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ABSTRACT

The satellite navigation and high frequency (HF) communications through the
ionosphere are generally impacted by the ionospheric irregularities, particularly when
the signal is transmitted over Thailand, which is located in the low latitude region and
near the magnetic equator known as the equatorial ionization anomaly (EIA) region.
Because the electron density in the EIA region is relatively more fluctuated, the two-
dimension (2D) map of ionospheric total electron content (TEC) is a useful tool for
studying the ionospheric characteristics and irregularities. Although numerous
international ionospheric models can produce the global and regional TEC maps, the
regional TEC map based on local observation is indispensable since it can give a more
effective VTEC map in regional scale. Therefore, this thesis implements an adjusted
spherical harmonic model (ASHM) to calculate the vertical TEC (VTEC) at the desired
locations in Thailand. Furthermore, this thesis constructs the VTEC map of Thailand
using the data aggregation between the observed VTEC at global positioning system
(GPS) stations and the estimated VTEC of the IRI-2012 model. In addition, this thesis
proposes the latitude-dependent factor (LDF), which is the median proportion
between GPS VTEC and IRl VTEC on the same latitude band for discrepancy
adjustment. The range of Thailand map is defined as 0°-25°N in latitude and 95°-110°E
in longitude. The VTEC map is produced every 2 hours with the spatial resolutions of
25° and 5° in latitude and longitude, respectively. The results show that the

coefficients of the ASHM with the maximum degree of three can calculate the VTEC



at desired locations in Thailand. For the VTEC map of Thailand, the aggregated VTEC
maps properly exhibit the ionospheric characteristics over Thailand that the VTEC level
depends on the time, day, season, year and solar cycle and location. Moreover, the
proposed LDF can adjust the estimated VTEC of IRI-2012 model at the maximum VTEC
value of about 13 TECU during daytime in March equinox.
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CHAPTER 1

INTRODUCTION

1.1 Background and motivation

The Global Navigation Satellite System (GNSS) refers to a collection of navigation
of a satellite system, which are currently in operation such as the Global Positioning
System (GPS), the Global Navigation Satellite System (GLONASS), the GALILEO. At
present, the GNSS is extensively used and applied in various applications: land
surveying, precision farming, vehicle tracking, aeronautical navigation. However, the
GNSS and high frequency (HF) radio wave communications are generally impacted by
the ionospheric effects such as radio absorption, interference, scintillation and
propagation delay since the ionosphere is a dispersive medium. The electron density
in ionosphere is fluctuated, especially in the low latitude region and near the magnetic
equator called the equatorial ionization anomaly (EIA) region (Kelly, 2009; Appleton,
1946). Therefore, the total electron content (TEC) should be studied because it is an
important ionospheric  parameter which can demonstrate the ionospheric
characteristics and behaviors.

Since Thailand is in the EIA region, the influence of ionosphere affects the satellite
and radio wave communications over the region. Besides, the sparse GPS sites cause
the destitute data for ionosphere investigation in Thailand. Although there are several
international global models which can estimate the TEC values at anytime and
anywhere around the world, the estimation performance of these models in regional
scale should be improved, especially the estimation for the EIA region such as
Thailand. The regional TEC observation is indispensable for studying the regional
ionospheric variation and aggregating with estimated TEC of the international models

for expanding the regional TEC map.



1.2 Objectives of thesis

1. To calculate the VTEC in Thailand by the adjusted spherical harmonic model
(ASHM).

2. To develop the two-dimensional (2D) map of vertical total electron content
(VTEC) over Thailand using the data aggregation technique with the proposed latitude-

dependent factor (LDF).

1.3 Scope of thesis

This thesis presents the study about the ionospheric characteristics over Thailand
using the ionospheric vertical total electron content (VTEC) observation on the quiet
days during the periods of low and moderate solar activity in four seasons: December
solstice, March equinox, June solstice and September equinox. The range of Thailand
area is defined as 0°-25°N in latitude and 95°-110°E in longitude. The VTEC map is
developed with the temporal resolution of 2 hours and the spatial resolution of 2.5°
x 5% in the latitude and longitude, respectively.

Furthermore, in the case that there is no observed GPS data for ionospheric
investigation, the adjusted spherical harmonic model (ASHM) with the maximum
degree of three is used to calculate the VTEC at the desired locations over Thailand.

Besides, the estimated VTEC of the International Reference lonosphere (IRI)
model, version 2012, is used to compare and ingest to the observed VTEC for
expanding the VTEC map of Thailand to cover some areas of adjacent countries
including Myanmar, Laos, Cambodia, Malaysia and Indonesia. However, due to the
incorrect estimation of IRl model, the latitude-dependent factor (LDF) is proposed to
reduce the discrepancy between the IRl VTEC and the observed VTEC before data

aggregation.



1.4 Thesis outline

The contents of this thesis are divided into 7 chapters.

Chapter 1 introduces the background and motivation of this work, objectives of
thesis and scope of thesis.

Chapter 2 describes the ionosphere, ionospheric parameters and observations,
especially the ionosonde station in Thailand. Besides, one of the important ionospheric
irregularities, an equatorial spread-F occurrence, is also presented in Chapter 2.

Chapter 3 presents the ionospheric international models for global and regional
TEC maps, particularly the International Reference lonosphere (IRI) model and the
Center for Orbit Determination in Europe (CODE).

Chapter 4 demonstrates the concept of the TEC calculation over Thailand by the
adjusted spherical harmonic model (ASHM).

Chapter 5 explains the concept of the proposed latitude-dependent factor (LDF).
The aggregated VTEC maps between the observed VTEC and the estimated VTEC of
the International Reference lonosphere (IRI) model, and the calculated VTEC from the
IONEX data of the International GNSS (IGS) are also presented.

Chapter 6 shows the regional TEC map over Thailand and the seasonal variation.
The VTEC map is developed by the data aggregation technique together with the
proposed LDF.

Chapter 7 includes the conclusions and suggestions of this thesis.



CHAPTER 2

IONOSPHERIC OBSERVATION

In this chapter, the ionosphere, the ionospheric parameters and observations are
presented. For instance, the equatorial spread-F occurrence observed at the
conjugated ionosode stations in the Southeast Asia under the South East Asia Low-

latitude ionospheric Network (SEALION) project.

2.1 lonosphere

The upper atmosphere from about 50 km up to 1,000 km altitude is called an
ionosphere. The ionizing action of the sun’s radiation produces sufficient free electrons
in this region, which affects radio wave propagation. The ionosphere is divided into 3
layers: D (60-90 km), E (90-150 km) and F (150-600 km) layers (Kelly, 2009). However,
the F layer is separated into F1 and F2 layers in the daytime. The F2 layer is the
important part of the ionosphere because it is effective for radio wave propagation,
especially the satellite and high frequency (HF) communications over long distances.
Nevertheless, the HF communications including the global navigation satellite system
(GNSS) and the global positioning system (GPS) are generally impacted by the
ionospheric effects, such as ionospheric storm, radio absorption, interference,

propagation delay and scintillation as shown in Figure 2.1.



Figure 2.1 lonospheric effects on radio applications.

(http://wdc.nict.go.jp/IONO/index_E.html)

2.2 lonospheric observation

The ground-based observation and space-based observation are implemented in
various regions to understand the nature and mechanism of the ionosphere. In
Thailand, the ionospheric observation by ionosonde is installed at King Mongkut’s
Institute of Technology Ladkrabang (KMITL), Chumphon campus (Chumphon station:
CPN, 10.72°N, 99.37°E) and at Chiang Mai University (Chiangmai station: CMU, 18.76°N,
98.93°E) as shown in Figure 2.2. These two ionosondes are installed under the South
East Asia Low-latitude ionospheric Network (SEALION) project, which has been
conducted by National Institute of Information and Communications Technology
(NICT), Japan, since 2003. The SEALION project has the purpose to observe the
ionospheric irregularity in Southeast Asia such as the equatorial spread-F (ESF)
occurrence, the equatorial plasma bubble (EPB) phenomenon. The observation sites
and methods of SEALION project are shown in Figure 2.3. The parameters of the

ionosonde system are in the Table 2.1. (Saito and Maruyama, 2006).



(@) Chumphon station (b) Chiangmai station

Figure 2.2 lonosonde stations at (a) Chumphon station and (b) Chiangmai station.

Chiang Mai (CMU) 1876 5353 127 Thailand
Bangkok (KMI) 1373 10078 67 Thailand
Chumphen (CPNY 1072 8937 30 Thailand
Phuket (PKT) 800 9832  -02 Thailand
Phuket (PTC) 780 9838  -04 Thailand
Kototahang (KTE) -020 10032  -101 Indenesia
Phu Thuy (PHT) 2103 10596 156 Vietnam

Bac Lieu (BCL) 530 10571 15 Vietnam
Hainan (HAMN) 1953 10813 137 China
Cehu (CEB] 1035 12351 309 Philippines

2 Dip Latitude at 300 km altitude by IGRF 0(2006)

lonosonde (FMCW) CMU  GPS-TEC CMU

CPN Knd
KTE CPM
PHT PTC
BCL
CEE

GPS-Scintillation  PHT  Magnetometer PKT
HAN

All-3Sky Imager CMU

Figure 2.3 Observation sites and methods of SEALION project.

(http://seg-web.nict.go.jp/sealion/)



Table 2.1 Parameter of ionosonde system.

Frequency Modulated-Continuous Wave (FM/CW)

System
with pseudo-random Tx/Rx switching
Peak Tx power 20 Watts
Average Tx power 10 Watts
Frequency range 2-30 MHz

Sweep rate

100 kHz per second

Sweep repetition period

5 minutes

Antenna

Folded dipole

The ionosonde system includes the Frequency Modulated Continuous Wave
(FM/CW) ionosonde and the ionospheric sounding antenna as shown in Figure 2.4 (a)
and (b), respectively. The radio wave in the range of 2 - 30 MHz is transmitted from
the FM/CW ionosonde to the ionosphere by the ionospheric sounding antenna. The

reflected pulse is received, and its delay time is recorded as a trace on the ionogram

as shown in Figure 2.5 (Maruyama, 2012).

