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(GPS) developed by the U.S military in t d-40th &&nturfwhic mits signals
at mainly two L-band frequencies, L wa MHz) an (1@<‘GO MHz). GPS is
found to be a promising resource a ique m\i?)r

and spatial behaviours of the i%re Q)du akl, 2@7 Mukherjee et al., 2010;
Ee

Karia & Pathak, 2011; Fa ) Zj . Apart (@ earth's upper atmosphere is
che

commonly referred a:% re st} ydwrn\}eight of about 50 to 1000 km

above the earth s:)@Klob'c \tg 1) ekétﬁe existence is primarily due to the

action of the eﬁ@ ultra® UV)@'{ation from the sun and population of

¢
electrons indRIS region. 4 (5)
N
& v
Any modern applica@ and communications, e.g. the short wave radio

co?\ication, and satellite positioning and navigation, rely on this highly variable
opag

ation medium (Jakowski et al., 2012). The space weather threats can induce

The first GNSS constellation of satel System

erising the temporal

evere ionosphere perturbations and may severely impact those applications.

Introducing significant propagation delay in the GPS signal may degrade the



position accuracy, as well as affect the signal integrity (Jakowski et al., 2004). During
the severe disturbances, rapid fluctuations in the signals can cause a completew
lock. In other words, the ionospheric irregularities can cause the signal f%\hlch
affects the operations of the GPS receivers. The GPS receiver will king the
signals from the GPS satellites during this period. This indirectly afféqls the accuracy

of the navigation systems due to the loss of satellite S|g§: a short period
o). 4 M

(Tulunay et al., 2004; Jakowski et al., 2005; Tulunay et a e et al., 2014).
The ionospheric perturbations can even severely impa ea thture and
may lead to missing and erroneous data. Knowin ffects pf t pﬁcimeather

threats over the space-borne technologica S, c n ng and

forecasting the ionospheric state in aow eWons red %Yn. important
requirement in the space science resea\) O<<

-—o

Total electron content (%a fundamegrtad an&p}ortant parameter of the
ionosphere. Indeed, the T Xatlv Iﬁz @eter to measure and able to
describe the signature% per a tlosp ere' ility continuously, as the GPS
signal propagate &hh the i If
of electron coniggt iMehe i

interacts wj e upp tére(il'?e irregular fluctuations in the TEC with

aruyama, 2010). TEC is the amount

z’
4??;«

whie'!?ﬁamly builds up when a direct sunlight

respect e Behavidl S anda\olecules in the ionosphere cause the TEC varies
non Iy Some variables @ﬂy known to influence the TEC variations such as
t of the day (diurnally), day of the year (seasonally), geographical location
d r and equatorial regions), as well as solar and geomagnetic activity levels. The
onospheric TEC is found to have the largest effect on the GPS signal propagations.

The time delay on the electromagnetic radio frequency waves that propagate through



the ionosphere is directly proportional to the number of the free electron along the ray
path from the satellite to the receiver on the ground. In other words, the TEY%
important space weather concern because it determines time delays i%\ans-
ionospheric radio propagation. Forecasting the TEC ahead can reduc rors and

the effects on the GPS applications. Knowing the importance the TEC, the

availability and accessibility of the TEC measurements iﬁw significant in

Y.
o | | | | N
Historically, the ionospheric TEC studies has widely st d‘NI e aid
of measurements obtained from different obseryd hn% as thJ‘n-coherent
scatter radar, Faraday rotation measurerfiegts pfSet

et™al., 19®Ya.r\d vertical
incidence ionosonde techniques (Alew Mosert e 20@(<However, in the
recent years, the increases in the %bilit)% d$;1 from the GPS have
contributed significant know|edgg=™haracterizi e k@&%here property. This has
i u@erent locations to study the

dullah et al., 2009; Obrou et al.,

aI.,éz; Unglaub et al., 2012).

\
e l (.)(J
In % as ghe (E({Das become a valid instrument to study the
N

ionosp% offed portoRjty to analyse the TEC for post-processing

appj'ﬁhx where the TEC ,@' were retrieved from the GPS observations and

a &l later for future application. Knowing the importance of the post-processing

ionospheric studies.

urged and increased the s

TEC, both regionally

naWysis, this thesis describes the efforts undertaken to construct and develop a TEC
stimation and forecasting models based on the TEC values derived from a single

GPS station over Wireless and Radio Science Centre (WARAS), Parit Raja, Malaysia



during the medium solar activity (February 2005- December 2006). The term
“estimation” is commonly used by the researchers in the ionospheric studyvm
means to predict or estimate the missing value in the existing data. In ot@s, it
is possible to estimate value at times within the range of the tested daﬁkwhich no

data exists. It is an expectation for a combination of estimator valu§. On the other

