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Abstract In GPS meteorology, the weighted mean temper-
ature is usually obtained by using a linear function of the
surface temperature Ts. However, not every GPS station can
measure the surface temperature. The current study explores
the characteristics of surface temperature and weighted mean
temperature based on the global pressure and temperature
model (GPT) and the Bevis Tm–Ts relationship (Tm = a +
bTs). A new global weighted mean temperature (GWMT)
model has been built which directly uses three-dimensional
coordinates and day of the year to calculate the weighted
mean temperature. The data of year 2005–2009 from 135
radiosonde stations provided by the Integrated Global Radio-
sonde Archive were used to calculate the model coefficients,
which have been validated through examples. The result
shows that the GWMT model is generally better than the
existing liner models in most areas according to the statistic
indexes (namely, mean absolute error and root mean square).
Then we calculated precipitable water vapor, and the result
shows that GWMT model can also yield high precision PWV.
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List of abbreviations
GPS Global positioning system
GPT Global pressure and temperature
GWMT Global weighted mean temperature
GNSS Global navigation satellite system
ECMWF European Centre for Medium-Range
ECMWF Weather Forecasts
NCEP/NCAR National Centers for Environmental

Prediction/National Center for
Atmospheric Research

IGRA Integrated Global Radiosonde Archive
IGS International GNSS service
MAE Mean absolute error
PWV Precipitable water vapor
RMS Root mean square
ZWD Zenith wet delay

1 Introduction

Because water vapor is very unevenly distributed in space and
in time, clarifying and quantifying the crucial roles that water
vapor plays in the weather and climate systems, particularly
in a predictive sense, requires meteorologists to measure the
space–time distribution of water vapor as well as possible.
This challenging task is achieved in a coordinated interna-
tional effort using radiosondes, space-based sensing systems
including microwave radiometers, and, more recently, the
Global Positioning System (GPS). The technique known as
ground-based GPS meteorology, often shortened to ‘GPS
met’, uses networks of continuously operating GPS stations
to infer the vertically integrated or ‘total column’ quantity
of water vapor overlying each station in the GPS network
(Bevis et al. 1992, 1994; Duan et al. 1996). This integral mea-
sure, known as precipitable water or (rather redundantly) as
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precipitable water vapor (PWV), is expressed in length units
and refers to the height of the column of liquid water that
would result if it were possible to condense all the water vapor
in the overlying column of atmosphere. While GPS meteo-
rology cannot, like a radiosonde profile, describe the vertical
distribution of water vapor, GPS meteorology is attractive
because it is an ‘all-weather’ system, it operates continu-
ously in time, it does not suffer from significant instrumental
drifts, and GPS networks are now ubiquitous over most land
masses, and are continuing to expand their spatial coverage.

GPS signal delays are typically characterized in terms of
the zenith delay (i.e., the delay accumulated along a vertical
path through the atmosphere) and two gradient parameters
that quantify the azimuthal variability of delay. GPS net-
works actually sense the total propagation delay imposed by
the neutral atmosphere, often referred to as the neutral delay.
The neutral delay is composed of the hydrostatic delay, which
is proportional to surface pressure, and the wet delay which is
very nearly proportional to the total quantity of water vapor
along the raypath (Saastamoinen 1972; Hogg et al. 1981;
Davis et al. 1985). Thus the zenith neutral delay (ZND) is the
sum of the zenith hydrostatic delay (ZHD) and the zenith wet
delay (ZWD). The central procedure of GPS meteorology is:
(i) infer the ZND time series at each GPS station as part of
a geodetic analysis, (ii) estimate the ZHD from a measure
or a prediction of surface pressure at each GPS station, (iii)
deduce the ZWD via the identity ZWD = ZND − ZHD, and
(iv) transform the PWV estimate into an estimate of PWV
using the relation

PWV = � · ZWD (1)

When the surface pressure is predicted using a weather model,
rather than locally measured using a barometer, then the
resulting error in the ZHD estimate tends to dominate the
error in the PWV estimate (particularly in regions with sig-
nificant topography). If surface pressure is measured using
a well-calibrated barometer, and if modern mapping func-
tions (Boehm et al. 2007) are used in the geodetic analysis of
delay, then the largest source of error in the PWV estimate
often derives from the value assigned to the factor �, in Eq.
(1). Reducing this particular error source is the purpose of
our study.