(a) Frequency Modulation Continuous Wave (FM/CW) ionosonde.




(b) lonosphere sounding antenna.

Figure 2.4 lonosonde observation at Chumphon station.

Figure 2.5 lonospheric observation technique.

(Reproduced with permission from Maruyama, 2012)



2.3 lonospheric parameter
Figure 2.6 shows the schematic illustration of ionogram and ionospheric

parameters: minimum frequency for E-layer or F-layer echoes ( f_. ), critical frequency,

exceeding critical frequency and virtual height of each layer that including E layer
(foE, fXE, h'E), Sporadic E layer ( foEs, fxEs, h'Es), F1 layer ( foF1l, fxF1, h'F1

) and F2 layer ( foF2, fxF2, h'F2), respectively (Maruyama, 2012).

Figure 2.6 Schematic illustration of ionogram and ionospheric parameters.

(Reproduced with permission from Maruyama, 2012)

Figure 2.7 (a) and (b) show the samples of the ionogram recorded on March 25,
2009 in daytime and on September 1, 2008 in the nighttime by FM/CW ionosonde at
Chumphon station. It can be seen that the radio echoes are observed being split into
two traces (the ordinary and extraordinary components corresponding to lower and
higher frequency traces, respectively). The echo traces indicate the different
ionospheric profiles between in the daytime and the nighttime. The traces of E,
sporadic E, F1, F2, layers appear on ionogram observed during daytime whereas only

the F layer trace appears on ionogram observed during nighttime.
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(a) daytime (b) nighttime
Figure 2.7 Sample of ionograms recorded in (a) daytime: March 25, 2009 and (b)

nighttime: September 1, 2008.

The M(3000)F2 is the ratio of the maximum useable frequency reflected from
the F2 layer which can be received at 3,000 km ( MUF) to the F2 layer critical
frequency ( foF2). The foF2 and MUF are well-known ionospheric parameters for

operating the HF communication system. The M(3000)F2 is computed by

M(@000)F2= @1)
foF2

The F2 layer peak height (hmF2) is the F2 peak electron density height (km),

computed using the expression (Shimazaki, 1955), i.e.,

__ 140 .6 (2.2)
M(3000)F2

The ionospheric parameters observed from the ionogram can describe the
ionospheric characteristics and the ionospheric irregularities which affect the satellite
navigation and high frequency (HF) communications. In the next section, the

ionospheric irregularity namely equatorial spread-F (ESF) is described.
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2.4 Equatorial spread-F

The spread-F (SF) phenomenon is one of important ionospheric irregularities
which was first investigated on ionograms at Huancaya, Peru, in 1938 (Booker and Wells,
1938). The equatorial spread-F (ESF) was subsequently denominated as a nighttime
irregularity of the F region around the equatorial ionosphere and in the low latitude
region (Cohen and Bowles, 1961). The ESF phenomenon is frequently associated with
the equatorial plasma bubble (EPB) generated by the generalized Rayleigh-Taylor (R-
T) instability which is mainly caused by the pre-reversal electric field enhancement
(PRE) or E x B drift indicating the uplift of F-layer bottom side (Abdu et al., 2000). Figure
2.8 shows the E x B drift center on the magnetic equator and spread across the areas
at 10 to 15 degrees north and south of the equator or the equatorial ionization
anomaly (EIA) region (Maruyama, 2012). The ESF occurrence around the EIA region
influences the quality and performance of HF communication systems and the integrity
of GPS satellite accuracy since the radio signals are subject to fluctuation in phase
and/or amplitude when they travel through the ionospheric irregularities resulting in
scintillation phenomenon (Aaron, 1997). The ESF phenomenon has been widely
studied by various techniques during the past three decades such as the ground-based
ionosondes, the incoherent scatter radar (ISR), the satellite borne topside sounder and
in-situ measurements (Hoang et al., 2010; Maruyama et al., 2007; Mathews et al., 2001;
Maruyama and Matuura, 1984). The spread-F phenomenon is continuously investigated
in many regions. For example, Hoang et al., (2010) investigate the correlation between
the ESF occurrence and height of F layer bottom side (h’F) at Ho Chi Minh, Vietnam
and Sao Luis, Brazil, stations near the magnetic equator. The results show the ESF
characteristics in diurnal and season variation at the longitudinal difference of these
two stations. Besides, the ESF investigation at two equatorial ionosonde stations: Cebu
and Manila stations, Philippines confirm that the ESF onsets and the statistical
occurrences are affected by longitudinal and latitudinal difference (Maruyama et al,,
2002). In addition, the monthly average percentage of the RSF and FSF occurrences
are obtained by analyzing the ionograms at the conjugate stations: Chiangmai station
(CMU), Thailand and Kototabang station (KTB), Indonesia, and near the magnetic
equator, Chumphon station (CPN), Thailand as shown in Figure 2.9. These three FM/CW
ionosonde stations are in the SEALION project of NICT, Japan. The results show that
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the percentage of RSF occurrence at CPN is higher than at other stations. The high
percentage of RSF occurrence mostly occurs during the equinoctial months. On the
other hand, the FSF occurrence at CMU and KTB are higher than at CPN. The
percentage of MSF occurrence is much lower than FSF and RSF types at all stations
through all observational periods. In addition, the ESF occurrence statistics and
characteristics over CMU and KTB are almost symmetrical in that the ESF onsets occur
almost at the same time since these two conjugate stations are located along the
magnetic meridian of 100 °E in northern and southern hemispheres. Furthermore, the
RSF occurrence typically has the peaks before midnight, while the maximum
occurrence rate of FSF is after midnight. The RSF onsets normally precede the FSF
onsets by about 1-2 hours (Klinngam et al., 2015). This observation shows the similar
results of the previous ESF study in Thailand, in that the RSF occurrence is observed
at CPN (near the magnetic equator) before the FSF occurrence is observed at CMU (in
the northern hemisphere). The RSF occurrence rate at CPN is higher than at CMU,

particularly in the equinoctial months (Rungraengwajiake et al, 2013).

Figure 2.8 Equatorial ionization anomaly (EIA).

(Reproduced with permission from Maruyama, 2012)
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Latitude

Longitude

Figure 2.9 Location of Chiangmai, Chumphon and Kototabang stations

(Reproduced with permission from Maruyama, 2012)

In case of the spread-F occurrence, the SF signature on the ionogram is in the
form of diffuse traces of the signals reflected/scattered by the ionospheric irregularities.
Figure 2.9 shows the SF signature, in which the diffused trace of the reflect pulses is
on the ionogram. Therefore, the foF2, MUF and some ionospheric parameters
cannot be scaled from the diffuse trace on the ionogram when the SF phenomenon
occurs (Maruyama, 2012).

The diffuse traces on the ionogram can be categorized into 3 types of spread-F
based on U.R.S.I. Handbook of lonogram Interpretation and Reduction (Piggott and
Rawer, 1972) as shown in Figure 2.10 (a) the frequency spread-F (FSF), of which the F
layer traces near the critical frequency are broadened in frequency and may show
additional traces similar to a normal critical frequency, (b) the range spread-F (RSF), of
which the traces away from the critical frequency show broadening in range, and (c)
the mixed spread-F (MSF), of which the traces on the ionogram are broadened in both

the frequency and range and do not show the presence of distinct FSF and RSF types.
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Figure 2.10 Multiple reflection of radio wave signal in ionosphere is recorded as the
diffused trace on the ionogram known as spread-F phenomenon.

(Reproduced with permission from Maruyama, 2012)

(a) FSF trace (b) RSF trace (c) MSF trace
Figure 2.11 Example of ionograms showing (a) FSF trace (b) RSF trace and (c) MSF

trace.



CHAPTER 3
IONOSPHERIC TOTAL ELECTRON CONTENT (TEC)

MODEL

In this chapter, the ionospheric total electron content (TEC) calculation from the
global positioning system (GPS) observation, the TEC observation in Thailand and the

International TEC models are presented.

3.1 Total electron content (TEC)

Due to the ionospheric effects on the radio wave communications, the
ionospheric total electron content (TEC) is analyzed to study the characteristics of the
ionosphere. The TEC is an important ionospheric parameter which can describe the
plasma density of the ionosphere, propagation delays as well as the ionospheric
instability that affects the satellite navigation and high frequency (HF) communications.
The ionospheric TEC map is the useful tool for monitoring and forecasting the space
weather in global, local and regional scales. Therefore, the TEC is continuously
observed from the GPS stations, particularly, the stations near the magnetic equator
and in low latitude region, where the electron content variation is relatively more
fluctuated. (Otsuka et al., 2002; Tsugawa et al., 2007; Lee at al., 2008; Okoh et al,,
2015; Zheng et al., 2016; Opio et al., 2015; Huy et al., 2014; Leong et al., 2015; Aggarwal,
2011).

The slant TEC (STEC) is the density of free electrons found in a square meter area
along the slant path between a global positioning system (GPS) receiver and a satellite
as shown in Figure 3.1 (Rungraengwajiake, 2016). The STEC is measured in total electron
content unit (TECU), where 1 TECU corresponds to 10' free electrons per square

meter. It can be computed as



STEC = J NedS, (3.1)

S

Where N, is the electron density (electrons/meter®) and s is the distance between a

GPS receiver and a satellite in the unit of meter.
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Figure 3.1 Total electron content (TEC). (Rungraengwajiake, 2016)

The single layer model (SLM) is used for the TEC representation as shown in Figure
3.2. The SLM assumes that all free electrons are concentrated in the spherical thin
shell at altitude H, R is the radius with respect to the GPS station and R: is the
mean radius of the Earth (6,371 km) (Schaer et al, 1977).

