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A careful and continuous ionospheric modelling can significantly influence the performance of activities such
as Positioning, Navigation and Timing services related with the Global Navigation Satellite System applications
as well as the Earth Observations System, satellite communication and Space weather forecasting applications. In
this paper, the linear time-series modelling that consists of the solar, geomagnetic and periodic components has
been carried out on the daily ionospheric vTEC at two different Ethiopian GPS locations, at Arbaminch, ARMI
(geographic 6.06◦ N, 37.56◦ E) and Bahir Dar, BDMT (geographic 11.60◦ N, 37.38◦ E), for the year 2012, 2014 and
2016 in the 24th solar cycle. The variations of vTEC due to the solar activities, geomagnetic activities and periodic
oscillations have been explicitly investigated. The results confirmed that the correlation coefficient of the linear
model based estimated vTEC and the observed GPS-vTEC is around 80% in the year 2014. Besides, solar activ-
ity is identified as the key component for the 27 days period variations of vTEC whereas geomagnetic activity is
identified as the key component that influences the short-period variations of the daily average vTEC. In addition
to the correlation analysis, the accuracy of the model has been assessed by comparing the International Reference
Ionosphere (IRI 2016) model based vTEC and GPS-vTEC measurements as well as with the quadratic model based
vTEC. Consequently, the linear model formulated with the solar, geomagnetic and periodic components signifi-
cantly captured the variations (78–80%) of the observed vTEC compared with both the IRI 2016 and the quadratic
models during the years 2012, 2014 and 2016. The comparison of the observed and predicted vTEC variations has
also been examined using the continuous wavelet transform. The decomposed waves from the wavelet analysis have
revealed that the predicted and observed vTEC have had simultaneous periods of variations specifically with the
period of 27 days whereas the IRI 2016 could capture the short-period variations of vTEC. Moreover, the analysis
from the transformed data in the year 2014 over both Arbaminch and Bahir Dar has indicated that the linear model
based vTEC and the observed GPS-vTEC have had common pattern of variations with the period of 27 days that
had lasted for 150 days (from day of the year 100 to 250).
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introduction

Ionosphere, which can be defined as the ionised
part of the upper Earth atmosphere, is significantly
varying due to the solar and geomagnetic activities.
This variability can be traced from the observations
and empirical/physical models. We commonly use
the ionospheric total electron content (TEC) and
electron density to extract this variability. Differ-
ent ionospheric models have been proposed for the
ionospheric TEC variability and are formulated by
considering the solar, geomagnetic and periodic com-
ponents [9, 11, 14, 15, 17, 18, 25, 26, 31, 40]. In [17]
the empirical ionospheric model was formulated by
considering the solar F10.7 index. The solar activity
and seasonal components are identified by these in-
vestigators as the prime contributors to the F-region

ionospheric variability.
The linear regression-based global ionospheric

TEC model was proposed by Afraimovich in [2] with
the intention of demonstrating the relation between
global TEC and solar activity component, F10.7 in-
dex. They reported that the Global Electron Con-
tent (GEC) and F10.7 series regression are well ap-
proximated by a linear dependence. However, the
limitation was that the global TEC models do not
consider the local characteristics and seasonal varia-
tions [19, 20, 22, 24].

Productive modifications have been done by [37]
to this linear global TEC model by including the pe-
riodic component that describes the seasonal depen-
dence of TEC. As a result, the modified model has
demonstrated better performance than the model
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proposed by [1, 3], even in the absence of the effect
of geomagnetic component.

In [6] and [40] it was reported that the variability
of the ionosphere increases with geomagnetic activ-
ity at all latitudes. Yu et al. [39] have studied the
climatological variations of ionospheric TEC with a
new perturbation index (σ) as a function of the so-
lar F10.7 and geomagnetic Ap indices. Accordingly,
the global perturbation index correlated well with
F10.7 and Ap indices. Similarly, in [29], [30] and [35]
the different factors affecting the TEC climatologi-
cal variations at different latitudes have been investi-
gated using the Global Ionospheric Map (GIM)-TEC
data based linear time series TEC model. These
models were not evaluated with the standard iono-
spheric empirical models. The GIM model TEC may
not be appropriate for characterising the low-latitude
ionospheric variations [30].