The conversion factor � in Eq. (1) can be expressed as

� = 106

ρw Rv

[
(k3/Tm) + k′

2

] (2)

where ρw is the density of water, Rv is the specific gas con-
stant, k′

2 and k3 are atmospheric refractivity constants (Davis
et al. 1985; Bevis et al. 1994), and Tm is the weighted mean
temperature of the atmosphere (Davis et al. 1985) which var-
ies in space and in time. The uncertainty in � is dominated
by the uncertainty in Tm (Bevis et al. 1994). Therefore, our
goal in this paper is to provide a new and convenient means

of estimating Tm so as to reduce its error level, and thereby
minimize the error associated with the prediction of �.

While Tm can be computed using radiosonde profiles, or
using numerical weather models (Bevis et al. 1994), most
published studies to date estimate Tm utilizing the sugges-
tion of Bevis et al. (1992) that Tm is linearly related to surface
temperature, Ts, i.e.,

Tm = a + bTs (3)

The main advantage of this approach is that it is relatively
simple to implement. Bevis et al. (1992) noted that to get the
best results, the constants a and b should be ‘tuned’ to spe-
cific areas and seasons, but went on to offer some ‘average’
values for a and b, suitable for use in mid latitudes, based
on an analysis of 8,718 radiosonde profiles. This led to the
equation Tm = 70.2 + 0.72Ts, in which 70.2, Tm and Ts are
specified in Kelvin. In a later conference presentation, Bevis
et al. (1995) revised this equation to Tm = 85.63 + 0.668Ts

(85.63 is specified in Kelvin), based on an analysis of about
250,000 radiosonde profiles with a nearly global distribution.
These two sets of equations look quite different, but in fact,
they make fairly similar predictions for the range of surface
temperatures (say −20 to 35 ◦ C) commonly encountered at
GPS stations. The second version of the equation has been
most widely adopted.

Ross and Rosenfeld (1997) emphasized the advantages of
tuning the constants a and b to site and season. Wang et al.
(2005) compared and analyzed global estimates of Tm from
three different data sets from 1997 to 2002: ECMWF 40-
year reanalysis (ERA-40), the NCEP/NCAR, and the IGRA,
and analyzed the limitations of the Bevis Tm–Ts relationship.
Later, many practitioners of GPS meteorology have tuned
the constants a and b, so as to optimize equation (3) for their
regions, and often by season as well. In China, these studies
include Li et al. (1999); Liu et al. (2000), Gu et al. (2006),
Li et al. (2006), Wang et al. (2007, 2011), Lv et al. (2008).

In this work, we take a new approach to estimating Tm

based on the GPT model (Boehm et al. 2007) and the Bevis
Tm–Ts relationship.

2 Computing the weighted mean temperature, Tm,
from radiosonde profiles

The weighted mean temperature Tm was defined by Davis
et al. (1985) as the ratio of two vertical integrals though the
atmosphere:

Tm =
∫

(e/T ) dz
∫ (

e/T 2
)

dz
(4)

where e is the vapor pressure, T is absolute temperature,
and both integrals extend from the surface to the top of the
atmosphere. Since there is very little water vapor above the
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troposphere, Tm can be thought of as the (unconventionally
defined) mean temperature of water vapor in the troposphere,
overlying any given point on the ground.