*451

hand, the term “forecasting” in ionospheric research meansiilm eries analyse is
b¥sed

usually performed to make predictions of future observat 'n the historical

observations (the lag of the variable). Estimation icallyp in estlmator
"~
variables while forecasting involves times. | _{o
)
In this work, for estimation, a dat®agri ed 0 ficial neural

variations. The

network (NN) is implemented to N%the non-N

validation of the NN-based TEC i ied outﬁiﬂ% W‘Q%aratlve analysis with

the standard global empirical r%own%s thegntern ﬁ?al Reference lonosphere

(IRI) as well as with the Xrlve .Pn th er hand, for forecasting, a
?l. ‘nlq iJ

hybrid SARIMA —N es tec

s &

essiv grated moving average (SARIMA)

Wned to forecast the ionospheric

TEC in advance. T asonal la

is combined wi a n raI N) el to form a short term forecast model.

&/it{()? individual model, SARIMA and NN,

The hybri |s aI|
NS
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1. ESEARCH ON MALAYSIA IONOSPHERIC TEC

0 The advent of the modern and low-cost networks of dual frequency Global

Positioning System (GPS) has initiated ionospheric research in Malaysia. The



contribution of the ionosphere in radio and satellite communications has attracted the

interest of researchers and geodesists in Malaysia. The study on ionospheric r?&

over Malaysia has been going on for past two decades. The early resear@inly
focus on characterising the spatial and temporal behaviours of the Io%ospheric

TEC using the GPS network maintained by Jabatan Ukur dan PerR€taan Malaysia

(JUPEM) (Zain & Abdullah, 1999; Zain & Abdullah, Mrthermore, the

existence of Wireless and Radio Science Centre (WARA 2%:bslervatory station

with the GPS and ionosonde measurements, a number o licat M‘putation,

analysis and comparison of the TEC and scint@are dope dan _\ Yer'ent

stations which differ in geographical locatio i et % 4 Abd@a.h et al.,
b o

2009). A short duration (from 31 July - 2%)5) osp xperimental

campaign was conducted at Fraser's T aysia to se @onospheric TEC

variations over this location. The %results \n% Athis experiment were
N
compared to the main observa e V\ARA nt@?rit Raja, West Malaysia
(Zain et al.,, 2005b). O \herl ne- ionospheric experimental
campaign was carried itang, Bast aIz!y&'rbnd the results were compared to
&

the aforemention%vator \bnat Pa@éja, West Malaysia (Abdullah et al.,
2009). In both%

¢
generally hj wn thg ot

N

analysi% TECKa }y a@ak Parak, Sabah was carried out by Hassan et
al. Qduring the ascendi@r cycle. The work also investigated the correlation

ming

\r TEC and the parameters known to influence the TEC variations such as solar

: ﬁ
U agnetic indices.

The increasing number of GPS receivers expands the Malaysian ionospheric



research where a regional TEC latitude (10°S to 16°N) and longitude (90°E to 120°E)
profile map is constructed during a normal quiet day from the dual frequenc

receivers in the Malaysia Active GPS system (MASS) operated by JUP@M et
al., 2005a). The variability of electron content in the ionosphere is als d by the
space weather conditions (e.g. solar and geomagnetic storms) anWraI hazards
(e.g. earthquake). All these phenomena are manifested as Navelling in the
ionosphere and cause anomalous variations within the %\:rel Knowing the
significant effects of those phenomena on ionosphere, i laysif, M&glicaﬁons
ing th@se ndn@tsed
(200" invegfgated the

mtm&gg)d of 12-17
OO.@ and observed

pronounced TEC enhancement @jdmate Qolskduring the storm.
) S
I Qe

have been reported on the ionospheric TEC variabili
on the GPS measurements from JUPEM. HaYg.
ionospheric TEC variability during a majom eqgi

May 2005 at Arau (geographic digglte: 6.5°

Continuously, Hasbi et al. ave Invesggated ionospheric TEC and

&
geomagnetic responses duri \ eeI a (i.e@%arch and 14 May, 2005) in
Sumatra based on twdgdi t meadure nté, hhely the GPS and ground-based
\;m F &
!

magnetometer mwnt& Io the zone of the epicenters. Ya'acob et
al. (2007), Mub%e . (
¢ ('g
post-earth IQRospheri é'lie ased on the GPS station measurements. The
N
GPS T% ed af ag sph%é\ precursor of earthquake to detect the seismic
wa@e ionosphere, whic@ﬁeared few days before the time of seismic shock.

