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The importance of water vapor in research of global climate change and weather forecast cannot be over emphasized; therefore 
substantial efforts have been made in exploring the optimal methods to measure water vapor. It is well-established that with a 
conversion factor, zenith wet delays can be mapped onto precipitable water vapor (PWV). However, the determination of the 
exact conversion factor depends heavily on the accurate calculation of a key variable, weighted mean temperature of the trop-
osphere (Tm). As a critical parameter in Global Positioning System (GPS) meteorology, Tm has recently been modeled into a 
global grid known as GWMT. The GWMT model only requires the location and the day of year to calculate Tm. Despite the 
advantages that the GWMT model offers, anomalies still exist in oceanic areas due to low sampling resolution. In this study, 
we refine the GWMT model by incorporating the global Tm grid from Global Geodetic Observing System (GGOS) and obtain 
an improved model, GWMT-G. The results indicate that the GWMT-G model successfully addresses the anomaly in oceanic 
areas in the GWMT model and significantly improves the accuracy of Tm in other regions. 

GPS meteorology, zenith wet delay, GWMT model, GWMT-G model, GGOS 

 

Citation:  Yao Y B, Xu C Q, Zhang B, Cao N. 2015. A global empirical model for mapping zenith wet delays onto precipitable water vapor using GGOS At-
mosphere data. Science China: Earth Sciences, 58: 1361–1369, doi: 10.1007/s11430-014-5025-y 

 

 
 
As an important component of the troposphere, water vapor 
plays crucial roles in global atmospheric radiation, energy 
balance, and water cycle. Knowledge of water vapor’s spa-
tiotemporal characteristics has a great theoretical and prac-
tical value for the study of global climate change and the 
improvement in weather forecasting, as it helps to under-
stand the global water vapor cycle paths, provides a basis 
for monitoring and even forecasting disastrous weather 
conditions (e.g., storms, severe cold, and typhoons), and 
collects information for disaster warning before major 
droughts and floods. A number of models have been con-
structed in an effort to accurately measure water vapor. De-
spite the attempts and achievements in previous research, as 
well as potential advantages of the constructed models, it 

remains impossible to guarantee the accuracy of these mod-
els because radiosonde stations are all located on land and 
radiosonde data are lacking in oceanic areas. 

In this study, we first review the progresses on water va-
por measurement and Tm model, and then reconstruct a 
global empirical model of Tm for mapping zenith wet delays 
onto precipitable water vapor using GGOS Atmosphere 
data. The proposed model is validated, and conclusions and 
suggestions for future study are provided. 

1  GPS meteorology and water vapor measure-
ment  

Due to heavy workload, high equipment costs, and low spa-
tiotemporal resolution, conventional methods for water va-
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por measurement, such as radiosonde and water vapor ra-
diometer, are not able to meet the increasing demands of 
meteorological development. As a result, alternative meth-
ods have been proposed to meet the new challenges. For 
example, Askne et al. (1987) took the lead to derive the 
relationship between atmospheric wet delay and precipita-
tion and proposed to detect atmospheric water vapor using 
ground-based Global Positioning System (GPS). Later, 
Bevis et al. (1992) estimated Tm from surface temperature 
(Ts), measured atmospheric water vapor using ground-based 
GPS, and introduced the concept of GPS meteorology for 
the first time. Ground-based GPS employs signal delays 
measured by terrestrial GPS stations to estimate the zenith 
atmospheric precipitation. Compared to conventional meth- 
ods of water vapor measurement, ground-based GPS has 
great advantages for high accuracy and temporal resolution 
of water vapor valuation, as well as the continuously im-
proving spatial resolution (Gu, 2004; Mao, 2006; Ding, 
2009; Xu et al., 2011). 

PWV is an important parameter in GPS meteorology. 
Precise point positioning of ground-based GPS can estimate 
zenith wet delay (ZWD) and other unknown parameters 
using precise satellite ephemeris and clock corrections 
(Byun and Bar-Sever, 2009; Xu et al., 2011). The relation-
ship between PWV and ZWD can be expressed as 

 PWV ZWD  , (1) 

and 
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where  is a water vapor conversion factor (eq. (1)); w is 
the density of liquid water; Rv is the specific gas constant 
for water vapor, k2 and k3 are the atmospheric refractivity 
constants, and Tm is the weighted mean temperature of the 
troposphere. 

