CHAPTER 4

RESULTS AND DISCUSSIONS

41  INTRODUCTION ‘\d‘
NS

In this chapter, the results obtained f n zﬂ' rk (l\@- and the

Y-
hybrid Seasonal Autoregressive Integrateewg A eural.@(/vork (hybrid

SARIMA-NN) models are presentedw irst part, perf®<§nces of the NN

models were analysed and the findiﬁje presen ?e oRg 2.2, 4.3,and 4.4. The

N
results cover; (i) the capabilitie%l a gNN imesﬂ@ng the missing data, (ii)
the predictability of seas% b's on NNZQ*%d (i) the predictability of
disturbed days TEC % NN}. Th Pe'r(fza'n'mces of this NN2 model are

validated by comme req ined frQw’ part (i) and (iii) with the IRI TEC
values with resw eG { &
2 .9

¢
&
e ile, i on rt, the performance of the developed hybrid

AEANN model in foreoK g the GPS TEC values 3 days ahead for different

co?’ days; (i) quiet days, (ii) moderate days and (iii) disturbed days is presented.
h

(2]

Q forecast TEC values from the hybrid model are compared with the corresponding
utput given by both the individual models; FCAST-NN and FCAST-SARIMA

separately. The results obtained from this analysis are depicted in section 4.5.
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4.2 RECONSTRUCTION OF MISSING GPS TEC DATA

Interpolation and extrapolation methods are used to fill the gaps i@aset.

Both methods are very important in recovering the missing and e data in

ionospheric studies in order to generate the complete behaviour of gospheric TEC

variations. Thus, in order to evaluate the interpolation and e%\;ﬂ‘ion capabilities
» -

of NN, the developed model is used to estimate the missi he,ic TEC data in

ssu eo‘l\%;issing to

] N

abilitigs s‘m‘img the

els N N@gused to
\ T

(14% da oints%Both the NNs

consisted similar input parameters an hiatures, bu dat@semployed in the

network during the training ph%ere dI\N fo }Q the models. The
E E 'y N
€

development of the NN1 and odels’ are scritéaoroughly in subsection

3.4.4. In order to assess @rmj of e e@tion models NN1 and NN2
the

more extensively, fur% Ysis 2‘ r:g!) e data with higher number of

missing data condi § car@ the &ngs are discussed in the subsequent
section. &
1 O
Q} ‘P2 .9
421 %gate af ?polam&issing data up-to 6-day

&

\oth, the NN1 and NN2 models are tested on the identical hourly TEC dataset

the dataset. The original GPS TEC data are removed

analyse the model’s interpolation and extrapolatio
missing data. In the first analysis, the develo

estimate the hourly ionospheric TEC for

ch 2006) for comparative purposes. Figure 4.1(a) and Figure 4.1(b) represent the
PS TEC with the corresponding estimated TEC, NN1 TEC (interpolation), and NN2

TEC (extrapolation) for the first 6 days in March 2006, respectively. The duration of
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Figure 4.1: Comparison }(a) C (i @olation) and (b) NN2 TEC
(extrapolation) against ghe EC yaluesgfrom %6 March 2006 over Parit Raja
station !

the data covereé@im 0% of tt{j@erall TEC data in March 2006. In this

analysis, the %J ar fri?)d

The oriEna ata are&%v d .@ assumed to be missing, so that the real
mew s would be still aveﬁ’xl.e and can be used for comparative purposes.
N

: % The plotted figures 4.1(a) and 4.1(b) indicate that the NN1 and NN2 are able

ari@wl TEC dataset is considered incomplete.

interpolate and extrapolate the missing values fairly well and there is insignificant

difference between the GPS TEC and the estimated TEC for the first 6 days in March
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2006. The minimum and maximum deviations between the GPS TEC and
corresponding estimated values are between ~-3.146 and ~3.911 TECU foVﬂ
model, while ~-5.128 and ~5.473 TECU for NN2 model. The norma@ASE
values are calculated for both models using the average GPS TEC (4*5 TECU)
and the values are 0.075 and 0.105 for interpolation and extrapolamspectively.
The comparison results showed that NN model has the t nCWto estimate the
missing data well within the input space than estimating le c'.ltside the input

range. Even though the NN2 model fits the missing fair Wh relative

o o
correction (Crel) at about ~88.9%, yet the mo@still shiow atc@es at
certain data points. In Figure 4.1(b), slight div ie% on :‘.@and, 4th,
5th and 6th days. The NN2 model tend to re ma&‘the ST Ya.bout ~1600

Iut@(ﬁ)rs during these

UT extending to pre-sunrise at abo %UT. The
hours are ranging between ~2 and%ECU%&‘
this period might be due to the% iong’spher EC
equinoxes. \ %\
z S
' &
Olwendo ¢ N20121), \brsed Iﬁv’over Malindi (2.9°S, 40.1°E) and
& the a

Nairobi (1.2°S, 0. 1' 1 la("fj%é stations in Kenyan, and reported that

¢
the variabilj %EC a ni}gv\/esjgrger and more significant in the equinoxes

r)(‘%timating TEC during
N
uates rapidly during the

)

N
compar sticed? ancéé?nt in total electron contents during night hours
isn to solar radiations, ﬁét'might be related to other sources that could highly
in the night time ionospheric variations, e.g. the evening pre-reversal

d ncement (PRE). This phenomenon could be a factor that causes the level of
lectron density to remain high at night-time at the equatorial region. According to

