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A b s t r a c t  

Ionospheric time delay (V�t) variability using Global Positioning 
System (GPS) data over Akure (7.15°N, 5.12°E), Nigeria, has been stud-
ied. The observed variability of V�t in comparison to older results of ver-
tical total electron content (TEC) across similar regions has shown 
equivalent signatures. Higher monthly mean values of V�t (MV�t) were 
observed during daytime as compared to nighttime (pre- and post-
midnight) hours in all months. The highest MV�t observed in September 
during daytime hours range between ~6 and ~21 ns (~1.80 and ~6.30 m) 
and at post-midnight, they are in the range of ~1 to ~6 ns (~0.3 to 
~1.80 m). The possible mechanisms responsible for this variability were 
discussed. Seasonal V�t were investigated as well. 

Keywords: ionosphere, Global Positioning System, time delay, total 
electron content. 
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1. INTRODUCTION 
Navigation systems have witnessed tremendous improvements in the past 
four decades. One of such areas of achievements is the invention of Global 
Positioning System (GPS) by the Department of Defence (DoD), United 
States of America (USA), in the 1990s. GPS positioning (P), velocity (V), 
and time (T) accuracy from the GPS receiver records are strongly affected by 
the ionosphere activities. Our major concern regarding this work is about the 
GPS radio wave signal propagation within the ionosphere and not the tropo-
sphere. Bolaji (2012) restricted the review of the atmospheric propagation on 
the GPS signal to geometric effects. From the geometric effect, he reported 
that signal absorption effects are not important because the restriction as-
sumed that all changes in the medium are smaller within one wavelength of 
signal (in the case of GPS, this is about 20 cm). Electromagnetic (EM) wave 
interactions with the ionosphere are well understood from the previous 
works of Ginzburg (1970), Chen (1984), Davies (1990), McNamara (1991), 
Hofmann-Wellenhof et al. (2012), and Odijk (2002). They reported that 
when EM wave propagates in free space, its velocity is approximately equal 
to the velocity of light (3.0 × 108 m/s), so that the refractive index is equal 
to 1. However, when EM wave propagates in the ionosphere, its velocity 
change; this is due to its interaction with particles present within the iono-
spheric medium. Therefore, GPS signals traversing through ionospheric me-
dium to the receiving point are expected to propagate along a straight and 
geometric line, but, in a refractive medium like ionosphere, they bend due to 
refraction. In this scenario, the wave could be in phase (advance) and the re-
fractive index will be smaller than 1; otherwise, if the wave is in group (de-
lay), the refractive index is larger than 1. This indicates that, in the iono-
sphere, the phase of the wave is advancing (< 1) and its group is delayed 
(> 1). Ratcliffe (1975) suggested that the ionospheric refractive index is not 
constant, so that it existed with varying densities of charged particles be-
cause it is an inhomogeneous medium. Apart from being an inhomogeneous 
medium, its anisotropy characteristic explains why the GPS waves are circu-
larly polarized by Faraday rotation phenomenon (Hall et al. 1996). 

Besides inhomogeneous and anisotropic phenomena, the ionosphere is a 
dispersive medium, that is, the phase velocity of a wave is a function of its 
frequency. All these inhomogeneous, anisotropic, and dispersive phenomena 
are well-represented in the Appleton-Hatree formula (Eq. 1) when the ab-
sorption effects due to collisions between the electrons are ignored. 
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where  2 2
j p jX f f� , YT,j , and YL,j   are the transversal and longitudinal com-

ponents of Yj .  Yj = fg/fj ,  fj  is the GPS signal frequency and  fg  is the gyro 
frequency. So, , sinT j jY Y ��  and , cos  L j jY Y �� , � being the angle be-
tween Yj  and YL,j . This is also applicable to Yj  and YT,j . The frequency fp 
known as the electron plasma frequency is the natural frequency of oscilla-
tion for a slab of neutral plasma after the electrons have been displaced from 
the ions and are able to move freely. This is computed as follows: 

 p ef AN�  (2) 
where 
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Ne denotes the free electron density in m–3. The value for A in Eq. 2 was  
obtained from the natural constants  e = 1.60218 × 10–19 coulomb  for the 
electron charge,  me = 9.10939 × 10–31 kg  for the electron mass and �0 = 
8.85419 × 10–12 farad/meter  for the permittivity of free space. 

