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A B S T R A C T

Weighted mean temperature (Tm) is a crucial parameter for retrieving precipitable water vapor (PWV) in Global
Navigation Satellite System (GNSS) meteorology. The difference between the height of the GNSS receiver and
the height of the derived Tm may cause large uncertainty in the value of the retrieved PWV. In this study, we
analyze the vertical variation of Tm on a global scale and build a new vertical correction model using the
operational reanalysis of the European Centre for Medium-Range Weather Forecasts (ECMWF). Another dataset
from ECMWF and the radiosonde data derived from 678 globally distributed stations are used to independently
validate the performance of the newly built model and demonstrate its superiority compared with the existing
vertical correction method. The results show that the lapse rate of Tm has geographic and seasonal variations,
and the Tm has large nonlinear variation along the vertical direction in the high-latitude regions, especially in the
polar regions. A performance improvement of 15%–35% compared with the existing vertical correction method
is achievable for the newly built model when tested with the ECMWF data, and the improvement is 10%–25%
when tested with the radiosonde data.

1. Introduction

Water vapor is a critical atmospheric component in the troposphere.
It is an important greenhouse gas and its variation can greatly influence
the change in weather and climate; thus, water vapor monitoring has a
large significance (Rocken et al., 1997; Allan, 2012). Having the
properties of 24 h availability, global coverage, high temporal and
spatial resolutions, low cost and all-weather suitability, the Global
Navigation Satellite System (GNSS) shows unique superiority for water
vapor sounding (Liu et al., 2013; Ding, 2018). The weighted mean
temperature (Tm) is a crucial parameter in the precipitable water vapor
(PWV) retrieval process using GNSS technology, since its accuracy can
directly influence the precision of retrieved PWV (Bevis et al., 1992;
Askne and Nordius, 1987). Davis et al. (1985) gave the definition and
the accurate estimation method of Tm:
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where e and T respectively denote the water vapor pressure (hPa) and
the atmospheric temperature (K) at each height level. The numerical

integral of temperature and humidity profiles is the most accurate
method to obtain Tm. However, the temperature and humidity profiles
are typically unavailable in real time at GNSS stations. Even the nu-
merical weather prediction (NWP) model's products are normally up-
dated with some time delay; additionally, the temporal resolution of the
NWP model's products is not high enough to satisfy real-time applica-
tion (Wang et al., 2016). Therefore, scholars began to build high-ac-
curacy Tm models. Generally, there are two types of Tm models: the
surface temperature (Ts)-based model and the empirical model. The Ts-
based model is based on the linear relationship between Ts and Tm,
which was found by Bevis in 1992. Then, Bevis advanced the model in
1994. Later studies proposed that the relationship between Ts and Tm is
not constant; instead, it varies with location and time. Therefore, the
regional linear regression formulas were developed (Ross and
Rosenfeld, 1997; Wang et al., 2005; Yao et al., 2014a, 2014b; Zhang
et al., 2015). The empirical model is built by analyzing the seasonal and
geographic variations in Tm, the input parameters of which are the day
of year (doy) and the latitude, longitude and altitude of the GNSS sta-
tion. Yao et al. (2014) used a spherical harmonic function to build the
GTm-III model with Global Geodetic Observing System (GGOS) atmo-
sphere grid data. Based on the same method, Chen et al. (2014) used
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National Centers for Environmental Prediction (NCEP) data to build the
GTm_N model. The multidimensional gridded tropospheric correction
model GPT2w, which was developed from the GPT2 model, added the
Tm item and improved its horizontal resolution to 1° (Lagler et al., 2013;
Böhm et al., 2014). Recently, He et al. (2017) built a global Tm model
named GWMT-D, which contains the lapse rates of Tm in the modeling
process.

The dependence of the model on season and geographic location has
been greatly researched in previous studies, while the studies re-
searching the dependence on the height of the GNSS station are still
lacking. The height difference between the reference level of Tm and
GNSS station can cause uncertainties in the retrieved water vapor
(Wang et al., 2016; Zhang et al., 2016). This study contributes a good
dependence on the height by analyzing the vertical variation in Tm on a
global scale and researching the optimal height adjustment method for
Tm. The outline of this paper is as follows: the principle of water vapor
sounding by ground-based GNSS and the introduction of data are given
in Section 2. The global vertical variation in Tm is analyzed in Section 3.
In Section 4, we build a global vertical correction model of Tm (GTVR-
Tm), and validations of the GTVR-Tm are performed in the same sec-
tion. Conclusions are given in Section 5.