2  The methods of computing Tm 

In view of the critical role of Tm in computing , the con-
version factor for mapping ZWD onto PWV, extensive 
studies have been conducted and significant achievements 
have been made in calculating Tm. Bevis et al. (1992) came 
up with a regression equation suitable for mid-latitudes on 
the basis of two-year data collected from 13 radiosonde 
stations in the United States. As not all GPS stations have 
the capacity to measure Ts, the application of Bevis formula 
has so far been limited. In a later study, the analysis of 
23-year radiosonde data from 53 stations in the world led 
Ross et al. (1997) to conclude that the Tm-Ts relationship 
changes with station locations and seasons. 

In the past 15 years, Chinese researchers focused on the 
factors that influence the accuracy of water vapor measure-

ment (Chen, 1998), and collected data from various regions 
in China and across the world in an attempt to analyze and 
construct locally and globally applicable models (Li et al., 
1999; Yao et al., 2012; Yu et al., 2011). For instance, Li et 
al. (1999) presented a regression formula suitable for Tm in 
eastern China; Yu et al. (2011) found that the accuracy of 
Tm calculated using Bevis formula has a strong linear corre-
lation with the altitude of the station, and further established 
a regionally applicable linear model for Tm; Yao et al. 
(2012) advanced the globally applicable GWMT model 
independent of Ts using 2005–2009 radiosonde data from 
135 stations in the world. In this section, two major methods 
of calculating Tm will be discussed.  

2.1  Computing Tm based on atmospheric profile in-
formation 

Both radiosonde and COSMIC data can provide atmospher-
ic profile information, and there are currently about 1000 
global radiosonde stations sampling at UTC 00:00 and 
12:00 every day for sounding. Atmospheric science network 
from University of Wyoming provides the atmospheric pro-
file products, which record pressure, temperature, dew point 
temperature, relative humidity, and so on as function of 
altitude. COSMIC, the only currently operating occultation 
system, is a space-based GPS observation system for 
weather, climate and ionospheric observations. COSMIC 
consisting of six low earth orbit satellites, is designed as a 
space-based observation network with capacity of 2500 
occultation events every day at a global scale. Radio occul-
tation has advantages of high accuracy, high vertical resolu-
tion, long-term stability, global coverage, weather inde-
pendent and so on. 

The WetPrf products from the COSMIC data analysis 
and archive center provide the air temperature, barometric 
pressure, vapor pressure and refractive index for precipita-
tion computing with 0.1 km vertical internal about the earth 
surface, water from mean sea level to 40 km. COSMIC data 
provide vapor pressure profiles. On the other hand, radio-
sonde data provide the dew point temperature to calculate 
the vapor pressure e (hPa) according to 
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where corr is correction factor considering the non-ideal 
gas, Td is the dew point temperature (°C), and P is the pres-
sure (hPa). 

Tm can be calculated by the integral formula between the 
vapor pressure over stations and the absolute temperature T 
along zenith direction (Bevis et al., 1992), as 
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where e is the vapor pressure, T is absolute temperature, and 
actually Tm is calculated by using the following discrete 
integral formula: 
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where ei and Ti are the average vapor pressure and average 
temperature of the atmosphere at the ith layer respectively, 
and hi is the atmosphere thickness at the ith layer. 

2.2  Computing Tm based on linear regression formula 

Tm can also be expressed as a linear function of the station 
surface temperature Ts. Bevis et al. (1992) from University 
of Hawaii first came up with a linear regression formula for 
use in middle latitudes on the basis of analysis of 13 sound-
ing stations in the United States: 

 Tm = 70.2 + 0.72Ts. (6) 

According to eq. (6), Tm can be directly calculated by Ts, 
which is the most widely used Tm model so far. In practical 
applications, many GPS stations are not equipped with sur-
face temperature measuring instruments. Therefore, Tm 
cannot be calculated based on eq. (6). Moreover, Bevis 
formula is based on localized radiosonde data, so it is still a 
regional model essentially. 