The inhomogeneity of the ionosphere is reflected in the free electron 
density (Ne), which is not a constant, but is a function of place and time. The 
dispersive nature of the ionosphere is recognized from its dependence on the 
frequency of the wave. The anisotropic part is a function of fg. The double-
refraction is reflected by the ± sign, which means that either a plus or minus 
sign can be used, depending on the polarization of the wave. A positive sign 
corresponds to the left-handed circularly polarized wave (the extraordinary 
wave) and a negative sign indicates a right-handed circularly polarized wave 
(the ordinary wave). For GPS estimates, ordinary wave having minus sign is 
significant. 

By comparing the phase and group propagation effects using the 
ionospheric first order, higher orders and total electron content (TEC), the 
GPS time delay observation can be made. In summary, the first-order phase 
effect is equal in magnitude but opposite in sign to the first-order group ef-
fect. The second and third order phase effects posses opposite signs com-
pared to their corresponding group effect counterparts, but they do not have 
the same magnitude. The second order phase effect is half the second order 
group effect, while the third order phase effect is one third of the third order 
group effect. The fourth order phase and group effects are the same. From 
the first order ionospheric delay, which is a function of the integral term 

eN dp
 , it is equivalent to the TEC, which is the number of free electrons in 

a tube of 1-meter square cross section along the geometric line from the re-
ceiver to satellite. The tube of 1-meter square cross section along the geo-
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metric line is a function of the signal bend due to ionospheric refraction, 
which represents the area (distance covered) where the ionospheric delay oc-
curs. TEC is often expressed in total electron content units (TECU) and  
1 TECU = 1016 electron/m2. Using this definition of TEC, the first-order de-
lay can be rewritten as: 

 (1) 3 2
, 2 TEC where A 80.6 m s .

2g j
j

Ai
f

� 	  (3) 

Therefore, the first order delay is equivalent to the distance covered (DCd) 
around the tube where the ionospheric delay occurs: 

 (1)
,g j di DC�  (4) 

and 
 .dDC t C� �  (5) 

From Eq. 5, �t is the time delay experienced by the GPS signal when 
traversing through the ionosphere and C is the speed of light. 

Interestingly, the TEC estimates (Eq. 3), which were originally aimed at 
correcting the ionospheric error due to electron density population from the 
GPS radio signal when travelling through the ionosphere could provide an 
extraordinary ionospheric research regarding ionospheric time delay. There-
fore, the variability of vertical time delay over the Nigeria ionosphere, its in-
fluences on terrestrial applications and possible mechanisms responsible for 
its variability will be investigated. 

2. MATERIALS  AND  METHODOLOGY 
Records from Global Positioning System (GPS) receiver located at the Fed-
eral University of Technology (FUT), Akure, Nigeria (geographic latitude 
7.15°N, geographic longitude 5.12°E) are employed. Data-set from 5 months 
(January, March, August, September, and October) during the year 2010 
were analyzed. The remaining months are not available because they are as-
sociated with larger data gap due to inconsistent power supply. Despite this 
shortcoming, the available data accommodate all seasons. The Solar Influ-
ences Data Analysis Center (SIDC 2013) classified year 2010 as an ascend-
ing phase of solar activity with an annual sunspot number of 16.5. This 
classification results from comparing annual sunspot numbers of previous 
years 2008 and 2009. The years 2008 and 2009 have an annual sunspot 
numbers of 2.9 and 3.2, respectively. Estimates of the uncorrected slant total 
electron content (SuTEC) measured at every 1 minute interval from records 
of GPS receiver at FUT, Akure, Nigeria, were corrected for satellite differen-
tial delay (bs), receiver differential delay (bR) and the receiver inter-channel 
bias (bRX). These corrected SuTEC values were then converted to vertical to- 
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Fig. 1. The vertical total electron content (VcTEC) deduced from slant total electron 
content (SuTEC) using thin shell approximation with an ionospheric height (hs) of 
350 km. 

tal electron content (VcTEC) using thin shell approximation with an iono-
spheric height of 350 km. Figure 1 shows graphical representation of these 
analyses and the mathematical expressions for it are as follows: 

 � TEC TEC ( ) ,c u R S RXV S b b b S E� � � �  (6) 

where S(E) is the obliquity factor with zenith angle (z) at the Ionospheric 
Pierce Point (IPP), E is the elevation angle of the satellites in degrees, and 
VcTEC is the vertical TEC at the IPP. The S(E) is defined by Mannucci et al. 
(1993) and Langley et al. (2002) as: 