2. The principle of water vapor sounding by ground-based GNSS
and the introduction of data

2.1. The principle of water vapor sounding by ground-based GNSS

Zenith tropospheric delay (ZTD) estimation with high accuracy can
be derived from GNSS technology, which is the sum of zenith hydro-
static delay (ZHD) and zenith wet delay (ZWD). ZHD can be precisely
estimated utilizing the Saastamoinen-ZHD model with measured at-
mospheric pressure (Saastamoinen, 1972). ZWD can be obtained by
subtracting ZHD from ZTD, which can be used for retrieving PWV with
a conversion factor as follows (Bevis et al., 1994):
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where Π denotes the conversion factor, ρ denotes the density of liquid
water, R denotes the gas constant of water vapor, which is 461.495 J/
(kg⋅K), ′k2 and k3 denote atmospheric refractive index constants, which
are respectively 16.52 K/hPa and 377600 K2/hPa (Thayer, 1974), and
Tm denotes the weighted mean temperature (K). For real-time appli-
cation, the Tm models were used for water vapor sounding by ground-
based GNSS. The Bevis relationship (Tm=0.72⋅Ts + 70.2) has been
widely used in GNSS meteorology as the Ts-based model (Bevis et al.,
1992), and the GPT2w model is a widely used empirical model (Böhm
et al., 2014).

2.2. The introduction of data

2.2.1. ERA-Interim reanalysis data
The global atmospheric archive ERA-Interim is the reanalysis pro-

duct published by the European Centre for Medium-Range Weather
Forecasts (ECMWF) in recent years, which shows higher quality than
that of the previous ERA-40 reanalysis product (Dee et al., 2011;
Simmons et al., 2007). The ECMWF ERA-Interim reanalysis has the
highest spatial resolution of 0.125° and the highest temporal resolution
of 6 h, which can be downloaded for free online. The pressure levels
product and the surface product of the ERA-Interim reanalysis data on a
global scale (87.5°S∼90°N and 180°W∼177.5°E) with a spatial re-
solution of 2.5° at 00 UTC every day were used in this study. In addi-
tion, the pressure levels from 1000 hPa to 250 hPa (corresponding to
approximately 0–10 km height range) were respectively regarded as the

bottom levels to integrate the temperature and humidity profiles to the
top level using eq. (3); then, the Tm profiles of the 0–10 km height range
were obtained.

2.2.2. Radiosonde data
Radiosonde data originates from the radiosonde data set of the

National Climate Data Centre (NCDC), which can be obtained via
Integrated Global Radiosonde Archive (IGRA). IGRA includes high-
quality observation data derived from more than 1500 radiosondes and
sounding balloons from the 1960s, and users can download it for free
online. The radiosonde data provide information on the temperature,
pressure, geopotential and water vapor pressure of each height level. If
different height levels are considered as the bottom level to integrate
the temperature and humidity profiles to the top level using eq. (3), the
Tm of these levels can be obtained. This study selected 678 radiosonde
stations to perform the research, the distribution of which is shown in
Fig. 1. At each station, all the levels in the height range of 0–10 km were
regarded as the bottom levels; then, the Tm profiles of the same height
range at all the stations were derived.

3. The global vertical variation in Tm

3.1. Spatial and temporal variations in Tm lapse rate

Zhang et al. (2016) used ERA-Interim data to calculate Tm profiles
over a whole year period over China, found a linear relationship be-
tween Tm and height and thus used a linear function to characterize the
vertical dependence of Tm, as shown below:

= ⋅ +T β h km (4)

where β denotes the Tm lapse rate (K/km) and h denotes the height
(km). The Tm lapse rate is an important parameter for the vertical ad-
justment of Tm, and a crucial index to reflect the vertical variation in
Tm. Therefore, the geographic and seasonal variations in the Tm lapse
rate are analyzed in this section.

3.1.1. Spatial variation in Tm lapse rate
Zhang et al. (2016) determined the seasonal Tm gridded lapse rates

over China by using the least squares method with an entire year of
ERA-Interim data, the distribution of which indicates that the Tm lapse
rates vary with locations. However, that study only focused on China.
To further explore the geographic distribution of Tm lapse rate on a
global scale, this research used the pressure levels data of ERA-Interim
of 3 years (2013.1–2015.12) to calculate Tm profiles on a global scale
with a spatial resolution of 2.5°. Then, eq. (4) is used to derive the Tm
lapse rate of each grid point by fitting the Tm profiles. The distribution
of the absolute values of Tm lapse rates is given in Fig. 2.