Recently, significant reports were compiled on the
GPS-based ionospheric TEC variations studies and
their comparison with the empirical models such as
IRI and NeQuick estimations over equatorial and
low latitude regions across India [7, 28, 36]. Con-
sequently, concert climatological improvements in
the global empirical models have been achieved with
these research findings. More specifically, attempts
have also been made by numerous researchers to con-
duct the comparative studies between the GPS-TEC
and IRI-based TEC over the equatorial and low lat-
itude African and American longitudes [5, 34, 38].
They have figured out the drawbacks of IRI model
predictions specifically during the early morning and
post-sunset hours for both solar minimum and max-
imum conditions.

The intention of the current work is to investigate
the low latitude ionospheric vTEC variations using
the linear time series vTEC model by incorporating
three forms of variations, namely the solar activity
(F10.7P ), geomagnetic activity (Ap) and periodic
variations, simultaneously. We also attempted to an-
alyze the periodic variations at two different frequen-
cies, namely the Semiannual Oscillation (SAO) and
the Annual Oscillations. In the meantime, the dom-
inant component of the variation of vTEC is identi-
fied. The validation of the linear time series model is
done by comparing the model vTEC with the GPS-
vTEC. Besides, to demonstrate the accuracy of the
proposed linear time series model, we have compared
the IRI 2016 and quadratic models-based vTEC with
the GPS-TEC values. The model parameters are es-
timated over Arbamich, ARMI (geographic 6.06◦ N,
37.56◦ E), Ethiopia in the year 2014 and the val-
idation of the linear model is conducted over an-
other Ethiopian low latitude GPS station, Bahir Dar,
BDMT (geographic 11.60◦ N, 37.38◦ E), for the year
2014. Consequently, forecasting/prediction of the

daily vTEC has been done over Bahir Dar for the
years 2012 and 2016.

data description

In this work, the performance of the linear time
series vTEC model was validated in characteris-
ing the ionospheric GPS-vTEC for the year 2014
at two low-latitude GPS stations in Ethiopia, lo-
cated at Arbaminch (geographic 6.06◦ N, 37.56◦ E)
and Bahir Dar (geographic 11.6◦ N, 37.38◦ E). Iono-
spheric vTEC were collected using the ground-based
GPS receivers deployed at these two stations and
the data were obtained from Scripps Orbit and Per-
manent Array Center Archive1. After estimating
the model parameters, we used them to predict the
vTEC and validation was performed with the GPS-
vTEC values over Bahir Dar in the year 2012 and
2016. The detailed coordinates of the GPS receivers
used in this study are presented in Table 1.

The daily mean vTEC values of each day were ob-
tained from the corresponding hourly mean vTEC
observations, which are in turn inferred from the
mean of vTEC values of all visible satellites in each
5min interval. In this study, the approach commu-
nicated by [29] was implemented for the realisation
of the proposed linear time series model.

In this linear model, we have used the solar EUV
irradiance (F10.7p), geomagnetic activity (Ap) and
periodic oscillations (annual and semiannual oscilla-
tions) as the model input components. The daily
variations of model inputs, F10.7 and Ap index, in
the year 2014 are shown in the top and bottom pan-
els of Fig. 1 respectively. Since the units of solar and
geomagnetic activity indices differ from the unit of
vTEC, the coefficients of each parameter in the pro-
posed linear model are normalised as unitless val-
ues [2, 9]. The daily mean vTEC values, solar activ-
ity index (F10.7) and geomagnetic index (Ap) were
normalised using Equations (1), (2) and (3), respec-
tively:

NvTEC(d) =
vTEC(d)

max(vTEC(d))
, (1)

F10.7a =
F10.7(d)

max(F10.7(d))
, (2)

Apa =
Ap(d)

max(Ap(d))
, (3)

where NvTEC(d) is the normalised vTEC value,
F10.7a is the normalised solar proxy, Apa is the nor-
malised geomagnetic proxy and d indicates the day
respectively. The idea of Eq. (1) is used in the conver-
sion of the estimated linear model based normalised
vTEC to the actual TEC unit.