The function F(z) is a single-layer mapping function where is used to convert the

STEC to the vertical TEC (VTEC) at the ionosphere pierce point (IPP), i.e.,

VTEC = F(z)STEC, (3.2)

where F(z)=cosz', sinz'=[R/(Rc+H)]sinz, ; and z' are the (geocentric)

zenith distances at the height of the station and the single layer, respectively.



17

However, the received STEC contains the satellite bias (bS ) and the receiver bias

(b,). Therefore, Eq. (3.2) can be rewritten as

VTEC = F(z)(STEC +b, +b, ). (3.3)

Figure 3.2 Single layer model (SLM).

3.2 lonospheric delay
From Figure 3.3, the ionospheric delay time (At) is the difference of signal
traveling time between the ionosphere (tu) and the free space (f) with the refractive

index N, and N=1, respectively. The delay time can be computed by

40.3
At=t, -t = y SI N.ds, (3.4)
or
At = 403 STEC, (3.5)

f2
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where C is the speed of light and f is the radio wave frequency (Hz).

Figure 3.3 lonospheric delay time. (Rungraengwajiake et al., 2015)

3.3 Rate of TEC change index

The rate of TEC change index (ROTI) is a parameter which indicates the
disturbance, especially the plasma bubble occurrence (Rungraengwajiake et al., 2015).
It is a standard deviation of the rate of STEC change (ROT ) expressed in TECU/minute

and can be computed from

STEC(i+1)—STEC(i)
t . —t ’

i+1 i

ROT(i)=

and

ROTI =\/%ZN:(ROT|(i)—ﬁ)2 , (3.7)

where N is the timing window for ROTI computation (minute). The disturbed day
can be flagged if the ROTI is equal or more than a specified threshold for example,

0.5 TECU/minute.
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Figure 3.4 (a) and (b) compare the samples of ROTI plots at KMITL station on
quiet day (July 8, 2012) and disturbed day (September 1, 2012), respectively. It can be
seen that the ROTI on the quiet day is below 0.1 TECU/minute, whereas the ROTI

on the disturbed day is more than the specified threshold of 0.5 TECU/minute.

(a) quiet day (b) disturbed day
Figure 3.4 ROTI at KMITL on (a) quiet day: July 8, 2012 and (b) disturbed day:

September 1, 2012.

3.4 International TEC models

There are various International ionospheric models which develop the global and
regional ionospheric TEC maps, such as the MIT Automated Processing of GPS
(MAPGPS), the European Space Agency (ESA), the Polytechnicial University of Catalonia
(UPQ), the Jet Propulsion Laboratory (JPL), Center for Orbit Determination in Europe

(CODE) and the International Reference lonosphere (IRI) Model.

3.4.1 MIT Automated Processing of GPS (MAPGPS)

The MIT Automated Processing of GPS (MAPGPS) is the software package, which
is developed at the MIT Haystack Observatory (Rideout and Coster, 2006). The purpose
of MAPGPS is to automatically download and process the GPS data from the global
receiver network for global TEC map development. The receiver bias of various data

sources is solved by the MAPGPS algorithm. The MAPGPS provides the TEC map with
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the grid resolution of 1° x 1° at every 5 minutes. Figure 3.5 shows the global GPS map
of MAPGPS on October 29, 2003 at 21.20UT in log;o(TECU). It can be seen that the
distribution of TEC is different for various regions around the world due to spatial

variation of TEC values.

Figure 3.5 GPS TEC map of MIT Automated Processing of GPS (MAPGPS) on October

29, 2003 at 21.20UT. (Rideout and Coster, 2006)

3.4.2 Space Weather Service (SWS)

The Space Weather Service (SWS), Australian Government, Bureau of Meteorology
produces the near real time VTEC global map at every 15 minutes using the IRI-2007
ionospheric model with real time global foF2 data. The global and regional VTEC map
over Australian region on June 12, 2018 are produced by SWS as shown in Figure 3.6

and 3.7, respectively.
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Figure 3.6 Global TEC map by SWS on June 12, 2018 at 13.02UT.

(http://www.sws.bom.gov.au/Satellite/2/2)

Figure 3.7 Regional TEC map over Australian region by SWS on June 12, 2018 at

13.00UT. (http://www.sws.bom.gov.au/Satellite/2/1/1)

3.4.3 Dense Regional and Worldwide International GNSS-TEC observation
(DRAWING-TEQ)

The Dense Regional and Worldwide International GNSS-TEC observation
(DRAWING-TEC) project aims to study the ionospheric effects on the GNSS and
produces the high resolution STEC map in global and regional scales. The global TEC
map and the regional TEC map of Europe, Japan and North America on September 26,

2011 at 21UT are produced by DRAWING-TEC project as shown in Figure 3.8 and 3.9 (a)
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— (o), respectively. Moreover, DRAWING-TEC project has developed a new standardized
TEC format namely GNSS-TEC EXchange (GTEX) format to demonstrate STEC data for

each GNSS satellite with file/day/receiver.

Figure 3.8 Global TEC map of DRAWING-TEC on September 26, 2011 at 21UT.

(http://seg-web.nict.¢o.jp/GPS/DRAWING-TEC/)
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(a) Europe (b) Japan (c) North America
Figure 3.9 Regional TEC map of DRAWING-TEC on September 26, 2011 at 21UT for (a)
Europe (b) Japan and (c) North America.

(http://seg-web.nict.go.jp/GPS/DRAWING-TEC/)
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3.4.3 European Space Agency (ESA)
The European Space Agency (ESA) is an international organization, which forecast
the hourly TEC over Northern Europe region. Figure 3.10 shows the ESA forecast map

of TEC and the ionospheric range error of L1 frequency on June 12, 2018 at 10.30UT.

Figure 3.10 Forecast of TEC by ESA on June 12, 2018 at 10.30UT.

(http://swe.ssa.esa.int/ionospheric-weather)

3.4.5 Jet Propulsions Laboratory (JPL)

The Jet Propulsions Laboratory (JPL) and the University of Catalonia (UPC) provide
the real-time ionospheric map using the pixel-based mapping scheme and the
interpolation with the time resolution of 2 hours and the grid resolution of 2.5° x 5 in
latitude and longitude, respectively (Liu and Chen, 2009). Therefore, only 13 JPL and
UPC GIMs per day are produced with the 71 x 73 grids in latitude and longitude,

respectively. Figure 3.11 shows the global ionospheric map by JPL on June 26, 2018 at

15.50UT.



24

Figure 3.11 Global map by JPL on June 26, 2018 at 15.50UT.

(https://iono.jpl.nasa.gov/latest rti global.html)

3.4.6 Center for Orbit Determination Europe (CODE)

The daily global ionosphere maps (GIMs) are continuously generated at the Center
for Orbit Determination in Europe (CODE) and the European Space Agency (ESA) using
the data from over 200 GPS/GLONASS sites of the International GNSS (IGS) and other
institutions in more than 80 countries. The IGS Service Tracking Network is shown in
Figure 3.12. The IGS provides the GPS data in the ionosphere map exchange (IONEX)
format as shown in Figure 3.13 (Schaer and Gurtner, 1998a and 1998b). The VTEC in
the ¢rids are developed by the expansion with the basic functions over the globe
based on the spherical harmonic (SH) model. The CODE and ESA GIM range is from
-87.5° to 87.5° in latitude and from -180° to 180° in longitude. The GIM is provided daily
on the Intemet of 2 hours via http://aiuws.unibe.ch/ionospere/ with the spatial
resolution of 2.5" x 5" in latitude and longitude, respectively (Hernandez-Pajares et al.,
2009). A sample of VTEC map generated from IONEX on June 29, 2012 (DOY181) at

10UT as shown in Figure 3.14.
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Figure 3.12 International GNSS Service (IGS) Tracking Network.
(http://www.igs.org/network)
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3 ionex file containing IGS CCMBINED Ionosphere maps COMMENT
4 global ionosphere maps for day 180, 2012 DESCRIPTICH
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& ICHEX files of the following IAACs were combined: cod DESCRIPTICH
7 esa DESCRIPTICH
8 jpl DESCRIPTICH
g upc DESCRIPTICH
10 Contact address: Andrzej Erankowski DESCRIPTICH
11 Geodynamics Research Laboratory DESCRIPTICH
12 University of Warmia and Mazury (GRL/UWM) DESCRIPTICN
1133 Cczapowski 5tc. 1 DESCRIPTICHN
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17 2012 7 8 4] 4] 1] EPCCH COF FIRST MAP
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Figure 3.13 IONEX file on July 8, 2012 (DOY190).
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Figure 3.14 Global VTEC map by CODE on June 29, 2012 (DOY181) at 10UT.

(http://aiuws.unibe.ch/ionosphere/gim.gif)

3.4.7 International Reference lonosphere (IRl) model

The International Reference lonosphere (IRI) model is an international project
sponsored by the Committee on Space Research (COSPAR) and the International Union
of radio Science (URSI) since 1978 (Rawer et al., 1978). The purpose of this model is to
predict the ionospheric parameters based on all worldwide available data from the
ground- based system and the satellite observation such as the ionosondes, the
incoherent scatter radars, the topside sounder satellites (Bilitza, 2015; Bilitza et al,,
2017). The IRl performance has been improved during the meetings at every two years
(Bilitza, 2014a). The IRl model version 2012 produces the ionospheric parameters such
as F2 peak height (hmF2), propagation factor M3000F2, F2 peak plasma frequency
(foF2), electron density (NmF2), spread-F probability and vertical ionospheric electron
content (VTEC) via http://omniweb.gsfc.nasa.gov/vitmo/iri2012_vitmo.html as shown

in Figure 3.15.
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Go to the IRT description

@ Select Date and Time

Year(1958-2017){2012 |

Note:If date 1s outside the Ap index range (1958-2014/06/30), then STORM model will be turned off.
Month: Day(1-31):
Time Hour of day (e.g. 1.5):

@ Select Coordinates

Coordinates Type | Geographic Vv

Latitude(deg. from -90. to 90.):|1.25 Longitude(deg_from 0. to 360.)
Height (km, from 60. to 2000.):

@ Select a Profile type and its parameters:

[Hour profile[0.24] | start [0 | stop|24 | Stepsize

Optional Input:
Sunspot number, Rz12 (0. - 400.) Ionospheric index, IG12 (-50. - 400.)
F10.7 radio flux, daily (0. - 400. F10.7 radio flux, 81-day (0. - 400.)

