Determination of Regional TEC Values by GNSS Measurements, A Case Study:
Central Anatolia Sample, Turkey

Fuat BAk ¢ K F TGe¥at KNAL , Omer YILDIRIM , Sercan BJLBUL, Turkey

Key words: GNSS, lonosphere, TotglectronContent (TEC), Globalonospheréap (GIM)

SUMMARY

The atmosphere surrounding the earth as a cover is divided into different layers depending on its
characteristics such as density, heat and helighbsphere layer cabe defined as a layer which
covers the area between 60 km and 1K@0above ground and contains many free electrons and
positive charged iondonosphere is a naturplasma area shaped by solar radiaidine radiation

from the sun forms positivelgharged ions and free electrons by ionizing the atoms and molecules
in the ionosphere. The ionosphere is an important layer affecting GNSS (Global Navigation
Satellite System) measurements. The quality of the GNSS measures is directly related to the
changs in the ionosphere. Total Electron Content (TEC) is one of the important parameters
expressed to character of the ionosphere which has great importance for satellite based positioning,
shortwave and satellite communication systems. Determination of iGecfi&nge is important for
modeling the ionosphere.

CORSTR (Continuously Operating Reference Statien§urkey) network which consists of 146
stations covering Turkey and Turkish Republic of Northern Cyprus, is generated atr2@@iS.

study, data obtaied from 12 IGS stations and 8 CORR stations were evaluated in order to form
regional ionosphere model. Bernage2 GNSS software which was developed at the Astronomical
Institute of the University of Bern (AIUB) have been used in evaluation. The Bit@s/for 2015

have been calculated at intervals of two hours. TEC values which were obtained from GNSS
measurements compared with global ionosphere maps produced by CODE, ESA, JPL2@ IRI
TEC produced by international reference model. In additionreladion coefficients were
calculated to determine the relationship between the regional TEC values obtained from result of
study and the global TEC values. The best approach to the regional ionosphere model as a result of
comparison is obtained respeefly CODE, ESA and JPL global models. In the study, a TEC map
was produced for the determined region by using regional and global TEC values.
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1. INTRODUCTION

Monitoring the ionosphere is important for mainly GN&3opal Navigation Satellite Systgrand
for study areas like communication, security, navigation as well. Changes in ionosffeete
satellite basedstudiesdirectly. GNSS receivers are widely used studiesrelated ionosphere
because they spread most of the world and the informatioml (Etgctron Content, TEC) about
ionosphere can be obtained from satellites monitored by these receMNgay.et al., 2014)

lonosphere israatmospheréyer surrounds the world antbnsisted of sun rays and ionized gases

and loc#ed at heights betweds0 and 100 kmaboveground Most of the ionosphere consists of
neutral gases. lonized gases are mostly formed because of ionization with solar shortwave rays
(ultraviolet and Xrays). Free electron content in ionosphere depends on many factors like time,
location, geomagnetic movements (Aysezen, 2008). Electron density in ionosphere changes by
getting affected all of the effextlike daytime/nighttime, seasons, geographical location and
magnetic storms at sun. Separating from electrons with solar radi&ie electrons reach the
densest value in a day between 12:014:00 in local time. lonization decreases at nights because

of integration of electrons with ionSeasonal electron density changes in ionosphere are caused by
angle and distance changextvbeen sun and world. Moreover 11 years solar cycle has effects over
electron density in ionosphernédmjathy, 1997).0One of the parameters used to define the condition

of ionosphere is Total Electron Content (TETIEC (Total Electron Content) is the tbraimber of
electrons integrated between satellite and its receiver, along a tube of one meter squared cross
section and it is often reported in multiples of thecatbled TEC unit(TECU), defined as
TECU=10"°electron/m?(Schaer1999Dach et ). al ., 2015

2. STRUCTURE OF IONOSPHERE
2.1.lonosphere Regions

lonosphere is divided three main region for geographical latitude; these are high latitude region,
middle latitude region and polar regi@ffigurel). Scientific studies grounds on these regions.
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Figurel. lonosphere Region®emarzadeh, 2009)

High latitude region is divided into two as auroral and polar zoBkxtron densitywalues are
lower than equatorial region has. Yet skorte ionospheric alteratioria high latitude regiorare
more than in equatorial regigSkone and Cannon, 1999; Danilov drastovicka, 2001)

Since most of the mithtitude region is examined, it is the most known region where also Turkey is
located. lonosphere is calm and alteration is the lowest idatiidde regionSincetheionosphere
research stations are mostly located in the countries in this rdg®rmost of thdonosphere
studiesare carried on mihtitude region(Schaer1999) lonization in this region is mostly occurs
because of solar-Xay emission and charged ultraviolet radiatimization ends with chemical
process which includes ionized parts alongside of neutral atmogpinsian, 2004)