If Tm is computed from radiosonde profiles, or using the
output fields of a numerical weather model, the integrals in
Eq. (4) will be discretized into sums of contributions from
successive atmospheric layers, thus:

Tm =
∑n

1

(
ei
Ti

)
�hi

∑n
1

(
ei
T 2

i

)
�hi

(5)

where
(

ei
Ti

)
=

( ei
Ti

+ ei−1
Ti−1

2

)
,

(
ei
T 2

i

)
=

( ei
T 2

i
+ ei−1

T 2
i−1

2

)

,�hi is

the thickness of the atmosphere at the i th layer and ei and
Ti are the water vapor pressure and temperature at the top of
the atmosphere at the i th layer, respectively. ei−1, and Ti−1

are the water vapor pressure and temperature at the bottom
of the atmosphere at the i th layer, respectively, and n is the
number of layers. More layers result in higher accuracy. This
method applies only if the station sounding data are available;
however, the practicality is not strong.

Bevis et al. (1992, 1995) use this approach to compute Tm

for a large suite of radiosonde profiles, and correlate Tm with
surface temperature (i.e, the first temperature reported by
the radiosonde). Having computed large numbers of (Ts, Tm)
pairs, they performed a linear regression based on Eq. (1),
minimizing the difference between observed and predicted
Tm.

3 GPT model that calculates Ts

The Bevis Tm–Ts relationship shows that Tm can be expressed
as a linear function of Ts. However, in practical applica-
tion, the real-time global surface temperature at any location
cannot be obtained; this problem has directly obstructed the
development of GPS meteorology. The GPT model, which
was established by Boehm et al. (2007), solves this prob-
lem. The model is based on degree and order nine spherical
harmonics.

In consideration of the relationship between surface tem-
perature and location and season of station, the GPT model
can provide pressure and temperature at any station on the
Earth’s surface using the station’s three-dimensional coordi-
nates and day of the year as input parameters.

4 GWMT model and its determination

Most studies on weighted mean temperature had focused on
establishing a local model by using regional sounding station
data, but not to provide a globally applicable model. More-
over, the linear model, which is based on the station surface

temperature and measured weighted mean temperature, is
greatly affected by station location and time. Therefore, the
linear model is not considered in the establishment of the
GWMT model.

To further validate the above conclusion, in the present
study, 377 radiosonde stations in the world were randomly
selected (the data can be obtained from the IGRA website
for free). The bad radiosonde data with less than 15 layers
or observation heights lower than 12 km have been excluded.
Tm was calculated by the integral method using Eq. 4. It
was assumed true to evaluate the accuracy of Tmb, calculated
using the station surface temperature Ts and the Bevis Tm–
Ts relationship. The results of four stations from different
regions are shown in Fig. 1.

The information about the four stations is shown in Table 1.
Figure 1 shows that there is a significant time-varying fea-

ture in the residuals of Tmb (the Bevis Tm–Ts relationship).
It indicates that the simple linear model developed by Bevis
does not respond well to the annual feature of Tm; it even
weakens to some extent.

To separately analyze the relationship between elevation
and the residuals of Tmb, The residuals of 136 stations in the
mid-latitudes (N35◦–N45◦) were analyzed. The mean resid-
uals of Tmb at different stations are shown in Fig. 2.

Figure 2 shows that, in the same latitude zone, the mean
residual grows with elevation. This confirms that the Bevis
Tm–Ts relationship cannot fully reflect the relationship
between station elevation and the weighted mean temper-
ature.

To separately analyze the relationship between latitude
and residuals of Tmb, excluding the effect of station eleva-
tion, the current study analyzed the mean residuals of Tmb

from 290 stations whose elevations are less than 500 m in
the S10◦–N45◦ area. The result is shown in Fig. 3.

Figure 3 shows that, as the latitude becomes higher, the
overall residuals of the Tmb become larger. It proves that the
Bevis Tm–Ts relationship cannot fully reflect the relationship
between station latitude and the weighted mean temperature.

In summary, based on the analysis above, we notice the
correlation between the weighted mean temperature and sta-
tion location and time variation. A simple linear model cannot
truly reflect that. Therefore, considering a refinement of the
linear relationship between Tm and Ts, the GWMT model has
been established.

