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Abstract
The least squares harmonic estimation is applied to the hourly time-series of Total
Electron Contents (TEC) derived from ionospheric models using seven years of GPS
observations processed by Bernese software. The frequencies of dominant spectral
components in the spectrum are estimated. We observe significant periodic patterns with
periods of 24 h and its fractions 24h/n, n=2,…,11, which are the well-known Fourier
series decomposition of the diurnal periodic pattern of the ionospheric variations. The
principal component with daily signal is due to the day-night variation of TEC values.
The semidiurnal and tri-diurnal components can be explained by the substorm signatures
in both auroral electrojet (in layer E) and ring current variations (related to magnetosphere
at low latitudes) and tidal effects. Also, the spectrum shows the well-known 27-day
period of solar cycle variations. We observe annual, semi-annual and tri-annual signals in
the series. The detected signals are then applied to perform an ionospheric prediction. The
results indicate that a substantial part (in the absolute sense) of the TEC values can be
predicted using this base function, and an undetectable part remains as disturbed noise
which can exceed 20 TEC units for the disturbed ionosphere. In comparison with the
standard Klobuchar model, the model presented in this contribution will significantly
improve the single frequency GPS positioning accuracy.
Key words: Ionosphere, Harmonic estimation, Total electron content (TEC), GPS,
Global Navigation Satellite System

