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Abstract: Vertical Total electron content (VTEC) gradient or rate of change of TEC (ROT) and total electron content (TEC) 

rate index or rate of change of TEC index (ROTI) can directly be estimated from receiver independent exchange (RINEX) data 

and can be used to estimate presence and intensity of ionospheric irregularities. In this paper we present results of the variation 

of ROT and ROTI over Kisumu, Kenya (Geomagnetic coordinates: 9.64°S, 108.59°E; Geographic coordinates: 0.02°S, 

34.6°E) for both selected quiet and disturbed conditions between 1
st
 January 2013 and 31

st
 December 2014 using data derived 

from NovAtel GSV4004B SCINDA-GPS receiver at Kisumu as a step in establishing ionospheric irregularities over Kisumu, 

Kenya during a high solar activity period of solar cycle 24. ROT was calculated from filtered average daily VTEC data within 

intervals of 120 seconds while ROTI was computed over 4 minutes window from ROT. ROT and corresponding ROTI for the 

selected quiet and storm days were plotted against universal time (UT). The presence and intensity of irregularities on the 

selected quiet and storm days of the years 2013 and 2014 were determined by checking ROT fluctuations and the 

corresponding ROTI values from the plots. The obtained results showed increased fluctuation of ROT corresponding with 

large ROTI values after sunset. The selected storm days of the years 2013 and 2014 had higher ROTI values than the selected 

quiet days of the years 2013 and 2014. The higher ROTI values during the selected storm days may be attributed to the impact 

of geomagnetic storms brought about by several competing dynamics including Prompt penetration electric field (PPEF), 

disturbance dynamo electric field (DDEF) and reduction in electron density due to increased recombination rates. The high 

ROTI values after sunset were a manifestation of post-sunset plasma irregularities. The obtained results also showed a diurnal 

trend for ROT and ROTI where ROT increased steadily from 0.00UT to around 12:00UT before falling and having an 

increased fluctuation between 18:00UT and 20:00UT. This corresponded well with low ROTI values between 0:00UT and 

16:00UT followed by high ROTI values between 18:00UT and 20:00UT. The diurnal variability of ROT might have resulted 

from variation of TEC and which was attributed to changes in the intensity of incoming solar radiation. 
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1. Introduction 

Ionospheric irregularities caused by fluctuation in total 

electron content (TEC) [1, 2] pose threats to Global 

positioning systems (GPS) manifested in signal loss [3, 4]. 

The occurrence of the irregularities depends on local time, 

season, latitude, solar cycle and magnetic activity [5-7]. 

Irregularities commonly occur around the equatorial 

ionization anomaly region where highest TEC gradients are 

attained. These large TEC gradient leads to increased ROT 

fluctuation and high ROTI values after sunset [8]. 

Geomagnetically disturbed days are also strongly affected by 

irregularities [7]. This is due to the competing effects of 

prompt penetration electric fields (PPEF), disturbance 
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dynamo electric fields (DDEF) and storm winds [9-12]. 

These irregularities have been studied using different 

techniques including global positioning system (GPS). 

Studies done by [8] using ground based GPS receivers 

around dip equator from the year 2000 to 2006 indicated that 

plasma irregularities caused TEC depletions, increased ROT 

fluctuations and high ROTI values between sunset and 

midnight for all satellites. [13] Used ROTI based on the ROT 

within a period of 5 minutes to detect plasma bubbles using 

TEC data gathered from 3 equatorial ground based GPS 

stations and 3 low latitude ground based GPS stations. [14] 

Studied the variability of ROTI and VTEC. They used ROTI 

as indicator of ionospheric scintillation for the impact of very 

high-speed solar wind stream in the low and middle latitude 

ionosphere. They observed that the arrival of Coronal mass 

ejections (CMEs) led to an increase in VTEC depletion, 

hence high ROTI which then decreased after the impact. 

They attributed the increase in VTEC depletion to the 

physical process of PPEF and a reduction in VTEC to DDEF. 

[15] Characterized ionospheric irregularities at different 

longitudes during disturbed and quiet geomagnetic conditions 

in March 2015. They observed that geomagnetic storms did 

not inhibit the development of irregularities in all the stations 

under study in the American sector. However in the African 

sector, the storm appeared to hinder development of 

irregularities during storm days in all stations. This was 

attributed to differences in storm timing and the effects of 

PPEF and DDEF. This paper aims to investigate the 

variability of ROT and ROTI for selected quiet and storm 

days of the year 2013 and 2014 which was a high solar 

activity period of solar cycle 24. 