Kelly (2009), the evening pre-reversal enhancement is observed during the post-
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sunset, where during this period the enhancement of eastward electric field is quite
significant prior to the change of zonal electric field to the west. This enhance

very prominent especially during equinoxes as they can cause the F-Iaye%\a lift
to higher altitudes. In consequence, the recombination process slows &and leads
to infrequent ion-neutral collisions. Since, this study only emploWgd the primary
factors, such as solar, magnetic, diurnal and seasonal proxi chribe the TEC
variations, additional input parameters that could infl Y:

IEC variability

d Midered to
2

e
enhance the predictability of the NN model. | _{')
L 4
\ \T
Y

10W, capa s of the NN

especially during night hours at the equatorial regio

models more extensively, the NNs a alugled ove
in March 2006. The performances%e mode\rs?n s{é‘and the findings are
ﬁ % N
discussed in the following secti% o q )
S
4.2.2 Interpolate an olate n#issi ?At -to 30-day
NG

s
The capaQiliti® of 'to

r@(ﬂate and extrapolate data for a whole

¢
month of %OOG rewl sﬂ‘gaﬁé‘.)Figure 4.2 describes the findings of the
%— N
analysi% e baf*)? dendé\ the RMSE values against the percentage of
mis&

ta in a month, and i%ﬁe line graphs represent the relative correction, Crel

pe of missing data

T,

%E ect to the percentage of missing data. The overall results show that the NN
e

G | is better in interpolation than extrapolation. The RMSE values are computed
or both the models across different percentage of missing data in the datasets. The

results show that the NN1 model used for interpolation technique has lower RMSE
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Figure 4.2: RMSE and Crel values \M
(interpolation) and NN2 (extrapolaWo el &

>

N
'S
values compared to the NN2 M sed f ola'\ums{echnique. The NN1 model

does not exhibits IargeCror Eriations 0 esty qtes EC values. However, the NN2
~35%”1n e@ aI{@A the missing data increased from 6

shows degradation bx
to 12 days. For &4 %_of Mmisgifig da@: NN2 model tends to produce small

error( RMSE%\iO .t ,r!ll,q'l'%jpercentage of missing data is directly
proport@e a\?r ge

O
obser

r (F@E) for both techniques. The errors between the
i:ws.

estimate value%ome larger as the number of missing value

\C-)

The relative correction exhibits the effectiveness of a estimation model and in

this analysis, the relative correction for both models decreased as the percentage of
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missing data increases. This shows the Crel is inversely proportional to the percentage
of missing data. The changes in Crel is very insignificant in the NN1 model,

for 20%, 40%, 60%, 80%, and 100% missing data, the Crel are ~93. 5%,
~92.3%, ~92.3%, and ~91.8%, respectively. Conclusively, the TEC d by the
NN1 model able to fill up the data gaps fairly well and satisfactorily S{ice the relative

corrections for the NN1 model are more than 90 percent for aI% of missing rate.

Meanwhile, it is apparent from Figure 4.2 that vergl r correctlon
values for extrapolation are lower than interpolation! lowesy esti t‘) _épuracy
of NN2 is observed when all the 30-day data su eJ ing an@w-e model
shows degradation by ~11.8% compare nT e Cr@s.ues in NN2
exhibit a decline trend, the value re onstan a % data increased
from 40% to 60%. For missmg dat e O0 has Crel below than

85% and the value dropped to alug as th mcreased The quality

and the performance of t m O%Zend e rate of missing values

increased. However, t% t'l‘r,atlo c!: of the NN2 model is ~85.3%,

which still close tg ptimu r]r An e tron model with Crel equivalent to
100% is defrne@ptr &

’ ")

hef odel ered better results for interpolation than

ext jon. In fact, similar apabllltles result has been reported by Habarulema

07) based on a srngle station model in South Africa by using a five-year data

d. The capability of NN in estimating the ionospheric TEC might be affected by

her factors, but yet to be discovered at this stage. In order to assess the predictability

of the model more thoroughly, the NN2 model is further used to estimate the seasonal



158

TEC and geomagnetically disturbed days TEC, since it is well-known that the

ionospheric TEC variability can significantly be affected by factors, such a?ﬂ

diurnal, seasonal, as well as magnetic variations. %\
4.3 SEASONAL TEC ESTIMATION Q

Since the equatorial ionospheric is found to m tzem kable seasonal

variations due to solar radiations and zenith angle, the ope hMZ is used

to estimate the seasonal TEC values for the same stai®¢. The fhai teﬁt@ this
analysis is to investigate the capability of the de% th C values
over both the equinox and solstice seasonw erfsima of tbé&z model to
estimate the TEC values during the fd@s in 200 el rch representing
the March equinox (vernal), June ent |ng | % (summer), October
representing the October eqU| mn and D embzz@resentmg the December
solstice (winter) is analy e t ava ab|I data for certain days in
September, the testm%a umn 11 ‘Js ducted in October 2006. The
estimated TEC v ylelde'i NN2 deI are compared with the most
commonly usedw as I ternatlonal Reference lonosphere) with

reference tg % TEL, i r"to (i'aate the NN2 model. Both, the IR and NN2

models ute month }lan T%values and the results are illustrated in Figure

43@ \c}'

Q The average GPS TEC, RMSE, relative correction, and normalised RMSE
alues of IRl TEC and NN2 TEC with respect to GPS TEC are computed for all the

four seasons and summarised in Table 4.1. Overall, the results show that the NN2
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model tends to estimate the seasonal GPS TEC values more accurately than the IRI
model. The statistical observation from Table 4.1 shows that the average RMY!P
NN2 and IRl for all the four seasons in 2006 are ~1.666 and ~2.%\CU,
respectively. In average the NN2 model shows an improvement of Zﬂ*ompared
to the IR1 model over the four seasons in 2006. This result proves th§f the developed
NN2 has learned and the model able to generalize well for data with high