Apparent geographic variation in the Tm lapse rate can be observed
from Fig. 2, the absolute values of which are large in the low-latitude
regions and decrease with increasing latitude, reaching the smallest
value in the Antarctic region. Tm lapse rates vary from −6.6 K/km to
−2.6 K/km globally, and the maximum difference between the

Fig. 1. The distribution of the selected 678 radiosonde stations.
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different locations can reach approximately 4.0 K/km. Most of the grid
points in the region of 40°S∼40°N have a larger Tm lapse rate absolute
value than the grid points of other regions. In this latitude range, most
of the Tm lapse rates are in the range of −6.6∼-5.5 K/km. For the re-
gion of 60°S∼40°S and 40°N∼60°N, most of the grid points have a Tm
lapse rate in the range of −5.5∼-4.5 K/km. The Tm lapse rates of most
of the grid points in the region of 90°S∼60°S and 60°N∼90°N are in the
range of −5.0∼-4.0 K/km, while in some regions of the Antarctic, the
Tm lapse rates are in the range of −3.5∼-2.6 K/km.

3.1.2. Temporal variation in Tm lapse rate
Böhm et al. (2014) modeled temperature lapse rate considering its

variation in annual and semiannual periodicity. It can be deduced that
Tm lapse rate may have the same variation feature. Zhang et al. (2016)
considered the seasonal variation in Tm lapse rate, while Tm lapse rates
were only calculated for four seasons, which may not adequately reflect
the seasonal variation in the Tm lapse rate. For investigating the sea-
sonal dependence of the Tm lapse rate, this study fitted the Tm daily
profiles of 3 years (2013.1–2015.12) derived from the ERA-Interim and
obtained the time series of lapse rates. The Tm lapse rate time series of
four example grid points are shown in Fig. 3. The latitude and longitude
of each grid point are also given in the figures.

Large seasonal variation in the Tm lapse rate can be seen in Fig. 3,
the absolute values of which are large in the summer and small in the
winter. For the four example grid points, the Tm lapse rates range from
−7.0 K/km to −5.0 K/km in the summer and range from −5.0 K/km
to −3.0 K/km in the winter. Trigonometric functions considering

annual and semiannual periodicity were used to fit the Tm lapse rate
time series (the red curves depicted in Fig. 3). It can be seen in Fig. 3
that the red curves can greatly express the changes in Tm lapse rate over
time. Since the trigonometric functions adopt doy to fit the time series
of parameters, it can better reflect the seasonal variation compared with
providing parameters in four seasons.

3.2. Nonlinear vertical variation in Tm

According to the definition of Tm (Davis et al., 1985), it is derived by
summing up the temperature and humidity profiles. Though the dis-
tribution of temperature along the vertical direction is generally linear,
the vertical distribution of water vapor pressure is nonlinear (Böhm
et al. 2014). Therefore, it is hypothesized that Tm may have nonlinear
vertical variation. This study analyzed the Tm profiles derived from the
ERA-Interim and found that the Tm profiles in the high-latitude regions
have obvious nonlinear vertical variations. One relatively distinct ex-
ample is the Tm profile of the North Pole Point (90°N, 0°), which is
shown in Fig. 4.

It can be seen from Fig. 4 that for the Tm profile of the North Pole
Point, although Tm generally decreases with increasing height, the lapse
rate changes continually. Specifically, the absolute value of the lapse
rate increases gradually in the height range of 0–5 km and decreases

Fig. 2. Global distribution of the absolute values of Tm lapse rates.

Fig. 3. Tm lapse rate time series of 3 years at four example grid points and the fitted curves.

Fig. 4. Tm profile of the North Pole Point and the fitted curve.
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above 5 km. When reaching approximately 8 km, the Tm even increases
with increasing height. For such a profile, it is improper to fit it using a
simple linear function. This study attempted to fit the profile utilizing
various functions, and consequently found that the fitting efficiency of
the trigonometric function was the best. The trigonometric function is
shown in eq. (5) and the fitted curve is shown in Fig. 4.

