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Summary 
The Indian Navigation System, GPS Aided GEO Augmented 

Navigation, „GAGAN‟, being designed and developed as a 

Global Navigation Satellite System, is expected to become 

operational by 2010. Ionospheric time delay, a function of Total 

Electron Content (TEC), is the major error source in GNSS. The 

ionosphere exhibits a peculiar behavior corresponding to large 

TEC fluctuations in low latitude regions. Further, geomagnetic 

storms will also produce severe enhancements in the TEC. The 

TEC values estimated from the SOPAC data archive of the 

International GNSS Service (IGS) for the low latitude stations, 

Hyderabad (78.45oE, 17.35oN) and Bangalore (77.51oE, 

13.03oN) in the southern region of India during the severe 

geomagnetic storm period in October 2003 are compared with the 

TEC values  obtained from International Reference Ionosphere 

2007 (IRI) empirical model. Such findings would help in 

developing a region-specific ionospheric empirical prediction 

model for the GAGAN. 
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1. Introduction 

The satellite based Global Positioning System (GPS) is 

widely used for navigation, relative positioning and time 

transfer. GPS operates by transmitting radio waves (L1-

1575.42 M Hz and L2-1227.60 M Hz) from satellites to 

receivers on the ground, aircraft or other satellites. When 

GPS signals propagate through the ionosphere, the carrier 

experiences a phase advance and the code experiences a 

group delay due to the total number of free electrons along 

the path of the signals from the satellite to receiver [1]. 

Therefore, the key parameter for navigation is the Total 

Electron Content (TEC), which is an integral of the total 

electron content in a column of 1 m2 from the observation 

point to the satellite. A value of TEC equal to 1x1016 

electrons / m2 is called one TEC Unit (TECU). 

 

TEC depends on a number of factors, such as; the time of 

day; the time of year; the 11-year solar cycle; and the 

geographic location. In the equatorial region, TEC is often 

quite large with large horizontal gradients. Also, the day-

to-day variability is the highest in low latitudes [2-3]. 

Therefore the ionosphere above the Indian subcontinent, 

which is located near the equatorial region, is highly 

volatile. Further,  space weather disturbances such as solar 

flares, coronal holes and coronal mass ejections (CME‟s) 

result in geomagnetic storms on earth. In such situations 

there may be some rapid fluctuations in TEC values [4-5]. 

The ionospheric time delay which is a function of TEC 

along the signal path is the main error source in navigation 

 

systems and can reach up to 150 meters under extreme 

solar activities, at mid day, and near the horizon [1]. High 

resolution applications of GPS technology will hence 

require better space weather support to compensate for 

these ionosphere – induced errors. Accurate specification 

and prediction of  ionospheric conditions for both quiet 

and disturbed periods will aid in the design and operation 

of Global Navigation Satellite Systems (GNSS). Further, 

in India also, Indian Space Research Organization (ISRO)  

and Airport authority of India (AAI) are jointly developing 

a navigation system popularly known as GAGAN (GPS 

Aided GEO Augmented Navigation) over the Indian Air 

Space and is expected to become operational by 2010 [6]. 

Therefore the electron content models for low latitudes 

have to take care of large extents of day-to-day variation in 

electron content. 

 

Severe space weather disturbance was observed on 29th 

and 30th October 2003. This event has occurred in the 

decreasing part of the 11-year solar activity cycle that 

reached its maximum in 2001. In this paper, the TEC 

values estimated using GPS data for two low latitude 

stations in southern region of India (Hyderabad and 

Bangalore) during the severe geomagnetic storm of 

October 2003 are presented and compared with the TEC 

values obtained from the International Reference 

Ionosphere (IRI) 2007 empirical model [7] results.  

2. Geo Magnetic storms 

Areas of instability in the sun can release high speed 

plasma, with great amounts of matter and energy, the so 

called coronal mass ejections (CME‟s) throughout the 

whole 11-year solar cycle. Although, more frequent during 
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maximum phase, these CME‟s are also present during low 

activity periods of the solar cycle. Eventually these solar 

CME‟s, which take around 20 hours to travel from sun to 

reach earth, enter into the earth‟s magnetosphere and cause 

great disturbances in the earth‟s magnetic field. These 

disturbances are observed by the ground magnetic 

observatories and are denominated as geomagnetic storms. 

