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Abstract 

A Region-specific Tropospheric Delay model for GPS based aircraft navigation is developed exclusively for 
the Indian region and its applicability is examined by comparing estimated zenith tropospheric delay (ZTD) with 
those from other regional models based on measured surface atmospheric parameters, and with global model used in 
Wide Area Augmentation System as well as with GPS measured ZTD values. This analysis showed that while the 
rms deviation of RTD model is ~+5 cm that of WAAS model is ~+7 cm. Although both models fail to account for 
the extreme weather conditions, the RTD model is better for tropospheric delay estimation over Indian region. 

 
1. Introduction  

Large spatio-temporal variations in the earth’s atmosphere refractivity (for microwave region) limit the 
accuracy that can be achieved by GPS applications. The accuracy of Global Navigation Satellite System (GNSS),  to 
support precise positioning for aircraft navigation globally by coordinating different regional augmentation systems 
(like GPS Aided Geo Augmented Navigation (GAGAN) in India, Wide Area Augmentation System (WAAS) in 
USA, Russian System of Differential Corrections and Monitoring (SDCM) and European Geostationary Navigation 
Overlay Services (EGNOS) etc), is limited by the extent to which the atmospheric propagation delay of microwave 
signals could be accounted.  Even though the dual frequency measurements could be fruitfully used to minimize the 
ionospheric delay it is not applicable for mitigating the neutral atmosphere delay because of the fact that the neutral 
atmosphere is non-dispersive for microwave frequencies.  

 
Wide Area Differential GPS (WADGPS), aimed at providing the necessary correction for GPS over a large 

area, splits the total error into different components, namely the orbit error, clock error, ionospheric error, 
tropospheric error, etc. which are broadcasted via Geo-Stationary Satellite over to a large region enabling the users 
to apply the corrections appropriately. Because of large spatio-temporal heterogeneity of the lower atmosphere this 
broadcasted tropospheric delay may not be applicable for finer applications. In such cases the delay estimated using 
local model is preferred. For this different models are developed for estimating the tropospheric delay either using a 
profile-based method (ray-tracing) or by employing conventional method based on surface atmospheric parameters 
[1-4]. Both these require measured atmospheric parameters on a real-time basis as input which makes the task rather 
involved. The case in which no direct access of measured atmospheric parameters is available (such as for a 
navigating aircraft) a model devoid of any measured atmospheric parameters but based on the geographical location 
and day of the year [5] becomes handy for direct use. Such a model was first developed in USA for WAAS and its 
validity was tested in Europe and Japan as well [6-7]. 

 
2. Development of RTD model: 

The geographical features and weather conditions that prevail over Indian sub-continent make it different 
from other regions over the globe (Mid-latitude region). As India is implementing its satellite-based navigation 
using GPS under the GAGAN program as well as based on IRNSS (Indian Regional Navigation Satellite System) as 
a part of GNSS [8], development of a tropospheric delay model exclusively for the Indian region is highly essential. 
In this scenario, the tropospheric delay over different climatic zones (under selected Range-Integrity Monitoring 
stations) is studied and models based on surface atmospheric parameters for the Indian region was proposed. To 
input the required atmospheric parameters in this model, a conventional method (analogous to the WAAS model) is 
evolved exclusively for the Indian region based on the regular radiosonde data collected from 18 India 
Meteorological Department (IMD) stations for an extended period of 5 years.  

A Region-specific Tropospheric Delay (RTD) model, which generates the atmospheric pressure (P), 
temperature (T) and water vapor pressure (e) based on the day-of-year, latitude and altitude, is developed 
exclusively for the Indian region. Using this huge database a look up table (Table 1) of mean and amplitude (of the 



annual variation) for the five parameters P, T, e, β and λ is developed at discrete latitudinal intervals of 5o (where β 
and λ are respectively the atmospheric temperature lapse rate and atmospheric water vapor lapse rate).  

  

  

  
 
       
 
Figure 1: Time series plots showing a comparison of Zenith Hydrostatic Delay (ZHD) and Zenith Wet Delay 
(ZWD) obtained using different models for Trivandrum, Ahmedabad and Delhi stations. The output from Unified 
Surface model and using measured surface parameters is represented by open circle (o), RTD model by solid line 
(___) and WAAS model by dashed line (----). 
 
 
For in-between latitudes a simple linear interpolation between two adjacent values from this table selected 
appropriately is found to be quite satisfactory.  These atmospheric parameters are further scaled to the given altitude 
based on appropriate scaling factors. A generalized periodic function is developed to simulate the periodic variations 
in these atmospheric parameters for any given day, to account for the annual variations. The output of this periodic 
function is further coupled to the Unified Surface model developed exclusively for Indian subcontinent. 
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Table 1: Look-up table for RTD model 
  

Latitude Mean (M) 
 Po (mb) To (K) eo (mb) βo (K/km) λo 

5 1005.95 302.00 29.62 5.58e-03 2.73 
10 1005.29 303.29 28.93 5.52e-03 2.69 
15 1004.97 306.26 25.67 5.71e-03 2.50 
20 1006.17 306.37 22.31 6.08e-03 2.33 
25 1004.65 304.51 21.5 6.14e-03 2.39 
30 1001.41 301.91 22.65 6.28e-03 2.60 

Latitude Amplitude (A) 
 P′ (mb) T′ (K) e′ (mb) β′ (K/km) λ′ 

5 -1.05 1.42 1.29 0.19e-03 0.44 
10 -1.85 2.02 2.89 0.26e-03 0.45 
15 -4.50 3.78 6.82 0.67e-03 0.56 
20 -6.95 5.11 8.89 1.17e-03 0.53 
25 -8.95 6.80 10.73 1.28e-03 0.40 
30 -10.3 8.72 11.69 1.17e-03 0.49 

 
3. Discussion and Summary:   

The applicability of this model was tested by (1) comparing the model with the dry and wet delay 
components of ZTD estimated using surface models based on measured atmosphere parameter at surface, (2) 
comparing the model output with that from the WAAS model, and (3) comparing GPS derived ZTD (from two 
Indian IGS (International GNSS service) stations Bangalore and Hyderabad) with that estimated using RTD and 
WAAS models. A typical illustration for the first two is presented in Figure 1 selecting three stations from different 
climatic zones and for the third is presented in Figure 2. The performance of RTD model over the Indian 
subcontinent is found to be much better than the globally used WAAS model. A quantitative comparison of the 
model with GPS derived ZTD values from the two IGS stations, Bangalore and Hyderabad, shows a mean absolute 
difference of ~5 cm with a maximum deviation of < 15 cm. A 15 cm error in ZTD corresponds to a maximum 
vertical position bias of ~1.5 m in aircraft navigation considering the lowest satellite elevation of 5o. This model 
works out to be a better alternate for the GPS based navigation at locations where directly measured surface 
atmospheric data is not available, even though as in the case of all other globally used periodic models (WAAS, 
EGNOS, etc.) this also fails to respond to the sudden atmospheric changes and abnormal weather conditions.  

 
Figure 2: The time series plots of ZTD derived from GPS data (ZTDGPS) and that estimated from RTD (ZTDRTD) 
and WAAS models (ZTDWAAS) for a period of two years for Bangalore (a) and Hyderabad (b). The ZTDGPS are 
represented by filled circle (•), ZTDRTD by solid line (___) and ZTDWAAS with dashed line (----). 
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