( ﺣﺎﺻﻞ از ﻣﺸﺎﻫﺪات ﺳﺎﻣﺎﻧﻪ ﻧﺎوﺑﺮي ﺟﻬﺎﻧﻲTEC) ﺗﺤﻠﻴﻞ و ﭘﻴﺶﺑﻴﻨﻲ ﻣﺤﺘﻮاي ﻛﻠﻲ اﻟﻜﺘﺮون
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 و ﻋﻠﻴﺮﺿﺎ اﻣﻴﺮي ﺳﻴﻤﻜﻮﻳﻲ1ﺟﻤﺎل ﻋﺴﮕﺮي
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ﭼﻜﻴﺪه
( ﺑﻪ ﻃﻮل زﻣﺎﻧﻲ ﻫﻔﺖTEC) در اﻳﻦ ﺗﺤﻘﻴﻖ از روش ﺑﺮآورد ﻫﻤﺎﻫﻨﮓ )ﻫﺎرﻣﻮﻧﻴﻚ( ﻛﻤﺘﺮﻳﻦ ﻣﺮﺑﻌﺎت روي ﺳﺮيﻫﺎي زﻣﺎﻧﻲ ﻳﻮنﺳﭙﻬﺮ
 ﺑﺴﺎﻣﺪﻫﺎي ﻃﻴﻔﻲ ﻣﺆﻟﻔﻪﻫﺎي. اﺳﺘﻔﺎده ﺷﺪه اﺳﺖ، ﻣﺤﺎﺳﺒﻪ ﺷﺪهاﻧﺪBernese  ﺑﺎ ﻧﺮماﻓﺰارGPS  ﻛﻪ ﺑﺎ اﺳﺘﻔﺎده از ﭘﺮدازش دادﻫﺎي،ﺳﺎل
 ﻣﺸﺎﻫﺪه ﻣﻲﺷﻮﻧﺪ ﻛﻪ ﺗﺠﺰﻳﻪ ﻣﻌﺮوفn=1,2,…,11  ﻛﻪ24h/n,  و ﻛﺴﺮﻫﺎي آن24 h  در اﻳﻦ ﻃﻴﻒﻫﺎ دوره.اﺻﻠﻲ ﺑﺮآورد ﺷﺪهاﻧﺪ
 ﻣﺆﻟﻔﻪ ﻫﺎي ﻧﻴﻢروزاﻧﻪ. اﺳﺖTEC  ﻋﺎﻣﻞ اﺻﻠﻲ اﻳﻦ ﺳﻴﮕﻨﺎل روزاﻧﻪ ﺗﻐﻴﻴﺮات ﺷﺒﺎﻧﻪروزي.ﺳﺮي ﻓﻮرﻳﻪ از ﺗﻐﻴﻴﺮات روزاﻧﻪ ﻳﻮنﺳﭙﻬﺮ ﻫﺴﺘﻨﺪ
( و ﺗﻐﻴﻴﺮات در ﺟﺮﻳﺎنE  ﻫﺎ ﺑﻪ دو ﺻﻮرت ﺣﺮﻛﺎت ﻗﻄﺒﻲ ذرات ﺑﺎردار )در ﻻﻳﻪيsubstorm و ﺛﻠﺚروزاﻧﻪ ﻣﻲﺗﻮاﻧﺪ ﺑﻪدﻟﻴﻞ ردﭘﺎي
 ﻫﻤﭽﻨﻴﻦ ﻃﻴﻒ.ﺣﻠﻘﻮي )ﻣﺮﺗﺒﻂ ﺑﺎ ﻣﻴﺪان اﻟﻜﺘﺮﻳﻜﻲ ﻣﻐﻨﺎﻃﻴﺲﺳﭙﻬﺮ در ﻋﺮضﻫﺎي ﭘﺎﻳﻴﻦ( و ﻫﻤﭽﻨﻴﻦ ﺗﺎﺛﻴﺮات ﻛﺸﻨﺪي )ﺟﺬروﻣﺪي( ﺑﺎﺷﺪ
، دورهﻫﺎي ﺳﺎﻻﻧﻪ، ﻋﻼوهﺑﺮاﻳﻦ. روز ﻧﻴﺰ ﺑﻪدﺳﺖ آﻣﺪه ﻛﻪ ﻣﺮﺗﺒﻂ ﺑﺎ ﻧﻮﺳﺎنﻫﺎي دورهاي ﺧﻮرﺷﻴﺪي اﺳﺖ27 ﺑﺎ دوره ﺷﻨﺎﺧﺘﻪ ﺷﺪه
 از دورهﻫﺎي ﺑﻪدﺳﺖ آﻣﺪه ﺑﺮاي اﻳﺠﺎد ﻳﻚ اﻟﮕﻮي ﭘﻴﺶﺑﻴﻨﻲ ﻳﻮنﺳﭙﻬﺮي اﺳﺘﻔﺎده، درﻧﻬﺎﻳﺖ.ﻧﻴﻢﺳﺎﻻﻧﻪ و ﺛﻠﺚﺳﺎﻻﻧﻪ ﻧﻴﺰ ﻣﺸﺎﻫﺪه ﻣﻲﺷﻮد
*
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 و، ﺑﺎ اﻳﻦ ﺗﻮاﺑﻊ ﭘﺎﻳﻪ ﻗﺎﺑﻞ ﭘﻴﺶﺑﻴﻨﻲ اﺳﺖTEC  ﻧﺘﺎﻳﺞ ﻧﺸﺎﻧﮕﺮ آن اﺳﺖ ﻛﻪ ﺑﺨﺶ ﻗﺎﺑﻞﻣﻼﺣﻈﻪاي )ﺑﻪﻃﻮر ﻣﻄﻠﻖ( از ﻣﻘﺎدﻳﺮ.ﺷﺪه اﺳﺖ
 در ﻣﻘﺎﻳﺴﻪ ﺑﺎ. ﺑﺮﺳﺪ20TECU ﻗﺴﻤﺖ ﻏﻴﺮﻗﺎﺑﻞ ﻛﺸﻒ ﻛﻪ ﺑﻪﺻﻮرت ﻧﻮﻓﻪ آﺷﻔﺘﻪ ﺑﺎﻗﻲ ﻣﻲﻣﺎﻧﺪ ﻣﻲﺗﻮاﻧﺪ در ﺣﺎﻟﺖ ﻳﻮنﺳﭙﻬﺮ آﺷﻔﺘﻪ ﺗﺎ
. ﺗﻚ ﺑﺴﺎﻣﺪي را اﻓﺰاﻳﺶ ﺧﻮاﻫﺪ دادGPS  اﻳﻦ روش ﺑﻪ ﺻﻮرت ﻣﻌﻨﺎداري دﻗﺖ ﺗﻌﻴﻴﻦ ﻣﻮﻗﻌﻴﺖ ﺑﺎKlobuchar ﻣﺪل اﺳﺘﺎﻧﺪارد
GPS ،TEC ،( ﺑﺮآورد ﻫﻤﺎﻫﻨﮓ )ﻫﺎﻣﻮرﻧﻴﻚ، ﻳﻮنﺳﭙﻬﺮ:واژهﻫﺎي ﻛﻠﻴﺪي

