derive pressure profiles were obtained from the
ERA-Interim. Note that though the ERA-Interim data are not truly measured data, advanced assimilation tech-
nology has been used in it to assimilate various measured data; thus, the ERA-Interim data are proven to be
nearly equivalent to themeasured data (Dee et al., 2011). The pressure profiles derived from the threemodels
were also at height within 3 km (±3 km) from the surface to maintain consistence with the references. Then,
the estimated pressure profiles were compared with the references to calculate the Bias and RMS of each grid
point, the global distributions of which are shown in Figure 3.

As can be seen from Figure 3 (a) and (b), the Tv-based model tends to have negative Bias on a global scale,
while the T0-based model tends to have positive Bias on a global scale. However, both of these two models
have large negative Biases in the high-altitude and ice-covered regions (e.g. the Antarctica, the Qinghai-
Tibetan Plateau and the Greenland). For the Bias situation of the grid model, which is shown in Figure 3

Figure 3. The global distributions of the biases and RMSs of different models assessed with the ERA-interim data. A the global distribution of the biases of the Tv-
based model. B the global distribution of the biases of the T0-based model. C the global distribution of the biases of the grid model. D the global distribution of the
RMSs of the Tv-based model. E the global distribution of the RMSs of the T0-based model. F the global distribution of the RMSs of the grid model.
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(c), small negative Biases can be observed in most of the areas, including the oceanic areas and some conti-
nental areas, whereas in the other continental areas, small positive Biases can be observed. It can be observed
in Figure 3 (d) that large RMSs appear in some high-altitude regions (i.e. the Antarctica, the Qinghai-Tibetan
Plateau and the Greenland). Figure 3 (e) shows that the T0-based model also has large RMSs in these regions.
Though the RMSs of the T0-based model in these regions may be smaller than those of the Tv-based model,
there are some other regions where the T0-based model shows large uncertainties (e.g. the Siberian Plateau
and the Arctic). It can be found that most of the regions where the Tv-based model and the T0-based model
have large uncertainties are ice-covered regions with low temperature.

The large uncertainties of the Tv-based model and the T0-based model in these ice-covered regions may due
to two reason. The first reason is that the ERA-Interim-derived temperature or specific humidity may have low
precision in the ice-covered regions. The second reason is that the relationship between the pressure and the
temperature or the virtual temperature (shown by eq. (3) and eq. (5)) may not be applied well in the ice-
covered regions. Nevertheless, for the newly built grid model, the results of which are shown in Figure 3
(f), the RMSs are small globally and no large uncertainty can be observed. Since the coefficients of the grid
model were directly determined employing the pressure profile data, the newly built model has no relation
with the temperature; thus, the results of it are not influenced by the uncertainties of the temperature or the
temperature–pressure relationship, and the grid model can also have high precision in the ice-cover regions.

According to the statistics, the average RMS of the Tv-based model is 4.0 hPa, corresponding to the ZHD

uncertainty of approximately 9.2 mm. The average RMS of the T0-based model is 3.2 hPa, corresponding to
the ZHD uncertainty of approximate 7.4 mm. The grid model has the average RMS of 2.3 hPa, corresponding
to the ZHD uncertainty of approximately 5.3 mm. Therefore, the newly built grid model in this paper achieves

the precision improvements of approximately 43% and 28% compared with the Tv-based model and the T0-
based model, respectively.
4.1.2. Without Measured Meteorological Data
Since in some cases, there are no meteorological observation instruments nearby, and the NWP model’s pro-
ducts are also unavailable due to some reasons (e.g. the Internet problem); then, the empirical models can be
used to provide the meteorological data in such cases. In this section, the GPT2w model (Böhm et al., 2014)
was used to provide the data of the meteorological parameters (i.e. the surface pressure and the surface tem-
perature). Then, the T0-based model and the grid model were employed to derive the pressure profiles with
the GPT2w-derived meteorological data. Note that the Tv-based model is just the method used in the GPT2w
model for the vertical correction of the pressure value, the GPT2wmodel can be directly used to calculate the
pressure profiles as the results of the Tv-based model. Also, the estimated pressure profiles should at height
within 3 km (±3 km) from the surface to keep consistent with the references. Then, the comparisons between
the estimated and referenced pressure profiles were conducted. The Bias and RMS of each grid point were
calculated, the global distributions of which are shown in Figure 4.