These storms are usually associated with increased 

electron densities in the lower ionosphere and 

simultaneous increase in absorption of radio waves [8].  

The delay is greater for lower frequencies than for higher 

frequencies. Thus, for GPS signals, the ionosphere delay is 

greater at the L2 carrier frequency than that at L1 carrier 

frequency. Generally ionosphere delay is of the order of 

0.5 meters to 15 meters, but can reach over 150 meters 

under extreme solar activities, at mid day, and near the 

horizon [1]. Magnetic storms usually last 24 to 48 h ours, 

but some may last for several days. 

 

The severity of geomagnetic storms is usually explained 

with the help of Dst (Disturbance storm time) index as well 

as Kp index (weighted average of K-indices from a 

network of geomagnetic observatories i.e. planetary K 

indices). The Dst index is a measure of geomagnetic 

activity used to assess the severity of magnetic storms. It is 

expressed in nano teslas and is based on the average value 

of the horizontal component of the earth‟s magnetic field 

measured hourly at four near equatorial geo magnetic 

observatories. Use of the Dst as an index of storm strength 

is possible because the strength of the surface magnetic 

field at low latitudes is inversely proportional to the energy 

content of the ring current, which increases during 

geomagnetic storms. These geomagnetic storms can be 

classified according to different Dst index levels: weak; -

50 nT ≤ Dst ≤ -30nT; moderate; -100 nT ≤ Dst ≤ -50 nT 

and intense Dst<-100 nT. The kp index, a quasi-

logarithmic index, is computed on a three-hour basis and 

represents the overall level of planetary geomagnetic field 

disturbance. It is derived from ground based magnetic field 

measurements and ranges from 0-9, with each scale step 

being ten times more disturbed than the previous step at 

the higher end of the scale. A typical quiet day will have 

Kp values of 0-2. According to the NOAA scale, storms 

are classified into strong (G3: kp = 7), severe (G4: kp = 8) 

and extreme (G5: kp = 9). 

 

An extreme geomagnetic storm was observed between 27-

31, October 2003. A major solar flare developed at 

approximately 11.00 UT on October 28. A severe 

geomagnetic storm commenced in the earth‟s environment 

at 6.00 UT on October 29. Activity continued for several 

days, with further coronal mass ejections at approximately 

21.00 UT October 29 and 16.00 UT October 30.The Dst 

index is less than -100 nT  during the October 2003 storm 

days and peaked to -410 nT on October 29 [9]. The Kp 

values of 9 were observed on October 28 and 29, 2003 [5, 

10]. From Dst and Kp indices, it is evident that the October 

2003 storm is very severe and is considered as the 6th most 

severe geomagnetic storm since 1932 and is called the 

Halloween storm. Such a severe geomagnetic storm is 

known to have an adverse impact on the navigation 

systems in use. 

3. TEC Estimation from GPS 

The signals from the GPS satellites travel through the 

ionosphere on their way to receivers on or near the 

earth‟s surface. The electrically charged particles mainly 

free electrons in the ionosphere introduce the propagation 

error (Ionospheric time delay) to the observations of GPS 

measurements. A first order expression for the 

ionospheric time delay „ ‟ is  given by [11] as  
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Where, c  is the velocity of light in m/sec, f  is the 

frequency in Hz. 

 

Since the ionosphere is a dispersive medium it allows 

correction of the first order ionospheric range delay errors. 

Ionospheric time delay can be estimated using a single 

frequency approach, but it can remove only 60% of the 

error [1]. A dual frequency GPS receiver can minimize 

Ionospheric time delay through a linear combination of    

L1 ( 1f =1575.42 MHz) and L2 ( 2f =1227.60 MHz) 

observables. If range measurements ( 1p and 2p ) are 

available on two separate frequencies (f1 and f2), then the 

TEC can be estimated using the following formula. 
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Where, 1p   and 2p  are pseudo range observables on L1 

and L2 signals respectively. 

 

As the TEC between the satellite and receiver depends on 

the satellite elevation angle, this measurement is called 

as slant TEC (STEC).As slant TEC is a quantity which is 

dependent on the ray path geometry through the 

ionosphere, it is desirable to calculate an equivalent 

vertical value of TEC (VTEC) which is independent of 

the elevation of the ray path. The slant TEC can be 

converted into VTEC using the following formula. 
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Where, eR  is radius of earth (6378 Km),   is the 

elevation angle and ih  is the height of the ionosphere 

shell (350 Km). 