Electron content: Upper boundary (km., from 50. - 2000.)

Figure 3.15 IRI-2012 model website for online access.

(https://omniweb.gsfc.nasa.gov/vitmo/iri2012_vitmo.html)

In this work, the TEC estimation from the well-known empirical IRI-2012 model
and the TEC calculation from the IONEX data of the IGS are selected to aggregate with

the observed VTEC. The details of VTEC aggregation is described in chapter 5 and 6.



CHAPTER 4
ADJUSTED SPHERICAL HARMONIC MODEL

In this chapter, the adjusted spherical harmonic model (ASHM) is presented. The
ASHM is implemented for VTEC calculation over Thailand region using its coefficients.
The unknown coefficients of ASHM is determined by the least square method. In

addition, this work presents the VTEC calculation with a bound for error reduction.

4.1 Adjusted spherical harmonic model

In 1838, Gauss introduced the classic technique of spherical harmonic
analysis (SHA) (Santis et al., 1997). The conventional spherical harmonic expansion is a
two-dimensional Fourier Series in longitude multiplied by the Legendre functions in
cosine of co-latitude. The adjusted spherical harmonic analysis (ASHA) is a new
technique based on the global spherical harmonic (GAHA) methodology used by the
CODE. The purposes of ASHA are to improve the time and spatial resolutions of
regional map and to investigate the possibility of real-time TEC estimation (Opperman,
et al,, 2007). In the ASHM, the ionospheric pierce point (IPP) latitude and longitude are
changed to be scaled IPP co-latitude and the IPP sun-fixed longitude, respectively. The

scaled IPP co-latitude is expressed as

90°

"=

(de— o). (4.1)

where ¢ is the scaled IPP co-latitude, 0 is the spherical angle, ¢, is the IPP co-latitude
and ¢, is the minimum co-latitude of IPPs.

For the IPPs sun-fixed longitude, A can be calculated by

A =(180°-Qt)-2,, (4.2)
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where €, is the earth rotation rate, t is the time elapsed since midnight UT and Xg
is the geographical longitude.

The conventional spherical harmonic expansion for VTEC can be expressed as

n

VTEC(M,0) = i ZEnm[COS((I))]{a . SIN(MA) +b - cos(mi)}, (4.2)

=0

where n is the SH degree, m is the SH order, N is the maximum degree of SH
expansion, P is normalized associated Legendre functions of degree n and order m,
a,, and b,, are unknown SH coefficients, where the number of unknown SH

coefficients is equal to (n+1)°. The associated Legendre function, P, [cos¢] is

m

P [cos¢] = (-1)"(sing)" OI((:‘(]')W(Pn[cos o), 4.3)

where P [cos¢] is the n degree orthogonal Legendre function, i.e.,

1 d"
2"nld(cos¢)"

Plcos¢] = [ (cos®o-1)"]. (4.4)

The associated Legendre functions can be efficiently computed by recursion from

(Vallado, 1977)

(2n-1)-cos¢-P, ,,[c0s¢] - (n-1)-F, ,,[c0s¢]
n

P.olcos¢] = (n>2),

P ..[cos¢] = P, [cos¢]+(2n-1)-cosd-P, . [cosd] (m=0,m<n)

and
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P.lcos¢] = (2n-1)-cos¢-P _, ,[cosd] ,m=0
where R, [cos¢]=1, PR [cosd]=cos¢, P, [cosd]=—sin¢.
Likewise, the trigonometric functions are recursively calculated as follows
sin(mi) = 2cos(A)sin{(m-1)A}—sin{(m-2)A}
and

cos(mkh) = 2cos(r)cos{(m—-1)A}—cos{(m—2)A}.

Then the normalization function is obtained from

P.lcos¢] = w, (4.5)

where the normalization operator, 11,,,, can be computed from

3 (n+m)!
= \/(n—m)!(2n+1)k’ “0

wherek=1form=0andk=2form > 1.

The SH expansion in Eq. (4.2) can be rewritten to

n

5nm[cos(¢)] -a ,, sin(mi) + i Zn: 5nm[cos(¢)] ‘b, cos(mA). a.7)

-0 n=0 m=0

VTEC (A, $) = i

An example of SH expansion when the maximum degree of three (N = 3) allows

n=0, 1, 2, 3 and m=0, 1, 2, 3 as follows
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n

5nm[cos(¢)] -a . Sin(mi) + 23: Zn: 5nm[cos(¢)] -b ., cos(mA.). (4.8)

-0 n=0 m=0

3
VTEC (A, ¢) ="
n=0m
The sub-equations for each degree n and order m are

Polcos(®)]- @, Sin(0h)  + Pylcos(®)]-b g cos(01) ,n=0,m=0
Polcos(@)]-a,sin(0h)  + Polcos(9)]-by,cos(0) n=1,m=0
P.lcos()]-a, sin@)  + Pylcos(@)]-bycos() n=1m=1
Polcos(®)]-a ,sin(0h)  + Pyolcos(@)]-b,cos(0r) ,n=2,m=0
Pulcos(@)]-a,sin(r)  + Pulcos(@)]-b,cos() n=2m=1
Polcos(®)]-a ,sin(2h)  + Pplcos(@)]-b,cos(2h)  ,n=2,m=2
Polcos(@)] a4, sin(0%)  + Polcos(@)]-bycos(0h) ,n=3 m=0
Plcos(@)]-a,sin@)  + Pulcos@)]-bycos) n=3m=1
Plcos(@)]-azsin(2h) + Pylcos(@)]-by,cos(2h) n=3m=2.

F_)ss [cos(d)]-a 4 Sin(BA)  + IS?,3 [cos($)]-b 4 cO08(3h) ,n=3, m=3.

Defining z=cos(¢) then P, [cos(p)]=P, [2].

Therefore, the equation (4.8) can be rewritten in matrix form as

Let T be the observed VTEC, that is T = [VTEC (1, ¢)] and J is the geometry

matrix, that is J = [J, J,] where

a
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J, = [Rylzlsin(0n) Py[z]Isin(0%) By[z]sin(11) Py[z]sin(0n) P,[z]sin(0A)
P,[z]sin(2)) Py [z]sin(0x) Pylz]sin(h) Py,[z]sin(2A) Py[z]sin(3A)]

and

J. = [Rylzlsin(0n) Py[z]sin(0%) Ry[z]sin(1h) Py[z]sin(0n) P,[z]sin(0)

P,[z]sin(2x) B, [z]sin(0A) Py [z]sin(lh) P,[z]sin(21) Py[z]sin(3A)]

X is the unknown SH coefficient matrix (&,,, and b, ) and X :LiaJ, which,

b

in this example, are

T
Xa = [aoo Ay gy 8y By A5y 84, Ay Ay, ass] and

Xb = [bOO blO bll b20 b21 b22b30 b31 b32 b33 ]T'

4.2 Least square method

In this work, the least square (LS) method is used for SH coefficients calculation,

T=JX, (4.10)
multiply by the transpose of geometry matrix, J7, i.e.,
AT =1"I)X, (4.11)
then multiply the inverse of (J'T) to obtain

Q7)) = (3T TATIX. (4.12)
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Therefore, the SH coefficient can be calculated by

X =@37)*A™). (4.13)

The flow chart of ASHM is shown in Figure 4.1, first the STEC, IPP latitude and
longitude are calculated from the RINEX files. Then the VTEC is calculated by mapping
function. Next, the normalized associated Legendre function I3nm[cos ¢] is calculated
and substituted into the spherical harmonic function. The least square method is used
for unknown coefficient (a,,, and b, ) calculation. Finally, the coefficients of ASHM are

used to calculate the VTEC at the desired locations over Thailand.

Figure 4.1 Flow chart of ASHM.
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In an example shown below, the STEC, VTEC, IPP latitude and longitude are
calculated from the RINEX files recorded at KMITL station, Bangkok (13.73°N, 100.78°E)
on a quiet day: July 8, 2012 (DOY190) with the elevation angle of 30 degrees and the
cycle slip are removed. The receiver bias (b, ) is derived from the GPS observation with
the least square fitting method. The bias estimation obtained from the minimum sum
of the TEC standard deviation method (Ma and Maruyama, 2003). The satellite bias
(b,) is daily removed by the downloaded bias values from the database of the
University of Bern, Switzerland via ftp://ftp.unibe.ch/aiub/CODE. The STEC, VTEC, IPP
latitude and longitude calculated every 1 second from the 32 satellites are

represented in the different color lines as shown in Figure 4.2 (a) - (d), respectively.

(a) STEC (b) VTEC

(c) IPP latitude (d) IPP longitude
Figure 4.2 Observation at KMITL station on July 8, 2012 (a) STEC (b) VTEC

(c) IPP latitude (d) IPP longitude.
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Then the median VTEC is calculated as shown in Figure 4.3. The maximum VTEC
is about 45 TECU at 17LT (UT+7 hours) and the minimum VTEC is about 1 TECU at

O5LT corresponding to the level of solar activity.

Figure 4.3 Median VTEC at KMITL station on July 8, 2012.

The SH coefficients are calculated from the adjusted spherical harmonic model
(ASHM) using the observed VTEC at 12 GPS stations: KMITL station and 11 stations of
DPT as shown in Figure 4.4 and Table 4.1, on July 8, 2012 at 15LT with the maximum
degree of three (N =3). Therefore, there are 16 coefficients of ASHM for VTEC
calculation at the desired locations. Then the VTEC (EST VTEQ) is calculated using the
coefficients at the desired IPPs, which are referred from the original IPP latitude and
longitude of the OBS VTEC. The OBS VTEC at original IPP latitude and longitude are
shown in Figure 4.5 (a). The EST VTEC at the desired IPP#1 (at the original latitude -
1.25° and at the original longitude -2.5°) and at the desired IPP#2 (at the original latitude
+1.25° and at the longitude +2.5°) are shown in Figure 4.5 (b) and (c), respectively.
Afterwards, all EST VTECs (ALL VTEC) are shown in Figure 4.5 (d). It can be seen that
the amount of VTEC is increased after calculating the VTEC at desired locations by the

SH coefficients.
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Figure 4.4 Location of 11 GPS stations of DPT.