1http://sopac.ucsd.edu
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Table 1: Coordinates of the GPS receivers used for the study

Station Code
Geographic Geomagnetic

Lat.(N), Long.(E) Lat.(N), Long.(E)

Arbaminch ARMI (6.06,37.56) (2.62,110.87)

Bahir Dar BDMT (11.60,37.38) (8.08,111.57)

Fig. 1: Inputs used in the linear time series model in
the year 2014. The top panel illustrates the daily varia-
tions of solar F10.7 cm flux and the bottom panel demon-
strates the average planetary index (Ap index).

tec from the dual frequency

gps receiver

The receivers at GPS stations record signals
transmitted at two L-band frequencies, namely f1 at
1575.42MHz and f2 at 1227.60MHz. The time de-
lay which occurs while these signals are propagating
through the ionosphere is converted to the pseudo-
ranges and recorded as the P1 and P2 signals. The
carrier phase delay measurements on the f1 and f2
coherent frequencies are also recorded as L1 and L2,
respectively. The delayed and phase shifted signals
are recorded in a special format called the Receiver
Independent Exchange Format (RINEX). The time
delays of signals are converted to the pseudo-range
values and the phase shifts are recorded as the phase
delays in the receivers [16, 18, 27, 33]. The standard
model for pseudo-range recordings for two frequen-
cies f1 and f2 is as follows:

Pm
1,u = ρmu + c(δtu − δtm) + dmtrop,u+

+ dmion1,u + c(ǫm1 + ǫ1,u) (4)

Pm
2,u = ρmu + c(δtu − δtm) + dmtrop,u+

+ dmion2,u + c(ǫm2 + ǫ2,u), (5)

where the subscript u denotes the receiver station
index; the subscript m denotes the satellite index.
ρ is the actual range between satellite and receiver,
δtu and δtm are the clock errors for the receiver and
satellite, respectively. dtrop and dion are the tropo-
sphere and ionosphere group delays, respectively. ǫm

and ǫu are the frequency-dependent satellite and re-
ceiver biases. The model for GPS recordings also
includes the antenna pattern and noise errors. Since
those are assumed to be the same for both frequen-
cies, usually they are not used in the model equation
for TEC. c is the speed of light in vacuum.

The difference of Equations (4) and (5) is called
the geometry free linear combination of pseudo-range
because the actual range ρ is eliminated as

Pm
4,u = Pm

2,u − Pm
1,u = dmion2,u − dmion1,u+

+ c(ǫm2 − ǫm1 ) + c(ǫ2,u − ǫ1,u). (6)

The tropospheric contribution dmtrop,u in Equa-
tions (4) and (5) and any other source of error are
also eliminated since they are not a function of fre-
quency. Using the satellite and receiver biases for f1
and f2 frequency signals, the interfrequency or differ-
ential code biases (DCBs) are defined for the satellite
and receiver as follows:

DCBm = ǫm1 − ǫm2 (7)

DCBu = ǫ1,u − ǫ2,u, (8)

where DCBm and DCBu are the differential code bi-
ases for the satellite and receiver, respectively.

Similar equations can be written for the phase
delay observations Lm

1,u and Lm
2,u as:

Lm
1,u = λ1Φ

m
1,u = ρmu + c(δtu − δtm) + λ1Φ

m
ion1,u+

+ λ1Φ
m
trop,u − c(ǫm1 + ǫ1,u) + λ1N

m
1 (9)

Lm
2,u = λ2Φ

m
2,u = ρmu + c(δtu − δtm) + λ2Φ

m
ion2,u+

+ λ2Φ
m
trop,u − c(ǫm2 + ǫ2,u) + λ2N

m
2 , (10)

where λ1 and λ2 are the wavelengths corresponding
to f1 and f2 frequencies, Φm

ion1,u and Φm
ion2,u are the

ionospheric phase delays corresponding to f1 and f2
frequencies, respectively. Nm

1
and Nm

2
denote the

initial phase ambiguity corresponding to the f1 and
f2 frequencies, respectively for the mth satellite. Fi-
nally, Φm

trop,u is the phase delay due to the tropo-
sphere.
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The difference of Equations (9) and (10) is called
the geometry free linear combination of phase delays
and is given by

Lm
4,u = λ1Φ

m
1,u − λ2Φ

m
2,u = λ1Φ

m
ion1,u − λ2Φ

m
ion2,u+

+ c(DCBm) + c(DCBu) + ∆Nm, (11)

where ∆Nm in Eq. (11) is defined as

∆Nm = λ1N
m
1 − λ2N

m
2 . (12)

Using the approximation given by [16, 18, 27, 33]:

dmion,u = −Φm
ion1,u

c

f
≈ A

sTECm
u

f2
, (13)

where A = 40.3m3/s2 and sTECm
u denotes the total

electron content on the slant ray path combining the
receiver u and the satellite m. Using Equation (13)
in Equations (6) and (11), the following expressions
for the geometry free combinations are obtained:

Pm
4,u = A

(

f2
1
− f2

2

f2
1
f2
2

)

sTECm
u −

− c(DCBm +DCBu) (14)
Lm
4,u = A

(

f2
1
− f2

2

f2
1
f2
2

)

sTECm
u −

− c(DCBm +DCBu) + ∆Nm. (15)

For a selected measurement time, slant Ray To-
tal Electron Content (sTEC) can be calculated using
either pseudo-range or carrier phase data from each
satellite. sTEC calculated from Eq. (14) is noisy and
open to multipath effects:

sTECm
u (n) =

1

A

(

f2
1
f2
2

f2
1
− f2

2

)

[

Pm
4,u(n)+

+ c(DCBm +DCBu)] , (16)

where the index n denotes the time sample and
1 ≤ n ≤ N .