1 INTRODUCTION
The existence of the ionosphere is directly
related to radiation emitted from the sun. The
relative configuration of the Earth with
respect to the sun is responsible for a large
part of the variations in the ionosphere. The
ionospheric variations are classified as
regular and irregular variations. Regular
variations occur more or less in cycles and
therefore, can be predicted in advance with
reasonable accuracy. Examples of regular
variations are diurnal, seasonal, and solar
cycle variations (Jain et al. 1996). The
irregular variations are of abnormal behavior
of the sun and therefore, cannot be predicted
in advance.
The daily rotation of the Earth around its
axis is responsible for a large part of the daily
variations in the ionosphere. Daily variations
in the ionosphere are a result of the 24-hour
rotation of the Earth about its axis. Ionization
depends on the angle of the sun, which is
greatly reduced at night. The principal
component (24 hours) with daily signal is due
to the day-night variation of TEC values. The
existence of semidiurnal and tri-diurnal
periods is explained by Pi et al. (1993) and

Oyekola et al. (2006). The former explains
that the daytime double maxima (twin peaks
or bite-outs) in the ionospheric total electron
content (TEC) at middle and lower latitudes
are due to substorm signatures in both auroral
electrojet and ring current variations. They
show that the diurnal double maxima in TEC
can be created by a combined effect of E × B
drift and altitude-dependent F region
chemical loss. There exists another double
maxima phenomenon on the latitude profile
near the maximum ionospheric effect
(latitude profile at zero longitude on sunfixed frame) that is due to equatorial anomaly
(Oliveira et al. 2005).
Examples of the network estimated daily
TEC values are superposed for several points
of the French Permanent GPS network (Fig.
1). There are two peaks for all of the
estimated daily TEC values in this sketch.
The latter explains the effects of tides on the
upper ionosphere. But the exact interpretation
is rather difficult due to its weak spectral
component. Some other components are
reported in a research using atmospheric
radar (Balan, et al. 2006).

Figure 1. The ionospheric diurnal double maxima; local ionospheric model (left), CODE global model (right).
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Seasonal variations are the result of the
Earth revolving around the sun; the relative
position of the sun moves from one
hemisphere to the other with changes in
seasons. Seasonal variations of the
ionospheric layers correspond to the highest
angle of the sun. Therefore, the ionization
density of the layers is greatest during the
summer. The F2 layer, however, does not
follow this pattern; its ionization is greatest in
winter and least in summer. As a result,
operating frequencies for F2 layer
propagation are higher in the winter than in
the summer.
The sunspots are partly responsible for
variations in the ionization level of the
ionosphere.
Sunspots
can
occur
unexpectedly. A regular solar cycle variation
of sunspot activity has a minimum and
maximum level and occurs approximately
every 11 years. The sunspot distribution at
the solar surface is not homogeneous. Solar
rotation with an approximate period of 27
days is also reflected in sunspot numbers (Le
Mouël et al. 2007). The number of sunspots
at any given time is continually subject to
change as some disappear and new ones
emerge.
Ionospheric estimation using GNSS
systems becomes one of the routine methods
for TEC derivation. Different models
including single layer (Schaer 1999),
tomographic (Artru 2001), and four
dimensional (Memarzadeh 2009), have been
used for TEC representation. The continuous
nature of permanent GPS stations and the
long time span of data are the main
advantages of this method for ionospheric
estimation. The harmonic analysis of global
TEC models was previously employed by
Schaer (1999) and Unnikrishnan et al.
(2002). The application of this data for TEC
modeling and prediction is one of the main
objectives of this research.
The frequency dependence of the
ionospheric effect is a tool for measuring the
Total Electron Content (TEC) in the
ionosphere (Schaer 1999). Using GPS
permanent station arrays, it is possible to
estimate global or local ionospheric models
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(Artru 2001). Since the TEC values show
cyclic variations for their regular part, they
can be modeled by a series of periodic
functions—sinusoidal functions for instance.
We apply the least squares harmonic
estimation (LS-HE), developed by AmiriSimkooei 2007, to the TEC values derived
from ionospheric models. The time series in
our analysis consists of TEC values
computed from ionospheric models using
GPS observations in the French Permanent
GPS Network (RGP). Seven years (2001 to
2007) of hourly ionospheric data are
analyzed using LS-HE.
This analysis gives us the possibility of
proposing a model which takes into account a
longer data set. The model gives the standard
deviation of TEC prediction to be in the order
of 5 TECU (TEC Unit). Despite high
scintillations, the model gives reliable results
because it is based on real data from local
networks.