3  Construction and improvement of GWMT 
model 

3.1  Constructing Global Tm model GWMT based on 
radiosonde 

On the basis of GPT model and Bevis formula, Yao et al. 
(2012) established a new model GWMT, using radiosonde 
observations to calculate Tm. This model only requires the 
location and the day of year as inputs. The expression is 
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where doy is the day of the year, atm_mean(i), btm_mean(i), 
atm_amp(i), btm_amp(i) and 2 are model coefficients, and 
aP(i), bP(i) are the longitude and latitude related functions. 

A total of 135 stations were distributed around the world 
for five years (January 2005 to December 2009) to establish 
the model GWMT, which takes station locations and sea-
sonal variation into account, so it is more rigorous. In case 
of independent of surface temperature, it can achieve the 
same accuracy with Bevis formula. However, because of the 
unavailability of the marine data in GWMT model determi-
nation, the accuracy in oceanic areas is poor, and even be-
comes abnormal in some areas. 

GWMT model was tested by Global Tm grid data in 
2007–2010 provided by the GGOS Atmosphere. The Tm at 
each grid point calculated by GWMT model were compared 
with the grid data of GGOS, and the Root Mean Square 
(RMS) between GWMT model and grid data at each grid 
point of four years were statistically analyzed, the compari-
son results are shown in Figure 1, in which the maximum of 
RMS is 103.97 K, the minimum is 1.36 K. 

Figure 1 shows that GWMT model has high accuracy in 
land and some oceanic areas, with RMS less than 10 K. But 
in some oceanic areas, such as Southeast of Pacific, the 
maximum RMS isgreater than 100 K. In part of the Indian 
Ocean, RMS is larger than 40 K. In few land areas, such as 
eastern Africa, the maximum RMS is more than 40 K, The 
above result indicates that the accuracy and stability of the 
current GWMT model need to be improved. 

3.2  Construction of a new Tm model GWMT-G with 
GGOS Atmosphere data 

On the basis of 10°×6° Tm data provided by GGOS At-
mosphere, we collected 1147 gird points globally and con-
sidered them as virtual stations, we took four-year data 
(2007–2010) to re-calculate the GWMT model coefficients 
atm_mean(i), btm_mean(i), atm_amp(i), btm_amp(i) and 1, 
2, 3, then derived a new Tm model called GWMT-G. In 
GWMT-G, 2 = −0.0053. The global distribution of 1 and 
3 are shown in Figure 2. 

Figure 2 shows that the global distribution of the model 
coefficients 1 and 3 in GWMT-G were more smooth. No 
anomaly issue is identified in the GWMT-G, and GWMT-G 
model effectively eliminates the abnormal region. 
 

 

 

Figure 1  Global distribution of RMS in GWMT. 
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Figure 2  Global distribution of 1 and 3 in GWMT-G and GWMT. (a) Global distribution of 1 in GWMT-G; (b) global distribution of 3 in GWMT-G; 
(c) global distribution of 1 in GWMT; (d) Global distribution of 3 in GWMT. 

4  Validation of the GWMT-G model 

The accuracy and stability of the newly proposed GWMT-G 
and another three models widely used (including GWMT, 
Bevis+GPT and Bevis formula) are assessed using two in-
dices: MAE, the mean absolute error between the model 
values and the reference values; and RMS, the accuracy and 
stability of the model. The formulas for MAE and RMS are 
shown below: 
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where m i
T  is the Tm value calculated by a specific model, 

imT  the reference value of Tm, and N the number of meas-

urements.  

4.1  Internal accuracy testing 

To validate the GWMT-G model, Tm data are selected, 
which were provided four times a day at the GGOS At-
mosphere website from 2007 to 2010 at 1147 grid points. 
These data are also used to establish the GWMT-G model. 
GGOS Atmosphere can provide a temporal resolution of 6 

hours with spatial resolution of 2.5° × 2°, Tm grid data based 
on the data provided by European Centre for Medium- 
Range Weather Forecasts. As a result, GGOS Atmosphere 
data are considered applicable for the GWMT modeling. 