QE Furthermore, since the TEC is considered as an important descriptive quantity
0

r ionosphere, accurate estimation of ionospheric TEC has become a vital task in

Hast?‘%l. (2011) have investigated on pre- and

ionospheric study. Hence, in Malaysia two different techniques, namely TEC dual



frequency technique and TEC Map based on the Bernesse software and precise point
positioning (PPP) technique were explored to estimate the ionospheric TEV%
November 2005 using the Malaysia data (Ya'acob et al., 2009a; Ya'%\ al.,
2009b). The Malaysian ionospheric research also includes the study oleldlty of
the optimized ionospheric layer for vertical TEC measurements atmrlal region

‘T.

(Jusoh et al., 2009).

In recent years, the Virtual Reference station e‘ a great
technique in providing instant access to real-tim& "Rgnematig ( )lc tlons
utilizing a network of permanent and contln pe atn‘g enc@- tions. In

Malaysia, a few groups studied the ionom ese@th USig theé%vtechmque
The RINEX (Receiver Independent E&;Forma) dat@%mat provided by

JUPEM is used to analyse the iono IC behavws '*EC data. Leong et al.

(2009) used the dual frequen mea‘hrem te fr @e local Malaysia RTK
network (MyRTKnet) and I erngti SS @ce (IGS) to investigate the
variations in ionosph@ by w aI TEC maps over Peninsula

\eﬂod of um solar activity (2007-2009). On

Malaysia for six durmqt

the other hand, 2) ar@)&'ﬁ'acob et al. (2013) studied the concept

of VRS techaifuejn M ay ja d‘gp@;?the levelling process technique in the dual
N
frequen receifl fom the VRS-based TEC. The slant TEC retrieved

frorAVRS measurement{%é converted to vertical TEC using two different

m | functions, namely single layer model (SLM) and modified single layer

d el (M-SLM). Besides, Idrus et al. (2013) used the TEC data from the MyRTKnet
e

twork to study and observe the propagation of large-scale travelling ionospheric

disturbances over Peninsula Malaysia during moderate magnetic storm.



Other than the aforementioned studies, Abdullah et al. (2007) have
investigated the possibility of using a statistical Holt-Winter technique to forew
ionospheric delay using a short period of data (i.e. from August ZOO@ober
2005) based on the GPS TEC measurements over Parit Raja stati alaysia.
Knowing the importance of a forecasting model in ionospheric r&€earch and the
suitability of Holt-Winter method to forecast a time series wi wal patterns and
repeated trends, EImunim et al. (2013) adopted the wo &:yr\bdullah et al.
(2007) and used the Holt-Winter Multiplicative mode for awr‘mospheric
delay on a monthly basis for a particular time perio 0800-§20 T’ a@SOO-

2100 LT) using GPS lonospheric Scintillaiy E€ or @S?TM) at

short@ga from June

ex@éd the work for a

c@h‘he ionospheric delay
N

Universiti Kebangsaan Malaysia, (UKM) r&% stati®p o

to December 2010. Continuously, El im Dal. (2015

based on the Additive and M ive_ Holt-\@irer Is using the GPS TEC

data at the same receiver st \ oy
% S
' &
From the @wry oflt \beve-me ed studies, it can be deduced that
even though nw ion i

Cﬁ]o@ 0 estimate and forecast the Malaysian TEC

esea@%ased on TEC data have been done in

Y
ancyf’s erefs& in this work, two different techniques, namely

NNAybrid SARIMA-N@% implemented on the GPS TEC to estimate and

@the ionospheric TEC over Parit Raja, Malaysia station, respectively. The
ISS

N

s that have initiated this study are listed out in the following section.



1.3 PROBLEMS STATEMENT
Y
The GPS has served as a valid instrument to study the beha\%\ the
ionosphere. The TEC is an important descriptive quantity for ionos ecause it
affects the radio signals that propagate through this layer. With tmnt of GPS
ground based stations within Malaysia, the researchers in tQis re0%n now have an
opportunity to comprehend the physical behaviour of e ato'lal ionosphere.
Following are the problems that have initiated this resea

'\‘T

1. Lack of an optimum local ionospheric esK ng-atlons in

Malaysia.

a. The variation of the h : er OEE x and affects the

propagation of the i way i Ily@ the EIA (equatorial
ionization ano region gé(@rlal ionosphere  differs
significan Whara eristifs a@amlc structures compared to
other latit de Wton anomaly, usually hosts large
elec@lty@tles cause rapid fluctuations in the GPS
I Thg wa t@&?nounced signal degradation and cause

e

uraC| )r ﬁﬁs measurements. Since Malaysia lies in the
the

A reglo m(@'ements are more prone to this anomaly (Zain &

Abdullah, 1999; Z }n & Abdullah, 2000; Hassan et al., 2002; Zain et al.,

§ 2005; Ya'acob et al., 2007; Abdullah et al., 2009).