In order to obtain the sTEC from Equation (15)),
the initial ambiguity ∆Nm needs to be resolved.
In the works [16, 18, 27, 33] the following baseline
method is used: first, a baseline B for each con-
nected arc is obtained by differentiating the pseudo-
range and phase measurements as:

B =
1

Nme

Nme
∑

nme=1

(

Pm
4,u(nme)− Lm

4,u(nme)
)

, (17)

where Nme is the number of measurements in a con-
nected phase arc. Then the slant TEC can be com-
puted by inserting B into the phase Equation (15))
and the sTEC can be extracted as

sTECm
u (n) =

1

A

(

f2
1
f2
2

f2
1
− f2

2

)

(B + Lm
4,u(n)+

+ c(DCBu +DCBm)). (18)

In the above Equations u and m denote the re-
ceiver and satellite id’s, respectively, n is the mea-
surement time. L4 is the geometry free linear com-
bination of carrier phase data and B is the baseline
value defined in Equation (17). DCBu and DCBm

are the receiver and satellite differential code biases
respectively. In Eq. (18) P4 is the psuedorange ge-
ometry free linear combination for dual frequency
GPS signals. Each cycle slip or phase disconnection
starts another baseline calculation. Once the slant
TEC is computed, the vertical TEC, vTEC, can be
obtained using the thin shell approximation of the
Single Layer Ionosphere Model (SLIM) as

vTECm
u (n) =

sTECm
u (n)

M(ǫm(n))
, (19)

whereM(ǫm(n)) =
[

1− (R cos ǫm(n)/(R + h))2
]

−1/2

is called the mapping function and ǫ is the satellite
elevation angle. R is the Earth radius of 6378.137 km
and h is the ionospheric shell height of 428.8 km.

methods of analysis

Ionospheric linear TEC model can be addressed
component-wise with respect to each model parame-
ter. In accordance with their relative contributions,
the linear combination of these components will give
us:

NvTEC(d) = TECa(d) + TECsol(d)+

+ TECosc(d) + TECgeo(d), (20)

where TECa(d) is a constant representing additional
variations arising from the solar activity. Conse-
quently, TECsol(d) is the solar activity component,
TECosc(d) is the periodic component at different fre-
quencies and TECgeo(d) is the geomagnetic compo-
nent.

Since the solar activity F10.7 radio flux differs
greatly in the aspects of day-to-day and monthly
variations, F10.7P index was considered in the
proposed linear model to represent the solar ac-
tivity influence on TEC [31]. The F10.7P =
(F10.7a + F10.7p81)/2 could be determined on ba-
sis of the daily averaged solar activity index F10.7a
and its 81-day running average F10.7p81. Accord-
ing to [28, 30, 31, 36], the effect of solar EUV flux
on ionospheric TEC can be sufficiently addressed by
using the F10.7P index in the model.

The solar component of the linear time series
model can be expressed as

TECsol(d) = β2F10.7p(d − 1)+

+ β3F10.7p81(d− 1), (21)
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where (d−1) is the lag of one day and β2 and β3 are
the unknown coefficients indicating the magnitude
of the solar component variations and are supposed
to be estimated using the Bayesian-based parame-
ter estimation technique. The effect of geomagnetic
component on the daily mean TEC values can be
represented as part of the linear model as follows:

TECgeo = β4Ap(d− 1) + β5Ap(d− 2)+

+ β6Ap(d− 3),

where (d−2) and (d−3) are the lag 2 days and 3 days
in Ap indices, respectively, and β4, β5, β6 are the un-
known coefficients representing the weight of the ge-
omagnetic effects. A combination of solar modulated
sinusoidal terms can be used to express the influence
of periodic oscillations at different periods (182.6 and
365.25) as shown below:

TECosc(d) = β7 sin

(

2πd

182.6

)

+ β8 cos

(

2πd

182.6

)

+

+ β9 sin

(

2πd

365.25

)

+ β10 cos

(

2πd

365.25

)

,

where the periodic component is a function of sine
and cosine terms to resolve the phase and amplitude
of each oscillation. The periods of 182.6 and 365.25
days represent the semiannual oscillation (SAO) and
the annual oscillation (AO) respectively, β7 to β10
are the unknown coefficients to be estimated.