There are 5844 comparative samples at each grid, where 
the MAE and RMS between the GGOS Atmosphere Tm  
and GWMT-G Tm are calculated. The global error distribu-
tion of Tm is shown in Figure 3, while the maximum, mini-
mum, and mean values of MAE and RMS are presented in 
Table 1. 

The maximum value of MAE is less than 5 K, and that of 
RMS is less than 6 K; the mean for MAE is 2.7 K, versus 
3.4 K for RMS (Table 1). The GWMT-G model has a rela-
tively high internal accuracy on a global scale and shows no 
abnormal values. Despite its internal accuracy at low lati-
tudes being superior to that at high latitudes, the GWMT-G 
model seems to have an overall high internal accuracy. This 
observation indicates that the GWMT-G model fits the 
modeling data well. 

Seasonal internal accuracy of the GWMT-G model is an-
alyzed using the data of January, April, July, and October, 
2007–2010 (Table 2). Results are shown in Figure 4. 

The RMS in April changes little, and the accuracy is 
higher at mid and low latitudes than at high latitudes (Figure 
4). However, at mid and high latitudes of the northern hem-
isphere, RMS is the largest in January, and the smallest in 
July; the reverse was true in the southern hemisphere (Fig-
ure 4). This indicates that the internal accuracy of the 
GWMT-G model is higher in summer and lower in winter at 
mid and high latitudes. 
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Figure 3  Internal accuracy testing of the GWMT-G model. (a) MAE of 
GWMT-G; (b) RMS of GWMT-G. 

4.2  External accuracy testing 

The effectiveness and accuracy of the GWMT-G model are 
verified using external data sources (data not involved in 
establishing the model), including the Tm grid data provided  

Table 1  Statistical results of GWMT-G model’s internal accuracy testing 
(unit: K) 

 Mean Maximum Minimum 

MAE 2.7 4.9 0.9 

RMS 3.4 5.9 1.1 

Table 2  Statistical of RMS of the GWMT-G model’s internal accuracy in 
four different months (unit: K) 

 Mean Maximum Minimum 

January 3.5 7.9 0.9 

April 3.6 8.3 1.1 

July 3.2 8.1 0.8 

October 3.2 7.8 0.8 

 
by GGOS Atmosphere, radiosonde data, and COSMIC oc-
cultation data. 

4.2.1  Examining the model with Tm grid data 

As mentioned previously, the project GGOS Atmosphere 
provides global Tm grid data four times a day on its website. 
In this study, Tm data from 2011 are taken as the reference 
values, and MAE and RMS between the reference vales and 
values from the GWMT-G model as well as values from the 
Bevis Tm-Ts relation (Ts from the GPT model) are computed 
at each grid point. The global distributions of MAE and 
RMS of different models are shown in Figure 5. 

The GWMT-G model effectively resolves the abnormali-
ties occurred in the GWMT model in vast areas (e.g., east-
ern Pacific, the Atlantic, Indian Ocean, and Africa) and  

 

 
Figure 4  Internal accuracy RMS of the GWMT-G model in four different months. (a) RMS of GMWT-G in January; (b) RMS of GMWT-G in April; (c) 
RMS of GMWT-G in July; (d) RMS of GMWT-G in October. 
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Figure 5  Global distributions of MAE and RMS for different models. (a) MAE of GWMT-G; (b) RMS of GWMT-G; (c) MAE of GWMT; (d) RMS of 
GWMT; (e) MAE of Bevis+GPT; (f) RMS of Bevis+GPT. 

achieves a high overall accuracy, particularly at mid and 
low latitudes (Figure 5(a), (b)). The superiority of the 
GWMT-G model to the other two models is confirmed by 
smaller mean, maximum, and minimum values of both 
MAE and RMS (Table 3). Meanwhile the above results in-
dicate that the GWMT-G model has obvious advantages 
over the other two models. Taking seasonal variations into 
account, this study takes the data of January, April, July and 
October of 2011 (Table 4) to analyze the external accuracy 

of GWMT-G model in different seasons. Global distribu-
tions of RMS in the four months are presented in Figure 6. 