The adverse condition of the near-Earth space, e.g. solar and

geomagnetic storms may severely impacts on the space-borne and ground
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based technological systems. For instance real time applications such as
radio communications and satellite navigations are disrupted due

of lock occurrences (Jakowski et al., 2005). Besides, electric@ line
is also vulnerable to strong geomagnetic storms whichced high
currents. Such effects can cause complete poweblackout and
infrastructure failures (Kappenman, 2010). Duri Meriod, missing
and erroneous signals are a common and %:r blems in GPS
measurements. This may degrade the accur nd Iiw‘the GPS

Y-

system, where the measurements unable oduceffacg telio‘&ﬁgu eric

parameters e.g TEC data. Thisvsom\eﬁr affecfﬁ]e post-

processing application which 4ghl dep&\ds accur, atabase. For

instance, in a time seriwais, the m@% depend on the
historical data. Poor t%uality \(ﬁ?/ @ps and errors in the

o N
database, may adwv. ect such agpalysis Q?he end result.
N AV
. ? >
Besides, thg dis@g€pancy betwe Pé measurements and IRI-based

TEC at the atorial Fegiof i€ a vital issue in the ionospheric

rese@or 'rlg to uyar@orah (2007) and Abdu et al. (2008),
\
t@l del f!s t?@SF!I (International Reference lonosphere), a

%coop atioff o tkg\ mmittee on Space Research (COSPAR) and
4
: e Interna onaf U{'MT on Radio Science (URSI) prediction, is most

accurate at the midtlatitude regions compared to the other latitudes (i.e.

low- and high-latitude) because of high density data sources from this
part of the globe (Bilitza & Reinisch, 2008). Furthermore, the lack of

consecutive long term ionosphere measurements in the equatorial region
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due to the general scarcity of GPS observations in this region causes
significant discrepancy between the observed TEC and global VU!I
data (Bhuyan & Borah, 2007; Obrou et al., 2009; Kenpankho%\Oll;

D'ujanga et al., 2012; Olwendo et al., 2012).

Knowing the importance of ionospheric TEC, the characteristigg ang? issues in this
region, it creates a need to develop an estimation model vewaﬂysia to overcome
the above issues. '
.(;Y-
ii. Lack of a local forecasting model to f st the | ngsphgric T%everal

days ahead. \ ! Yy
a. Severe disturbance fron‘@per atmospipére @affect the radio

waves that propagatet h th |s m w ob\c uses the satellite-to-
\
ground radio Im%ome com e(el red. For instance, the
magnetic stor e |orI ericdensi turbances interfere with the
short wa omm cati f!)r dlstance and the radio signals
<&
used | tellite ro catlo (.plosmonmg and navigation systems
(Ja% et ' Ja | et al., 2005). Furthermore, during

erie ev ts h&high @uency (HF) communication is disrupted and

N
w evefl tel @ck out. Severe ionospheric perturbations may
A even damage sp\ ft, cause satellite disorientation, and increase the

E\ positioning error.

Besides, the effect of natural hazards (e.g. earthquake, tsunami , etc.) in

the earth can be devastating and can cause the largest annual death due to
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the collapse of structure and building. In recent studies, (Liu et al., 2000;
Liu et al., 2004; Ya'acob et al., 2007; Akhoondzadeh et al., 2010V§m
et al., 2011) have observed anomalies in the ionosphere elect% ities
a few day prior to some strong earthquakes using the gr sed GPS
stations. The acoustic-gravity waves generated from e pre-seismic

interact with the ionospheric plasma cause anorgalouSWrariations in the

ionospheric plasma densities. These studi als'J reported and
emphasized that the affected area before soMgylarge an extends
over a distance of 1500 km in latitude a Okmpnl tLhe‘._\qY'

s X"

c. Inaddition, the length of period to Recast \l'oq pher'!c C ahead is
still an open subject in iono@se ia-RQo tal., 2011). It

r e;chers to works on

still attracts and motivates m es
the length of the fore i@duwﬂ%d. $
9 Q-
é So

Taking into account the im sevtret sa th natural hazards, a reliable

{ o
local ionospheric TEC%sting del % d in order to trace these threats
earlier via the TE&%@ions_N\ @

pacts and effects of these threats can
be enhanced b Mopi g gn qhee'éﬁc forecasting model.
c) s

&k, >

% he aim of this thesis is developing an ionospheric TEC estimation and
Qecasting models over Malaysia. The above aim will be accomplished by fulfilling

the following research objectives:
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I. To identify the space weather parameter(s) that contributes in TEC modelling

over Malaysia.