?v'vh'ch could have

accuracy. The NN2 was trained using the local TEC

contributed to the success of the developed model compdfegto th IM'

Sl
), LK‘ﬁi ncy@veen the

e tofack equa&onospheric

measurement in the IR1-2007 model, i\ ar over eastéﬁ. As a result, the
IRI model finds difficulty in est%g TEC\meg ‘Rﬁe equatorial latitude
\
[

station. Apart from that, the dltén the GPS I TEC might due to the
altitude at which the ionos \C Imajed w@ cases. GPS at an altitude of
20,200 km allowed th%i:nen 'f th é ile the IRl model estimated the
TEC at an altitude 00 kmlo osert él’ 2007). Besides, the assumption of

ionosphere to w

probably c u e

According to Watthanasangmechai et

f.x@é.ght (Habarulema et al., 2009), could

e&c@ween IRI TEC and GPS TEC, since the

N
altitude imung® ? denﬂ&( hmaxF2) varies significantly in equatorial and

md&de regions (Rama Qg ., 2006). These are factors that might have

the estimation accuracy of IRI over Parit Raja, an equatorial latitude station.

ag
0 The best estimation of the estimated models can be quantified in terms of

normalized RMSE and Crel. The NN2 model gives the best TEC approximation
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Table 4.1: Average GPS TEC, RMSE, normalized RMSE and relative correction
between the GPS TEC and the estimated values; NN2 TEC and IRl TEC_during
March equinox, June solstice, October equinox and December solstice in 20

Parit Raja station

Average RMSE Normalised
Season GPS (TECU) RMSE

Month (TTEiCU) NN2 IR | NN2 IR IRI
March 20.579 1.895 3.080 0.092 0 87'13 80.62
June | 15319 1338 2.789  0.087 82 W?&O?
o
October | 18.420  2.037 2421 0.%.131 82. ' @4
December | 16.486  1.394 2.797 0.14 34 Y?4.13
during December solstice with the s Iﬁqy
Crel (~90%). The model poorly esy h
largest normalized RMSE (~O@ es
model is able to estimate thN S Tﬁj

compared to solsticeeeasoz. TherJ IS @r@greement between both the

'3
estimated models d@ oi:) ‘aq{{ X, wh@%’the models yielded approximately
equal average re corr @erms@MSE, the NN2 model shows a slight
!
improvement Y905 thdh t ¢ m&l@l during this season. For analysis purposes,

the error, a% mor?( ssth o@andard deviation (1o ) between the observed
% v-):
es

and th ated TEC are Q%o}aered as overestimation (underestimation). The
N

imation of GPS TEC by the IRI model during the solstices are observed
ing 0300 UT to 0700 UT and 1400 UT to 2300 UT in the range between ~2 and ~5
ECU for both June and December solstices. These values can clearly be seen in

Figure 4.3(b) and Figure 4.3(d).
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The seasonal shapes of NN2 TEC and GPS TEC for all seasons resemble each
other, yet at certain instances, the NN2 mode displayed a tendency to uw
overestimates the GPS TEC. Among the seasons, the NN2 model @ntly
overestimates the TEC about ~1.5 - 3.6 TECU between 1100 UT tfk) UT and
1400 UT to 2300 UT for October equinox with the greatest deviation 8§ ~3.596 TECU
observed at 2100 UT. The NN2 underestimates the TEC be NOO UT to 0900
UT and 1500 UT to 1800 UT for March equinox and be % '.JT to 1200 UT
for December solstice. The maximum difference of ~3.0MQTEC M(‘)l TECU
is observed at 1100 UT for March equinox and 1 UT fof D mﬁe‘r_\ﬁa‘gt'ice,
respectively. The underestimation and overestingabiq, Of PJT the@z model
during equinoxes and solstices are shown Jj : Hox@;‘r,. the overall
sea@%

errors of the NN2 model remained les n TECU

Nonetheless, it was di N2 model experienced

that the g¢velop
slight difficulty to estimat% \ll S duging @xes. Two main factors that
could have affect th ance th Nﬁ\lz@'odel are; (i) first factor is as
) T
~ n

mentioned in them secti icie @esentation of TEC variations in NN
modelling. TE% dradh

urin@?ﬂinoxes. Generally, a few mechanisms

I‘i&lt (—)

that vary seaspns {tj) the enhancement or depletion of electron
N
densitieg i ionds ’For tance, changes in the solar zenith angle, the

%Iectric field and thel\ﬁg‘fdional component of neutral winds are some of the

eas
fa\hat contributed to the seasonal anomaly in this latitude (Bagiya et al., 2009).
& indices that represent these factors have yet to be included in this NN modelling.
hus, insufficient of parameter(s) that represented the ionospheric TEC variations

during this period led the NN2 model to experience slight difficulty in learning the
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trend of the data and in making an informed generalization. Next the second factor is
(if) the NNs model offered better interpolation than extrapolation (Habarulemw,
2007). Since the model is referred as a data-driven model, they learn an%xlize
from experiences. Sufficient data or observations, which cover al jble TEC
variations, increase the predictability level of the model. Thus, relathall dataset
in this work might have affected the extrapolative capability Mdel. To further
investigate on the predictive capability of the NN2 m &e.l

'crospheric TEC

estimation during the geomagnetic storms is analysed a e reqult cussed in

@
the following section. é J | _{»)\Y'
X~ 7
44  DISTURBED DAYS TEC ESTIV\W ? é
iqns /'t

Apart from solar, diurnal, %asonal \ﬂx ; @xternal perturbation,
j 'y N

such as geomagnetic storms ar Storms i evi significant factor that
influences the ionospherir@ics
drastic changes in th%w dens}

interaction olar radiati

N
Howev% ergaft ,ﬂar@
masAions) that affect the{%‘ﬂ’s magnetic field cause geomagnetic storm, which
h

@found influence on the upper atmosphere.