As is displayed in Figure 4 (a), if the meteorological data are from the GPT2w model, the Tv-based model has
large positive or negative Biases in lots of areas. The large positive Biases mainly distribute in the continental
regions and the large negative Biases mainly distribute in the oceanic regions. For the Bias distribution of the
T0-based model with the GPT2w-derived meteorological data, which is shown in Figure 4 (b), positive Biases
can be observed in most of the regions globally, whereas in the high-latitude region of the South Hemisphere
(i.e. the Antarctic region), large negative Biases can be observed. For the grid model case, which is shown in
Figure 4 (c), positive Biases mainly distribute in the continental areas and negative Biases mainly distribute in
the oceanic areas, the values of which are not large, however. Analyzing the RMS distributions of the three
models, which are shown in Figure 4 (d), (e) and (f), it can be observed that the RMS distributions of all the
three models have obvious dependence on latitude. The RMSs are relatively small in low-latitude regions
and increase with increasing latitude. This may due to that the uncertainties of the GPT2w-derived surface
pressure are latitude-dependent. Then, comparing these three models, it can be found that the Tv-based
model has large uncertainties in the Antarctic and the Greenland. The T0-basedmodel has large uncertainties
in the Antarctic, and the grid model has small uncertainties in both of the two ice-covered regions. This result
again shows that the Tv-based model and the T0-based model may have limitations in the ice-covered
regions, and that the limitations do not show up in the grid model built in this paper. Statistical results show
that the average RMS of the Tv-based model is 8.3 hPa, corresponding to the ZHD uncertainty of
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approximately 19 mm. The T0-based model has the average RMS of 7.4 hPa, corresponding to the ZHD
uncertainty of approximately 17 mm. The grid model has the average RMS of 6.9 hPa, corresponding to
the ZHD uncertainty of approximately 15 mm, and achieving the precision improvements of
approximately 17% and 7% compared with the Tv-based model and the T0-based model.

4.2. Assessed With Radiosonde Data

Though the ERA-Interim data have really high precision compared with the measured data, they are not truly
measured data. For improving the reliability of the assessment, the truly measured data should also be used
to perform the assessment. In this section, the radiosonde data from 678 radiosonde stations over the whole
2016 year were used to obtain the pressure profiles at height within 3 km (±3 km) from the surface, which
were used as references.
4.2.1. With Measured Meteorological Data
To assess the case where the measured meteorological data are available, the data of the meteorological
parameters (i.e. the surface pressure, the surface temperature and the specific humidity) were obtained from
the radiosonde data in this section. Then, the three vertical correction models (i.e. the Tv-basedmodel, the T0-
based model and the grid model) were employed to derive the pressure profiles at height within 3 km
(±3 km) from the surface with the radiosonde-derived meteorological data. The model-estimated pressure
profiles and the radiosonde-derived pressure profiles were compared to calculate the Bias and RMS of each
radiosonde station. After obtaining the Biases and RMSs of all the radiosonde stations, they were integrated
according to the latitude band (20° is a latitude band). The average Biases and RMSs of different models in
each latitude band are shown in Figure 5 (left). Furthermore, for observing the accuracies in different times,
monthly statistics of the Biases and RMSs of the 678 radiosonde stations were conducted. The average Biases
and RMSs of the twelve months in 2016 are shown in Figure 5 (right).

As can be observed in Figure 5, the Tv-based model tends to have negative Bias, the T0-based model tends to
have positive Bias, and the Biases of the grid model tend to be small, which is consistent with the results
shown in Section 4.1.1. Analyzing the RMS results, Figure 5 (left-below) shows the RMS distributions of differ-
ent models in different latitude bands. Generally, for the whole three models, the RMSs in low-latitude bands
are slightly smaller than those in high-latitude bands. Because of the influence of the oceans and the lack of a
Coriolis effect, the synoptic variability in the tropics is less than that in the other regions, rendering the pre-
cisions of the models in the low-latitude regions higher. Comparing the three models, the average RMSs of
the grid model are smaller than those of the other two models in most of the latitude bands. Figure 5
(right-below) shows the RMS distributions in different months of 2016. Generally, the precisions of the three
models are slightly higher in summer than those in winter, this is due to the less synoptic variability in sum-
mer. Similarly, along the whole 2016 year, the grid model has a smaller average RMS than the other two

Figure 4. The global distributions of the biases and RMSs of different models assessed with the ERA-interim data. The meteorological data needed for deriving the
pressure profiles are provided by the GPT2w model. A the global distribution of the biases of the Tv-based model. B the global distribution of the biases of the T0-
based model. C the global distribution of the biases of the grid model. D the global distribution of the RMSs of the Tv-based model. E the global distribution of the
RMSs of the T0-based model. F the global distribution of the RMSs of the grid model.
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models. Statistics were conducted to calculate the average RMS of all the 678 radiosonde stations with the
whole year. The results show that the Tv-based model has the average RMS of 3.2 hPa, the corresponding
ZHD uncertainty is approximately 7.4 mm. The T0-based model has the average RMS of 2.9 hPa, the
corresponding ZHD uncertainty is approximately 6.7 mm. The average RMS of the grid model is 2.5 hPa,
corresponding to the ZHD uncertainty of approximately 5.7 mm; thus, the grid model achieves the
precision improvements of approximately 22% and 14% compared with the Tv-based model and the T0-
based model.
4.2.2. Without Measured Meteorological Data
To assess the case where there are no measured meteorological data available, in this section, the meteoro-
logical data were also provided by the GPT2wmodel. The three models were employed to estimate the pres-
sure profiles at height within 3 km (±3 km) from the surface with the meteorological data derived from the
GPT2w model. Then, the estimated pressure profiles were compared with the references to calculate the
Bias and RMS of each radiosonde station. The geographic and seasonal statistics were conducted by calculat-
ing the average Bias and RMS in each latitude band and in each month. The statistical results are shown in
Figure 6.