The unknown coefficients β1, β2, · · · , β10 were
computed using the Bayesian-based parameter esti-
mation technique. Model (predicted) vTEC values
were estimated by using the model coefficients (pa-
rameters) obtained from inversion of the GPS-vTEC
data from Arbaminch and Bahir Dar stations dur-
ing the year 2014. Mean of the distribution of the
estimated model parameters and the solar, geomag-
netic and periodic inputs are used to accomplish the
model prediction (See Fig. 2 for the distribution of
the estimated model parameters).

The deviations between the observed GPS-TEC
values and the model TEC values are also analysed
by computing the root mean square error (RMSE)
which is given by:

RMSE =

√

√

√

√

n
∑

i=1

(Xi − Yi)2/n,

where Xi represents the observed GPS-TEC data, Yi
can be the model based predicted TEC data of either
the proposed linear model or the IRI 2016 model or
the quadratic model.

In this work we have used the continuous wavelet
transformation to explicitly demonstrate the com-
mon periodic variations of the observed GPS-vTEC

and the predicted (linear model based) vTEC daily
values. Continuous Wavelet Transform (CWT) of
a time series signal (data) given by f(t) is defined
as the sum over all time of the signal multiplied by
the scaled and shifted version of the wavelet function
ψs,τ (t). The equation:

γs,τ (t) =

∫

f(t)ψ∗

s,τdt,

where ∗ denotes the complex conjugation, shows how
a function f(t) is decomposed into a set of basis
functions ψs,τ (t) called the wavelets. The variables
s and τ are the new dimensions, scale and transla-
tion (position), after the wavelet transform. Scaling
a wavelet simply means stretching (or compressing)
it, whereas translating a wavelet means delaying (or
hastening) its onset.

The wavelets are generated from a single basic
wavelet ψs,τ (t), the so-called mother wavelet, by scal-
ing and translation:

ψs,τ (t) =
1
√
s
ψ

(

t− τ

s

)

,

where the factor s−1/2 is for energy normalisation
across the different scales [12, 13, 21, 23, 32].

The International Reference Ionosphere (IRI) is
an international empirical standard model used for
the specification of ionospheric parameters. The
model provides average values of the electron den-
sity, electron content, electron and ion temperature
and ion composition as functions of the height, loca-
tion, local time and sunspot number for magnetically
quiet conditions. To enhance the capacity of model
the improvements have been made through the inges-
tion of all worldwide available data from the ground-
based as well as satellite observations. As a result,
a new version of the model (IRI 2016) has been re-
leased in 2017 by incorporating some new input pa-
rameters that are supposed to increase its capacity.
The IRI 2016 model includes two new model options
for the F2-peak height hmF2 and a better represen-
tation of the topside ion densities at the very low and
high solar activities.

Two new options are used in modelling of hmf2
directly and no longer through its relationship to the
propagation factor M(3000)F2. Thus, the new model
options enable the IRI 2016 model2 to predict the
evening peaks, this was not possible in the old ver-
sions. In addition, the improvement of the ion com-
position model in the topside ionosphere can lower
the transition height from close to 1000 km down
to almost 600 km in the new version of the model.
A number of smaller changes have also been made
concerning the use of solar indices and the speed-
up of the computer program [11]. For a given lo-
cation, time and date, like the previous versions of

2http://omniweb.gsfc.nasa.gov/vitmo/iri-vitmo.html
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the model, the IRI 2016 model provides the monthly
averages of ionospheric parameters (such as TEC) in
the altitude range of about 50–2000 km.

According to [31] and [29], the quadratic model of
the mean daily ionospheric vTEC as the function of
either solar (F10.7 flux) or geomagnetic (Ap index)
components can be formulated as

vTEC(F10.7) = c+ b× F10.7(d) + a× F10.7(d)2.

results and discussion

We have used the comparison of the IRI 2016
model based vTEC and the quadratic model based
daily vTEC values with their corresponding observed
GPS-vTEC values to validate the performance of a
linear time series model in terms of its capacity of
capturing the ionospheric vTEC variations during
the year 2014 at two geographic locations (Arbam-
inch and Bahir Dar) in Ethiopia. Once the model
is validated, we implemented the model parameters
to predict the vTEC values during the years 2012
and 2016 over Bahir Dar, Ethiopia ionosphere. The
daily averaged vTEC at Arbaminch and Bahir Dar
stations were considered for the analysis. The main
findings of this work are presented in the following
subsections.