(http://www.un-ggim-ap.org)

Table 4.1 Location of the DPT stations in Thailand.

No. Stations Stations Latitude (Degree) | Longitude (Degree)
1 | Chanthaburi (CHAN) 12.61 102.10
2 | Chiangmai (CHMA) 18.84 98.97
3 | Nakhonratchasima (NKRM) 14.99 102.12
4 | Nakhonsawan (NKSW) 15.69 100.11
5 | Prachuapkhirikhan (PJRK) 11.81 99.80
6 | Sisaket (SISK) 15.12 104.29
7 | Songkla (SOKA) 7.21 100.60
8 | Suratthani (SRTN) 9.13 99.33
9 | Udonthani (UDON) 17.41 102.78
10 | Uttaradit (UTTD) 17.63 100.10
11 | Bangkok (DPT9) 13.73 100.57
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Figure 4.5 VTEC on July 8, 2012 at 15LT (a) OBS VTEC, (b) EST VTEC at the desired

IPP#1 (c) EST VTEC at the desired IPP#2 and (d) ALL VTEC.

4.3 Bounding the estimated VTEC error

However, there is some error of the VTEC estimation when the maximum degree
of ASHM is increased to 5, 7, 9, 11, 13 and 15, as shown in Figure 4.6. The calculated
VTEC (EST VTEC) has strong peaks at some IPPs. We resolve this issue by setting a
bound for the estimation error. Figure 4.7 shows the number of OBS VTEC (black line),
median (blue line), maximum (red line), minimum (green line) and peak-to-peak of
hourly values (purple line) of OBS VTEC recorded at 12 stations on July 8, 2012 at
every hour. The boundary of EST VTEC is set to be the median of OBS VTEC at each
time + 50% as shown in black dash lines in Figure 4.8. The results after the EST VTEC
(blue line) is bounded is ESB VTEC (black line) as shown in Figure 4.9. The error of the

EST VTEC is bounded and the number of the estimated VTEC is decreased to be ESB

VTEC.
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Figure 4.6 OBS VTEC (blue line) and EST VTEC (red line) by ASHM with the maximum

degree of 5, 7,9, 11, 13 and 15.

Figure 4.7 Hourly median, maximum, minimum, peak-to-peak and number of OBS

VTEC recorded at 12 stations on July 8, 2012.
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Figure 4.8 Error bound for VTEC calculation by ASHM.

Figure 4.9 OBS VTEC (blue line) and ESB VTEC (black line) by ASHM with the

maximum degree of 5,7, 9, 11, 13 and 15.

Figure 4.10 depicts (a) the 51 OBS VTECs observed from 12 stations on July 8,
2012 at 15LT, (b) the 51 EST VTEC from the ASHM (N=3) at the original IPP of OBS VTEC
+1.25° and +1.25° in latitude and longitude, respectively and (c) the 42 ESB VTEC from

the ASHM (N=3) with the boundary equal + median 50%. The results show that after
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bounding the calculation error, the ESB VTEC values is comparable to the OBS VTEC

than the EST VTEC.

2 OBS-VTEC on 08 JUL 2012, 08.00UT (TECU)

Latitude (Degree)

95 100 105 110
Longitude (Degree)

(a) OBS VTEC

Latitude (Degree)

2 EST-VTEC on 08 JUL 2012, 08.00UT (TECU)

95 100 105 110
Longitude (Degree)

(b) EST VTEC

-500

-1000

-1500

Latitude (Degree)

2 EST-VTEC on 08 JUL 2012, 08.00UT (TECU)

95 100 105 10
Longitude (Degree)

(c) ESB VTEC

Figure 4.10 OBS VTEC, EST VTEC and ESB VTEC on July 8, 2012, 15LT.

4.4 VTEC calculation by ASHM

60

Because the number of the calculated VTEC is decreased after bounding the error,

the calculation locations are added for each time. We increase the desired IPPs to be

4 locations: the original IPP of OBS VTEC + 1.25° in latitude and longitude before

bounding the error bound (median + 50%) as shown in Figure 4.11. Consequently, the

number of VTEC is increased to be 255 (number of ESB VTEC at 4 IPPs and OBS VTEQ).

After that we calculate the median of all VTECs (ALL VTEC) with the spatial resolution

of 2.5° x 5° (ESG VTEC) and plot a 2D map of ESG VTEC, as shown in Figure 4.12. The

results confirm that the VTEC calculation by ASHM gives a more effective VTEC map

than using only the observed VTEC.
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Figure 4.11 OBS VTEC and EST VTEC at 4 desired locations.

(@) ALL VTEC (b) ESG VTEC (c) ESG VTEC map

Figure 4.12 ALL VTEC, ESG VTEC and ESG VTEC map on July 8, 2012, 15LT.
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Moreover, we change the spatial resolution for improving the VTEC map as shown
in Figure 4.13. The results show that the spatial resolution of 2.5° x 5° and 2.5° x 2.5°
give the comparable resolutions of 2D ESG VTEC map over Thailand on July 8, 2012,

15LT.
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=250 x50 =25°x25" =1.25°x 1.25° =1°x1°
- Mﬁfm‘m - 20 AREATEC o 0048 043, 34T (FROU) 1 . o EEETDS om0 S04 PP I3 ON TS 1o SHEYIC I8 A8, 203 MVTECH -
i o LR
\ . ., A Iy » C T ) o = lnoc.
| [ ( | 4 DR
I . oL . A sesen
! " -+ 8 . ; " | . ‘.'.| * !
A R 1] Y S J1 - :
1 L L I B L g
| L g L\ L
‘\— " “nl" .
\ \
Rl ' o .:.x:; :
#VTEC =22 #VIEC =38 #VTEC =101 #VTEC=119
”"Ml AR AR A Y TEC . "V(,'.'[l-ﬂ.l\\mlﬂiﬂ'l'".'lvl - 2 £ 90 WTEC on M St Dk 50T RO »d SIOVRC ot 20 0, A".\'l"tlly -
- |
o - =7 | -
e . A
3 X &' R |
i A - Rl
{. Z el =
R |
=~ i
L. i talte b e - - L]
- I R N NN " e T --:’4..":.:- ————

Figure 4.13 ESG VTEC map comparison between the spatial resolution of (a) 2.5° x 5°

(b) 2.5°x 2.5° (c) 1.25° x 1.25° and (d) 1° x 1°.



CHAPTER 5
LATITUDE-DEPENDENT FACTOR

Although the data aggregation between the observed VTEC and the estimated
VTEC of IRI model, and calculated VTEC of IGS’s IONEX can expand the regional VTEC
map, the discrepancy of both VTECs should be decreased before aggregation and
mapping. Therefore, in this chapter, the latitude-dependent factor (LDF) is proposed
for adjusting the VTEC from the IRI-2012 model and the IONEX data of IGS.

5.1 Latitude-dependent factor

The flow chart of proposed methodology for regional vertical total electron
content (VTEC) mapping is shown in Figure 5.1. Firstly, the slant TEC (STEC) at each
station is determined from the measured GPS data recorded in the receiver
independent exchange format (RINEX) file. Both of the receiver and satellite biases are
removed from the STEC before converting to VTEC using the mapping function. Next,
the VTEC from all stations are observed at time t with the temporal resolution of 2
hours (OBS VTEQ). Then the OBS VTECs on each grid are calculated the median value
(MED VTEC) with the spatial resolution of 2.5° x 5° in latitude and longitude,
respectively. On the other hand, the VTEC estimation of IRI-2012 model (IRl VTEC) is
downloaded with the same resolutions for calculating the proposed latitude-
dependent factor (LDF). After that, the IRl VTEC is adjusted by the LDF before
aggregating with the MED VTEC. Not only this aggregated VTEC (AGG VTEC) is mapped
for showing the behaviors and characteristics of ionosphere over Thailand, it is used as
the alternative input of the adjusted spherical harmonic model (ASHM) for coefficient
calculation. The coefficient of ASHM is used to calculate the VTEC at desired locations

over Thailand.
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Figure 5.1 Flow chart of the proposed methodology for creating regional VTEC map.

5.2 VTEC grid of Thailand

The geographic area of Thailand is from 0 to 25 north in latitude and from 95
east to 110° east in longitude, which is divided into the spatial resolution of 25 x5

in latitude and longitude, respectively, as shown in Figure 5.2.



(a) geographic area

a5

Latitude (Degree)

)
95 100 105 110
Longitude (Degree)

(b) spatial resolution of 2.5° x 5°

Figure 5.2 Thailand with (a) geographic area (b) grids with a spatial resolution of 2.5°

x 5 in latitude and longitude, respectively.

At the observation time t, the matrix of observed VTEC (MEDij ), the estimated

VTEC of IRI-2012 model (IRI;) and the calculated VTEC from the IONEX data of IGS

(IGS;) at the i" latitude and the | longitude can be written as

MED,
MED,

MED =|

MED,

IRI =|

and

MEDLJ.