 
0.52cos( )1( ) 1 ,

cos( )
E

E S

R ES E
z R h

�
� ��� �� �� � �� �� ��� �� �� �

 (7) 

where RE is the mean radius of the Earth, measured in kilometers [km], and 
hs is the height of the ionosphere from the surface of the Earth (~350 km). 
These analyses from Eqs. 6 and 7 were put together in C-programming lan-
guage developed by S.G. Krishna (ISR 2009). This software was used to 
compute VcTEC values for each month under investigation. This same pro-
cedure was employed by Bolaji et al. (2012, 2013) to compute VcTEC. The 
time convention for these analyses is in universal time (UT), but, in this pa-



 THE  IONOSPHERE  IS  A  DISPERSIVE  MEDIUM 
 

889 

per, local time (LT) will be used and Nigeria is 1 hour ahead of Greenwich 
Mean Time (GMT). Therefore, 12:00 UT is 13:00 LT in Nigeria. Now, sub-
stituting TEC and (1)

,g ji  in Eq. 3, with VcTEC in Eq. 6 and DCd with Eq. 4, in 
that order, result to 

 2 TEC .
2 c

j

At V
Cf

� �  (8) 

All meanings of terms from the above equations remained unchanged. 
The vertical �t (V�t) on each hour of a day over the 5 months were deduced. 
For each month, mean values of V�t (MV�t) are estimated. Eleman (1973) 
classified months according to the Lloyd’s seasonal pattern of three seasons: 
December Solstice (January, February, November, December), Equinoctial 
Season (March, April, September, October), and June Solstice (May, June, 
July, August). Since each month under investigation in this study falls within 
the Lloyd’s seasonal pattern, each month will represent each season. That is, 
March, September, and October will represent Equinox Season. The month 
of August will represent June Solstice (Summer Season) and December will 
represent December Solstice (Winter Season). The seasonal variations of 
V�t (SSV�t) for all the months under investigation are estimated by finding 
the average of the MV�t  under a particular season. 

3. RESULTS  AND  DISCUSSIONS 
3.1 Variability of the ionospheric monthly vertical time delay (MV�t) 
For clearer representation of monthly mean hourly values of V�t (MV�t) 
during daytime, pre-, and post-midnight hours, September with highest mag-
nitudes of MV�t was divided into daytime (07:00-18:00 LT), pre-midnight 
(19:00-24:00 LT), and post-midnight (00:01-06:00 LT) hours (Fig. 1). In 
Figure 1, the top panel shows daytime MV�t variability, the bottom left-
hand panel shows pre-midnight MV�t variability, and the bottom right-hand 
panel shows post-midnight MV�t variability. The magnitudes of MV�t were 
as well estimated over all hours for January, March, August, and October 
(Figs. 2-5). Figures 2-6 show September, January, March, August, and Oc-
tober MV�t variability with bar-charts coloured in blue, in that order. The 
MV�t magnitudes measured in nano seconds [ns] are plotted on the y axis, 
with local time (LT) on the x axis. Figure 7 shows the monthly mean vari-
ability of total electron content (TEC) on all hours. The September, January, 
March, August, and October variability of TEC is in dotted black lines with 
a downward-pointing triangle, red lines with a square, green lines with a 
diamond, blue lines with a five-pointed star, and magenta lines with a right-
hand pointing triangle, in that order. 
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Fig. 2. Variability of the ionospheric monthly vertical time delay in September. 

Fig. 3. Variability of the ionospheric monthly vertical time delay in January. 
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Fig. 4. Variability of the ionospheric monthly vertical time delay in March. 

Fig. 5. Variability of the ionospheric monthly vertical time delay in August. 
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Fig. 6. Variability of the ionospheric monthly vertical time delay in October. 

Fig. 7. Monthly mean hourly values of TEC over Akure. 

Generally, all months under investigation shown in Figs. 2-6, exhibit 
highest, higher and low MV�t magnitudes during daytime, pre-, and post-
midnight periods, respectively. As can be observed from Fig. 2 (September), 
during daytime, pre-, and post-midnight hours, MV�t magnitudes range from 
~6 to ~21 ns (~1.80 to ~6.30 m), ~6 to ~14 ns (~1.80 to ~4.20 m), and ~1 to 
~6 ns (~0.3 to ~1.80 m), in that order. Although, in other months: January, 
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March, August, and October, similar variability patterns were observed; 
compare with September. However, they have varying MV�t magnitudes 
during daytime, pre-, and post-midnight periods. Apart from the highest 
MV�t magnitudes observed in September, January has lowest magnitudes of 
MV�t, in the range of ~4 to ~10 ns (~1.20 to ~3.0 m) on all hours. In Janu-
ary, during daytime hours, the MV�t magnitude is the highest, with a value 
of ~10 ns (~3.0 m) around 14:00 LT; during pre-midnight hours, the highest 
value is ~6 ns (~1.80 m) around 19:00 LT; and during post-midnight hours, 
between 01:00 and 02:00 LT, the highest value is ~4 ns (~1.20 m). Interest-
ingly, during the period between 17:00 and 18:00 LT, MV�t variability was 
observed to increase slightly across all months. 