The distribution and trace plots for the estimated
parameters over Arbaminch are displayed in Figs. 2
and 3 respectively. In these figures β2 and β3 refer
to the variation due to the solar component; β4 to β6
due to the geomagnetic component and β7 to β10 due
to the periodic components. The influence of individ-
ual components on the daily averaged TEC values at
Arbaminch is inferred from the width (thickness) of
either Fig. 2 or Fig. 3. Accordingly, the geomagnetic
component was the key component that influenced
the daily averaged TEC.

The periodical variations of the F10.7 flux, Ap in-
dex and vTEC are portrayed by the left, middle and
right panels of Figures 10 and 11, respectively. The
variations of vTEC due to the 27 days solar rotation
period, as can be inferred from left and right panels
of the figures 10 and 11, are dominantly affected by
the solar component.

In contrast to this, the short-period variations of
TEC, as illustrated by the middle panels of these fig-
ures, are significantly influenced by the geomagnetic
component. These observations are against the re-
ports [17] and [29] that have attempted to conclude
that the solar component is totally the dominant
component influencing the daily average vTEC val-
ues. Such deviated observation might be due to a
difference in instrumentation as well as the latitudi-
nal and wind dynamics differences [8–10].

The top and bottom panels of Figures 4 and 5 il-
lustrate the linear correlation between the observed,
IRI 2016 model based and linear model based vTEC
(TECU = 1016ele/m2) values over Arbaminch and
Bahir Dar respectively in the year 2014. The linear

model based vTEC is nicely correlated with the ob-
served vTEC with the average correlation coefficient
of 0.8 with the RMSE of 14 and 33 over Arbaminch
and Bahir Dar respectively. This implies that 80%
of the variation of vTEC is captured by the proposed
linear model during the year 2014.

We have also noticed that the double peak struc-
tures in the GPS-vTEC and the linear model-vTEC
values were similar to the semiannual variation (see
the top panels of Figures 4 and 5). The semiannual
variation of TEC could also be due to the combined
effect of the solar zenith angle and magnetic field
geometry [28, 30, 31, 36].

Figures 6 and 7 depict the common periodical
variations of the observed and linear model based
vTEC over Arbaminch and Bahir Dar respectively.
The left and right panels of these figures demonstrate
the wavelet transformed variations showing the peri-
odical variations of the observed and modeled vTEC
values over Arbaminch and Bahir Dar in the year
2014. These transformed variations have revealed
that the predicted and observed vTEC have varied
simultaneously with the periods of 27 days. These
common variations were pronounced during the days
of the year from 100 to 250 (referring to the x-axes
of Figures 6 and 7). Comparable observations were
made by [32] and [23] at different latitudinal and
longitudinal sectors.

Figures 8 and 9 are devoted to the illustration of
whether the IRI 2016 model has captured the possi-
ble variations of vTEC or not. The left panel stands
for the observed vTEC and the right panel for the
IRI 2016 over both Arbaminch and Bahir Dar. As
one can see from these figures, the variations of GPS-
vTEC due to the solar period of 27 days (left panel),
which were nicely captured by the proposed model,
were not addressed by the IRI 2016 model. This sig-
nifies the quality of the current linear model for-
mulated with the solar, geomagnetic and periodic
components against the IRI 2016 model in capturing
the expected daily vTEC variations. However, the
variations of GPS-vTEC with short periods (such as
the period of 5 days) have been explained better by
the IRI 2016 model compared to the current linear
model.

The estimated parameters for the proposed linear
model, using the daily GPS-vTEC data over Arbam-
inch in the year 2014, are implemented to forecast
the daily values of vTEC in the years 2012 and 2016
over Bahir Dar ionosphere. The correlations between
the forecasted and observed vTEC values during the
years 2012 and 2016 over Bahir Dar are shown by the
scatter plots in Figures 16 and 17 respectively. The
corresponding deviations of the linear model based
vTEC from the observed vTEC for the years 2012
and 2016 are demonstrated by the top and bottom
panels of Figures 19 and 20. Similarly the deviation
of the quadratic model based vTEC values from the
observed GPS-vTEC daily values during the year

33



Advances in Astronomy and Space Physics T.K.Gogie

2016 is depicted by the top and bottom panels of
Fig. 21. The linear correlation coefficients between
the observed and linear model based vTEC values
are 0.7 for the year 2012 and 0.78 for 2016 whereas
the correlation of the observed vTEC with quadratic
model based vTEC is about 0.4 for the year 2016
(Fig. 18). This means that 78% of the variations
of GPS-vTEC have been described by the proposed
linear model whereas the quadratic model has cap-
tured only 40% of it. This also signifies the strength
of the linear time series model in describing the ex-
pected periodical, solar and geomagnetic activity re-
lated variations to the optimal stage.