MEDL | (5.1)
MED; |

IR,

R (5.2)
IRI

LI ik



IGS,,
IGS,,

IGS = |

IGS,

IGS,,
IGS,,

. 1GS,

IGS,,

IGS

Lj

a6

The latitude-dependent factor matrices: LDF, and LDF4 are the median of

the proportion between the MED and the IRI, and the IGS at each latitude |,

respectively, i.e.,

_( IRI, IRI,,
median =, —,
MED,,  MED,,
IRI IRI
median 2 22
LDF,, = MED,,  MED,,
(IR, IRI,,
median —, —,
MED,," MED,,
and
IGS. IGS
median{ CL Lz
11 MEDl,Z
IGS IGS
median 2t 22
LDF = MED2,1 MEDZY2
_(16S,  IGS,
median — —,
MED,," MED,,

IRI,,

MED, ,

IRI LD,

e LDF,

MED,, )| =| . (5.4)
LDF, J,

IRI,,

MED,; ) |

IGS,,

MED, ;

IGS LDk

2 LDF,

MED,, )| =| . (5.5)
LDF, |,

IGS,,

MED,, | |

In case there is no median observed VTEC in the ¢rid, the LDF, is equal to the

median of the median of LDF. Then the modelled IRl VTEC or IGS VTEC will be

adjusted by the LDF, or LDFto obtain the IRF or IGFas
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IRI,, IRI, IRI,
LDF, LDF LDF, RF, IRF, -~ IRF,
IRI,, IRI IRI, ‘ ’ '
21 22 ... 2 IRF,, IRF,, - IRF,,
IRF=| LDF, LDF, LDF, | =|. ~ ’ ’ (5.6)
‘ IRF, IRF, - IRF, |
IRI,, IRI, IRI,, ’ ' i
| LDF,  LDF, LDF |,
and
IGS,, IGS,, IGS,
LDF  LDR LDF, IGF, IGF, - IGF,
IGS,, IGS IGS, . ‘ ’ :
21 22 .. 2 IGF,, IGF,, --- IGF,
IGF=| LDF, LDF, LDF, | =|. ~ ' ’ (5.7)
: IGF, IGF, - IGF
IGS;, IGS,, IGS, ; " 2 b i
| LDF,  LDF, LDF |,

Finally, some of IRF or IGF will be aggregated into the vacant grids of MED

for expanding the map over Thailand.

5.3 Observational data

Refer to the observed VTEC on July 8, 2012 (DOY190) from 12 GPS stations (CHAN,
CHMA, NKRM, NKSW, PJRK, SISK, SOKA, SRTN, UDON, UTTD, DPT and KMIT) in Thailand
in Chapter 4, the VTEC values are investigated in 4 periods: daytime (11LT), before
sunset (17LT), nighttime (23LT) and before sunrise (05LT) as shown in Table 5.1 and
Figure 5.3. The results show that high level of OBS VTEC occurs during daytime and
before sunset and low level of OBS VTEC occurs during nighttime and before sunrise,
respectively. It confirms that the level and the number of GPS VTEC depend on the

observational periods due to the level of solar activity.



Table 5.1 Observational periods and times.

a8

Observational period

Observational time

Daytime 11LT 04uT
Before sunset 17LT 10UT
Nighttime 23LT 16UT
Before sunrise O5LT 22UT

(a) daytime

(c) nighttime

(b) before sunset

(d) before sunrise

Figure 5.3 MED VTEC from 12 stations over Thailand on July 8, 2012 in (a) daytime,

(b) before sunset, (c) nighttime and (d) before sunrise.
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At time t, the observed OBS VTEC of all stations used to determine the median
value in each grid are shown in Figure 5.4 (a). Figure 5.4 (b) and (c) shows the median

observed VTEC and its map, respectively.
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Figure 5.4 VTEC from 12 stations in Thailand on July 8, 2012 at 15LT (a) OBS VTEC,

(b) MED VTEC and (c) MED VTEC map.

Due to the sparse GPS stations in Thailand, the observed VTEC map cannot cover
all areas of Thailand. Therefore, the TEC data or predictions of the international
ionospheric models such as the IONEX data of IGS or the estimation of the IRl model,

can help expand this regional TEC map, as will be explained in the next section.

5.4 IGS VTEC map of Thailand

Figure 5.5 shows the daily global ionosphere maps (GIMs) on July 8, 2012 (DOY190)
at 17UT which is generated from the Center for Orbit Determination in Europe (CODE)
using the GPS data from over 200 stations of the International GNSS Service (IGS) and
other institutions. The regional VTEC map of Thailand (0°-25°N in latitude and 95°-110°E
in longitude) can be produced from the IONEX data of the IGS for studying ionospheric

characteristics at regional scale as shown in Figure 5.5.
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Figure 5.5 Regional VTEC map over Thailand by CODE on July 8, 2012 (DOY190) at

17LT.

In this work, the GIMs on July 8, 2012 (DOY190) at every 2 hours are shown in
Figure 5.6. These global VTEC maps show the ionospheric characteristic in global scale
that the VTEC level depends on the location and time. Figure 5.7 (a) and (b) show the
regional IGS VTEC of Thailand on July 8, 2012 at 15LT with the spatial resolution 2.5°
x 5% in latitude and longitude and its map, respectively. The maps of IGS VTEC for

Thailand region on July 8, 2012 at every 2 hours are shown in Figure 5.8.



Figure 5.6 Global lonospheric Maps (GIMs) by CODE on July 8, 2012 (DOY190) at
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Figure 5.8 IGS VTEC maps over Thailand region on July 8, 2012 at every 2 hours.

5.5 IRI VTEC map of Thailand

Figure 5.9 shows the monthly median VTEC on July 8, 2012 at 12 stations in
Thailand, as estimated by the IRI-2012 model when the upper boundary is 2,000 km,
the highest boundary of the IRl model. The result shows that the IRl model gives the
similar prediction trend in that the maximum TEC estimation is around 16LT to 17LT
and the minimum value is at O5LT approximately. The comparison between the
observed VTEC and the estimated VTEC of IRl model at 12 observation sites are shown

in Figure 5.10. The results show that the IRl model gives similar trends for all stations.
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Figure 5.9 Monthly median VTEC estimation by IRI-2012 model on July 8, 2012.

The estimated VTEC of the IRl model at the grid over Thailand (IRl VTEC) on July
8, 2012 at 15LT with the spatial resolution of 2.5° x 5° in latitude and longitude,
respectively and its map are shown in Figure 5.11 (a) and (b), respectively. The maps

of the IRI VTEC for Thailand region at every 2 hours are shown in Figure 5.12.
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Figure 5.10 Comparison between the estimated VTEC of the IRI-2012 model and the

observed VTEC at 12 stations in Thailand on July 8, 2012.
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Figure 5.12 IRI VTEC maps over Thailand region on July 8, 2012 at every 2 hours.
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5.6 Comparison of VTEC map over Thailand

The comparison between the MED VTEC, IRI VTEC and IGS VTEC values and their
corresponding maps on July 8, 2016 at 15LT with the spatial resolution of 2.5° x 5% in
latitude and longitude, respectively, are shown in Figure 5.13 (a) — (c), respectively. The
comparison results show that the MED VTEC map cannot cover Thailand area due to
lack of observation data, whereas the IRI VTEC and IGS VTEC map can cover Thailand
area. However, the IRI-2012 model gives the empirical VTEC value with the limit
boundary of 2,000 km for electron content estimation (Bilitza et al., 2014b). Note that
the IGS VTEC is observed at 20,200 km and recorded at GPS stations over the world in
the IONEX files, the time resolution of 2 hours and spatial resolution of 2.5° x 5° in
latitude and longitude, respectively, are fixed. Therefore, the IRl model and IGS give
the different VTEC values and maps from the observations.

Figure 5.14 shows the comparison of these three VTECs at 44 grids at 15LT. The
IONEX file of the IGS gives higher VTEC value than the observation at all grids at this
time. For the IRI model, the estimated VTEC is close to the observation at most grids.
In addition, Figure 5.15 shows the VTEC comparison in 4 observational periods: daytime
(11LT), before sunset (17LT), nighttime (23LT) and before sunrise (05LT). The
comparison results confirm that the IRI-2012 model gives the comparable VTEC to the
observed VTEC, especially during daytime and before sunset. However, the IRl model

overestimates the VTEC during the nighttime and before sunrise.
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(a) MED VTEC (b) IRI' VTEC (c) IGS VTEC
Figure 5.13 VTEC and 2D map comparison on July 8, 2012 at 15LT between (a) MED

VTEG, (b) IRI VTEC and (c) IGS VTEC.

Figure 5.14 Comparison of the MED VTEC, IRI VTEC and IGS VTEC on July 8, 2012 at

15LT.
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Figure 5.15 Same as Figure 5.14 but for daytime (11LT), before sunset (17LT),

nighttime (23LT) and before sunrise (05LT).

5.7 Aggregated VTEC map of Thailand

Due to the discrepancy between the observed VTEC, predicted VTEC of the IR
model and calculated VTEC from the IONEX data of the IGS, the latitude-dependent
factor (LDF) is used to adjust the VTEC differences before aggregation.

Figure 5.16 and 5.17 show the data aggregation between the observed MED VTEC
and the IRl VTEC with and without the proposed LDF,, respectively, for mapping
the VTEC on July 8, 2012 at 15LT. Also Figure 5.18 and 5.19 show the results of VTEC
aggregation between the MED VTEC and the IGS VTEC with and without the LDF .
The results show that the LDF can adjust the VTEC difference, especially the VTEC

difference between the MED VTEC and IGS VTEC.
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Figure 5.16 Data aggregation between MED VTEC and IRI VTEC with the LDF, on

July 8, 2012 at 15LT.

Figure 5.17 Same as Figure 5.16 but without the LDF,.
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Figure 5.18 Data aggregation between MED VTEC and IGS VTEC with the LDF,s on

July 8, 2012 at 15LT.

Figure 5.19 Same as Figure 5.18 but without the LDF .
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Figures 5.20 and 5.21 show the final VTEC map which is developed using the data
aggregation between the MED VTEC, the IRI VTEC and the IGS VTEC together with the
proposed LDF,and LDF, respectively on July 8, 2012 at every 2 hours. These
maps can indicate the ionospheric characteristic over Thailand region, located in the

north section of hemisphere of EIA region.