These observations are similar to the works of Skinner (1966), Olatunji 
(1967), Bolaji et al. (2012, 2013) at Zaria, Ibadan, and Ilorin, respectively. 
They reported highest magnitudes of total electron content (TEC) over Nige-
ria during daytime hours using a Global Positioning System (GPS) facility. 
They reported that the range in maximums during daytime TEC in all 
months is greater that the range in minimums observed at nighttimes: pre- 
and post-midnight. They attributed this greater magnitude of TEC during 
daytime to greater solar ionization in-place, when the ionization loss rate is 
smaller. In addition to the similar highest magnitudes of TEC and MV�t ob-
served during daytime hours, they also have similar variability patterns. For 
example, the variability patterns of TEC (Fig. 7) and MV�t (Figs. 2-6) are 
characterized with low pre-sunrise magnitudes, high daytime magnitudes, 
and moderate post sunset magnitudes. Also, during daytime hours, Skinner 
(1966), Olatunji (1967), and Bolaji et al. (2012, 2013) reported that the vari-
ability of TEC magnitudes was the highest in all months over all hours dur-
ing daytime period. From this work, similar highest magnitudes of MV�t 
were as well observed over all hours in all months during daytime hours. 
Although TEC is measured in total electron content units (TECU) but MV�t 
is measured in nano seconds. 

The slight increments observed in MV�t around 17:00 and 18:00 LT in 
all months were similar to the report of Koster (1972), Tyagi et al. (1982), 
Janve et al. (1979), Dabas et al. (2003), and Bolaji et al. (2012) on TEC 
magnitude variability. They suggested that such a scenario of slight incre-
ment of TEC magnitude during 17:00 and 18:00 LT could be due to evening 
renewal of fountain effect, which results from strong upward reversal of 
F-region EXB drift at equatorial latitudes and development of large pre-
reversal enhancement (PRE) velocity. 

Higher and lowest magnitude of MV�t observed during pre- and post-
midnight hours, respectively, could be due to higher ionization loss rate. 
Skinner (1966), Olatunji (1967), and Bolaji et al. (2012, 2013) observed sim-
ilar results from their TEC magnitudes  during pre- and post-midnight hours.  
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Fig. 8. Seasonal variation of ionospheric time delay in 2010. 

The TEC magnitudes they observed are minimal (~4-5 TECU) during post-
midnight hours and appreciable (of ~11-12 TECU) during pre-midnight 
hours. Apart from these similarities, the comparison is also evident from 
Eq. 8, which shows convincingly that there is a strong proportionality be-
tween ionospheric TEC and V�t parameters. Hence, this work reveals that 
the higher the magnitude of V�t, the higher the magnitude of TEC, hence, 
otherwise. This indicates that the higher the level of electron contents in the 
ionosphere, the longer the delay in time of the GPS signal in the ionosphere 
before getting to the ground based receiver. Therefore, mechanisms respon-
sible for TEC variability could as well directly influence the MV�t variabil-
ity. 

The estimated average value of V�t in the year 2010 is 10 ns using the 
method of Bhattacharya et al. (2009). Our analysis has shown that for a fac-
tor of 1 ns for 30 cm in range (altitude), the average range error for the year 
2010 is ± 3 m in Akure. Then, on assumption that the GPS receiver is at an 
altitude of 100 m a.s.l., there could be an equivalent reading of 97 m altitude 
recorded on the GPS. From our results, maximum daytime and post-
midnight V�t was ~21 and ~6 ns, in that order, which is equivalent to 6.30 
and 1.80 m, respectively. These indicate that the convenient period when 
GPS could be best utilized is during post-midnight hours. Bhattacharya et al. 
(2009) investigated ionospheric time delay during disturbed period in the 
year 2005, a year of minimum solar activity. They observed that during the 
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main phase of the storm on 24 August 2005, the ionospheric time delay has a 
maximum value of 36.87 ns (11.061 m). This value is higher than the maxi-
mum value of 48 ns (14.4 m) observed in April when there was no storm. 
This value (48 ns) was as well higher than the maximum value (21 ns) we 
got from our investigation. Hence, we suggest that these differences could 
result from the sunspot number. Although the years 2005 and 2010 are both 
classified as low solar activity years. However, the SIDC archives show that 
the years 2005 and 2010 had annual sunspot number of 29.8 and 16.5, re-
spectively. They also observed reduction from 12 to 7 in the observable sat-
ellites. The consequence could lead to data loss, cycle slip, and satellite 
geometry disturbances. Therefore, during a severe storm period with higher 
disturbed storm-time (Dst) magnitudes that could spread from hours to days, 
V�t could be between 60 and 100 ns. This will greatly affect the positioning 
estimate of the GPS, for example, if a severe storm period occurs when an 
aircraft is landing in Lagos airport, which is about 150 m a.s.l. The GPS fa-
cility monitoring the landing could have an equivalent altitude reading of 
250 m. This could lead to airplane crash, if the pilot had no experience about 
stormy period. Also, military operations could be greatly affected, as the po-
sition error of about 1 m could alter the exact landing position of a missile on 
a target. This could lead to damaging of wrong facilities, infrastructures, and 
loss of lives. 