We have analysed the seasonal dependence of per-
formance of the proposed linear model by considering
the December Solstice, the June Solstice, the March
Equinox and the September Equinox observations
over Bahir Dar in the year 2014. The correlations
between the observed and linear model based vTEC
during these seasons are illustrated by Figures 12, 13,
14 and 15 with the correlation coefficient values of
0.6, 0.9, 0.5 and 0.8, respectively. This implies that
there is a clear seasonal variation of performance of
the proposed linear model. The seasonal variations
of performance of the model might be associated
with the effect of wind dynamics [4, 5, 25, 26].

conclusions

The aim of this study was to validate the per-
formance of the linear time series model, formu-
lated with the solar, geomagnetic and periodic com-
ponents, in modelling the variations of daily GPS-
vTEC observations of Ethiopian ionosphere in the
years 2012, 2014 and 2016. Specifically, we focused
on modelling the vTEC variations by incorporating
the solar, geomagnetic and periodical components in
the proposed model. the Bayesian statistics based
approach is implemented to estimate ten model pa-
rameters over Arbaminch in the year 2014. The esti-
mated parameters are then used to predict the vTEC
over Bahir Dar in the year 2012, 2014 and 2016.

The results showed that the linear model per-
formed very well comparing to both IRI 2016 and
quadratic models with the linear correlation coeffi-
cient of about 0.8 for all the considered years. We
came to the conclusion that the proposed linear
model could explain 80% of the daily GPS-vTEC
variations of Ethiopian ionosphere.

The wavelet transformation based analysis re-
vealed that the observed and linear model vTEC
have significant common periods of variations as well
as common pattern of the variations, with the pe-
riod of 27 days that lasted for 150 days (from the day
of year 100 to 250). Specifically, we could observe
common variations with both short and long peri-
ods of variations of the linear model based vTEC
and the observed GPS-vTEC during the year 2014
in Ethiopian ionospheric sector.

We also demonstrated that the geomagnetic com-
ponent of the model has influenced the short-period
variations significantly whereas the solar activity
component has contributed to the 27 days period of
variations. This has led us to infer that the geomag-
netic component is the key component for modelling
the short period daily variations of GPS-vTEC and
the solar component has played a great role in mod-
elling of the 27 days period of variations using the
linear time series model for the Ethiopian sector in
particular and the East African sector in general.

Our analysis also showed the existence of a clear
seasonal dependence of performance of the linear
model in describing the expected daily vTEC varia-
tions for both stations and the year we have analysed.
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[10] BarthĊ., TobiskaW., Rottman G., and WhiteO. 1990,
Geophys. Res. Lett., 17, 571.

[11] Bilitza D. 2000, Phys. Chem. Earth, 25, 515.
[12] Cao M., and QiaoP. 2008, Smart Materials and Struc-

tures, 17.
[13] ChangL.C., Yue J., WangW., WuQ., and Meier R.

2014, J. Geophys. Res., 119, 4786.
[14] Chen Y., Liu L. and Le H. 2008, J. Geophys. Res., 113,

A11.
[15] Chen Y., Liu L., Le H., and ZhangH. 2015, Earth, Plan-

ets and Space, 67, 80.
[16] Ciraolo L., AzpilicuetaF. BruniniC., Meza A. and

Radicella S. M., 2007, Journal of Geodesy, 81, 111.

34



Advances in Astronomy and Space Physics T.K.Gogie

[17] Forbes J.M., Palo SE.., and ZhangX. 2000, J. Atmos.
Sol. Terr. Phys., 62, 685.

[18] Gao Y. and Liu Z. Z. 2002, Journal of Global Position-
ing Systems, 1, 18.

[19] Gorney D. J. 1990, Rev. Geophys., 28, 315.
[20] Guo J., WanW., Forbes J. E. et al. 2007, J. Geo-

phys. Res.,112, A10.
[21] He L., WuX., SantisA., Liu S., & YangY. 2014, Ann.