As can be observed in Figure 6, the Bias situation is similar to that in Figure 5, where the Tv-basedmodel tends
to have negative Bias, the T0-based model tends to have positive Bias, and the Biases of the grid model are
mostly small. However, in the latitude band of 80°S~60°S, large negative Biases of all the three models can be
observed, which is shown in Figure 6 (left-above). Observing Figure 6 (left-below), it can be found that the
RMSs of the three models are smaller in low-latitude regions than those in high-latitude regions. This result
has correlation with the less synoptic variability in the tropics, whereas it is mainly caused by the latitude-
dependent uncertainties of the GPT2w-derived surface pressure, which are relatively small in low-latitude
regions and relatively large in high-latitude regions. In most of the latitude bands, the grid model has a smal-
ler average RMS than the other two models. Figure 6 (right-below) displays the seasonal variations of the
uncertainties of the three models. It can be observed from Figure 6 (right-below) that the RMSs are smaller
in summer than those in winter. This is mainly due to that the uncertainties of the GPT2w-derived surface
pressure in summer are smaller than those in winter. Furthermore, the RMSs of the grid model in each month
in 2016 are smaller than those of the other two models. According to the statistics of the 678 radiosonde sta-
tions with the whole 2016 year, the average RMS of the Tv-based model is 6.6 hPa, the corresponding ZHD
uncertainty is approximately 15.2 mm. The average RMS of the T0-based model is 5.8 hPa, corresponding
to the ZHD uncertainty of approximately 13.4 mm. The average RMS of the grid model is 5.3 hPa, correspond-
ing to the ZHD uncertainty of approximately 12.2 mm. Thus, the precision improvements of the grid model
compared with the other two models are respectively 20% and 9%.

Figure 5. The average biases and RMSs of different models in different latitude bands and in different months assessed with the radiosonde data. (left) the average
biases and RMSs in different latitude bands. (right) the average biases and RMSs in different months.
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4.3. Assessed in Different Height Levels

To assess the vertical correction performances of different models in different height levels, the radiosonde
data of the 678 stations were used to derive the pressure profiles with the height range of 0~10 km at each
station. Then, the three models were employed to estimate the pressure profiles with the same height range
with the meteorological data derived from the radiosonde data and the GPT2wmodel; thus, six different esti-
mated pressure profiles were obtained at each station, which were compared with the references, and the
residual profiles were integrated according to the height level (1 km is a height level) to calculate the Bias
and RMS of each height level. Therefore, for each radiosonde station, the Biases and RMSs of the ten height
levels with the height range of 0~10 km can be obtained. Statistics of the 678 radiosonde stations were con-
ducted to calculate the average Bias and RMS of each height level, the results of which are shown in Figure 7.

As is shown in Figure 7 (above), for all the three models, the absolute values of the Biases increase with
increasing height. However, the absolute values of the Biases of the grid model are far smaller than those
of the other two models. Apparent negative Biases can be observed in the Tv-based model, and the T0-based
model mainly has positive Bias. Figure 7 (below) shows the height distributions of the RMSs of different mod-
els, it can be observed fromwhich that at low heights, the uncertainties of the three models tend to be zero if
the meteorological data were from the radiosonde data, and the uncertainties are not zero (4~6 hPa) if the
meteorological data were derived from the GPT2wmodel. This is due to that the referenced pressure profiles
were derived from the radiosonde data, and the surface pressure needed for the three models to estimate
pressure profiles were respectively derived from the radiosonde data and the GPT2w model. At the low
heights of the references, the pressure values tend to be equivalent to the radiosonde-derived surface pres-
sure, rendering the uncertainties tend to be zero. However, uncertainties still exist between the GPT2w-
derived surface pressure and the references at low heights, which is the reason why the three models have
the RMSs of 4~6 hPa if the meteorological data were from the GPT2w model.