2 HARMONIC ESTIMATION
In GPS data processing, one usually starts
with formulating a system of observation
equations, which consists of two models: the
functional model and the stochastic model.
The functional model captures all functional
effects, while the stochastic model captures
all stochastic effects. We now consider the
functional model and present the formulation
of the least-squares harmonic estimation
applied to the linear model of observation
equations
(1)
E(y )=Ax, D(y )=Qy
where A is the m × n design matrix, Qy is
the m × m covariance matrix of the m-vector
of observables y , x is the n-vector of
unknown parameters, and E and D are the
expectation and dispersion operators,
respectively.
We use the harmonic estimation method
to identify and hence compensate for
unmodelled periodic effects in the functional
part of the model. Consider the model of
observation equations E ( y ) = Αx , where the
time series

y = [ y1, y2 , ..., ym ]T is also
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expressed as a periodic pattern. We may
assume that y can be expressed as an
individual
trigonometric
term
as
yi = ak cos ωk ti + bk sin ωk ti (a sinusoidal
wave). In the matrix notation, when including
the functional part Ax of the model, one
obtains
(2)
E ( y ) = Ax + Ak xk , D ( y ) = Qy
where the matrix Ak consists of two
columns corresponding to frequency ωk of
the sinusoidal function

⎡ cos ωk t1
⎢ cos ω t
k 2
Ak = ⎢
⎢ #
⎢
⎣cos ωk tm

sin ωk t1 ⎤
sin ωk t2 ⎥⎥
⎡a ⎤
, xk = ⎢ k ⎥
# ⎥
⎣ bk ⎦
⎥
sin ωk tm ⎦

with ak , bk and ωk being unknown real
numbers. The problem of finding the
unknown frequency ωk in Eq. (2) is the task
of harmonic estimation. For this purpose the
following null and alternative hypotheses are
put
forward: H 0 : E ( y ) = Ax versus

H a : E ( y ) = Ax + Ak xk , where under the
null hypothesis the periodic effect is absent,
while under the alternative hypothesis it is
present (i.e. it is significant). The
identification and testing of the frequency ωk
is completed through the following steps:
The
frequency
ωi
(and
correspondingly Ai ) identified by solving the
minimization problem
ωj

j

−1
y

ωj

where

P(ω j ) = eˆ0T Qy−1 Aj ( ATj Qy−1 PA⊥ Aj )−1 ATj Qy−1eˆ0
(6)
with eˆ0 = PA⊥ y the least-squares residuals
and

PA⊥ = I − A( AT Qy−1 A) AT Qy−1

an

orthogonal projector (both are given under
the null hypothesis). Analytical evaluation of
the above maximization problem is
complicated. In practice, one has to be
satisfied with numerical evaluation. A plot of
spectral values P(ω j ) versus a set of
discrete values for ω j can be used to

(3)

ωk = arg min || P[ ⊥A A ] y ||Q2

following maximization problem (AmiriSimkooei 2007):
(5)
ωk = arg max P(ω j )

(4)

⊥
T
−1
T
−1
where P[.] = I − [.]([.] Qy [.])[.] Qy is

an orthogonal projector (under the alternative
hypothesis). The matrix A j has the same
structure as Ak in Eq. (3); the one that
minimizes the preceding criterion is set to
be Ak . An equivalent expression of the above
minimization problem is expressed as the

investigate the contribution of different
frequencies in the construction of the original
data series y. In other words, we may
compute the spectral values for different
frequencies ω j using Eq. (6) and take the
frequency at which P(ω j ) achieves its
maximum value. This is considered to be ωk
from which the matrix Ak is constructed
using Eq. (3).
After obtaining ωk , one has to test H 0
against H a to see whether the detected
frequency is indeed significant. The
following test statistic can be used

P(ωk ) = eˆ0T Qy−1 Ak ( AkT Qy−1 PA⊥ Ak )−1 AkT Qy−1eˆ0
(7)
Under H 0 , the test statistic has a central
chi-square distribution with two degrees of
freedom
(8)
T2 ~ χ 2 (2, 0)
Where the covariance matrix is of the
2
form Qy = σ Q , with σ 2 the unknown
variance of unit weight, the test statistic as
well as its distribution will be modified (see
Amiri-Simkooei, 2007). If the null
hypothesis is rejected, we may perform the
same procedure for finding yet another
frequency.
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As a generalized form of the Fourier
Spectral Analysis, this method is neither
limited to evenly spaced data nor to integer
frequencies. As a special case, consider a
zero-mean stationary random process. We
then have, A = 0 , and hence PA⊥ = I . If, in
addition, the noise of the random process is
only white, we may write Q y = I . Equation
(6) then simplifies to