2. Materials and Methods 

RINEX data archived in the Scintillation Index Decision 

Aid (SCINDA) between 1
st
 January 2013 and 31

st
 December 

2014 was downloaded from the SCINDA-GPS receiver. The 

obtained RINEX data was unzipped using the WinRAR 

program and processed using Gopi Software to obtain VTEC 

and UT in a ten column daily file of ionospheric observables. 

To reduce multipath effects, the selected data was of 

elevation angles of 40° and above. The filtered average daily 

data of VTEC and UT were obtained and used to generate 

ROT and ROTI. The selected quiet days and disturbed days 

for 2013 and 2014 period of study were obtained from Dst 

index using data obtained from the link: www.wdc.kug.kyoto-

ua.ac.jp/dstdir. The quiet days considered were days having 

Dst values >-25nT while storm days were days having Dst 

values ≤ -50nT. The level of geomagnetic activity for the 

selected quiet and storm days was selected using the Kp 

index obtained from the link: www.kugi.kyoto-ua.ac.jp/kp, 

where the selected quiet days had Kp values between 0 and 2 

while the selected storm days had Kp values between 3 and 

9. 

ROT was calculated directly from the filtered average 

daily VTEC data within intervals of 120 seconds using 

equation (1) [16], 

1t tTEC TEC
ROT

t

−−=
∆

                        (1) 

where, 

t and t-1 = time difference between the epochs in minute 

ROTI was computed over 4 minutes window using 

measurements of ROT using equation (2). 

22ROTI ROT ROT= −                   (2) 

Using MATLAB, we plotted ROT as indicated in Figures 1 

(a), 1 (c), 1 (e), 1 (g), 2 (a), 2 (c), 2 (e), 2 (g), 3 (a), 3 (c), 3 

(e), 3 (g), 4 (a), 4 (c), 4 (e) and 4 (g) and the corresponding 

ROTI plots as indicated in Figures 1 (b), 1 (d), 1 (f), 1 (h), 2 

(b), 2 (d), 2 (f), 2 (h), 3 (b), 3 (d), 3 (f), 3 (h), 4 (b), 4 (d), 4 

(f) and 4 (h) against universal time for the selected quiet and 

storm days of the year 2013 and 2014. The ROT and ROTI 

plots were used to compare ROT and the corresponding 

ROTI for each of the selected quiet and storm days of the 

years 2013 and 2014. 

3. Results 

3.1. Variability of ROT and ROTI for Selected Quiet Days 

of 2013 

 

Figure 1. ROT and ROTI plots for 18th April 2013, 19th April 2013, 26th 

September 2013 and 21stNovember 2013. 
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Figure 1 shows ROT and ROTI plots for selected quiet 

days of the year 2013. 

Figures 1 (a) and 1 (c) shows a steady rise in ROT from 

04:00UT and reached its maximum at about 12:00UT before 

beginning to decrease up to 18:00UT. An increased ROT 

fluctuation was observed between 18:00 and 20:00UT before 

beginning to decline again. There was a corresponding slight 

rise in ROTI values from 0:00UT to about 17:00UT as 

indicated in Figures 1 (b) and 1 (d). High ROTI values of 

about 1.9 TECU/min were attained between 18:00UT and 

20:00UT for both 18
th

 April 2013 and 19
th

 April 2013 as 

indicated in Figures 1 (b) and 1 (d). 

Figures 1 (e) and 1 (g) shows a steady rise in ROT from 

04:00-07:00UT, a slight fall from 07:00-08:00 UT followed 

by a rise, reaching its maximum at about 12:00UT before 

beginning to decrease up to 18:00UT for 26
th

 September 

2013 and 21
st
 November 2013. An increased ROT fluctuation 

was observed at between 18:00 and 20:00UT. There was a 

corresponding slight rise in ROTI values from 0:00UT to 

about 17:00UT. High ROTI values of about 1.7 TECU/min 

and 1.6 TECU/min were attained between 18:00UT and 

20:00UT as indicated in Figures 1 (f) and 1 (h) respectively. 

3.2. Variability of ROT and ROTI for Selected Quiet Days 

of 2014 

Figure 2 shows ROT and ROTI plots for selected quiet 

days of the year 2014. 

Figures 2 (a), 2 (c), 2 (e) and 2 (g) shows a steady rise in 

ROT from 04:00-07:00UT, a slight fall from 07:00-08:00 UT 

followed by a rise, reaching its maximum at about 12:00UT 

before beginning to decrease up to 18:00UT for 16
th

 April 

2014, 13
th

 May 2014, 26
th

 August 2014 and 7
th

 October 2014 

respectively. An increased ROT fluctuation was observed 

between 18:00 and 20:00UT as indicated in the Figures 2 (a), 

2 (c), 2 (e) and 2 (g). 