According to the Bevis Tm–Ts relationship, the relation-
ship between the station surface temperature Ts and the
weighted mean temperature Tm is

Tm = b1 + b2Ts (6)

According to the GPT model, the equation for calculating
the surface temperature is
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Fig. 1 Residuals at four stations. Delta Tm is the residual of Tmb and Tm, Ts used in the Bevis Tm–Ts relationship is surface temperature

Table 1 Information of the four
stations used in Fig. 1 Number Name Latitude (◦) Longitude (◦) Height (m)

94120 DARWIN −12.43 130.87 29

41112 ABHA 18.23 42.65 2,093

47401 WAKKANAI 45.42 141.68 11

17351 ADANA 37.05 35.35 28
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Fig. 2 Relationship between the residuals of Tmb and station elevation.
Mean of Delta Tm is the mean residual of Tmb at one station from 2000
to 2010, Ts used in the Bevis Tm–Ts relationship is surface temperature

Ts = atm + ata · cos

(
doy − 28

365.25
2π

)
− 0.0065h (7)

where

atm =
55∑

i=1

[at−mean(i) · a P(i) + bt−mean(i) · bP(i)]

-10 0 10 20 30 40
-5

0

5

10

latitude

M
ea

n 
of

 D
el

ta
T

m
/K

Fig. 3 Relationship between the residuals of Tmb and latitude. Mean
of Delta Tm is the mean residual of Tmb at the stations from 2000 to
2010, Ts used in the Bevis Tm–Ts relationship is surface temperature

ata =
55∑

i=1

[at−amp(i) · a P(i) + bt−amp(i) · bP(i)] (8)

doy is the day of the year, a P(i) and bP(i) are spherical har-
monics obtained by latitude and longitude, and at−mean(i),
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Fig. 4 135 radiosonde stations
used for the determination of
GWMT

bt−mean(i), at−amp(i), bt−amp(i) are vectors with 55 coef-
ficients.

Substituting Eq. 7 into Eq. 6 gives:

Tm = b1 + b2atm + b2ata · cos

(
doy − 28

365.25
2π

)

−0.0065b2h. (9)

All elements of the first column of the vector a P(i) in the
GPT model are 1; therefore, b1 + b2atm will eventually be
absorbed into α1

α1 =
55∑

i=1

[atm−mean(i) · a P(i) + btm−mean(i) · bP(i)].

(10)

In addition, we make α2 = 0.0065b2 and α3 = b2ata; thus,
Eq. 9 can be simplified to

T m = α1 + α2h + α3 cos

(
doy − 28

365.25
2π

)
(11)

where

α1 =
55∑

i=1

[atm−mean(i) · a P(i) + btm−mean(i) · bP(i)]

α3 =
55∑

i=1

[atm−amp(i) · a P(i) + btm−amp(i) · bP(i)].

(12)

atm_mean(i), btm−mean(i), atm_amp(i), btm−amp(i),
andα2 are the model coefficients determined in a least squares
adjustment.

The key to obtain the coefficients of the model is to select
uniformly distributed radiosonde stations and high-quality
radiosonde data. We divided the globe into 10◦ × 20◦ global
grids evenly, and then selected one station from each grid to
build the model. Finally, only 135 stations have been selected

because some grids have no station, or some stations do not
have enough data, as shown in Fig. 4.

By using more than 370,000 radiosonde profiles of 5 years
(January 2005 to December 2009) at 135 stations, we got the
atmospheric weighted mean temperature Tm through Eq. 4,
and considered it as a true value. Combined with Eq. 11 and
Eq. 12, the model coefficients can be estimated in a least
squares adjustment. We use the global distribution of α1, α2,
and α3 to represent the results; however, α2 is a constant
coefficient.