P(ω j ) = eˆ0T Aj ( ATj Aj )−1 ATj eˆ0

(9)

which is identical to the least-squares
spectral analysis (LSSA) method developed
by Vaníček (1971). For some applications we
refer to (Craymer 1998; Abbasi 1999; Asgari
and Harmel 2005).
Our application of harmonic estimation is
to find any potential periodicities in the nonequally spaced time-series of the TEC values
derived from ionospheric models. There are
periodic components to the solar variations,
the principal one being the 11.3-year solar
cycle (or sunspot cycle). The TEC values
exhibit this period. Other important signals
detected by harmonic estimation are the
annual and diurnal signals, possibly along
with their higher-order harmonics. The
detected frequencies will be used to predict
the TEC values for the last days of the series.
This gives an indication that only 80% of the
ionospheric errors can be modeled and a 20%
portion remains undetectable as disturbed
noise.

3
PRE-PROCESSING OF GPS
DATA
Ionospheric delay estimation using GPS
data
GPS signals pass through different layers
of the atmosphere. The effect of ionospheric
layers on GPS signals depends on signal
frequency and the Total Electron Content
(TEC). This effect ranges from a few meters
to tens of meters. In the high solar activity
this value could reach more than 100 meters.
Due to the irregular variations it is impossible
to totally determine the TEC value using a
deterministic model. Klobuchar ionospheric
parameters, broadcast from GPS satellites,
can correct only about 50% of the
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ionospheric effect (Klobuchar 1987; Seeber
2003).
The frequency dependence of GPS signals
travel time in the ionosphere is employed to
extract the ionospheric delay. The Geometryfree GPS observations are the basis of TEC
estimations. The L4 observable is expressed
as (Schaer 1999)
L 4 = L1 − L 2

⎛ 1

L 4 = −α ⎜

⎝ f1

2

−

1 ⎞

⎟ M I (z ) E (β,s ) +

f 22 ⎠

λ1N 1 − λ2 N 2 + ε
(10)
−2

−1

where α = 4.03 ms TECU , L1 and L2
are the GPS phase observables, f1 and f2 are
the L1 and L2 frequencies respectively, MI (z)
is the mapping function, E(β, s) is the vertical
TEC value, β is the geographical or
geomagnetic latitude, s is the sun-fixed
longitude, N1 and N2 are the initial phase
ambiguities of L1 and L2, λ1 and λ2 are the
wavelength of L1 and L2.
Single layer and tomographical models
using permanent GPS networks have been
extensively investigated and applied (Schaer
1999; Artru 2001; Hernández-Pajares 2000).
All of these models are based on the
estimation of TEC using discrete GPS
observations. But by applying the appropriate
base functions, one may obtain ionospheric
models in continuous domain. The estimated
TEC of French Permanent GPS Network
(RGP) is modeled either by polynomial base
functions, which are useful for local
modeling of the ionosphere, or by spherical
harmonics. The local TEC model is
represented by the following Taylor series for
vertical TEC value Ev (Dach et al. 2007)
n max m max

Ev ( β , s ) = ∑ ∑ E nm (β − βo )n (s − s o )m
n =0 m = 0

(11)
where nmax and mmax are the degrees of the
Taylor series, so and βo are the origin of
Taylor series development, Enm are the
unknown coefficients, and β and s are the
latitude and sun-fixed longitudes of the
pierce point, respectively.
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The global TEC model based on spherical
harmonics expansion is given as (Dach et al
2007)
n max n
P sin( β ) (anm cos( m s ) +
E v ( β , s ) = ∑ ∑ nm
n = 0 m = 0 b nm sin( m s ) )
(12)
where nmax is the maximum degree of