The geomagnetic storm is known as a global disturbance in the Earth's

expected to sho&onoton":
conditions, sineg theWfor i0
\ )
iQus*yvi

magnetic field. During this event, the ionosphere exhibits complex and unpredictable
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behaviour, while the perturbation can cause severe degradation to GPS signals that

traverse through ionosphere. Thus, it is important to comprehend the dynalw

these storms, as well as their impacts upon human technologies. In ord%\)lor

the feasibility of the NN2 model during geomagnetic storm, the ed NN

D

N

model is applied to estimate the TEC variations during the impulsive &fent.
The geomagnetic storms considered in this thes zcce based on the
disturbance storm time (Dst) index. Significant depres in t e\?sgdex due to

@

enhancement of ring current intensity and energy a ed to glasgi tle _@netic

storm severity. The Dst values drop to lower nagagiue as LK‘fn W& of z@r-nagnetic

storm increases. In this analysis, the Dst < 0

as a storm day. The index is calculateway basis an pre@ﬁn nanotesla (nT)

unit (Sugiura, 1964). These ho values \B?bt

N
Geophysical Data Centre C)ﬂat heir <<j@ﬂnymous FTP  site:

ftp.ngdc.noaa.gov/STP/GE%lE -
ified in
's

geomagnetic storm ca

increment in the 'S magrf I knom\§a‘s sudden commencement (SC) and

certain storms % t gr Pame@}%'radual commencement (GC); (ii) main
¢

few hox% day & 4 fnd %ﬂg\recovery phase is the period when the Earth's

ma@ield increases from{%ﬁinimum value to quiet time value and usually may

egxlightly longer than the main phase (Lakhina et al., 2006; Rama Rao et al.,

Q ; Pandey and Dubey, 2009). In this analysis, the main phase is used as the
dicator of storm onset (the time storm begins in UT (hours)).
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In order to evaluate the accuracy of the estimation models to estimate the
ionospheric TEC during magnetic storm, a diurnal plot of the hourly media
TEC and IRI TEC for three consecutive days; pre-storm, storm and post- SIS
plotted against the GPS TEC. In Figure 4.4, the upper panel showsfkt values,
while the lower panel shows the GPS TEC with corresponding NN TEC and IRI
TEC models during the geomagnetic disturbances from 14 to Mber 2006. This
¥

storm is considered as the most intense storm in year 200 n gcrement in the

Dst value is observed on 14 December at 1500 UT, as t W£he main
phase is observed two hours later on the same da Dst yal rc‘ng@ the

minimum (-146 nT) at about 16 hours a sto,( The\glss TEC
rgierende to

significantly depleted on the storm day neﬁ rela@;‘y.quiet days
before and after the storm shows a strNaive ionos C st@g
\ _\
N
[y
The NN2 model is abl re the behapieur 2@@ ionospheric TEC fairly

well during the initial and N pI of Yhe s@compared to the IR1 model,

which are on 14 and 1 ber. THe pe orrlnahbof the NN2 model is quantified
' &
in terms of Rl\@d th(i \I'l\s shOV\‘QQHat the developed model exhibits

improvement o% 0 an
¢
storm, respggliVe

However,

%thart?" IRI model on both days, pre- and post-

ﬁe @r day, the performance of the NN2 model
N

degradegsgvet®ly. Tife obt@ for the three consecutive days; 14, 15, and 16

DeAZOOG are summaris@’fd depicted in Table 4.2. On the storm day, both the

e%Xd models overestimate the GPS measurements, yet from the illustrations the
& ts clearly demostratre that the NN2 model shows tendency to overestimate the
PS TEC significantly higher than the IRI-2007 model. The NN2 model

overestimates the TEC values on the storm day with reaching a maximum deviation
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Figure 4.4: Dst and t corgpondiniGP C@ TEC and IRI TEC from 14-
16 December 2006 ov aja staffon

'y
l <
of ~16.251 TRLCU “Wpser cal (0500 UT), while the IRI model

!
¢
overestimatiiﬁPS EC v ef onythe storm day between 0000 UT to 1200 UT,

_ N .
diffefedce Bt ~ 7.7&ECU. Notably, the estimation accuracy or the

with m%

Cre]&,\ IRI model is ~25@Yh'er than NN2 model, which signifies that the IRI
\ able to estimate the GPS TEC more favourably than the NN2 on the storm

>

he IRl TEC generated by the IRI-2007 version model contains an empirical

%ospheric storm-time correction model (STORM), which was driven by the prior

history of the geomagnetic index ap and the design also includes seasonal
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Table 4.2: Average GPS TEC, RMSE, normalized RMSE and relative correction
between the GPS TEC and the estimated values; NN2 TEC and IRl TEC during the

geomagnetic storm from 14-16 December 2006 over Parit Raja station T

Average RMSE Normalised N)

GPS (TECU) RMSE
Days | tgc
qecuy| NNz IRL | NN2 ORI W* IRI

14-Dec- | 17.120  2.662 3.429

06
15-Dec- | 11491 9.668  3.791
06
16-Dec- | 14.054 1656  2.251
06
and regional dependence in the migratio
field (Araujo-Pradere and Fuller- RoN& ;
Amarante et al., 2007) have enhan predlct

ionospheric storm. \% ﬂ A“%
X~ 1 S
In identifying % r(s) t 0 ﬂa@ﬁected the performance of the