As a whole, the accuracy changes little in different sea-
sons on a global scale. However, at high latitudes of the 
northern hemisphere, the RMS is the largest (12.1 K) in 
January and the smallest in July, whereas at high latitudes 
of the southern hemisphere, the largest RMS (12.0 K) ap-
pears in July and the smallest RMS in January (Figure 6). 
With regards to the seasonal variations, the RMS values in  

Table 3  Statistics of MAE and RMS of the different models (unit: K) 

Model 
MAE RMS 

Mean Maximum Minimum Mean Maximum Minimum 

GWMT-G 2.8   6.3 0.9 3.5   7.6 1.1 

GWMT 8.3 104.1 0.9 9.2 104.7 1.2 

Bevis+GPT 4.1  12.0 0.9 4.8  12.8 1.1 
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Figure 6  RMS of GWMT-G in different months in external accuracy test. (a) RMS of GWMT-G in January; (b) RMS of GWMT-G in April; (c) RMS of 
GWMT-G in July; (d) RMS of GWMT-G in October. 

Table 4  Statistical of RMS of GWMT-G in different months in external 
accuracy test (unit: K) 

 Mean Maximum Minimum 

January 3.6 12.1 0.9 

April 3.6 10.1 0.9 

July 3.3 12.0 0.8 

October 3.3 8.5 0.8 
 

 

summer are the lowest but the highest in winter at high lati-
tudes. In addition, the RMS values at low latitudes have 
high accuracy and stability throughout the year. These re-
sults coincide with that in the internal accuracy test in dif-
ferent seasons. 

4.2.2  Examining the model with radiosonde data 

Radiosonde data of 2011 at 370 stations globally (50°S– 
90°N) are selected to examine the GWMT-G model. Tm 
derived from radiosonde data are taken as the reference 
values, and Tm from the GWMT model and Bevis Tm-Ts 
relation (Ts from the surface temperature and GPT model) 
are compared with the reference values. The results are 
shown in Figure 7. 

The accuracy and stability of all the models are relatively 
poor at the mid and high latitudes regardless of the choice 
of Tm computing method, but improved at low latitudes 
(Figure 7). When the accuracy and stability of different 
methods are compared, the GWMT-G model shows the 
highest accuracy and stability at low latitudes, and a slightly 
lower accuracy than Bevis Tm-Ts relation at mid and high 

latitudes in the northern hemisphere. The Bevis Tm-Ts rela-
tion has the highest accuracy and stability at mid and high 
latitudes in the northern hemisphere, which makes it superi-
or to the other models in such areas. The Bevis + GPT 
method has large errors north of 40°N, and a poor stability. 
While at low latitudes in the southern and northern hemi-
spheres the error is relatively smaller, the GWMT-G has 
small errors and good stability. In this comparison, the 
GWMT model presented moderate precision and stability. 
The statistics of MAE and RMS from different methods are 
shown in Table 5. 

While the Bevis Tm-Ts relation has the best accuracy and 
stability among the four methods being compared, the 
GWMT-G model is comparable to the Bevis Tm-Ts relation 
in almost all the MAE and RMS values. In addition, what 
makes the GWMT-G model stand out is that Bevis Tm-Ts 
relation depends on the measured surface temperature, but 
the GWMT-G does not (Table 5). 