= + +T α wh α wh kcos( ) sin( )m 1 2 (5)

where h denotes the height (km), and α α w, ,1 2 denote the fitting
coefficients. The value of w is 0.33, according to which the periodicity
of the trigonometric function can be obtained, which is 19.04 km. Using
eq. (5) to fit the Tm profiles of other grid points in the high-latitude
regions, we found that for most of the grid points, the periodicities of
the trigonometric function are near 19 km. Therefore, the following
study regards 19 km as the periodicity of the trigonometric function.
Accordingly, not only linear variation but also nonlinear variation ex-
ists in the vertical distribution of Tm. Then, this study synthesized the
linear function shown as eq. (4) and the trigonometric function shown
as eq. (5) with the periodicity of 19 km and obtained the comprehensive
function, as shown below:

= + ⎛
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19

sin 2
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Not only the linear term but also the nonlinear term is included in
the comprehensive function, which can simultaneously represent the
linear and nonlinear variations in Tm along the vertical direction.
Global Tm profiles derived from the ERA-Interim on January 1st, 2013
were fitted respectively using there different functions: the linear
function, the trigonometric function and the comprehensive function,
where the linear function is shown by eq. (4), the trigonometric func-
tion is shown by eq. (5) with the periodicity of 19 km, and the com-
prehensive function is shown by eq. (6). The distributions of the fitting
RMSs of these three functions are shown in Fig. 5.

It can be observed from Fig. 5 that the linear function has a better
fitting performance in the low-latitude regions than in the high-latitude
regions with the global average RMS of 2.28 K. However, the situation
of the trigonometric function is exactly the opposite, which has a worse
fitting performance in the low-latitude regions than in the high-latitude
regions with the global average RMS of 2.35 K. In addition, the

comprehensive function can achieve commendable fitting results on a
global scale, the global average RMS of which is 0.71 K. Thus, it can be
concluded that Tm mainly varies linearly along the vertical direction in
the low-latitude regions, while distinct nonlinear vertical variation can
be observed in the high-latitude regions, particularly in the polar re-
gions. Therefore, only using a linear lapse rate to reflect the vertical
variation in Tm is insufficient. If the nonlinear vertical variation is not
considered while conducting the height correction, then uncertainties
will inevitably be caused.

4. Global weighted mean temperature vertical correction model:
GTVR-Tm

4.1. Expression of formula and determination of coefficients

According to the analysis results in Section 3, the Tm lapse rate has
apparent geographic variation. To consider the geographic variation,
this study used the gridded modeling method to build the model by
storing the model coefficients at each grid point. In addition, the Tm
lapse rate has large seasonal variation. The trigonometric function
considering annual and semiannual periodicity was employed to ac-
count for the seasonal variation. Furthermore, considering the non-
linear variation in the vertical direction, only modeling the lapse rate is
inadequate. Therefore, to take into account the nonlinear vertical var-
iation, the trigonometric function with the periodicity of 19 km was
added to the model. Consequently, the final model formula is shown
below:

= + + + +

+ +
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where h denotes the height (km), Tm0 denotes the weighted mean
temperature (K) of the h0 height (km), Δh denotes the height difference
(km), which is defined as = −Δh h h0, doy denotes the day of year,
and α α α α α α α, , , , , ,1 2 3 4 5 6 7 denote model coefficients. The
gridded Tm profiles with a height range of 0–10 km and a spatial

Fig. 5. Global distributions of the fitting RMSs of Tm profiles on January 1, 2013, using three different functions.
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resolution of 2.5° derived from the ERA-Interim of 3 years
(2013.1–2015.12) were used to determine the model coefficients. Since
most height corrections start from the surface, this study regarded the
surface Tm and the surface height as Tm0 and h0, respectively. The least
square method was used to solve the model coefficients, and the model
built is called GTVR-Tm. The model coefficients were stored in the grid
points on a global scale (87.5°S∼90°N and 180°W∼177.5°E) with a
spatial resolution of 2.5°, where α α α α α( , , , , )1 2 3 4 5 denotes the
amplitude of the linear part of the model, α α( , )6 7 denotes the ampli-
tude of the nonlinear part of the model, and α1, α α( , )2 3 and α α( , )4 5
respectively denote the mean value, annual and semiannual amplitudes
of the linear part. The global distributions of the linear and nonlinear
amplitudes, the absolute mean values, and the annual and semiannual
amplitudes of the linear part are given in Fig. 6.