Equatorial region isregion where electrodensityi s t he hi ghest, signal’ s
changing frequently. The reason for this is solar radiation and dense ionization. lonospheric activity
taking place athe equatorial region is named equatorial anomaly. Egiztanomaly can be
definedas decrease in electron densatygeomagnetic equator becauseazsons like magnetic
stooms Thi s anomaly changes with E | ayer’s dynar
equator and is controlled by global tidal win@aily equatorial anomaly starts in local time at
between 9:000:00 and reaches its maximum value at between 16@D (Gizawy, 2003)

2.2.lonosphere Layers

Emission of different waved solar radiations and difference of ionization at different heights are
determining the structure of ionosphere laydre amount ofthe ionizationincreases as altitude



rises. lonization quantity changes in time since the positof ionosphere to the sun changes.
lonogphere layers are classified generally as OF.EF, (Figure?2).
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Figure2. lonosphere Layer@dHargreaves, 1992)

D layer where the least ionization takes place is located at height between 60 and 90 km above
ground (Wild, 1994) It is considered that this layer has no significant effects oWd6%
measurement@etrieet al., 2011)

E layer is located between @hd 150 km above ground. Irregulayvihere partly ionizing takes

pl ace has | ow effects over GNSS measurement s
weakening effect is quite | ess than D | ayer
enggized Xrays.It is thought that ionization is not related with daytime E layer. In this layer an
anomaly, occurred because of sun particles, causes polar($ghiser 1999)

Located at 15&m above ground F layer is examined as two parts and F, and it consists with

solar ultraviolet rays1 0 % o f GNSS signal’'s del ay jalayeri ono
(Parkinson anépilker, 1996)Thi s | ayer’s structure is regul al
locatedat heights between 140 and 2K above groundF, layer has irregular structure and
located at between 200 and 10K® above ground. This layer is most effective against GNSS
measurement@Parkinson andpilker, 1996) Electron density of Flayer, which shows different
alterations at polar region, decreases irregularly at nightiyer isvery unstable at equatorial

region; night time electron density can be more than noon timéWdd, 1994; Poole, 1999)
Features belong tomospherdayers are shown imablel.



Tablel. Features of ionosphere layéWild, 1994; Arslan 2004)

Layers Altitude (km) Elelz\lcitgrﬁ? Densﬁ;(;é;n?) Neutr?ilGCf:\%Densny
D 60-90 10-10* 10"
E 90-140 10° 2.10 2.10%
Fi 140200 3.10 10° 10"
[ 200-1000 5.10 3.10 10°-10"

3. OBTAINING TEC VALUES WITH GNSS MEASUREMENTS

Identifying TEC values via GNSS signals is a fast and cheap method to be used to understand the
structure of ionospher® a’ a c o b e Dataaobtained via GNSB)receivers includes code and
phase observations. lonospheric delay is positive for code measurements, negative for phase
measurementg§.he graphic display of total electron content in ionosphere is given at 8gUiEeC

should be gositive value, and it is negative the reasons of this are receiver and satellite errors.
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Figure3. Graphical display of Total Electron Contéhtingley, 2002

|l onosphere | ayer’s height i's gener al lhgightisa k e n
considered as the highest va(@mjathy and_angley, 199%.

GNSS measurements and TEC values can be obtained both from directly data belongs to the station
andfrom generated GNSS based models. GIM (Global lonosphere Map) can be an drathode
Moreover today International Reference lonosphere (IRI) model can offer some parameters
belonging to ionosphere like electron density, ion and electron heat alongside of TEC information.



4. GLOBAL IONOSPHERE MAPS (GIMs)

In June 1998, International GNSS Service (IGS), initiated an international projeeictdate
different global ionosphere maps (GIMs) daily by using GPS data. Institutions that generate global
ionosphere TEC maps are nameddsphere Associate Analysiei@er (IAAC) and listed below
(Feltens an&chaer, 1998; Orus Pérez, 2005; Orus Pérez et. al.,.2005)

CODE : Centre for Orbit Determination in Eurgp@ern, Switzerland

DLR : Fernerkundungsstation Neustreli@ermany

ESA/ESOC : European Space Operations CerlbarmstadtGermany

JPL : Jet Propulsion Laboratory, Pasadena, CA, U.S.A.,

NOAA : National Oceaic and Atmospheac Administration Silver Spring, U.S.A.,
NRCan : Natural Resource®ttawa, Ontario, @hada,

ROB : Royal Observatory of BelgiunBrusselsBelgium,

UNB : University of New BrunswickFredericton, N.B.Canada,

UPC : Politechnical University of Cataloni8arcelona,Spain

WUT : Warsaw University of Technologyvarsaw, Polad.

Global ionospheranap (GIM) is generated in IONEX (IONosphere map EXchange) format.
IONEX formatted global ionosphere maps are manufactured in two hours intervals. For TEC
values, raise in longitude iS &ndlatitude is 2.8(Arslan, 2004; Orus Pérez, 2005EC values in
IONEX format are alined to cover all the worlfio define TEC in TECU format, calculated value
should be multiplied with 0.1The validation of TEC values generated from IONEX format can
change 2 to 8 TECU.