α2 = −0.0041

Figure 5 shows that there are obvious problems in the
southern Pacific for α1, as well as in the southern Pacific and
east coast of the African continent for α3, which may lead to
lower accuracies in those areas. Combined with Fig. 4, we
inferred that it may due to the low observation density in these
areas. However, considering that GPS data in those areas is
hard to get and GPS meteorology is not applied there, it will
not affect the application of GWMT. In addition, we will use
other data which are more widely distributed to calculate the
model coefficients in future studies, to get better results.

5 Validation of GWMT

To evaluate the accuracy of the GWMT model, we compared
the model with the widely used Bevis Tm–Ts relationship.
MAE and RMS were considered as the standard for accu-
racy evaluation, i.e,

MAE = 1

N

N∑

i=1

(∣∣T ′
mi

− Tmi

∣∣) (13)

RMS =
√√
√√ 1

N

N∑

i=1

(∣∣T ′
mi

− Tmi

∣∣)2 (14)
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where T ′
mi

is the value calculated by the model, Tmi is the true
value derived from the integration of the radiosonde data, and
N is the number of sounding times. MAE reflects the mean
bias between the GWMT model and the true value, whereas
RMS reflects the applicability, reliability, and stability of the
GWMT model.

To test the internal and external accuracies of the GWMT
model, the data of two set of radiosonde stations are used to
evaluate the statistical precision of the GWMT model and
the Bevis Tm–Ts relationship, and the results were analyzed
and compared. The stations which used for establishing the
model were applied to evaluate the internal accuracy of the
model, and those did not were used to evaluate the exter-
nal accuracy. There are two sources of surface temperature
for the Bevis Tm–Ts relationship for these stations: one is
calculated by the GPT model, and the other one is directly
extracted from the radiosonde data.

5.1 Testing of stations used for establishing the model
(internal accuracy testing)

The current study equally divided the globe into 18 belts
with respect to latitude (10◦ per latitude belt) and selected
one station from each belt. 18 stations were chosen from the
135 stations used for establishing the model. We calculated
Tmg (GWMT model) and Tmb (Bevis Tm–Ts relationship) for
2010, then calculated true values Tm using Eq. 4 and then
calculated their MAE and RMS, respectively. The results are
shown in Fig. 6.

Figure 6a, b shows that the precision of Tmg from the
GWMT model is uniform, MAE<5 K, and RMS<6 K, much
better than the precision of Tmb from the Bevis Tm–Ts rela-
tionship (Ts from the GPT model). The difference is more
significant in high latitudes. Figure 6c, d shows that the accu-
racy of Tmg and Tmb (Ts are true values) are generally at the
same level, while the GWMT model shows better stability

by effectually restraining the greater error. Statistical data are
shown in Table 2.

Table 2 shows that the results of Tmg from the GWMT
model are much better than Tmb using GPT Ts and is slightly
better than Tmb using the true Ts. This shows that the approach
of the GWMT model is reasonable and feasible in theory and
in practice. And the model is independent of site surface tem-
perature. Furthermore, when there is no surface observation
temperature available, it has a striking advantage compared
with the Bevis Tm–Ts relationship or with the other local
models.

5.2 Testing of stations not used for establishing the model
(external accuracy testing)

The testing of the stations which used for establishing the
model can only prove the rationality and effectiveness of the
GWMT model in some degree, but it cannot fully demon-
strate the reliability and adaptability of the GWMT model.
Therefore, we examined the stations that have not used for
establishing the model. Based on Sect. 5.1, 59 stations were
selected (five stations from each belt) to test the model.
Not every belt, however, could provide five stations because
of bad data quality and station distribution. The results are
shown in Fig. 7.

Figure 7a, b shows that the accuracy of Tmg from the
GWMT model is generally better than Tmb from the Bevis
Tm–Ts relationship (Ts from GPT model) in the northern
hemisphere; however, the accuracy of the GWMT model
at several southern hemisphere stations is slightly worse.
Figure 7c, d shows the similar trends. The specific statistical
data are shown in Table 3.