For the Tv-based model, it can be seen from Figure 7 (below) that the RMSs of this model increase along the
whole height range with increasing height, and the RMS reaches above 30 hPa at the height level of 9~10 km,
which will cause at least 70 mm in the ZHD uncertainty. This result indicates that the Tv-based model may
have weaknesses when correcting pressure values over a large height difference. Moreover, it can be
deduced that the GPT2w model may have large uncertainty to derive the pressure value at a high height
(e.g. 5~10 km) for it uses the Tv-based model as the pressure vertical correction method. For the T0-based
model, no matter the meteorological data are from the radiosonde or from the GPT2w model, the RMSs tend
to increase with increasing height within the height range of 0~6 km; and when the height is up to 6 km, the
RMSs of the T0-based model tend to maintain at the same level (~10 hPa, corresponding to the ZHD

Figure 6. The average biases and RMSs of differentmodels in different latitude bands and in differentmonths assessedwith the radiosonde data. Themeteorological
data are obtained from the GPT2w model. (left) the average biases and RMSs in different latitude bands. (right) the average biases and RMSs in different months.
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uncertainty of approximately 23 mm) and no obvious increase can be observed. For the newly built grid
model, in the case of radiosonde-derived meteorological data, the RMSs increase with increasing height
within the height range of 0~3 km, and maintain at the same level when the height is up to 3 km (~5 hPa,
corresponding to the ZHD uncertainty of approximately 11.5 mm). Furthermore, in the case of GPT2w-
derived meteorological data, it can be deemed that the RMSs maintain at the same level along the whole
height range (0~10 km) without obvious increase. The level of the RMSs is approximately 5 hPa, the
corresponding ZHD uncertainty is approximately 11.5 mm. Such results indicate the superiority of the
newly built grid model compared with the other two models, and this new model can be very useful for
certain applications with vertical correction of large height difference (e.g. airborne positioning).

5. Conclusions

Atmospheric pressure is a critical parameter in GNSS positioning research and GNSS meteorology, for it is the
key parameter to calculate ZHD. Because of the height difference between the height of the GNSS receiving
antenna and the height of the reference pressure, which may be from the meteorological observation instru-
ments, the NWP model’s products or the empirical models, a vertical correction of the pressure value should
be conducted to derive the pressure value at the height of the GNSS receiving antenna. Currently, there are
mainly two types of the state-of-art methods for such correction, which are respectively named as the Tv-
based model and the T0-based model in this paper. Both of these two models have dependence on tempera-
ture. This paper developed a new global grid model by introducing a new parameter for the vertical correc-
tion using the ECMWF ERA-Interim data. Since the coefficients of the grid model were directly determined
using the pressure profiles, this newmodel has no relation with temperature, and thus, will not be influenced
by the uncertainty that may exist in the temperature value.

Comprehensive assessments of the three models (the Tv-based model, the T0-based model and the newly
built grid model) were conducted. The three models were assessed with the ERA-Interim data and the radio-
sonde data. Considering the reality situation, the assessments were conducted in two cases: with measured
meteorological data and without measure meteorological data. Moreover, the vertical correction perfor-
mances of different models in different height levels were also assessed. Results show that the Tv-based
model and the T0-based model may have large uncertainties in some ice-covered regions (e.g. the
Antarctica, the Qinghai-Tibetan Plateau and the Greenland), and the newmodel built in this paper overcomes
this limitation. When assessed with the ERA-Interim data and in the case where the measured meteorological
data are available, the average RMSs of the Tv-based model, the T0-based model and the grid model are
respectively 4.0 hPa, 3.2 hPa and 2.3 hPa, corresponding to the ZHD uncertainties of approximately
9.2 mm, 7.4 mm and 5.3 mm; and the average RMSs of these three models are 8.3 hPa, 7.4 hPa and
6.9 hPa without the measured meteorological data, the corresponding ZHD uncertainties are respectively

Figure 7. The average biases and RMSs of different models in different height levels assessed with the radiosonde data. The meteorological data needed for the
models to derive the pressure profiles are obtained from the radiosonde data and the GPT2w model.
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19mm, 17mm and 15mm.When assessed with the radiosonde data and themeteorological data needed for
models are also measured by radiosonde, the average RMSs of these three models are 3.2 hPa, 2.9 hPa, and
2.5 hPa, corresponding to approximately 7.4 mm, 6.7 mm and 5.7 mm in the ZHD uncertainties. When the
measured meteorological data are unavailable, the average RMSs are 6.6 hPa, 5.8 hPa and 5.3 hPa, the corre-
sponding ZHD uncertainties are approximately 15.2 mm, 13.4 mm and 12.2 mm. Additionally, the assessment
results in different height levels indicate that the Tv-based model may have weaknesses when correcting
pressure values over a large height difference, whereas the grid model still has a good performance when
the height difference is large, thus this newly built model is very useful for some certain applications where
the correction of a long vertical distance is necessary (e.g. airborne positioning).
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