There was a corresponding slight rise in ROTI values from 

0:00UT to about 17:00UT. High ROTI values were attained 

between 18:00UT and 20:00UT. That is 1.7 TECU/min for 

16
th

 April 2014 as indicated in Figure 2 (b), 1.6 TECU/min 

for 13
th

 May 2014 as indicated in Figure 2 (d), 1.6 

TECU/min for 26
th

 August 2014 as indicated in Figure 2 (f) 

and 1.7 TECU/min for 7
th

 October 2014 as indicated in 

Figure 2 (h). 

It is important to note that during the selected quiet days 

shown in Figures 1 and 2, increased ROT fluctuations 

occurred between 18:00UT and 20:00UT and it corresponded 

with high ROTI values. The largest high ROTI value attained 

was 1.9 TECU/min on 18
th

 April 2013 and 19
th

 April 2013 as 

indicated in Figures 1 (b) and 1 (d) respectively while the 

lowest high ROTI value attained was 1.6 TECU/min on 21
st
 

November 2013, 13
th

 May 2014 and 26
th

 August 2014 as 

indicated in Figures 1 (h), 2 (d) and 2 (f) respectively. 

 

Figure 2. ROT and ROTI plot for 16th April 2014, 13th May 2014, 26thAugust 

2014 and 7th October 2014. 

3.3. Variability of ROT and ROTI for Selected Storm Days 

of 2013 

Figure 3 shows ROT and ROTI plots for selected storm 

days of the year 2013. 

Figures 3 (a), 3 (c), 3 (e) and 3 (g) shows a steady rise in 

ROT from 04:00-07:00UT, a slight fall from 07:00-08:00 UT 

followed by a rise, reaching its maximum at about 12:00UT 

before beginning to decrease up to 18:00UT for 24
th

 April 

2013, 1st May 2013, 9
th

 November 2013 and 11
th

 November 

2013 respectively. An increased ROT fluctuation was 

observed at between 18:00 and 20:00UT. There was a 

corresponding slight rise in ROTI values from 0:00UT to 

about 17:00UT. High ROTI values of about 1.6 TECU/min 

were attained for 24
th

 April 2013 as indicated in Figure 3 (b), 

1.7 TECU/min for 1
st
 May 2013 as indicated in Figure 3 (d), 

2.4 TECU/min on 9
th

 November 2013 as indicated in Figure 

3 (f) and 2.3 TECU/min for 11
th

 November 2013 as indicated 

in Figure 3 (h) between 18:00UT and 20:00UT. 
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Figure 3. ROT and ROTI plots for 24th April 2013, 1st May 2013, 9th 

November 2013 and 11th November 2013. 

3.4. Variability of ROT and ROTI for Selected Storm Days 

of 2014 

Figure 4 shows ROT and ROTI plots for selected storm 

days of the year 2014. 

Figures 4 (a), 4 (c), 4 (e) and 4 (g) shows a steady rise in 

ROT from 04:00UT and reached its maximum at about 

13:00-15:00UT before beginning to decrease up to 18:00UT 

for 1
st
 March 2014, 12

th
 April 2014, 28

th
 August 2014 and 

10
th

 November 2014 respectively. An increased ROT 

fluctuation was observed at between 18:00 and 20:00UT. 

There was a corresponding slight rise in ROTI values from 

0:00UT to about 17:00UT as indicated in Figures 4 (b), 4 (d), 

4 (f) and 4 (h). High ROTI values of about 3.4 TECU/min on 

1
st
 March 2014, 2.3 TECU/min on 12

th
 April 2014, 1.4 

TECU/min on 28
th

 August 2014 and 1.6 TECU/min on 10
th

 

November 2014 were attained between 18:00UT and 

20:00UT as indicated in Figures 4 (b), 4 (d), 4 (f) and 4 (h) 

respectively. 

Just like the selected quiet days of the years 2013 and 

2014, the selected storm days of the years 2013 and 2014 

were noticed to have increased ROT fluctuations between 

18:00UT and 20:00UT and they corresponded well with high 

ROTI values. Largest high ROTI value of 3.4 TECU/min 

were attained on 9
th

 November 2013 and 1
st
 March 2014 as 

indicated in Figures 3 (f) and 4 (b) respectively while the 

smallest high ROTI value of 1.4 TECU/min was attained on 

28
th

 August 2014 as indicated in Figure 4 (f). 

 

Figure 4. ROT and ROTI plots for 1st March 2014, 12th April 2014, 28th 

August 2014 and 10th November 2014. 