4.2.3  Examining the model with COSMIC occultation data 

In this part of the study, we use the COSMIC occultation 
data of 2011 to test the validity of the GWMT-G model in 
comparison with other Tm models. The Tm derived from 
COSMIC occultation data is taken as the reference value, 
and the GWMT-G, GWMT, Bevis+GPT and the Bevis 
Tm-Ts relation are examined. In this test, the lowest level of 
atmospheric temperature profiles from the occultation data 
and temperature from the GPT model were treated as sur-
face temperature for Bevis Tm-Ts relation. Difference be-
tween Tm from different methods and the reference values is  
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Table 5  Statistics of MAE and RMS of different methods tested by radiosonde profiles in 2011 (unit: K) 

Model 
MAE RMS 

Mean Maximum Minimum Mean Maximum Minimum 

GWMT-G 3.3 8.1 1.2 4.2 9.6 1.5 

GWMT 3.6 12 1.2 4.5 13.6 1.7 

Bevis+GPT 3.9 8.7 1.1 4.9 9.9 1.4 

Bevis 3.3 6.6 1 4.1 7.8 1.3 

 
 

 

Figure 7  Results of GWMT-G, GWMT, Bevis+GPT and the Bevis Tm-Ts 
relationship tested by radiosonde profiles in 2011. (a) MAE of the models 
(Models were tested by radiosonde profiles); (b) RMS of the models 
(Models were tested by radiosonde profiles). 

examined, and the comparison results are presented in Fig-
ure 8. 

When compared to the COSMIC occulation data, the 
GWMT-G model has the best accuracy and stability on a 
global scale, and the accuracy is the highest at mid and low 
latitudes (Figure 8). The accuracy is almost the same at the 
same latitudes of different hemispheres. The comparison 
between the Bevis Tm-Ts relation and the GWMT-G model 
indicates that Bevis is superior to GWMT-G north of 40°N, 
but inferior to GWMT-G from 40°N to 35°S. From 60°S to 
further south, the accuracy of the Bevis Tm-Ts relation de-
creased with the increase of the latitude, but when the 
maximum value of RMS exceeded 10 K, the results of 
GWMT-G were better. The accuracy of the GWMT-G 
model is high overall with the RMS value basically less 
than 5 K. The detailed statistical data are shown in Table 6. 

The GWMT-G model has the best accuracy and stability 
worldwide compared with other Tm calculation methods, 
with a MAE value of 2.9 K and a RMS value of 4.0 K  

 

Figure 8  Results of GWMT-G, GWMT, Bevis+GPT and the Bevis Tm-Ts 
relationship tested by COSMIC occultation data in 2011. (a) MAE of the 
models (Models were tested by COSMIC occultation data); (b) RMS of the 
models (Models were tested by COSMIC occultation data). 

Table 6  Statistics of MAE and RMS of different methods tested by 
COSMIC occultation data in 2011 (unit: K) 

Model MAE RMS 

GWMT-G 2.9 4.0 

GWMT 10.1 18.7 

Bevis+GPT 3.9 5.1 

Bevis 3.3 4.3 

 
 
(Table 6). 

While the examination of the GWMT-G model with ra-
diosonde data only demonstrates the accuracy of the 
GWMT-G model at latitudes between 50° and 90°N in land 
areas, the examination with COSMIC occultation data illus-
trates the high accuracy and stability of the GWMT-G mod-
el on a global scale and indicates that the GWMT-G model 
has higher accuracy and stability than the other three Tm 
computation methods currently used in the world. 
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5  Conclusions 

In this study, a global empirical model, designated GWMT- 
G, is reconstructed for mapping ZWD onto PWV based on 
the global grid of 2007–2010 provided by GGOS Atmos-
phere. The newly proposed GWMT-G model solves the 
anomaly issue identified in the GWMT model, demonstrates 
a high overall accuracy, and proves its superiority when 
compared with three widely-used Tm models. This in-depth 
study of the GWMT-G model demonstrates that employing 
spherical harmonics to determine the model coefficients in 
the absence of measured data in oceanic areas cannot ensure 
the accuracy of the GWMT model at sea, and that the poor 
structure of the equation during the modeling negatively 
affects the Tm accuracy on land. In this study, we use the 
highly accurate Tm grid data provided by GGOS Atmos-
phere to recalculate the model coefficients, and established 
the improved model GWMT-G. After internal accuracy 
tests, we validate the new model using Tm grid data, radio-
sonde data, and COSMIC occultation data as external ref-
erences. The results revealed that the GWMT-G model, 
which does not require actual temperature for Tm compu-
ting, has the highest overall accuracy among all the methods 
being compared.  
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