C
NN2 model, the ¢ ondmgl ues e disturbed days are retrieved from
the training dat e |I ‘n A d|x C. The observed GPS TEC on the

pre-, post- 0 stor d S e%l ed against the seven quiet-day median hourly
TEC pr Irwﬁzwhll ?case of two storms fall within the ten days of
the quiet-day med@élues prior to the first storm are used for both storm

(Vijaya Lekshmi et al., 2011). The plots depicted in Appendix C clearly

ate that there were no or insufficient representation of negative phase

eomagnetic storms in the training data, except for the magnetic storm in May 15,

2005, where there is a sharp increment of TEC at 0800 UT and it depleted
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significantly after 0900 UT until the recovery phase. The enhancement in the number
of total electron contents during all disturbed conditions in the trainin
conclusively confirmed the occurrence of positive ionospheric storm%\tated

before, learning from the experiences is one of the main criteria that te to the

achievement of NN modelling. Lack of experiences in the learning pifase may affect

the generalization of new data in NN modelling. With regarﬁwforesaid factor,
[

the NN2 model experienced difficulty in learning the t ng'negative phase

Me unseen

0 gen
o
data well. In conclusion, the NN2 tend to overest@he ionPpsp c'l'@alues
during the storm period as it has been trained. Y. \’ \'Y'

ionospheric storm, which cause the data-driven model u t

In order to validate the capabidi

periods, the magnetic storm on Jc pri iT
ionospheric storm effect with am D8t val 11 @ 1000 UT is examined.
'g.#a;ld

The analysed results are plom

F ﬂ\&‘éummary of the statistical
observations for the thfe da (13-15’Apr' ae ated in Table 4.3. The overall

P 4
results indicate thatw ni ¢ e to ¢agrure the measurement of TEC more
&IRI el urinéd;he positive ionospheric storm. The

accurately tha
. \ | _ .
underestlmatl% e JEG v efbyfﬁb IRl model during the geomagnetic storm

from 13&ril ?b?} o \nent and can be clearly seen from Figure 4.5.
'
e

Altm NN2 model ha x&'r and underestimates the GPS TEC for certain
Mit still closely resembti the observed TEC for some of the periods that have
%onsidered. The developed NN2 model overestimates the GPS TEC between
Qal pre-sunrise and post-sunrise for all days, as well as during local midnight on the

storm day. In contrast, the NN2 model underestimates the TEC between~0400 UT
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Figure 4.5: Dst and th oWding PS , EC and IRI TEC from 13-15
l% on

April 2006 over Parit Rgj
NG
- ~1400 UT on@nd 0 ' dayéﬂ/en though both the estimation models
¢
generated the%st erfor on egtoé?ay, the error margin for the NN2 model is
still Iov%kthe RUmodel. Fr
are mted for the three da@dd the results indicate that the NN2 model (~3.469

iEXoffered more reliable TEC estimations than the IRI1-2007 model (~13.525
U

he statistical observations, the average RMSE

¥
%,

). In terms of relative correction, the effectiveness of the NN2 model is about

QO to 35% higher than the IRl model for all days. This achievement may attribute to

the training data in the NN modelling which mostly consisted of positive storms.
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Table 4.3: Average GPS TEC, RMSE, normalized RMSE and relative correction
between the GPS TEC and the estimated values; NN2 TEC and IRl TEC during the

geomagnetic storm from13-15 April 2006 over Parit Raja station T
Average RMSE Normalised v

(%)
GPS (TECU) RMSE
Days TEC
NN2 IRl | NN2  IRI IRI
84

(TECU)

13-Apr- | 31425 2,650 11.420 O. 91‘)9 60.78

06
14-Apr- | 35996 4513 16.352 0.125 0.2%4 ‘56&5
15-Apr- | 33553  3.244 12.804 [ 0.3

06

itivé'hospheric storms

has proven that a well trained neura@xork @Wa 'r@n'ate input parameters

would contribute to a reliable%on. ﬂowe u the \rs during the disturbed

conditions are still higher ohd t %ﬁ@és, especially during quiet
l

conditions. Including M input garampptefs @e NN modelling that are able to
’

'y
describe the compl\b havii) \N nosp‘ngévpduring disturbed conditions may
enhance the pre@ty Ie? mmgﬂurthermore, the difficulty of estimating
¢

!
TEC values % imgulsive v&ts(cjo'tad be overcome by widening the area of

training@%clw n Pore '\rbed conditions in the training data.

A\ ¥
E\Dverall, the developed NN2 model revealed high competence in estimating
h

Q TEC dynamics at this region, yet at certain periods the model still showed
appropriateness, for instance, TEC variations during night time, equinox season

TEC variations, TEC dynamics during negative ionospheric storm, etc. The
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inefficiency of the model may be due to the factors discussed thoroughly in the above

sections. Therefore, in order to capture the TEC variability and the dynamicYM

accurately, certain aspects should be taken into consideration to impro%NNZ

model to be a better representative of TEC estimation model in thi @n. Those

aspects are described as future works in Chapter 5. Q
4.5 FORECASTING GPS TEC z '

NY.

In the previous section, the neural networ els wjth rcbri \nput

parameters and architectures have been used togesgiggate % eric{&. In this

section, the observed TEC associated wil\he' NZOY E Iues%employed to

forecast a short-term period TEC ti iean advanceyeor th@ sibility study, a

new hybrid technique is developed%ecast t\(mwy I r)@heric TEC values up
k N
to 3 days or 72 hours ahead dx@ i cﬁvit@ng a single station data.