3.2 Seasonal variability of vertical time delay (SSV�t) 
The seasonal variations of V�t (SSV�t) for all the months under investiga-
tion are shown with bar charts and their magnitudes coloured blue in Fig. 6. 
The highest SSV�t was observed during equinoctial season with a value of 
~16 ns. The value of SSV�t was higher and lowest in summer (~6 ns) and 
winter (~5 ns) seasons, respectively. This clearly shows a semi-annual varia-
tion in SSV�t, highest value of SSV�t in equinoctial months (March, Sep-
tember, October), moderate values in summer month (August), and lower 
values in winter month (December). In general, our previous results and ob-
servations have shown that there is a proportionality in quantities between 
TEC and V�t variability (Eq. 8). Therefore, the mechanism responsible for 
seasonal TEC could be responsible for SSV�t as well. 

Danilov and Lastovicka (2001) and Bhattacharya et al. (2009) have re-
ported highest ionization value in the ionosphere regarding equinoctial sea-
son during disturbed periods. They attributed these highest values during 
equinoctial months to the down welling of thermospheric gas without any 
significant change in atom to molecule ratio, which is mainly caused by 
storm-induced thermospheric winds. But this study was carried out when 
there was no disturbed activity; hence, storm-induced thermospheric wind 
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might not be responsible for the highest SSV�t observed in this study during 
equinoctial months. Since the ionosphere is made up of neutral oxygen (O) 
and nitrogen gases N2 (Risbeth and Setty 1961), the seasonal variability in 
SSV�t could be attributed to the changes in the ratio of atomic oxygen and 
molecular nitrogen gases concentration in the F2 layer, and possibly affects 
the F2 layer topside. Risbeth and Setty (1961) have also reported that irre-
spective of the solar extreme ultraviolet (SEU) radiation magnitude, the ab-
sorptions of SEU radiation in the ionosphere are always the highest during 
equinoctial months. This could be responsible for highest SSV�t during 
equinoctial months. 

Previous works by Bhuyan and Borah (2007) regarding seasonal varia-
bility of TEC have also shown higher TEC magnitude during winter season 
as compared to summer season. They reported that this higher magnitude 
during winter season is due to weaker recombination of particles in the at-
mosphere. However, our results have shown higher magnitudes of SSV�t 
during summer season as compared to winter season. In this scenario, the re-
combination of particles in the atmosphere could be slightly higher. This 
could lead to lower SSV�t in winter as compared to summer season. 

The semi-annual variations of TEC have been reported by Olatunji 
(1967), Bailey et al. (2000), Wu et al. (2004), Rama Rao et al. (2006), Liu et 
al. (2008), Lee et al. (2010), and Bolaji et al. (2012, 2013). They reported 
that semi-annual variation results from interaction between the magnetic 
field geometry and noon solar zenith angle, which is a significant factor in 
the increment and production of ionization during equinoctial months. 
Risbeth and Setty (1961) and Bhuyan and Borah (2007) have also shown 
that the semi-annual effect at the low latitude is caused by semi-annual 
changes in the neutral composition of the atmosphere. 

4. CONCLUSIONS 
The higher values of V�t irrespective of months and seasons are equivalent 
to higher values of TEC in a similar region. Therefore, our results have 
shown significant equivalency in terms of magnitude signature between V�t 
and TEC. Hence, mechanisms responsible for V�t could be responsible for 
TEC. We therefore conclude that telecommunications, geodetic and naviga-
tion systems will experience lesser error at night over Nigeria due to mini-
mal V�t values observed. Hence, users of GPS applications like the military, 
security agencies, and aviation sector could take advantage of this period for 
operations and better services. 
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