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ABSTRACT The weighted mean tropospheric temperature is a critical parameter in the 

conversion of wet zenith delay to precipitable water vapor in GPS Meteorology. This parame- 

ter can not be calculated from the radiosonde data in real time through the conventional 

methods. In this study, we first di~uss the admissible error of weighted mean temperature to 

enable the accuracy of the conversion better than I nun, then summarize the performance of 

.some of the existing methods. An empirical formula is established that satisfies the real-time 

requirement in GPS meteorology using Sequential Regression Analysis method. It is shown 

that this real-time formula as compared with other empirical methods is more accurate for lo- 

cal applications. 

1 Introduction 

In ground-based GPS Meteorology, the precip- 

itable water vapor is converted from the wet zxmith 

delay of the GPS signal. Qualitatively, the Precip- 

itable Water Vapor (PWV)  can be related to the 

Wet Zenith Delay (WZD) by 

PWV = F �9 WZD 

106 

Pv " Rv �9 + k 2 

where the mapping scale factor F is a dimensionless 

parameter (Askne and Nordius, 1987; Bevis et 

a l . ,  1994; Chen, 1998). In the above expression, 

pv is the density of the liquid water; Rv is the spe- 

cific gas constant for water vapor ; k3 and k2 are the 
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atmospheric refractivity constants. The weighted 

mean temperature of troposphere T,, is defined as 

follows(Davis et al  . , 1985). 

7",,, = f ( e / T )  . d h / ( f ( e / T Z )  �9 dh)  (2) 

where e and T are water vapor pressure and abso- 

lute temperature along the zenith direction. The 

magnitude of 7",, varies in different locations and 

times due to the spatial and temporal irregularity of 

water vapor pressure and temperature. Therefore, 

the mapping scale factor F also varies with T, ,  be- 

cause the other parameters in Fxt. ( 1 )  are con- 

stants. 

In order to satisfy the real-time requirement of 

precipitable water vapor in meteorological predic- 

tion activities, the mapping scale factor F should be 

detemfined in real time. Some existing methods 

have been proposed for this purpo~ (Askne and 

Nordius, 1987; Bevis et a l . ,  1994; Bevis et a l . ,  

1996; Ingold and Kampfer, 1998). However, they 

are not accurate enough for GPS meteorological ac- 

tivities in real time. In this paper, we first derive 
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the admi~ible error of the weighted mean tropo- 

spheric temperature needed in the determination of 

mapping ~ l e  factor. We then summarize ~me  of 

the existing methods for determining the 7",,,. An 

empirical formula is proposed to calculate the 7",,, 

using the upper air and surface meteorological mea- 

surements in Hong Kong, which satisfy the real- 

time requirement in the Hong Kong region. 

2 Existing methods for calculating 
weighted mean temperature Tm 

troposphere. Approximate methods are available to 

meet this need. The most accurate approach is 

based on approximating Eq. (2)  by the following 

numerical integration 

2 z ( h i + l -  h i )  
T,, = (5) 

where 11 i and h i  + 1denote the height of two sequen- 

tial observations; e and T are the average of water 

vapor pressure and absolute temperature, respec- 

tively, in the layer defined by h i and hi + I. 

2.1 An approximate closed form 

Although there is no exact closed form to obtain 

the weighted mean temperature T, , ,  an approxi- 

mate formula was given by Askne and Nordius in 

1987 as below. 

( a . R  ) (3) 7",,, = T0 1 (2 + ] )  - g  

where the parameters a and ,~ are time and location 

dependent and must be determined in advance. 

2.2 Use of a constant T,, value 

Some r~earchers (Baker et a l . ,  1996) simply 

treat the mapping scale factor F as a constant of 

1/6.5.  This means T,, = 269.7 K. To investigate 

the magnitude of uncertainty in this assumption, we 

assume F to be known and WZD = 500 mm. Then 

the weighted mean tropospheric temperature 7",,, 

varies from 230 K to 310 K. The difference be- 

tween the actual mapping scale factor and the con- 

stant above, together with the corresponding PWV 

error,are up to + 0.03 in the mapping scale factor 

and 10 mm in PWV. 