In brief, based on a time gl d@odology that combines the

linear model; seasonal%

non-linear model; ral ne'

ionospheric TE %stin .

ahdhd farri%_%ut based on three independent datasets; quiet

‘gd mang average (SARIMA), and the

N), ix~developed to perform short term

~—+

'rst pt‘ljéfmance comparison between the hybrid

S ;C,QSJ -SARIMA and FCAST-NN to forecast the
N

erate days, and dj ed days in October, November, and December,

re \C/ely in this feasibility study. The FCAST-SARIMA represents the forecast
Q nal autoregressive integrated moving average model, while the FCAST-NN
enotes the forecast NN model. The results are illustrated in Figure 4.6 to Figure 4.8,

respectively. In all figures the top panel shows the comparison between the hybrid
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SARIMA-NN TEC (Hybrid TEC) and the GPS TEC values, while in the second and
third panels exhibit the comparison between the FCAST-SARIMA TEC (SAVH

TEC) and FCAST-NN TEC (NN TEC) with reference to the GPS TEC, %\/ely.

N3

45.1 Forecasting GPS TEC during quiet condition ‘

A summary of these results are also tabulated in Table 4.4.

In order to evaluate the performance of the hyDWg fore ast\ﬂod‘the GPS
TEC versus the forecast values are compared durin agnefic quigt day \Yd'the
obtained results are illustrated in Figure 4. oVeY, {1 toggi.date the
forecasting performance of the hybrid m ouq‘ut the@chi.d model is
compared separately with both the i % models in d SARIMA-NN

model development. In the hybrid %ﬂ the s\fmx dqsh used to analyse 15
N

days prior TEC data to foreca%ear gomp eAts, WhHe the residuals from the

SARIMA model are used ve. NIn e forg}the non-linear components.
Eventually, the foreca from béth t c&rﬁ'p}{ents are integrated to obtain the
' &
s TEC veuds

end results; hourly ast ionf; v\iaé
$
\ p O

!
The hym 1P - cl€be(3 6 are considered as quiet conditions since

N
the 3-hqfr plaletarydh ? inde&f Kp ranged from 0 to 2+, while the Dst mean
val these particular da@é -5nT, -1nT, and -2 nT, respectively. The main
@oth the indices are taken into consideration because Huttunen et al. (2002)
G luded that both the indices have been widely used as a storm indicator and they
ave different sensitivity to different storms—time current systems. The dominant

causes of the magnetic storm is due to the interplanetary counterparts of the coronal
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(a) — @ -Hybrid TEC
860— ................................................................................................... —=-GPS T

N

forecast TEC values

h
produced by (a) hybrid SARIM nfodel, FC -SARIMA model, (c)
FCAST-NN model during qu\s (10 -9 Octgber 2A over Parit Raja
o ES
- [ ﬁ?g
mass ejections (CME)? er, TgyMuta ? 2‘.' 88) and Huttunen et al. (2002)

Figure 4.6: Comparison betwe TE

\hqs and th regions can even cause the most

have pointed out t Mst shoik
intense and big%orn™ whe ar winy disturbance is sufficiently intense and
¢

long-lived. agnce & few Jfactqrsgo tri\Ql;e)to the intense magnetic storms, therefore,

both th&e obnsi gel to @orize a disturbed day.

&

? he results show that during the quiet condition all the three forecast models
Q to forecast the TEC variations over time. In fact, it is interesting to observe in
igure 4.6 that all the forecast values could follow the trend of the GPS TEC very

closely. This may be due to invariant of TEC values during the quiet condition. There
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IS no any impulsive events that could cause stochastic variations in the TEC values.
The hybrid SARIMA-NN model agrees with the corresponding GPS TEC wi

of ~88.48% while, for the single models FCAST-SARIMA and FC@ are
~86.63% and ~84.56%, respectively. This shows the accuracy of the model to
forecast the GPS TEC is better than the individual models ®ed separately.
Meanwhile, the RMSE values are calculated for all the three Nﬂodels for three
consecutive days during the quiet period and the values ar ?e.d '1 a bar graph in
Figure 4.9. The average RMSE for hybrid SARIM F AWI‘MA and
2.497] a 2.91&%?@,
e % nts arJFe hybrid

~24%,3r;spectively.

uie %s via the hybrid

model. %% 0>\,? §
4.5.2 Forecasting GPS T@ing er eco@on
S s

The secoKiod § 'S durlgbﬂe ionospheric moderate condition
which is from w ove '6 In case, the Kp index ranged from 0 to 6
¢

and the Dst n Yaluesfon th,"l ,('%d 11" November 2006 are AnT, -44nT and

N
-36 nT, &specively. 8t y:ast 1& values from all the three models are plotted in

FCAST-NN models during the quiet days are 2!
respectively. It terms of average RMSE, the

model over FCAST-SARIMA and FCAST

Fig\ﬁ. The results indic Qrévt'the hybrid SARIMA-NN model has tendency to
@the ionospheric TEC values fairly well and the forecasting accuracy is better
& both the individual models. Besides, the results from the Figure 4.7 clearly
epicts that both the individual models are able to forecast the TEC variations for the

first 24 hours (1 day ahead). The forecasting accuracies of both the models degraded
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I I
(a) —-@ - Hybrid TEC
— 4+ -GPS T

Figure 4.7: Comparison between TEC a\% AI'orecast TEC values

produced by (a) hybrid SARI -SARIMA model, (c)