~
spherical harmonic expansion, Pnm is the
normalized Legendre function of degree n
and order m, and anm and bnm are the
unknown TEC parameters. This model can be
used both in global and in regional scales.
Extraction of ionospheric data series
In this section we explain our
methodology to extract the time series of the
TEC values for further analyses using leastsquares harmonic estimation (LS-HE). The
data corresponds to ionospheric models
derived from Réseau GPS Permanent (RGP)
stations
(http://rgp.ign.fr/PRODUITS/iono.php). The
RGP network consists of 23 permanent
stations in mid 2001, and increases to about
140 stations at the end of 2007. There exist
more than 60,000 hourly TEC values for the
time series.
Hourly local TEC model coefficients are
used as the data series of our analyses. Eoo
represents the TEC value at the point of
development and has the most important
contribution in the Taylor series. The global
number of ionospheric electrons could be
deduced from aoo (the constant term in Eq.
12) in the global model when the
development is performed over the whole
Earth (Schaer 1999). It then makes the data
series used in the least-squares harmonic
estimation (LS-HE) method.
The problem arises when comparing
different hourly solutions using Eoo, because
the origin of the Taylor series development
varies for every hourly ionospheric model
(about several degrees). In the following we
propose a method to change the origin of
development and to unify the point of
development for all hourly solutions. After
applying this idea, an identical origin for all
local TEC models (Taylor series) is obtained.

The second degree polynomial model has
the following form:

TEC = E 00 + E 01Δs + E 02 Δs 2 +
E 10 Δβ + E 11ΔβΔs + E 20 Δβ 2

(13)

Δβ = β − βo
Δs = s − s o

We now change the origin from βo and

s o to βo′ and s o′ in order to obtain a unique
point of development

βo′ = βo + d βo

s o′ = s o + ds o
Therefore,
after
applying
this
transformation, βo′ and s o′ become constant
over the entire time series. One then obtains

Δβ ′ = β − βo′ = Δβ − d βo
Δs ′ = s − s o′ = Δs − ds o

Equation (13) can then be reformulated as
TEC = E 00 + E 01 (Δs ′ + ds o ) +

E 02 (Δs ′ + ds o ) 2 + E 10 (Δβ ′ + d βo ) +
E 11 ( Δβ ′ + d βo )(Δs ′ + ds o ) + E 20 (Δβ ′ + d βo ) 2
(14)
Rearranging the above equation gives the
Taylor series with a new origin. For example,
′ becomes
the constant term E oo

′ = E 00 + E 01ds o + E 02ds o 2 +
E 00

(15)

E 10d βo + E 11ds o d βo + E 20d βo 2

Other coefficients can be computed in a
similar manner. The following transformation
is used to obtain the new coefficients:
(16)
E′=E M
where E is the old coefficient vector and
E' is the new coefficient vector
E = [E 00 E 01 E 02 E 10 E11 E 20 ],
′ ],
E ′ = [E 00′ E 01′ E 02′ E 10′ E 11′ E 20

and M is the transformation matrix
⎡ 1
⎢ ds
o
⎢
⎢ ds o 2
M =⎢
⎢ d βo
⎢ds o d βo
⎢
2
⎢⎣ d βo

0
1
2ds o
0
0
d βo

0
0
1
0
0
0

0
0
0
1
2d β o
ds o

0
0
0
0
1
0

0⎤
0 ⎥⎥
0⎥
⎥
0⎥
0⎥
⎥
1 ⎥⎦
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In a similar manner the Taylor series
expansion can be used to change the origin of
the third-degree polynomial models, which
corresponds to data from 2005 to 2007. After
transforming all of the hourly data, we obtain
new Taylor series for each hourly data. Note
that irregular gaps exist in the data set. Figure
′ over the period 2001
2 shows the plot of E oo
to 2007, which represents the TEC values of
the origin of the expansion.

4 RESULTS AND dISCUSSIONS
Harmonic analysis and interpretation
We now apply the LS-HE to the nonequally spaced time-series of TEC values of
the previous section. Numerical search for
the discrete frequencies is applied to Eq. (7).
The step size used for the periods Tj=2π /ωj
is small at high frequencies and gets larger at
lower frequencies. The following recursive
relation is used:

⎛ αT j
T j +1 = T j ⎜1 +
T
⎝

⎞
⎟ , α = 0.1, j = 1, 2,...
⎠

(17)
with a starting period of T1 = 2 hours
(Nyquist period) and T being the total time
span of 56395 hours (2350 days). For this
time series, the lowest frequency checked in
the analysis is ωmin = 2π / T , i.e. one cycle
T ⊥
over the total time span. To avoid a Aj PA Aj

singularity, one

needs

to

exclude

the
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previously detected frequencies ω1 ,..., ωi −1
in the spectrum when finding ωi .
The harmonic analysis is applied to the
TEC values to obtain the least-squares
spectrum of the series and to interpret the
results. Figure 3 is the result for the
frequency spacing of α=0.1 in Eq. (17). The
periods with dominant spectral values are
from 2 hour to one day; the spectrum shows a
periodic pattern with periods of 24h/n,
n=1,…,11. The most important components
have the periods of 1, 1/2, and 1/3 day.
A zoom-in of the daily signals is shown in
Fig. 4, when the time-series of TEC values
has been split into two parts. Peaks are
evident at harmonics of 1 cycle per day (cpd)
up to 11 cpd. To explain these signals we
recall the theory of Fourier series expansion
of periodic functions. Let the function f ( x )
be a periodic function with period of T (i.e.
f ( x ) = f ( x + T ) ). Such a function can be
written as an infinite sum of sine and cosine
functions on the interval [-T/2, T/2]. The
results presented are in fact
an
interesting
example
of
a
Fourier
series decomposition of a periodic
function of T = 24 hours into a
truncated sum of simple oscillating
functions sines and cosines. All of
the
individual
components
of
such decomposition do not necessatily
have a known underlying physical
interpretation.

Figure 2. Hourly TEC values of 2001-2007 period for s=3o and β=45o (point of expansion) and moving averaged TEC
values (bold gray line).
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The one day period is the most natural period
because of the day-night variation of the TEC
values. This is the only component that is present
in the standard Klobuchar model, which is
expected to absorb only 50% of the effect (Seeber,
2003). The next two low periods with important
spectral value are the semi-diurnal and tri-diurnal
periods. Parts of such variations are due to
movement of ionospheric plasma phenomenon
caused by E×B drift explained in Pi et al. (1993).
Figure 1 illustrates the diurnal double maxima
obtained from the network estimated daily TEC
values, which are superposed for several points of
the network. Also, Fig. 5 (left frame) illustrates
the bimonthly averaged TEC values over the
whole data set in 2004, 2005, 2006, and 2007.
The double-maximum phenomenon is clear in
parts of the data set. In addition, parts of the
variations of the semi-diurnal and tri-diurnal
periods can likely be captured by tidal effect on
the upper ionosphere as explained by Oyekola et
al. (2006).
We now explain the most important seasonal
variations of the TEC values. From the leastsquares spectrum in Fig. 3, the most obvious
cycle is around a period of 365 days, which is the
well known annual cycle and results from the

changing of the solar zenith angle (and hence
solar radiation) through the year. The next peak
occurs near 183 days, or semiannual signal as the
first harmonic of the annual cycle. This variation
is explained due to seasonal variation of the F2
region (Mansillaa et al. 2005). This variation is
also clear in the raw data (Fig. 2). Total F2
ionization is actually lower in the local summer
months than in the winter (Seeber 2003). This
effect is known as the winter anomaly. The
anomaly is always present in the northern
hemisphere, but is usually absent in the southern
hemisphere during periods of low solar activity.
Also, we observe the second harmonic (122 days)
of the annual cycle.
There are signals with the solar cycle
variation. The important period of 11.3 years is
not detected because the data is not long enough.
But the raw data exhibits this variation clearly
(Fig. 2). Its physical reason is due to the solar
high activity period. Quasi-periodicities near the
solar-rotation period (27-day period) appear in the
time series of TEC values. The signals with
periods of 27.5, 23.74, 26.84, 28.88 days along
with first harmonics can be seen in the spectrum
(Fig.6). Note that the number of sunspots at any
given time is not constant and changes with time.

Figure 3. Least-squares spectrum of TEC values E'OO for 2001-2007 data; vertical dashed lines indicate annual signal
and its first and second harmonic.
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Figure 4. Zoom-in of least-squares spectrum for TEC values of lower period part; data set of 2001-2003 (top) and data
set of 2004-2007 (bottom); vertical dashed lines indicate daily signal (24/n, n=1) and its higher order
harmonics up to n=11.