4. Discussion 

Generally, the selected quiet and storm days of the years 

2013 and 2014 displayed an almost similar diurnal trend for 

both ROT and ROTI where ROT rose steadily from 0:00UT 

and attained maximum values between 12:00UT and 

14:00UT. Increased fluctuation of ROT was observed 

between 18:00UT and 20:00UT. These corresponded with 

low ROTI values from 0:00UT-16:00UT followed by very 

high ROTI values between 18:00UT and 20:00UT as 

indicated in Figures 1, 2, 3 and 4. The diurnal variability of 

ROT and ROTI might have resulted from variation of VTEC 

and which was attributed to changes in the intensity of 

incoming solar radiation [17]. High solar intensity leads to 

increased ionization hence high VTEC while low solar 

intensity leads to reduced ionization leading low VTEC [15]. 
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This diurnal trend was also observed by [8] where ROTI was 

low and constant during the day and night on some days and 

low and constant during the day and larger after sunset. In 

this study, increased fluctuation of ROT was seen to 

correspond with high ROTI values after sunset (18:00-

20:00UT) for the both selected quiet and storm days of the 

years 2013 and 2014. This might have resulted from electron 

density depletions which arise after sunset when the eastward 

electric field is enhanced. This intensifies the upward plasma 

drift to higher altitudes. The plasma density irregularities are 

therefore generated as a result of a generalized nonlinear 

Rayleigh-Taylor and E x B instabilities [19, 20]. The high 

ROTI values being observed several hours after sunset might 

be attributed to background electron density persisting for 

several hours after sunset. We might also attribute this to the 

neutral winds dynamo which is driven by E-region neutral 

winds which are usually generated by convection and flow 

from west to east in the evening in Kenya [21]. Theses E-

region neutral winds leads to production of electric field 

enhancement [22]. These results are similar to those reported 

by [8]. The selected storm days of the years 2013 and 2014 

exhibited higher ROTI values (about 3.4 TECU/min) as 

indicated in Figures 3 (f) and 4 (b) than the selected quiet 

days of 2013 and 2014 (about 1.9 TECU/min) as indicated in 

Figures 1 (b) and 1 (d) between 18:00UT and 20:00UT. 

These results indicate that irregularity levels were higher 

during storm period and lower during quiet period after 

sunset. The higher ROTI values during selected storm days 

of the years 2013 and 2014 reflected the ionospheric TEC 

response to geomagnetic storms, since during 

geomagnetically disturbed periods the ionospheric behaviour 

is controlled by several competing dynamics including PPEF, 

DDEF and reduction in electron density due to increased 

recombination rates. A similar case was reported by [14] in 

their study on the daily variability of ROTI and VTEC in 

October 2012. PPEF which are usually ‘short-lived’ 

perturbations taking few hours affect low-latitude ionosphere 

by producing plasma drift perturbations and change in 

ionization density [23] while DDEF [9] which is a long 

lasting perturbation taking several hours originate from high-

latitude ionosphere and moves towards middle and low 

latitude ionospheres leading to variation in ionization density. 

During storm days, strong eastward electric fields emanating 

from the magnetosphere during the day increases the upward 

plasma drift which promotes irregularity formation which is 

observed in high ROTI values after sunset. In this study, the 

large high ROTI values after sunset therefore implied intense 

irregularities while small high ROTI values implied reduced 

irregularities in the ionosphere during that time. 

5. Conclusion 

The variability of ROT and ROTI over Kisumu, Kenya for 

selected quiet and storm days of the year 2013 and 2014 has 

been investigated and it has been found that the selected quiet 

and storm days of the years 2013 and 2014 displayed a 

relatively consistent diurnal variation of ROT and ROTI 

where ROT underwent a steady rise from 04:00UT to 

07:00UT and attained maximum value at around 12:00UT 

before beginning to decrease up to 18:00UT. An increased 

ROT fluctuation was observed between 18:00 and 20:00UT. 

There was a corresponding slight rise in ROTI values until 

18:00UT where high ROTI values were attained between 

18:00-20:00UT. The diurnal variability of ROT and ROTI 

resulted from variations of VTEC which was attributed to the 

changes in solar intensity during different hours of the day. 

The selected storm days of the years 2013 and 2014 had 

higher ROTI values as compared to the ROTI values for the 

selected quiet days of the years 2013 and 2014 between 

18:00 and 20:00UT (after sunset). The higher ROTI values 

during the selected storm days of the years 2013 and 2014 

were attributed to the ionospheric TEC response to 

geomagnetic storms. The obtained results show that 

irregularities develop mostly after sunset hours during both 

geomagnetically quiet and geomagnetically disturbed 

conditions, with disturbed conditions having more intense 

irregularities than quiet conditions over Kisumu, Kenya 

which is situated in the equatorial region. 
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