FCAST-NN model during mo s (9 11 vem 06) over Parit Raja

for the consecutive hmc gays Th, und ei @ n of TEC values on the second
to nt

and third days appear or ‘8 th the individual models than the

hybrid SARIMA@)de ITh fectl@ of the forecasting model can be

quantified in r relgtive r'éére d relative correction (Crel). The lesser the
relative ¢ &!bet ter fthe @(elof the forecasting model used. In this case, it
is dis %that the Efel o’f t@bnd model is ~10.36%, the SARIMA model is

0/ and the NN model |s\4 33%. In other words, the hybrid SARIMA-NN, the
-SARIMA and the FCAST-NN models are able to forecast the GPS TEC at
ut ~87.64%, ~85.45%, and ~83.67%, respectively which are satisfactory in

common model application.
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The RMSE values produced by the FCAST-NN approach during the moderate
periods are ~1.376, ~5.292 and ~5.815 TECU on 9, 10, and 11 Novembev&
respectively, while the RMSE values yielded by the FCAST-SARIMA n@r the
similar moderate days are ~1.080, ~4.792 and ~4.522 TECU. Overall,‘&recasting
errors are found to be increased for both the single models as theN@me horizon is
enlarged. Besides, the results indicate that the FCAST-SA%&O%I is able to

forecast the GPS TEC trend ahead more accurately than m'del during this

period, even though the SARIMA model is specificall igne fngproach
and unable to capture the non-linear pattern. The li | F S1-®odel
to forecast the ionospheric TEC variations 3 Cagyu e tadnsufficient
of historical data in the training phase @e.neralization

ability of the model. Besides, inappr
forecasting error of the NN mo@ﬂw
criterion in NN modelling. Wi%n

the RMSE values improve \t

~3.126, and ~3.478 T , 10, lwd N'o@er, respectively. By integrating

the linear and non- N{compr ~he h)&ﬂmodel improved the forecasting by

~24.7% and 3% ove divi@"models; SARIMA and NN model,
¢
respectiveld%s of l/

@d SARIMA-NN model,

ays. The values are ~1.226,

.
.
~

4.5, recasting GPS TE@f'ing disturbed condition

QE Unpredictable variability of the ionospheric TEC due to space weather is
enerally difficult to capture by using a simple model. Hence, taking into account the

complexity during adverse space weather, the effectiveness of the developed models
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to forecast the GPS TEC ahead during geomagnetic storm are assessed. All the three
forecast models are examined from 14 to 16 December 2006. These da

considered as disturbed days since the Kp ranged from 1- to 8+, while t@rean
value for these particular days are -12nT, -99nT, and -38 nT, r wely. The
forecast results are plotted in Figure 4.8, while the performance Ofthe models is

quantified in terms of errors as in Table 4.4. On visual ins&tio. all the forecast

Nd

models yielded mixed results to forecast the impulsive evelg®

®
The hybrid SARIMA-NN and the FCAS IMA [m slsr@good
agreement during the storm day (15 Decembe Ver, th mod&- indicate
Y-

large forecasting errors on the last day, WW n lﬂ DeCsmber @!-storm). The

result illustrated in Figure 4.9 ShOWND hybrid a CA@ARIMA models
yielded the least RMSE on the sto%y and t\a@es I '}a'rger on the pre- and
E )2 N

post- storm days. This means; madels argpaBle m@ow the GPS TEC trend
more precisely during the x of 'v@se storm), but are found not
in reasonable agreeme othe}

contrast, the FC:ﬁgmod' \ﬁproacgéble to forecast the GPS TEC more
precisely on th% y C (?ﬁer two models, but the RMSE values
e

¢
increased sj tly In e toﬁn Qa)/, where the model overestimates the TEC
N
values. & ondh cuti\@y (16 December 2005), the forecasting error of
the T-NN model decr @' by ~42.1% from the previous day and has the

tex/ to forecast the GPS TEC more favourably than the single model FCAST-
Q IMA. The average RMSE are computed for the disturbed days and the findings
re compared to determine the best performance model. The hybrid model produced

~2.830 TECU, while both the individual models; FCAST-SARIMA and FCAST-NN
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I I
s (a) — @ --Hybrid TEC
5 60 e Sto ..... Day .................................... - GPS TE

A
Figure 4.8: Comparison betw TE \Sh forecast TEC values
produced by (a) hybrid SARI FC -SARIMA model, (c)

M nfodel
FCAST-NN model during dlsK days (%4 - 16 eceA 2006) over Parit Raja
\

yielded ~3.267 TECU 829 TECU, "e}(geézkly In terms of average RMSE,

the percentage i Mments‘ hybrr odel over FCAST-SARIMA and
FCAST-NN d t dIS cindltléoare ~13.4% and ~26.1%, respectively.
at

These res aate 7h h€br(JSARIMA NN model has the tendency to

forecas C dﬁ ore accurately during the disturbed conditions

to the other individ odels.