 

In this paper, the GPS data obtained from the Scripps 

Orbits and Permanent Array Center (SOPAC) data 

archive networks [12] is used to investigate the response 

of the ionosphere for two low latitude stations, 

Hyderabad (78.45 E, 17.35 N) and Bangalore (77.51
o
E, 

13.03
o
N) in southern region of  India during the severe 

geomagnetic storm period in October 2003. 

4. International Reference Ionosphere (IRI) 

The International Reference Ionosphere is a joint project of 

the Committee on Space Research (COSPAR) and the 

International Union of Radio science (URSI).This is an 

standard empirical model of the ionosphere, which 

provides the monthly averages of the Total Electron 

Content (TEC; a user can select the starting and ending 

height of the integral), electron density, electron 

temperature, ion temperature, ion composition, the 

occurrence probability for Spread-F and also the F1-region 

and the equatorial vertical ion drift in the altitude range 

from 50 km to 2000 km for any given location, time and 

date. Several steadily improved editions of the model have 

been released with IRI2007 being the latest [7]. 

5. Results and Discussion  

The required data for the measurement of TEC during the 

27
th

-31
st
 October 2003 storm period, for both Hyderabad 

and Bangalore stations, were obtained from observation 

data files of SOPAC data in Receiver Independent 

Exchange (RINEX) data format. The data is available for 

every 30 seconds. From the data, using pseudo range 

observables on L1 and L2 signals ( 1p   and 2p ), the slant 

TEC is computed using equation (2). The data is 

resampled  every 60 seconds and the required TEC is 

stored in a file. The slant TEC‟s are then converted into 

vertical TEC‟s using equation (3) and stored in a file. 

However, the individual GPS satellite group delay offsets 

are not taken into account in this analysis. In the next 

step the VTEC values obtained for all satellite vehicles 

(SV‟s) are averaged for every two hours. The measured 

VTEC values from GPS data (ESTD) are then compared 

with the VTEC values predicted by IRI-07 model and are 

presented in Figs.1-5.  

 

 
Fig.1: Comparison of VTEC with IRI 2007 model on October 27, 2003 

 

 
Fig.2: Comparison of VTEC with IRI 2007 model on October 28, 2003 

 

Fig.3:Comparison of VTEC with IRI 2007 model on ctober29,2003 
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Fig.4: Comparison of VTEC with IRI 2007 model on October 30, 2003 
 

 

Fig.5: Comparison of VTEC with IRI 2007 model on October 31, 2003 

 

The maximum VTEC values measured from GPS data and 

predicted by IRI-07 model and their corresponding 

occurrence time are tabulated in table 1.  

 

Table 1.Comparison of Maximum measured VTEC values and its 
occurrence time for        October 2003 storm period for Hyderabad and 

Bangalore stations with IRI-07 model values.   

Method/Station 
ESTD

/BAN 

IRI-

07/ 

BAN 

EST

D/H

YD 

IRI-

07/ 

HYD 

27-

10- 

2003 

Max 

TECU 
43.81 71.9 84.2 77.5 

Occ. 

Time 

(UT) 

14.00 10.00 
12.0

0 
10.00 

28-

10-

2003 

Max 

TECU 
40.40 77.3 

139.

2 
82.1 

Occ. 

Time 

(UT) 

18.00 10.00 
10.0

0 
10.00 

29-

10-

2003 

Max 

TECU 
48.43 80.8 

70.5

8 
87.2 

Occ. 

Time 

(UT) 

14.00 10.00 
14.0

0 
10.00 

30-

10-

2003 

Max 

TECU 
46.5 79.8 68.6 86.7 

Occ. 

Time 

(UT) 

08.00 10.00 
12.0

0 
10.00 

31-

10-

2003 

Max 

TECU 
72.33 78.9 

102.

9 
86.0 

Occ. 