It can be seen from Fig. 6 (a) and (b) that the linear and nonlinear
amplitudes are both latitude dependent. The linear amplitudes are large
in the low-latitude regions and some areas in the Antarctic, while small
in the high-latitude regions. Nonetheless, the nonlinear amplitudes are
small in the low-latitude regions, but in the high-latitude regions
especially in the Antarctic, they are large. Based on the analysis results
above, it can be concluded that the linear vertical variation in Tm is
apparent in the low-latitude regions, whereas in the high-latitude re-
gions, the nonlinear vertical variation is distinct, which conforms to the
conclusions drawn in Section 3.2. According to Fig. 6 (d) and (e), an-
nual amplitudes are small in the low-latitude and oceanic regions, and
large in the high-latitude and continental areas, which mainly results
from the small seasonal variation in Tm lapse rate in the low-latitude

and oceanic areas. Moreover, the levels of annual amplitudes in
Northeast Asia, North America and the Antarctic area are high, in-
dicating apparent annual cyclical variation in Tm lapse rate in these
areas. Nevertheless, semiannual amplitudes are large only in the Ant-
arctic, Qinghai-Tibetan Plateau and Greenland, all of which have the
features of high altitude and perennially low temperature, indicating
that the semiannual cyclical variation in Tm lapse rate has relation to
altitude and temperature.

When we calculate the Tm of a station, the Tm0 of h0 is required,
which can be obtained either from temperature and humidity profiles,
Ts-based model or empirical model; in the real-time/near real-time
application, only the latter two methods are available. The Tm0 may not
be at the height of the station; then, a height correction is necessary.
The coefficients of four grid points closest to the station are used to
calculate the coefficients of the station employing bilinear interpolation
methodology. Then, the Tm of the station height can be derived using
GTVR-Tm with the height of the station, doy, h0, and Tm0.

4.2. Validation of GTVR-Tm

To evaluate the precision of the GTVR-Tm, the vertical correction
method used in an existing high-precision Tm model GTm-III (Yao et al.,
2014) (a constant lapse rate −5.1 K/km is used to conduct the vertical
correction) was employed for comparison. For convenience, this ver-
tical correction method is called GTm-III. Furthermore, to comprehen-
sively evaluate the applicability of these two vertical correction
methods, this study adopted three different methods to provide Tm0: 1.

Fig. 6. Global distributions of model coefficients of GTVR-Tm.
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Summing up the temperature and humidity profiles derived from the
data (ERA-Interim or radiosonde). 2. The linear regression model pro-
posed by Bevis et al. (1992). 3. The GPT2w model built by Böhm et al.
(2014). For convenience, the Tm0 derived from the aforementioned
methods were respectively named Tm0 (data) (the data can be from
ERA-Interim or radiosonde), Tm0(Bevis) and Tm0 (GPT2w). The com-
bined utilization of the Tm0 calculation method and the vertical cor-
rection method can derive Tm profiles of a specific location. Thus, six
different combinations to calculate Tm profiles were obtained, and are
given in Table 1.

A different set of external data from ERA-Interim and radiosonde
was used to test the accuracy of these six methods and RMS was chosen
as the criterion. For convenience, the Tm profiles derived from the six
methods in Table 1 were respectively named Tm (data&GTm-III), Tm
(data&GTVR-Tm) (the data can be from ERA-Interim or radiosonde),
Tm(Bevis&GTm-III), Tm(Bevis&GTVR-Tm), Tm (GPT2w&GTm-III) and
Tm (GPT2w&GTVR-Tm).

4.2.1. Tested with ERA-Interim
The Tm profiles with a height range of 0–10 km derived from the

ERA-Interim with a spatial resolution of 2.5° over a whole year
(2016.1–2016.12), which are different from that used in building
GTVR-Tm, were used as references. The surface Tm derived from the
ERA-Interim was employed as Tm0 (ERA-Interim). The Bevis relation-
ship (Bevis et al., 1992) was used to provide Tm0(Bevis). The Ts needed
for the Bevis relationship was obtained from the ERA-Interim. The
GPT2w model (Böhm et al., 2014) was used to provide Tm0 (GPT2w). It
should be noted that in the ERA-Interim and the Bevis case, h0 is the
surface height, while in the GPT2w case, h0 is the orthometric grid
height. Then, six Tm profiles were obtained via conducting the two
vertical correction methods on the three different Tm0 values, which
were compared with the references. The global distributions of the
RMSs are shown in Fig. 7.