Furthermore in order to examine the performance of the model, the Crel is
ssessed for each forecast model and found that the values appeared to be lower for

all the three forecast models during this disturbed period compared to the other two
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Table 4.4: Average GPS TEC, normalized RMSE and relative correction between the
GPS TEC and the forecast values; Hybrid TEC, SARIMA TEC and NN TEC during

quiet, moderate and disturbed conditions over Parit Raja station T
Average Normalised ﬂ% :
GPS RMSE Crel (%
Days TEC
(TECU) Hybrid SARIMA NN | Hybrid SARIMA NN
Quiet Days 17.360 0.127 0.143 0.167 88. 6.63  84.56
Moderate | 5179 0123 0164 0196 W 8949 8367
Days
Disturbed

Days 14.222 0.199 0.230 0.269 .82' Moﬁi&o
| '
Yf.ound to

conditions; quiet and moderate. Overall, thev delsNg)
deteriorate during the impulsive events. etprior ore p&unced in the
due @che fact that the

individual models than the hybrid N his
SARIMA model is a linear based Kue and\F [ i&ﬁ"lay cause the model
o S

fails to forecast the stochastic ur of the T O‘ah@'On the other hand, even

though NN model is a n \ baged tech ique,gwufficient experiences in the
learning phase may af% eneralj tio;o‘ﬁin‘ezgita in NN modelling as stated in

the section 4.4. H , owirp
,i ¢
ah

characteristics %I e

ﬁ : ¢
variability q e ynospheri @more accurately. Apart from the RMSE and
relative% on vfuv-]gpert%_ ances of the forecast models are also quantified

In t normailise e errors are compute Yy dividing the value
i Ar lised RMSE@' d by dividing the RMSE val

bility #¥recognizing the linear and non-linear

id r@%’l tends to forecast the unpredictable

5

oV TEC background. This is done mainly to avoid the effects of high or low
background. The normalised RMSE values for three different ionospheric
onditions indicate that the developed hybrid model could be an effective way to

improve the forecasting accuracy than employing either of the individual models
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Figure 4.9: RMSE values for Hybrid, MA and moo@during the quite,
moderate and disturbed days in 200%& Parit &\

]

R e fo

separately. This may be due& factgzg inc&l&él model carries its own
signatures and features, th abltito Char cteri@he time series pattern in their
own way. By integrati% diﬁergw&‘ig@ single framework, enhance the
performance of t@g’d mol:lel\ hybz;éﬁRlMA-NN model is found to be a
promising too@acas in‘t?;]sp \TEC variability in Parit Raja, Malaysia.

@,

Q— 3
4.6 :WARY’V)! $
%\Generally, this chapter depicts the performance of the developed models;

ely NN and hybrid SARIMA-NN. The NN model is analysed on the estimation of

GPS TEC over Parit Raja station for certain scenarios. Firstly, the capabilities of the
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developed NN model to interpolate and extrapolate the missing GPS TEC data are
examined and the findings are compared with the corresponding observeYR
extracted from the Parit Raja station. The results showed that the NN m@ered
better finding for interpolation than extrapolation. Hence, in ONN further
investigate the extrapolative capability of the NN2 model, a compari§n between the
NN TEC and the estimation TEC from the IR1-2007 model s _ass®sed for the four
seasons in 2006. Overall, the NN2 model is able to est Y:Gfs TEC values
fairly well than the IRI-2007 model. In terms of av RNISE grcentage
improvement of the NN2 model over the IRl mode he four se n{ is.,_\%Q%.
Besides, the NN model exhibited the highest i iIi% ecem@r.solstice

¥gnced @‘c;lty during
quir@f& TEC and short

with a relative correction at ~90% andw del

equinoxes. Insufficient input parameNaepresent
observation data (a year) in the trai%hase &a‘a sr;éd the performance of
%ﬁ >
Q

the developed NN model. Th ances of t NN%Q IRl models are further
investigated during the i xeve'G romy 14 t December, and the results
show that the NN mo jnated tr}evf’%l‘zb @e accurately than the IRI during

ode@ificantly overestimated the TEC on

pre- and post-sto@ever
the storm day \Kh axi iatio@~16.251 TECU observed during local
¢
midday. Th %tim 10 I\(;gdel is generally due to lack of information
N
represe negfti se s%ﬂ_r{}ws in the training data. In order to verify the
pre@ity of the develope@ddel more thoroughly during ionospheric disturbed

C , the NN model is examined from 13 to 15 April 2006. The results from this

naWysis proved that the developed NN model has learned and is able to generalize the

EC values with high accuracy during positive ionospheric storms.
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In the second section a feasibility study is carried out to investigate the
possibility of forecasting the GPS TEC ahead for single GPS receiver station b?m
hybrid and single models. All the forecast models are examined on th% rent
ionospheric conditions; quiet, moderate, and disturbed conditions. T&dition of
these three periods are categorised based on the Kp and Dst values. TR overall results
between the hybrid model and the single models with referen M TEC indicated
that the combining approach is more reliable than a si CY;I All the three

forecast models achieved their maximum forecasting ac d intnditions
imprgvedaghe| f@sting
th h\e’su odel3y FCAST-

SE. @ggcuracy and
the performance of the forecast model\%ﬂoderate itio@e also quantified

in terms of RMSE, relative correct%d the n\li%d }@E values. The results
N
&

and among the models, the hybrid model effect

performance by ~11.7% and ~24.3% compar

SARIMA and FCAST-NN, respectively in

revealed that the hybrid SARI 0 C the non-linearity in the

sa
GPS TEC more precisel \ach gle odeé@d in isolation. During the
moderate condition, t&ng;@%@to increase for both the single
models as the tim@n is@\ inallé(fﬂg possibility of forecasting the GPS
TEC three day% dur 'agn@';fftorm is executed and the comparison
analysis ingj ata th?cgst\@;?els yielded mixed results in forecasting the

stochasig varigti ead.ﬂ&?wever, the hybrid model produced the least
noraagl RMSE value. '@nodel forecast the complex and unpredictable

b \Jral of the GPS TEC more accurately than the single models even though the
apebility of the hybrid model to forecast the GPS TEC on the post-storm day is

ound not in reasonable agreement.