Time 

(UT) 

14.00 10.00 
10.0

0 
10.00 

 

The maximum measured VTEC values (ESTD) are 

varying between 40 TECU to 72 TECU for Bangalore 

station and between 68 TECU to 139 TECU for Hyderabad 

station during the storm period. There is a variation in the 

occurrence time of maximum VTEC value for both the 

stations. The maximum measured VTEC value for 

Hyderabad station is 139.2 TEC units on 28th October 

2003 corresponding to a range error of 22meters for 

Hyderabad station and 72.33 TEC units on 31st October 

2003 for Bangalore station corresponding to a range error 

of 11.57 meters. From the results it is observed that the 

magnitude of TEC and its variation is large for Hyderabad 

station compared with Bangalore station. Further, when 

compared with measured TEC values, IRI-07 model is 

overestimating the TEC values for Bangalore station 

during day time. From the results (Fig.1 to Fig.5), it is 

evident that, IRI estimates are almost consistent over the 

storm period for both the stations. Though one of the major 

geomagnetic storms is taking place between the provided 

dates, IRI estimates do not catch any of the variability 

taking place in the ionosphere. The difference in VTECU 

value for a quiet day and a   storm day is only 8 TEC units. 

More over IRI-07 model predicted maximum VTEC value 

occurrence time is 10.00UT for both the stations and for all 

the days i.e. for quiet and disturbed days. 

 

Actually IRI is an empirical deterministic program that 

inputs sunspot number as its major indicator. The sunspot 

numbers for the period from 27th October 2003 to 31st 

October 2003 are tabulated in Table 2. 

Table 2 . Solar Sunspot Number (SSN) values during October 2003 storm 

period. 

DATE 

27-

OCT-

03 

28-

OCT-

03 

29-

OCT-

03 

30-

OCT-

03 

31-

OCT-

03 

SSN 133 165 167 167 160 

 

The SSN is small (133) on 27th October 2003 compared 

with remaining storm days. Correspondingly the IRI-07 

estimation of VTEC is also less compared with remaining 
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storm days. Further the VTEC estimations are almost 

approximately same for the remaining storm days since the 

SSN values are also approximately same. IRI estimations 

for Hyderabad and Bangalore stations are compared over 

the storm period considered in this paper and presented in 

Fig.6. 

 

Fig.6: Comparison of IRI 2007 VTEC for HYDE and BAN stations 

from   October 27   to October 31, 2003 
 

It is evident that although during the evening and night 

hours IRI is providing a reasonable estimate of VTEC in 

comparison with the measured (ESTD) values, IRI is not 

able to predict the VTEC variations during a severe storm 

period for the Indian conditions.  

Further, the measured VTEC values using GPS data 

(ESTD) and IRI-07 predicted VTEC values are compared 

using normalized root mean square expression (NRMSE) 

and are tabulated in Table 3.   

 

 

 

Table 3.NRMSE values for Hyderabad and Bangalore stations during 

October 2003 storm period. 

STATION 27/10 28/10 29/10 30/10 31/10 

HYDERABAD 0.41 0.57 0.41 0.47 0.40 

BANGALORE 0.55 0.59 0.53 0.56 0.51 

 

The expression used to determine NRMSE is given below. 
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From the Table it is observed that the NRMSE   is small 

for Hyderabad station compared with Bangalore station on 

all the storm days. As the Bangalore station is nearer to 

equator by 4.320 compared with Hyderabad station, it is 

observed that the IRI is over estimating the VTEC (as the 

location is moving towards equator). Moreover, the 

accuracy requirement of the ionospheric model for 

GAGAN is better than 3 TEC units (corresponding to a 

delay of 0.5m). It has been observed in general that the 

worst performance of the models is around 08.00 UT 

(corresponding to 13.30 IST), when the TEC values are 

high and equatorial anomaly gradients are a maximum 

over Indian Region [13-14]. This clearly demonstrates the 

necessity of developing a region specific ionospheric 

model for the Indian conditions, by analyzing GPS data 

from more number of locations, so as to obtain a more 

accurate prediction model.  

6. Conclusions 

Magnetic storms affect the TEC of the ionosphere in turn 

affecting the performance of GNSS systems. It is found 

that the empirical IRI model is also not able to accurately 

predict the TEC values for low latitude Indian stations 

(Bangalore and Hyderabad) during the storm conditions. 

IRI is over estimating the VTEC as the location is 

moving towards equator during day time. Though, IRI 

model presents a reasonable estimate of the VTEC during 

night time, its suitability to the Indian conditions, 

particularly during day time is to be further investigated.  

Hence, a region specific ionospheric prediction model for 

GAGAN is necessary for better estimation of TEC.  
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