Table 3 clearly shows that the accuracy of Tmg from the
GWMT model is still better than that of Tmb using GPT Ts

at the stations that have not used for establishing the model.
The accuracy is almost at the same level compared with Tmb

123

Author's personal copy



Model for estimating the weighted mean temperature 1131

-80 -60 -40 -20 0 20 40 60 80
0

5

10

15

20

latitude

M
A

E
 o

f 
G

W
M

T
(*

) 
an

d 
B

ev
is

(O
) 

/K

(a)

Tmg.MAE
Tmb.MAE

-80 -60 -40 -20 0 20 40 60 80
2

4

6

8

10

12

14

16

18

20

latitude

R
M

S 
of

 G
W

M
T

(*
) 

an
d 

B
ev

is
(O

) 
/K

(b)

Tmg.RMS
Tmb.RMS

-80 -60 -40 -20 0 20 40 60 80
1

2

3

4

5

6

7

8

latitude

M
A

E
 o

f 
G

W
M

T
(*

) 
an

d 
B

ev
is

(O
) 

/K

(c)

Tmg.MAE
Tmb.MAE

-80 -60 -40 -20 0 20 40 60 80
2

3

4

5

6

7

8

latitude

R
M

S 
of

 G
W

M
T

(*
) 

an
d 

B
ev

is
(O

) 
/K

(d)

Tmg.RMS
Tmb.RMS

Fig. 6 Results of the 18 stations used for modeling (K). Ts of the Bevis Tm–Ts relationship in a and b are calculated from the GPT model. Ts of
the Bevis Tm–Ts relationship in c and d are true values

Table 2 Statistical data of the
18 stations used for modeling
(K)

MAE (K) RMS (K)

Mean Max Min Mean Max Min

GWMT 3.1 4.3 1.5 4.0 5.4 2.5

Bevis Tm (GPT) 5.5 18.1 1.6 6.5 18.4 2.9

Bevis Tm (True Ts) 3.5 7.4 1.4 4.4 7.7 2.0

using the true Ts. Thus, the GWMT model can provide pre-
cise weighted mean temperature in the global scope.

5.3 Comparison between GWMT and Bevis Tm–Ts

relationship

Sections 5.1 and 5.2 have shown that the GWMT model has
higher accuracy compared with the other models. However,
the comparison is relative to the real Tm calculated by sound-
ing data. Therefore, the GWMT model was then compared
with the Bevis Tm–Ts relationship by calculating the mean

values and standard deviations of the differences. We selected
all the 77 stations mentioned earlier. The result is shown in
Fig. 8.

Figure 8 shows, by latitude band, the mean values and
standard deviations of the differences of Tm calculated by the
GWMT and the Bevis Tm–Ts relationship. GWMT model is
closer to the Bevis Tm–Ts relationship when using true Ts.
The differences are close to zero in most latitude belts. On the
other hand, the differences with the Bevis Tm–Ts relationship
when using GPT Ts are larger. Between the latitudes N20◦
and N80◦, the differences are more significant. It proves that
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Fig. 7 Results of 59 stations not used for establishing the model (K). Ts of the Bevis Tm–Ts relationship in a and b are calculated from the GPT
model. Ts of the Bevis Tm–Ts relationship in c and d are true values

Table 3 Statistical results of 59
stations not used for establishing
the model (K)

MAE (K) RMS (K)

Mean Max Min Mean Max Min

GWMT 3.7 13.1 1.4 4.6 14.2 1.7

Bevis Tm (GPT) 4.8 20.1 1.3 5.7 21.0 1.7

Bevis Tm (True Ts) 3.3 10.5 1.0 4.1 12.0 1.5

the GWMT model is closer to the Bevis Tm–Ts relationship
when using the true Ts.