4

ii. To develop a local ionospheric TEC estimation model bas8d on#neural

by

network (NN) and evaluates the NN’s interpolation trapolation

4

capabilities to estimate the missing TEC data.

74

iii.  To investigate the predictability of TEC using N ;ala ia for seasonal
variation and disturbed conditions. Validate theggcura yw.eveloped

model with an established (classical) model. l _\C}

4
\t0~tq cast hq'ro\!nospheric

|ty.<<

iv. To design a new hybrid SARIMA-NN Rchni

15 RESEARCH SCOPES%% Py A\Y
N K

N
The research lgads War'ds the de p@f estimation and forecasting
TEC models over a statioggthat kigsa eﬁ ial anomaly region and the work

only concentrate@gl@'(he s@is carried out at Wireless and Radio

\
Science Cen@\R ) P ﬁajxéfalaysia (geographic coordinate (1.86°N,
0

103.8°E) %magry ir$~ 8.11°S, 175.98°E) during the medium solar
activit:x’solar cy (56) Q‘Ym 2005 and 2006. The estimation model is based

on&aln parameters only. T%/ are the solar, geomagnetic and the periodic indices;

§ur(3) represent the diurnal variation and day(s) to represent the seasonal

=

iation.
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1.6 RESEARCH CONTRIBUTIONS

This thesis provides a comprehensive guide on the developm@EC

models for estimating and forecasting the ionospheric variability o Malaysia
and forms a significant contribution to ionospheric modelling i alaysia. The
models contribute to attain a reliable ionosphere monitoring for@asting system in
Malaysia. The estimation model offers an opportunity to ewlostjdata in order to
generate a complete picture of the Malaysia’s ionosphert avi quore, the

B

nd defect tfie fiorbspheric

rni% 0 traQe,Yt.he space

mitWtio chniogo.reduce the

forecasting model contributes essentially to mont
perturbations earlier. The model serves an as

weather and natural hazards effects and CW

impacts of these threats on human tec ga
E ﬂ

THESIS OUTLINE 9 Q-
S s
This thesis cor%Yx'cha‘gl

. “Q,
TEC and ionosp@earcll &Jhe chapter discusses the problem
statement, obje% ope 'contt't.jﬁ'fons of this research.
e 2 (.)
) &
h®ter 248t ?nati@ the ionosphere and its layered structure are
deS(A Furthermore, the @rs that influence the ionospheric variability and

ir ities are explained. The ionospheric TEC, its effect on radio waves and
& ology-based activities, along with a brief description of the existing ionospheric
odels to estimate and forecast the TEC variations are discussed. The chapter also

describes the theory and concept of the neural network and seasonal autoregressive

1.7
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integrated moving average techniques along with their algorithms used for modelling
the TEC in this study. Besides, the chapter provides a brief description on thew
Positioning System (GPS) and its contribution to the ionospheric studies@ end

of the chapter, the ionospheric effects on the electromagnetic wav xplained

along with their algorithms. Q

Chapter 3 describes the overall methodologies t{ iolnospheric TEC
modelling. Firstly the method used to derive TEC dat®§om eWnospheric

nted §h thi tﬁp@en,

e% esti;g%n model

ou‘pre sive @ussion on the
ellé‘he NN technique

Scintillation and TEC Monitor (GISTM) receiver is

the chapter is divided into two sections; the fir

‘o;TncIuded. In the latter

@orid model is explicitly
&

rid SARIMA-NNSs model is

explained with the aid % . P P %
N O
e

eric f)&'modelling results. In the first part, the
possibility modgel J s%aﬂr}? the missing ionospheric TEC data via
N
interpo% d edfr jon tY' niques is presented. In order to access the
pre@ity of the model m@'rigorously, the extrapolation technique is used to
e% the seasonal and disturbed TEC variations. The performance of the model is
a

Q ated via a global model, IRI. In the second part, the feasibility study of the hybrid
ARIMA-NN model in forecasting the GPS TEC values ahead for different condition

days are evaluated and the results are presented. The configuration and the outcomes
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of these models, which can approximate and forecast the TEC variations, are the

novelty of this study. T

The overall idea of the work and the findings are summarize hapter 5.

Besides, the future plans and the improvement of this research are given in this

N,

é\, g,