Geophys., 32, 187.
[22] Hedin A.E. 1984, J. Geophys. Res., 89, 9828.
[23] Horne J. H. and Baliunas S.L. 1986, ApJ, 302, 757.
[24] HuangY.-N. and ChengK., 1995, J. Atmos. Terr.

Phys., 58, 1503.
[25] Kassa T., and Damtie B. 2017, Adv. Space Res., 60,

121.
[26] Kassa T., Damtie B., Bires A., YizengawE. and Cil-

liers P. 2015, Adv. Space Res., 55, 184.
[27] Klobuchar J. A. 1996, ‘Ionospheric Effects on GPS, in

Global Positioning System Theory and Applications’,
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Fig. 2: Distribution of the estimated parameters over
Arbaminch in the year 2014. β1 is a constant that weights
additional variations arising from the solar activity; β2
and β3 weight the variation due to the solar component;
β4 to β6 due to the geomagnetic component and β7 to
β10 due to the periodic components.

Fig. 3: Trace plot of the estimated parameters over Ar-
baminch for the year 2014. β1 is a constant that weights
additional variations arising from the solar activity; β2
and β3 weight the variation due to the solar component;
β4 to β6 due to the geomagnetic component and β7 to
β10 due to the periodic components.
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Fig. 4: Correlation between the observed and modeled vTEC over Arbaminch in the year 2014. The triangle scatter
plot refers to the correlation between the observed and predicted (linear model based) vTEC whereas the circle
scatter plot shows the correlation between the observed and IRI2016 model based vTEC.

Fig. 5: Correlation between the observed and modeled vTEC and observed over Bahir Dar in the year 2014. The
triangle scatter plot refers to the correlation between the observed and predicted (linear model based) vTEC whereas
the circle scatter plot shows the correlation between the observed and IRI2016 model based vTEC.
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Fig. 6: Periodical variations of the GPS-vTEC (left) and
the predicted vTEC over Arbaminch (ARMI) in the year
2014 (right).

Fig. 7: Periodical variations of the GPS-vTEC (left) and
the predicted vTEC over Bahir Dar (BDAR) in the year
2014 (right).

Fig. 8: Periodical variations of the GPS-vTEC (left) and
the IRI2016 vTEC over Arbaminch (ARMI) in the year
2014 (right).

Fig. 9: Periodical variations of the GPS-vTEC (left) and
the IRI2016 vTEC over Bahir Dar (BDAR) in the year
2014 (right).

Fig. 10: Periodical variations of F10.7 (left), Ap index
(middle) and GPS-vTEC over Arbaminch (ARMI) in the
year 2014 (right).

Fig. 11: Periodical variations of F10.7 (left), Ap index
(middle) and GPS-vTEC over Bahir Dar (BDAR) in the
year 2014 (right).
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Fig. 12: Correlation between the observed and linear
model based vTEC values over Bahir Dar during the De-
cember Solstice in the year 2014.

Fig. 13: Correlation between the observed and linear
model based vTEC values over Bahir Dar during the June
Solstice in the year 2014.

Fig. 14: Correlation between the observed and linear
model based vTEC values over Bahir Dar during the
March Equinox in the year 2014.

Fig. 15: Correlation between the observed and linear
model based vTEC values over Bahir Dar during the
September Equinox in the year 2014.

Fig. 16: Correlation between the observed and linear
model based vTEC values over Bahir Dar in the year
2012.

Fig. 17: Correlation between the observed and linear
model based vTEC values over Bahir Dar in the year
2016.
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Fig. 18: Correlation between the observed and quadratic
model based vTEC values over Bahir Dar in the year
2016.

Fig. 19: Deviation between the observed and linear model
based vTEC values over Bahir Dar in the year 2012. The
lower panel shows the error bar illustrating the deviation
of the linear model based vTEC values from the observed
GPS vTEC in the year 2012 over Bahir Dar.

Fig. 20: Deviation between the observed and linear model
based vTEC values over Bahir Dar in the year 2016. The
lower panel shows the error bar illustrating the deviation
of the linear model based vTEC values from the observed
GPS vTEC in the year 2016 over Bahir Dar.

Fig. 21: Deviation between the observed and quadratic
model based vTEC values over Bahir Dar in the year
2016. The lower panel shows the error bar illustrating
the deviation of the quadratic model based vTEC values
from the observed GPS vTEC in the year 2016 over Bahir
Dar.
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