It can be observed from Fig. 7 that the Tm profiles derived from all
these six methods have higher accuracies in the tropics than in other
regions. Because of the influence of the oceans and the lack of a Coriolis
effect, the synoptic variability in the tropics is far less than that in the
other regions. The seasonal variations in the Tm and the Tm lapse rate
are small (Ding and Hu, 2017) and the nonlinear vertical variation in
Tm is negligible. Therefore, in the low-latitude regions, especially in the
tropics, the precision of the Tm profiles is high. For the uncertainty of
the high-latitude regions, it is clearly correlated with the ice-covered
regions, which are Greenland, the Antarctic, the Arctic, Siberia, Canada
and the Tibetan Plateau. In addition, it is also correlated with the large
seasonal variations in the Tm and the Tm lapse rate and the apparent
nonlinear vertical variation in Tm.

For the whole tested grid points, GTVR-Tm has a better height
correction performance than GTm-III. According to Fig. 7 (a) and (b), if
the Tm0 is derived from the ERA-Interim-temperature and humidity
profiles, then the Tm (ERA-Interim&GTm-III) will have large errors in
some high-altitude and ice-covered regions such as the Antarctic, Ir-
anian plateau, and Cordillera Range, while the Tm (ERA-Interim&GTVR-

Tm) can achieve high precision on a global scale and has no area with
large error. According to the statistics, the average RMS of the Tm (ERA-
Interim&GTm-III) is 4.92 K, corresponding to a PWV error of approxi-
mately 0.8mm, and the average RMS of the Tm (ERA-Interim&GTVR-
Tm) is 3.27 K, corresponding to a PWV error of approximately 0.5mm,
achieving a precision improvement of approximately 33.5% compared
with the Tm (ERA-Interim&GTm-III).

According to Fig. 7 (c) and (d), for the Tm0(Bevis), the Tm(Bevis&
GTm-III) has a low accuracy in high-altitude areas, especially in the
Antarctic, Qinghai-Tibetan Plateau, Cordillera Range and Central Si-
berian Plateau where large errors can be observed, whereas the GTVR-
Tm can improve the vertical correction effect of Tm0(Bevis), especially
enhancing the correction precision of areas with large errors. The
average RMS of the Tm(Bevis&GTVR-Tm) is 4.50 K, corresponding to a
PWV error of approximately 0.6 mm, and the precision improvement is
approximately 15% when compared with the Tm(Bevis&GTm-III), the
average RMS of which is 5.29 K, corresponding to a PWV error of ap-
proximately 0.8 mm.

One can see from Fig. 7 (e) and (f) that the Tm (GPT2w&GTm-III)
has a low precision in the polar regions, while the Tm (GPT2w&GTVR-
Tm) has a high accuracy globally. It should be mentioned that the
GTVR-Tm can particularly increase the height correction precision in
the polar regions, not only in the GPT2w case but also in the ERA-
Interim and Bevis case. This is mainly because the nonlinear vertical
variation in Tm is considered in the GTVR-Tm. Statistical results show
that the Tm (GPT2w&GTm-III) has an average RMS of 5.24 K, which
corresponds to approximately 0.8 mm PWV error. Nonetheless, the Tm
(GPT2w&GTVR-Tm) has an average RMS of 3.76 K, corresponding to
approximately 0.5 mm PWV error, and the precision improvement
compared with the Tm (GPT2w&GTm-III) is approximately 28.2%.

4.2.2. Tested with radiosonde
The data of 678 radiosonde stations over the period

2016.1–2016.12 were used to calculate the Tm profiles with a height
range of 0–10 km, which were used as references. The surface Tm de-
rived from the radiosonde was employed as Tm0(Radiosonde). The
Tm0(Bevis) was estimated employing the Bevis relationship (Bevis et al.,
1992) with the Ts derived from the radiosonde. The Tm0 (GPT2w) was
provided by the GPT2w model (Böhm et al., 2014). In the radiosonde
and the Bevis case, h0 is the surface height, whereas in the GPT2w case,
h0 is the orthometric grid height. Then, six Tm profiles of each radio-
sonde station with the height range of 0–10 km can be obtained uti-
lizing the GTm-III and the GTVR-Tm. The differences between these six
profiles and the references were used to calculate RMSs at each radio-
sonde station. For the purpose of intuitively analyzing the accuracies of
different methods in different latitudes, the RMSs of the 678 radiosonde
stations were integrated according to latitude band (20° is a latitude
band). The average RMSs of different methods in each latitude band are
shown in Fig. 8 (a). To analyze the accuracies of different methods in
different times, monthly statistics of the RMSs of the 678 radiosonde
stations were conducted. Since the season variations in the Northern
Hemisphere and the Southern Hemisphere are different, we conducted
the seasonal analysis respectively for the two hemispheres. The average
RMSs of the six methods of the twelve months in 2016 of the Northern
Hemisphere case are shown in Fig. 8 (b) and that of the Southern
Hemisphere case are shown in Fig. 8 (c). To observe the accuracies of
different methods in different height levels, precision statistics of the Tm
profiles of 678 radiosonde stations were conducted at each height level
(1 km is a height level) with a height range of 0–10 km. The average
RMSs of the six methods at different height levels are shown in Fig. 8
(d).