TEMPORAL AND SPATIAL
5
PREDICTION
Bimonthly averaged diurnal variations of the
modeled TEC values (using harmonic
functions) are shown in Fig. 5 (right). The
modeled values match well with the
bimonthly averaged values of the original
data (left). Figure 7 shows the TEC values
along with their modeled values over 2005
and 2006. It is concluded that only a
contribution of 80% is captured by harmonic
functions and a contribution of 20% remains
undetected as ionospheric disturbed noise,
which can reach up to 20 TEC units.
We now apply the detected periods to
construct a harmonic prediction model. This
model may contain from several hours of
data to several weeks. But enlarging the time
span of the data causes a greater prediction
error. An example of such a model is given in
Fig. 8. The model is based on the 3-day
observed TEC values with previously
detected harmonic signals. The degradation

of the prediction is clear after several hours
but the model is more consistent for the
foregoing days. Based on our results, the
method presented in this contribution can
absorb about 80% of the ionospheric
variations (a comparison between observed
and modeled TEC values could reach this
conclusion). This can be a significant
improvement on the classical Klobuchar
model which removes 50% of the
ionospheric effects (Seeber, 2003, page 311).
It is important to note that this harmonic
modeling is not capable of capturing the
ionospheric scintillations. Figure 9 illustrates
the spectrum for the harmonic trend removal
from three days of TEC values. The spectrum
shows that after removing each harmonic
term, the corresponding peak in the spectrum
will be removed. This is not however the case
for longer time spans because the variation
on the amplitude of the TEC does not permit
the complete removal of the signal. This is
mainly due to the seasonal and solar cycle
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variation of the daily component.
The prediction scheme may be expanded
from the time domain to the space domain.
An ionospheric grid is formed using the LSHE method. The TEC values, computed with
the local TEC model, for several days of a
regular grid are used for this purpose. The
detected dominant frequencies are used for
each point of the grid and a model is
estimated. In other words, the algorithm
described in Fig. 9 is now applied to all of the
grid points. To predict the TEC values at the
grid nodes, it is sufficient to extrapolate these
functions for the desired time. Data from
53338.5 MJD to 53345.5 MJD are used for
this numerical test. The prediction functions

for the grid points are estimated. Figure 10
shows the predicted TEC values four hours
after the observation time span. The overall
agreement is in the order of 2-3 TECU. The
prediction is quite satisfactory for a few
hours after observation. Note that the
prediction degrades when the predicted point
is far from the network region.
It should be noted, however, that the path
of different GPS satellite rays, traversing the
ionosphere enlarge the effective region of
ionospheric
estimation
from
GPS
observations. It means that not only does the
ionosphere above the network contribute to
the TEC estimation but also the distant
regions of the ionosphere in part do so.

Figure 5. Bimonthly averaged diurnal variations of TEC values over 2004 (blue), 2005 (green), 2006 (black), and 2007
(yellow); dashed red line indicates average over entire time series; raw data (left) and modeled using harmonic
functions (right).

Figure 6. Zoom-in spectrum (linear scale) for periods of around one month related to solar cycle period of 27 days.
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Figure 7. TEC values (red circles), least-squared fit using a set of harmonic functions (blue dots) and residuals (green
dots) in 2005 and 2006.

Figure 8. Prediction of TEC using LS-HE (left); green dots are the data set used for least-squares fit using diurnal, semidiurnal and tri-diurnal signals, and red dots represents the original observations compared with predicted
values of the blue solid line. The least-squares and predicted residuals are shown in the right frame.
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Figure 9. Least-squares spectrum for data used in Fig. 8 (top); spectrum for the same data after removing diurnal (1-day)
period (middle); spectrum for the same data after removing both diurnal and semi-diurnal signals.

Figure 10. Local ionospheric prediction.
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6 CONCLUSION AND
RECOMMENDATIONS
In this study in addition to the detection of
the dominant periods (mainly daily,
semidiurnal, tridiurnal, seasonal and solar
cycle variations) present in the total electron
content of the ionosphere, we investigated the
possible underlying physical interpretation. A
linear trend along with a set of harmonic
functions was considered. The dominant
components are used for the harmonic
estimation procedure. Based on the harmonic
functions, the model was applied for long
term (several days) predictions. The
efficiency of the model degrades with
increasing the prediction time. It is therefore
advisable to use such a prediction model for
only a few hours and the results are much
better than the standard Klobuchar model. A
prediction grid was proposed to expand the
prediction to a 2D domain by application of
the method to a regular grid. Real time users
of the network with single frequency GPS
receivers may use such gridded data to
mitigate
ionospheric
error.
Further
investigation of the underlying physical
interpretation of the dominant peaks is
recommended.
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