Figure 5.20 Data aggregation between MED VTEC and IRI VTEC with the LDFy, on

July 8, 2012 at every 2 hours.
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ml

Figure 5.21 Data aggregation between MED VTEC and IGS VTEC with the LDF on

July 8, 2012 at every 2 hours.

The results in this chapter show that not only the data aggregation technique can
expand the regional VTEC map of Thailand to cover the adjacent countries, but also
using the proposed LDF can produce more effective VTEC maps at regional scale.
Moreover, the results show that the IRI-2012 model generally gives the VTEC estimation
comparable to the observed VTEC over Thailand. Thus, in the next chapter, the VTEC
map of 4 seasons: December solstice, March equinox, June solstice and September
equinox, are developed using the data aggregation between the estimation of the IRl

model and the GPS observation of Thailand together with the proposed LDF.



CHAPTER 6
VTEC MAP OF THAILAND

According to the results in the chapter 5, the IRI-2012 model gives the estimated
VTEC comparable to the observed VTEC. Therefore, we focus on the IRl VTEC in this
chapter for VTEC aggregation in the seasonal variation. Furthermore, this thesis
proposed the proposed latitude-dependent factor (LDF) is used for adjusting the IRI

discrepancy before data aggregation.

6.1 VTEC data

In this chapter, the VTEC values are calculated from the RINEX files recorded by
the dual-frequency GPS receivers at 10 stations, installed by Department of Public
Works and Town & Country Planning (DPT), Thailand. The geographic locations of these

DPT stations are shown in Figure 6.1 and Table 6.1.

Figure 6.1 Location of the 10 GPS stations.



Table 6.1 Location of the GPS stations in Thailand.
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No. Station Latitude (°N) Longitude (°E)
1 Chiangmai (CHMA) 18.84 98.97
2 Chonburi (CNBR) 13.28 100.93
3 Bangkok (DPT9) 13.73 100.57
il Nakhonratchasima (NKRM) 14.99 102.12
5 Prachuapkhirikhan (PJRK) 11.81 99.80
6 Songkla (SOKA) 7.21 100.60
7 | Suphanburi (SPBR) 14.52 100.13
8 Suratthani (SRTN) 9.13 99.33
9 Udonthani (UDON) 17.41 102.78
10 | Uttaradit (UTTD) 17.63 100.10

The IPP latitude, IPP longitude, GPS VTEC and the median GPS VTEC are calculated

from the RINEX files recorded at DPT9 station on February 9, 2016 (quiet day) with the

elevation angle of 30 degrees and SLM height of 350 km. The cycle slip, receiver bias

and satellite bias are removed. The IPP latitude, IPP longitude, GPS VTEC and median

GPS VTEC calculated at every 1 second from the 32 satellites are represented using

the different color lines as shown in Figure 6.2 (a) - (d), respectively. The results show

that the median GPS VTEC is at the maximum value of about 48 TECU at 14:30LT

(UT+7 hours) and minimum value of about 1 TECU at 05-06LT, approximately.
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Figure 6.2 Observation at DPT9 station on February 9, 2016 (a) IPP latitude, (b) IPP

longitude, (c) GPS VTEC and (d) median GPS VTEC.

6.2 Comparison between the GPS VTEC and IRl VTEC

The GPS TEC is observed in 4 periods: daytime (11LT), before sunset (17LT),
nighttime (23LT) and before sunrise (05LT) for studying the diurnal variation. For the
seasonal variation, the observation data on quiet days: 22 January (DOY022), 9 February
(DOY040), 8 July (DOY190) and 21 August (DOY234) in 2016 are represented for 4
seasons: December solstice, March equinox, June solstice and September equinox,
respectively, when the flux of radio emission from the sun at 10.7 cm wavelength (2.8
GHz frequency) or F10.7 index (Tapping, 2013; Convington, 1969) are 97, 114, 90 and

78 sfu, respectively.
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The comparison between the median GPS VTEC at DPT9 station (blue line) and
the monthly mean VTEC of the IRI-2012 model (red line) in 4 seasons: December
solstice, March equinox, June solstice and September equinox are shown in Figure 6.3.
The IRl model predicts the electron content with the upper boundary limit of 2,000
km, which is the maximum limit of model option. The comparison results show that
the maximum value of GPS VTEC and IRI VTEC are about 48 TECU at 14.30LT and 40
TECU at 16LT, respectively, in March equinox, when the F10.7 is at the highest level
(114 sfu). The minimum values of both GPS VTEC and IRI VTEC occur during 05-06LT
for all seasons. The IRl model underestimates the VTEC for all observation periods in
March equinox except during 01-04LT, but overestimates the VTEC around 04-07LT.
For September equinox, the IRl model overestimates the VTEC for all time except
during 03-05LT. However, the IRl model almost gives the comparable VTEC to the
observed VTEC in solstice months, except during 07-11LT that IRl model gives the VTEC
overestimation, and in December solstice (10:30-15:30LT) that the IRl model gives the

VTEC underestimation.
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Figure 6.3 Comparison between the estimated VTEC of the IRI-2012 model (red) and
the median observed VTEC (blue) at DPT9 station in December solstice, March

equinox, June solstice and September equinox.

Referred to the difference between the IRI-2012 estimation and the observation
in all seasons, the IRI VTEC at CHMA (northern of Thailand), DPT9 (middle of Thailand)
and SOKA (southern of Thailand) are compared in 4 seasons as shown in Figure 6.4.
The results show that the VTEC levels in March equinox is higher than in September
equinox, December solstice and June solstice. The station at the higher latitude (CHMA)
obtains the higher VTEC level from the IRI-2012 model than the stations at the lower
latitude: DPT9 and SOKA. The results demonstrate the relation between the IRl VTEC
and the season variation, also the given latitude of station location especially, during

after sunrise until nighttime (09:30LT-20:30LT).
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Figure 6.4 VTEC estimation of the IRI-2012 model for CHMA (blue), DPT9
(red) and SOKA (black) stations in (a) December solstice, (b) March equinox, (c) June

solstice and (d) September equinox.

Figure 6.5 shows the VTEC prediction of the IRl model in 12 grids over Thailand,
at 3 latitudes (0°, 12.5° and 25°) and at 4 longitudes (95°, 100°, 105° and 110°). The
results show that the IRl model gives the similar level of VTEC for each longitude with

the same latitude band.
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Figure 6.5 VTEC estimation of the IRI-2012 model for grid at latitudes of 0°, 12.5° and

25°, and at longitudes of 95°, 100°, 105° and 110°.

6.3 Observed VTEC

The observed VTEC (OBS VTEC) are calculated from the RINEX files observed at 10
stations in Thailand: CHMA, CNBR, DPT9, NKRM, PJRK, SOKA, SPBR, SRTN, UDON and
UTTD in 4 seasons: December solstice, March equinox, June solstice and September
equinox for studying diurnal and seasonal ionospheric characteristics.

Figure 6.6 - 6.9 show the observed VTEC (OBS VTEC) in Thailand area (0° - 25° and
95° - 110°) with the temporal resolution of 2 hours in December solstice, March
equinox, June solstice and September equinox, respectively. The colored dots indicate
the level of OBS VTEC. The VTEC is increased from daytime until before sunset. The
maximum level of VTEC occurs during daytime due to strong solar effects. Then the

VTEC decreases in the nighttime and continuously decreasing until before sunrise.



Figure 6.6 OBS VTEC over Thailand in December solstice with the temporal of 2

hours.

Figure 6.7 Same as Figure 6.6 but for March equinox.
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Figure 6.8 Same as Figure 6.6 but for June solstice.

Figure 6.9 Same as Figure 6.6 but for September equinox.
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6.4 Median VTEC map

For studying diurnal and seasonal ionospheric characteristic, the MED VTEC over
Thailand with the temporal resolution of 2 hours and the spatial resolution of 2.5° x
5°in latitude and longitude, respectively, for December solstice, March equinox, June

solstice and September equinox are shown in Figure 6.10 — 6.13, respectively.

Figure 6.10 MED VTEC map over Thailand in December solstice.



Figure 6.11 Same as Figure 6.10 but for March equinox.

Figure 6.12 Same as Figure 6.10 but for June solstice.
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Figure 6.13 Same as Figure 6.10 but for September equinox.

As mentioned before, the median observed VTEC map cannot cover all Thailand
areas because of the sparse GPS data over Thailand region. Therefore, the VTEC
prediction of the well-known IRI-2012 model is aggregated into the observational VTEC

data for expanding the regional VTEC map.

6.5 IRI-2012 VTEC map

Before aggregating the data, we map the estimated VTEC of IRl model over
Thailand grid with the temporal of 2 hours and the spatial resolution of 2.5° x 5° in
latitude and longitude, respectively, in 4 seasons: December solstice, March equinox,

June solstice and September equinox as shown in Figure 6.14 — 6.17, respectively.



Lathade (Degree) Lastude (Degree)

Lattude (Degree)

Latade (Cugren) Lathade (Degree)

Lavluge

Degree)

s

@

] 100 10
Longtuze (Degree)

Longtuze (Degres)

Lattuds (Degroe)
o™ .
A

<

\

\
Lattude (Degree)
Lativade (Dogrea)

LaMtode (Dugren)
Latlude {Degroe)
Latade (Dogrea)

Lengitude (Degres)

L

Longiude (Dogree) Longituza (Dagres) Lorgtude (Degres)
@ 2% L P [ P L
30 l < 2 « 2 o<
L , 15 g
e € o O =] - C =1 w 3
= & ¥ = =
2w ‘; 10 g !
2 g B 3 E
-l - -
0 ) 1" 3 4 2 "
0 ) 0 o 0
% 100 108 1o ® 0o s 1 10 106 110
Lengitute (Degres Lengtude (Cogee Longitude (Dogree)

Figure 6.14 IRI VTEC map over Thailand in December solstice.