It can be observed from Fig. 8 (a) that the Tm profiles derived from
different methods have high accuracies in low-latitude regions, but the
precision is low in high-latitude regions. This is mainly due to two
factors: the first is the small seasonal variation in Tm lapse rate in the
low-latitude regions, and the second is the small seasonal variation in

Table 1
Methods to calculate Tm profiles.

Tm0 Source Vertical Correction
Method

Method Name

temperature and humidity
profile

GTm-III data&GTm-III

temperature and humidity
profile

GTVR-Tm data&GTVR-Tm

Bevis relationship GTm-III Bevis&GTm-III
Bevis relationship GTVR-Tm Bevis&GTVR-Tm
GPT2w GTm-III GPT2w&GTm-III
GPT2w GTVR-Tm GPT2w&GTVR-Tm
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Tm in the same regions (Ding and Hu, 2017). Moreover, the apparent
nonlinear vertical variation in Tm in high-latitude regions enhances the
errors as well. Comparing these two height correction methods, it is
found that the RMSs of the Tm(Radiosonde&GTVR-Tm) are smaller than
those of the Tm(Radiosonde&GTm-III) in all the latitude bands. Ac-
cording to statistics, for all the tested radiosonde stations, the average
RMS of the Tm(Radiosonde&GTm-III) is 5.19 K, corresponding to a PWV
error of approximately 0.8 mm. The average RMS of the Tm(Radiosonde
&GTVR-Tm) is 4.04 K, corresponding to a PWV error of approximately
0.6 mm. Therefore, the improvement of the GTVR-Tm compared with
the GTm-III is approximately 22.2%. For the Tm profiles derived from
the Tm0(Bevis), the RMSs of the Tm(Bevis&GTVR-Tm) are smaller than
those of the Tm (Bevis&GTm-III) in any latitude band in the Northern
Hemisphere, whereas in the South Hemisphere, the case is different. In
the region of 90°S∼60°S and 40°S∼0°, the RMSs of the Tm(Bevis&
GTVR-Tm) are larger than those of the Tm (Bevis&GTm-III). Conse-
quently, if Tm0 is estimated from the Bevis relationship, the application
effect of the GTVR-Tm in the South Hemisphere is worse than that in
the North Hemisphere. The average RMS of all the radiosonde stations
of the Tm(Bevis&GTVR-Tm) is 5.23 K, corresponding to approximately
0.8 mm PWV error, which has an improvement of approximately 12.1%
compared to the Tm(Bevis&GTm-III), the average RMS of which is
5.95 K, corresponding to approximately 0.9 mm PWV error. If Tm0 is
estimated from the GPT2w model, the RMS of the Tm (GPT2w&GTVR-
Tm) is only slightly larger than that of the Tm (GPT2w&GTm-III) in the
latitude band of 20°N∼40°N, while the RMSs of the Tm (GPT2w&GTVR-

Tm) are smaller than those of the Tm (GPT2w&GTm-III) in all the other
latitude bands, indicating that the GTVR-Tm is applicable for the
GPT2w on a global scale. The average RMS of the Tm (GPT2w&GTm-III)
is 5.32 K, corresponding to a PWV error of approximately 0.8mm, and
the average RMS of the Tm (GPT2w&GTVR-Tm) is 4.30 K, corre-
sponding to approximately 0.6mm PWV error, thus achieving an im-
provement of approximately 17.8%.

According to Fig. 8 (b), for the Northern Hemisphere case, the RMSs
of the Tm profiles derived from the six methods are smaller in the
summer and larger in the winter, while for the Southern Hemisphere
case, which is shown in Fig. 8 (c), the RMSs are larger in the summer
and smaller in the winter. Such results may be related to the variation
amplitude differences of Tm lapse rate and Tm between different sea-
sons. Comparing the two vertical correction methods, in both hemi-
spheres, the Tm profiles derived from the GTVR-Tm have smaller RMSs
than those of the GTm-III over the whole year regardless of the source
of Tm0, indicating that the GTVR-Tm shows better vertical correction
performance than the GTm-III.