5.4 Comparison between GWMT and GGOS atmosphere
data

The results above indicate that the GWMT model has higher
accuracy in areas where the station density is greater. How-
ever, Fig. 5 shows that the accuracy in some areas with no
stations like the southern Pacific is lower. In order to eval-
uate the accuracy, GMWT is also compared with the grids

of weighted mean temperature provided by project GGOS
Atmosphere, which provides Tm globally on 2◦ × 2.5◦ grids
every 6 hour (http://ggosatm.hg.tuwien.ac.at/). For example,
we used the epoch 0 UT on 27 January 2012.

Figure 9 shows that the differences between GWMT and
GGOS Atmosphere in most areas are small, mostly between
−10 and 10 K, which means that the accuracy of Tmg in most
areas is good. However, the accuracy in southern Pacific
is worse, similar to the abnormal areas of α1 and α3 in
Fig. 5. This confirmed our hypothesis in Sect. 4: it is because
the absence of the radiosonde station data. However, the
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GWMT model on 27 January 2012 at 0 UT

lower accuracy in those areas does hardly affect the appli-
cation of the GWMT model, because very little GPS data

will be coming from these areas. We will use other data sets
which are globally available to calculate the model coeffi-
cients in future studies, expecting to get more reliable results
globally.

5.5 Validation of PWV

In GPS meteorology, our purpose is to improve the accuracy
of PWV. Therefore, we use the GWMT model to calculate
the PWV to verify its practicality. Wuhan station was not
used for establishing the model. Figure 10 shows the PWV
comparison at Wuhan, China, in 2010.

Figure 10 shows that the GPS/PWV (GWMT Tm) and RS
PWV are very close in value. In addition, they have the same
changing trend. The same holds for GPS PWV (RS Tm).The
differences of PWV (mean value and standard deviations)
are shown in Fig. 11.

Figure 11 shows that the differences between GPS/PWV
(GWMT Tm) and RS PWV are small, and the mean value is
1.2 mm. It is the same for the differences between GPS/PWV
(RS Tm) and RS PWV. This strongly proves that high-accu-
racy PWV can be calculated by GWMT, which means that
GWMT can play an important role in the application of global
remote sensing of the atmosphere.

6 Conclusions

By studying the characteristics of weighted mean tempera-
ture, based on the GPT model and the Bevis Tm–Ts relation-
ship, this paper proposes a new model called GWMT. This
model fully takes the effects of the station location (longi-
tude, latitude, and elevation) and the season (day of the year)
when calculating the weighted mean temperature Tm into
account. The model coefficients have been solved based on
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Fig. 10 PWV comparison at Wuhan station. GPS PWV (GWMT Tm)
is calculated by using ZTD (provided by IGS) and the GWMT model,
RS PWV is calculated by using IGRA sounding data, GPS PWV (RS

Tm) is calculated by using ZTD (provided by IGS) and IGRA Tm. a
The comparison between GPS PWV (GWMT Tm) and RS PWV, b the
comparison between GPS PWV (RS Tm) and RS PWV
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Fig. 11 Differences of PWV at Wuhan station. a The differences between GPS/PWV (GWMT Tm) and RS PWV, b the differences between GPS
PWV (RS Tm) and RS PWV

5 years of radiosonde data at 135 stations and evaluated the
internal and external accuracies of the model. The result dem-
onstrates that the model can directly calculate the weighted
mean temperature Tm through station locations and day of
the year and has a higher accuracy than the Bevis Tm–Ts

relationship. Thus, we also get high-precision PWV result
by GWMT. With strong reliability and practicality, it does
not rely on ground-measured temperatures, and can be more
extensively applied than any other local model. The model is
the original result of calculating weighted mean temperature
and strongly pushes forward the development and applica-
tion of numerical weather prediction. However, we find that
in some areas such as the southern Pacific, the accuracy of Tm

is lower than that in the continent, which is caused by low dis-
tribution density of radiosonde stations. We cannot avoid the
problem, however, it would not affect the worldwide appli-
cation of the GWMT and subsequent research because very
little GPS data will be coming from these areas. We will use
other data sets which are more widely distributed to amend
the model coefficients in the future studies.
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