10 108
Lorgtude (Degree)

Longiude (Degres)

Losgluse Do;)'».;

Lathade (Degree)

Lathade (Degree)
e
7
;

\
e o
)
Lathade (Degres)

©
T g 7
4 [H 4 “ =
3 2 3
a g a wg @&
= - & “F a
2 2 2
8 a ]
- - —
5 100 196 110 " 100 e
LorgRude (Degres) Longtude (Degroe) LongRude (Degres)

g H g
2 P >
. =] = 2
8 &
2 z =
- B 3 :
3 3 E

[ 100 105 10 % 100 105

Longtuze (Degres) Longhude (Dogree) Lengthude (Cegree

Figure 6.15 Same as Figure 6.14 but for March equinox.

1o

10

43

¥ 3 « 23 @
0 " = 4
s: « @
15 D 15
N g »f ER
10 g 1
x ot X
0 5 " 5 1
) 0 ¢ 0 (
7 Wwo 6 110 -

75



Laltude (Degree) Latitede (Degree)

Laltude (Degree)

Lattuge (Degres)

Lattuge (Degroe)

Lastude (Degree)

S m

Longtude (Degres)

.}P\‘_‘). |
N1
R

05 100 105

Longtude {Degroe)

100

Longtude {Degroe)

in O
195 190

25 )
]
. i)' |
05 105

> @
& A ‘
v 5 =
v < 0 s
B, B B
2 H 2
2 2 a
© P a
B! R0 3
¥ * ]
- - -
|~ h \_& il
o WS ] M
] 190 n 10
Lengitde (Cegres
= [ .
2 TS <
g | \ ? 2
£ \ \ 2 Q
= \ { =
' ' . .Gl
£ 0) 2} ‘Ll—"/‘ 3 g
2 = =
= \. = =
- 3 -
- l'\*\ \ .1 | 1
- -
SO\
o ENAEDR T n
w 100 105 1" 95 LU e 1" w 100
Longiude (Dogree) Longiude (Degree) Longitusa |
“ b ¢
03
20 = 2 L
$ 3 3
2 T 2 @ g
g15 g5 s
e % = [ P =}
=10 ' é 10 g '
= - = - =
5 1 b »
0 0 0 .
o 10 w0 o 95 100 WS 10 05 100 05
Longiude (Cegres) Longiude |Degres) Longtude (Degroe)

Figure 6.16 Same as Figure 6.14 but for June solstice.

100 W5 110

Longihude (Degree)

- -
> 1% < mo

Longiude |Degres)

Longtuze (Degres)

Figure

. il |
5 100 105 ne

LaMugs (Degres)

Latkude (Degree)

Lamtode (Degree)

'
\ \'\B N ’ o\ \1'] %
. - g
b s
® 1 s 1o a9 ) » 10 " 120 105
Lengitude (Cegres Longtude (Degree) Longitude (Dogree

£

»

4
O
-

o MY T

) 100 0 "

>

a5 100 1905 10 0 100 103

Lengitade (Cegres Lorgiude (Degres) Lengtude (Degree)

2 » 2
H “ g © £
> &, &
s 2 o
= =] 2
Py - e e o
210 = =
a 2 -
2 ] . "
3 - | o

Lamode (Degree
e
// r =
z - \
7 ! i)
e s -
\ :
1 b\
Latluge (Degroe)
/\'{/
"
Lattude (Degree)

190 12 10 10 100

Longtude (Degree)

Lengtude (Cegree

6.17 Same as Figure 6.14 but for September equinox.

|
1

110

76

7
&€
. :
&
| ".
0 C
[ 105 190



14

6.6 Aggregated VTEC map

The comparison between MED VEC map (first row), IRl VTEC map (second row)
and the aggregated VTEC or AGG VTEC (third row) during 4 periods: daytime (11LT),
before sunset (17LT), nighttime (23LT) and before sunrise (05LT) in 4 seasons:
December solstice (F10.7=97 sfu), March equinox (F10.7=114 sfu), June solstice
(F10.7=90 sfu) and September equinox (F10.7=78 sfu) in 2016 (moderate level of solar
activity) are shown in Figure 6.18 - 6.21, respectively. The AGG VTEC maps are
produced from the data aggregation technique between the MED VTEC and IRI VTEC
together with the proposed LDF.
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Figure 6.21 Same as Figure 6.18 but for September equinox.

The AGG VTEC map with the temporal resolution of 2 hours and the spatial
resolution of 2.5° x 5° in latitude and longitude, respectively in 4 seasons: December
solstice (F10.7=97 sfu), March equinox (F10.7=114 sfu), June solstice (F10.7=90 sfu) and
September equinox (F10.7=78 sfu) in 2016 (moderate level of solar activity) are shown
in Figure 6.22 - 6.25, respectively. The VTEC level is indicated by the color map from
0 to 60 TECU. These VTEC maps indicate that the VTEC values at the latitude bands
from 15°N to 25°N are higher than at the other latitude bands for all seasons. These
results can confirm that the VTEC at the crest of EIA region is generally higher than the
area nearby the magnetic equator. Besides, the high level of VTEC occurs during
daytime, but the low level of VTEC occurs before sunrise for all seasons, especially in
March equinox, when the level of solar activity is highest (F10.7=114 sfu). It can confirm
that the VTEC level corresponds to the solar activity level in the diurnal and season

variations.
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Figure 6.22 AGG VTEC map over Thailand in December solstice at every 2 hours and
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Figure 6.23 Same as Figure 6.22 but for March equinox.
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Figure 6.26 shows the comparison of AGG VTEC map over Thailand region during
4 periods: daytime (11LT), before sunset (17LT), nighttime (23LT) and before sunrise
(O5LT) in 4 seasons: December solstice (F10.7=97 sfu), March equinox (F10.7=114 sfu),
June solstice (F10.7=90 sfu) and September equinox (F10.7=78 sfu) in 2016 (moderate
solar activity). The results show that the regional VETC maps can be constructed using
the data aggregation technique together with the proposed LDF. These developed
VTEC maps can be used to demonstrate the ionospheric characteristics over Thailand
and some adjacent counties including Myanmar, Laos, Cambodia, Malaysia and

Indonesia.
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Figure 6.26 Regional map over Thailand in 4 seasons: December solstice (first row),
March equinox (second row), June solstice (third row) and September equinox (fourth

row) in daytime, before sunset, nighttime and before sunrise.
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6.7 Validation of VTEC aggregation

For the validation of our purposed method, we compare the hourly mean of
VTEC difference between the MED VTEC with the IRl VTEC level before and after
aggregation together with the proposed LDF during 4 periods: daytime (11LT), before
sunset (17LT), nighttime (23LT) and before sunrise (05LT) in March equinox as shown
in Figure 6.27 (a)-(d). The comparison results show that the LDF can reduce the VTEC

difference between the IRI VTEC and GPS VTEC, especially during the daytime (11LT).

(a) daytime (b) before sunset

(a) nighttime (b) before sunrise
Figure 6.27 Comparison between MED VTEC, IRI VTEC and IRF VTEC in March equinox

during (a) daytime, (b) before sunset, (c) nighttime and (d) before sunrise.

Moreover, Figure 6.28 (a) — (d) show the comparison of hourly mean difference
between MED VTEC and IRl VTEC (blue line) and between MED VTEC and IRI VTEC after

adjusting by LDF (IRF VTEQ) (red line) in 4 seasons. The results show that the maximum
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of mean difference between the IRl VTEC and MED VTEC is about 13 TECU during
daytime in March equinox. The difference or mis-estimation can be decreased by the
proposed LDF, which can reduce the difference between the MED VTEC and LDF VTEC

to below 2 TECU for all seasons.

Figure 6.28 Mean difference between MED VTEC and IRl VTEC (blue line) and
between MED VTEC and IRF VTEC (red line) in December solstice, March equinox,

June solstice and September equinox.

The results in this chapter exhibit the importance of ionospheric study, especially
the ionosphere near magnetic equator and in low latitude region using the two-
dimensional (2D) map of total electron content (TEC). The aggregation technique with

the proposed LDF can expand and improve the VTEC map over Thailand region.



CHAPTER 7

CONCLUSIONS AND SUGGESTIONS

7.1 Conclusions

This work exhibits the importance of ionospheric study, especially the ionosphere
characteristics and irregularities in low latitude region and near the magnetic equator
such as Thailand. The two-dimensional (2D) map of vertical total electron content
(VTEQ) is developed using data aggregation between the observed GPS VTEC and the
estimated VTEC of the International Reference lonosphere Model (IRI-2012 model) with
the proposed latitude-dependent factor (LDF). In addition, the adjusted spherical
harmonic model (ASHM) with the maximum degree of three is used to calculate the
regional VTEC at the desired locations in Thailand.

The GPS VTEC are calculated from the RINEX data recorded at GPS stations in
Thailand on quiet days: 8 July 2012 (DOY190) for studying the diurnal variation.
Furthermore, the data on 22 January (DOY022), 9 February (DOY040), 8 July (DOY190)
and 21 August (DOY234) in 2016 (moderate solar activity) are investigated to represent
4 seasons: December solstice, March equinox, June solstice and September equinox.
The regional VTEC map is developed with the temporal resolution of 2 hours and the
spatial resolution of 2.5° x 5 in latitude and longitude, respectively.

The results show that the proposed LDF is the useful factor to adjust the VTEC
difference between the GPS observation and the IRI-2012 estimation. The LDF can
decrease the VTEC difference in the maximum level of 13 TECU during daytime (13LT)
in March equinox. The developed aggregated VTEC map is a powerful tool for
monitoring the regional ionospheric characteristics over Thailand and some area of

neighboring countries such as Myanmar, Laos, Cambodia, Indonesia and Malaysia.
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7.2 Suggestions for future works

1. The VTEC map based on the regional observation data can be constructed in
real-time or near real-time.

2. The ionospheric observation at conjugate stations in EIA region can exhibit the
asymmetry/symmetry of the ionospheric characteristics and irregularities over the
magnetic equator and the low latitude region.

3. The TEC variation during the period of storm occurrences can indicate the storm
characteristics.

4. The aggregated VTEC can be the alternative input of the ASHM for coefficient

calculation.
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