As seen in Fig. 8 (d), generally, the RMSs of all six methods increase
gradually with increasing height, whereas the RMS increase rates are
different. The RMS increase rates of the Tm(Radiosonde&GTm-III) and
the Tm(Radiosonde&GTVR-Tm) are faster than those of the other four
profiles. Since the Tm0(Radiosonde) were derived by summing up the
temperature and humidity profiles, the Tm values are close to the re-
ferences and the uncertainties tend to zero at low heights. However,
with the increase in height, the larger height difference renders more

Fig. 7. Global distributions of RMSs of different methods tested with ERA-Interim.
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errors brought in when performing the correction; then, the RMS be-
comes larger. Nonetheless, the RMS increase rate of the Tm(Radiosonde
&GTVR-Tm) is smaller than that of the Tm(Radiosonde&GTm-III) and
when it reaches a height of 3 km, the RMS increase rate of the
Tm(Radiosonde&GTVR-Tm) decreases apparently, and the RMS is only
7 K at the height level of 10 km, corresponding to a PWV error of ap-
proximately 1mm. However, the RMS of the Tm(Radiosonde&GTm-III)
still increases at a high rate and the RMS of the 10 km height level
reaches 10 K; the corresponding PWV error is approximately 1.5mm.
The RMS increase rates of the Tm(Bevis&GTVR-Tm) and the Tm (GPT2w
&GTVR-Tm) are fairly low. It can even be considered that the RMSs of
these two Tm profiles only fluctuate at the same level over the whole
height range. At the 10 km height level, the RMS of the Tm(Bevis&
GTVR-Tm) is only 6 K, and the RMS of the Tm (GPT2w&GTVR-Tm) is
only 5 K, corresponding to PWV errors of approximately 0.9mm and
0.8 mm, respectively. Nevertheless, the RMSs of the Tm(Bevis&GTm-III)
and the Tm (GPT2w&GTm-III) increase gradually over the whole height
range, which are both approximately 4 K near the surface, while they
reach approximately 9 K at a height of 10 km. The corresponding PWV
errors are approximately 0.6mm and 1.5 mm, respectively. Such results

can validate the superiority of the GTVR-Tm in the vertical correction
performance of Tm.

5. Conclusions

Tm is a crucial parameter for retrieving PWV from GNSS-derived
ZWD. In this research, we investigated the vertical variation in Tm on a
global scale and tried to extend a model for water vapor sounding with
ground-based GNSS in the vertical direction. ERA-Interim pressure le-
vels data-derived Tm profiles were utilized to investigate the geographic
and seasonal variations in Tm lapse rates. The nonlinear vertical var-
iation in Tm was also researched using the profiles. The research results
show that Tm lapse rate has apparent geographic variation and varies
from −6.6 K/km to −2.6 K/km, the absolute value of which is larger in
low-latitude regions and smaller in high-latitude regions. In addition,
Tm lapse rate has large seasonal variation, the absolute value of which is
larger in the summer and smaller in the winter. Furthermore, in the
high-latitude regions especially in the polar regions, apparent nonlinear
vertical variation in Tm can be observed, and a trigonometric function
with the periodicity of 19 km can fit such variation well.

Fig. 8. RMSs of different latitude bands, months and height levels of different methods tested with radiosonde.
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According to the research results, we built a global Tm vertical
correction model GTVR-Tm and validated this model with the ERA-
Interim and radiosonde data. Validation results show that the GTVR-Tm
can improve the height correction effect compared with the existing
model GTm-III, especially enhancing the correction effect in polar re-
gions. When tested with the ERA-Interim, the average RMSs of the Tm
(ERA-Interim&GTVR-Tm), the Tm (Bevis&GTVR-Tm) and the Tm
(GPT2w&GTVR-Tm) are 3.27 K, 4.50 K and 3.76 K. The corresponding
PWV errors are approximately 0.5mm, 0.6mm and 0.5mm, and the
improvements compared with the GTm-III are approximately 33.5%,
15% and 28.2%. When tested with the radiosonde, the average RMSs of
the Tm (Radiosonde&GTVR-Tm), the Tm (Bevis&GTVR-Tm) and the Tm
(GPT2w&GTVR-Tm) are 4.04 K, 5.23 K and 4.30 K, corresponding to
PWV errors of approximately 0.6mm, 0.8mm and 0.6 mm, achieving
improvements of approximately 22.2%, 12.1% and 17.8% when com-
pared with the GTm-III.
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