2.3 Use of a trend model 

Most water vapor is in the lower 2 - 3  km of the 

atmosphere. Hence, 7",,, should be correlated with 

surface temperature To. Bevis et al .  investigated 

this correlation by analyzing a large number of ra- 

diomnde data in the United States and found that 

TI3 = 70.2 + 0.72T0 (4) 

with RMS scattering about 4 .7  K. In Eq. (4 ) ,  the 

Tr denotes the linear estimate of T,,  (Bevis et a l . ,  

1994). 

2.4 Numerical Integration 

A closed form for Eq. (2)  is not poKsible due to 

the irregular variation of water vapor content in the 

3 The required accuracy for 
weighted mean temperature 

In Eq. ( 1 ) ,  Pv and Rv are well determined. The 

atmospheric refractivity parameters are experinaen- 

tally determined. Of course, the uncertainties of the 

atmospheric refractivity parameter affect the accu- 

racy of the mapping scale factor F.  

Let c;1, a2 and C~T denote the uncertainties of the 

refractivity constants k2, k3 and the weighted mean 

temperature 7",,,, respectively. The differential rela- 

tionship between k2, k3, T,, and F can be derived 

from Eq. (1).  

106 
d F =  

p~, " Rv �9 [k3 +Tm �9 k2]  2 

( -  T~,, �9 dk2 - T,,, �9 dk3 + k3 �9 dT , , )  (6) 

Assuming there is no correlation among these pa- 

rameters and applying the variance propagation law 

to Ecl. (6) ,  we can estimate the uncertainty of the 

parameter F with following equation. 

106 
(7 F ~- 

pv �9 R~ �9 [k3 + %, �9 k2] 2 

9 9 ! [ (T ; ,  �9 al)  2 + (T , ,  �9 a2) 2 + (k  3 ~ O-r)-]2 

(7) 
To discuss the maximum mapping error AF, the 

7",,, should set an appropriate value in Eq. (7).  The 

value of AI: is increasing with the increasing T, , ,  

thus the largest 7",,, can provide the largest A v. 

The maximum 7",,, is 300 K in Hong Kong, we ob- 

tain the relationship between A F and aT as 

A v = 0. 559 5 x 10 -3 %/1. 207 5 + a 2 (8) 

To budget the PWV error, let WZD = 500 mm, 

which is the extreme wet zenith delay that can be 
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observed on earth. The corresponding PWV errors 

are shown in the last row in Table 1. Apparently, 

the accuracy of T,, dominates the accuracy of map- 

ping scale factor. To guarantee the conversion accu- 

racy within 1 mm for the PWV in Eq. (2 ) , the  er- 

ror of the weighted mean tropospheric temperature 

should be less than 3.4 K. 

Table 1 The relationship between A v and wr 

ar/K AF PWV errorhnm 

1 0. 000 8 0 .4  

2 0. 001 2 0 .6  

3 0.001 8 0 .9  

4 0.002 3 1.15 

5 0. 002 9 1.45 

4 Sequential regression analysis 

It is very difficult to know the parameters a and 

A in Eq. (3 ) ,  because these parameters are tempo- 

rally and spatially variable. Moreover, the three as- 

sumptions in Eq. (3) are hard to be satisfied in the 

practice. 

As mentioned above, when the T,, ranges from 

230 K to 310 K, the mapping error varies from 

- 0. 022 to 0. 023 , and corresponding PWV error 

exceeds 5 mm on the assumption of constant map- 

ping scale 1 /6 .5 .  This is unacceptable in the GPS 

meteorological application. 

The approximation of numerical integration is the 

most accurate way to calculate the 7",,, (Bevis et 

al.  ,1992; 1994;Duan et al. , 1996). The effect of 

the observation error and the approximation error is 

smaller than 1 K (Liu,  1999). However, ra- 

dio~nde data is not always available at every GPS 

station at any time. The radio~nde ball~n is only 

launched a few times a day because the lauching 

costs much. Hence, the corresponding Tm is only 

sampled a few times a day,not in real time. To get 

a real-time T,,,, an extrapolation method (forecast) 

must be used. t3evis et al. (1996) proposed using 

the output for T,, from the United States National 

Meteorological C e n t e r ' s  Nested Grid Model 

(NGM).  

Noting that in Eq. (4 ) ,  7",,, with an error 4 .7  K 

will induce an 0. 003 uncertainty in F.  The corre- 

sponding PWV error will reach to 1 .5  ram. This 

accuracy of 7",,, is not acceptable in GPS Meteorolo- 

gy. In addition,Eq. (4) may not be suitable for the 

Hong Kong region due to the strong dependence of 

T,,, on location. 

To check whether Eq. (4)  is suitable for Hong 

Kong region, we compared the estimated T~ from 

Eq. (5) with the actual 7",,, from the radio~nde in 

Hong Kong, and 13-month radio~nde data were 

used to calculate 7",,, with Eq. (5).  Radio~nde data 

and surface weather records in Hong Kong were 

recorded from September 1st of 1996 to September 

30th of 1997. The 7",,, calculated from radio~nde 

data is shown in Fig. 1. The errors of the 7",,, 

caused by Bevis method are showed in Fig. 2, which 

are usually larger than 3 K. Evidently,Eq. (4) does 

not satisfy the accuracy requirement that it should 

he less than 3.4 K. 
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Fig. 1 The T,,, calculated fir.,. adios.'.Je d.: 
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Fig. 2 The T,,, error caused by Bevis method 

The weighted mean temperature is correlated 

with the surface temperature. It may also be corre- 

lated with other weather elements. The correlation 

coefficients, between Tm and the surface tempera- 

ture to in degree Celsius or To in Kelvin, water va- 

por pressure e0 and total pressure P0, are a l~  corn- 
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puted and shown in Table 2. It is apparent that all 

these parameters are strongly correlated with 7",,,. 

Table 2 The correlation coefficients between 

Tm and meteorological parameters 

T,,,CCto T,,,ccP o TmCCe~ T,,,ecejTo T,,,CCeo/T~ T,,ccPo/To 

0.830 -0.653 0.763 0.759 0.755 -0.814 

To obtain a simple and suitable expression to cal- 

culate the 7",,, in real-time, the following model is 

postulated 

T,,, = b 0 + b l �9 to + b2 �9 Po + 113 " eo + 

eo eo Po 

In order to determine the most significant param- 

eters, as the optimal model, we used the well known 

sequential analysis approach to test the statistical 

significance of each coefficient hi. In this process a 

new m~Ktet is constructed each time by removing 

one of coefficients from Eq. (9)  and testing the 

contribution of each removed coefficient. We found 

that the optimal regression equation is 

Ts = 272.4 + 0. 556t0 (I0) 

where Ts represents the estimated T, , ,  and the es- 

timated standard deviation ~ is 1.7. 

5 Analysis and conclusion 

To verify the performance of Eq. (10),  the pre- 

dicted Ts is calculated from another two months, 

and compared with the radio.mnde-based T,, from 

September 1 to October 30 in 1998. Their differ- 

ences are shown in Fig. 3. 
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Fig. 3 The ddferenc~._, bs i;,~: p:~dlcted 

Ts and the actual T,,, 

The differences are smaller than 4 K, with more 

than 95 percent smaller than 3 K. The average is 

- 0.33 _+ 1.68 K and the RMs is 2.9 K in this pe- 

riod. 

Let us compare Tu with Ts. Fig. 4 lists the dif- 

ference between the predicted Tt~ and Ts. The 

variation of T/3 is similar to that of Ts. ]Mth of 

them exhibit a linear trend with respect to surface 

temperature to, but the bias of TIs - 7",,, is in the 

range from 5 to 2 K. The average bias for T~ - 

Tmis  - l . 6 3 _ + l . 6 7 K a n d t h e R M S i s 5 . 4 K .  On 

the other hand, the average bias between Ts and 

T,, is - 0.33 -+ 1.67 K. Fig. 4 shows the difference 

between T s and TB. We can see that T13 is smaller 

than Ts.  Their average bias is 1.3 + 0.28 K. 

0 i i i i 

98-09-01 98-09-16 98-10-01 98-10-16 98-10-31 

date (YY-MM-DD) 

Fig. 4 The differences between Ts and 7"~ 

The above analyses suggest that a tailored rela- 

tionship is better for the prediction of the weighted 

mean temperature in Hong Kong. The estimated 

model given by Eq. (10) works well for the precip- 

itable water vapor conversion in this region. 
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