5. INTERNATIONAL REFERENCE IONOSPHERE MODEL (IRI)

IRl is a model developed Hyternational Union of Radio Scien@gRSI) andCommittee on Space
Research@OSPAR)and it is maintained and developed regularly. The last version of the model
whom we can gather online data is HRl12 (Bilitza et.al., 2014) IRl can present so many
parameters belonging to ionosphere including TEC values for given location, date and time between
60 and 200&m altitudes. The main data sources of IRI are ionosonde, radar, international satellites
for ionosphere studies and AlteireceivergLeong et. al., 2015)n this study web interface in IRI

main website is used to gather TE&ues from IR{2012. (Figure %



Virtual Jonosphere, Thermosphere, Mesosphere Observarory (V1T A0)

International Reference Ionosphere - IRI-2012

This page enables the computation and plotting of IRI parameters: election and ion (O, H+-, He+-, O2+, NO+) densities,
total electron content, election. ion and neutral (NRL-MSIS-2002) temperatures, equatorial vertical ion drift and others.

Go to the IRT description
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Figure4. IRI-2012 progranfURL 1)
6. APPLICATION

In this study, to generate a regiomahosphere modebata obtained from 12 IGS stations and 8
CORSTR stationswhich are located in Turkey between®3#1° latitudes and 3*37° longitudes

were evaluatedRINEX data of aforementioned statiofsr 2015 were obtainedregional TEC
values for2015 for the selded area was obtained via evaluation done with the help of Barh@se
GNSS softwareFor comparison of generated TEC values, GIM values generated by CODE, ESA,
JPL and IR{2012 model (International Reference lonosphere) developed by Committee on Space
Research (COSPAR) and International Union of Radio Science (URSI) were used.



Figure5. General Structure of Network

In figure 5 CORSTR and IGS (International GNSS Service) stations uUsednalysis are given.
GNSSdatain RINEX formatbelongs toCORSTR statilms was obtained from website (URL, 2)
GNSSdatain RINEX formatbelongs to IGS stati@was obtained from website (URL 3)

To analyze data for regional TEC values in Bernds@ software there are some steps that should
be followed beforehad. The first and the most important of them is a campdiigretoryshould be
created for the day which is going to be analyzed for user to evaluate. After creating the campaign
directoryfor related day to analyze, following data is downloaded from 1&8es (URL 4) and
from server of Astronomical Institute, University of Bern (AIUB) (URL 5).

- Precise satellite orbits and clocks files (.sp3, ,clk)

- Earth rotation parameters (.erp),

- Instrumental biaseifferential P1-P2code biases DCB), is guessed asonstant value for
everyday from GNSS satellitesMonthly P1C1P1P2 resolution (P1P2yymm.DCB—
ionosphere determining and1Clyymm.DCB- clock estimatioh files are available at
(URL 5) since October 1997

- lonosphere (.ION), ephemeris files(.EPH), clock carection (CLK), earth rotation
parameters (.ERP).

Regional TEC values for 201#as obtained byrunning PPP_DEMO.PCF automatic analysis
(Bernese Processing EngiB&E) in Bernesg5.2 GNSS software with these GNSS data.

GIM-TEC values, published by CODE, ESA and JPL to compare regional TEC values obtained
from GNSS measurements with Berne$e2 software, wwre downloaded from website (URL 3).
TEC values obtained from IRl wermalcdated online on the website (URL %ja latitudes and

|l ongitudes of related day’s Il ocation



Graphics of the TEC values obtained via analysse prepared withMATLAB program.After
executing the graphic_draw.m Matlab code and selecting excel files where TECwaitasaved,
T EC v gtaphiessiéredone.As a result,hie averagd EC values of 201%erecalculated and
compared witHRI and GIM (JPL. ESA, CODE) average TEC values (FigGré&igure?).
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TEC values, obtained from regional ionosphere model (RIM), from global ionosphere model
(CODE, ESA, JPL)started to increase at 02:00 am and reached maximum at 12:00 pm. It was seen
that the values started to decrease at 12:00 pm and reached minimufOatrOZ'he density was
seenat maximum between 10:00 ani4:00 pm.

TEC values, obtainednline from IRl model started to increase at:02 am and reached maximum
at 10:00 an. It was seen that tH&l TEC valueswere atminimum at02:00 am and at maximum
between 080 am-12:00 pm.

In regional lonosphere Model (RIM)EC values, obtaineda analysisstarted to increase at 02:00
am and reached maximum at 12:00 @ in global ionosphere moddt was seen that the
RIM_TEC valuesare at minimum at 02:00am and at maximum between 10:08 400 pm
similar to global TEC values.

When TEC values obtaineddm CORSTR stations used for evaluation aeamired (Figure6,
Figure7), it is seen that RIMTEC value obtained via analysand GIM TEC (CODE, ESA, JPL)
valueswere in harmony and the difference between them reached max 2.3 TECU an8.&in
TECU. TEC values obtained from IRl model are generally lower than the-TR® values
obtained via analysiand the difference between RIMEC and IRITEC reached max 13.1 TECU
and min 6.5 TECU.

For detailed analysis of obtained results, maximum, minimum, average, standard deviation value
and correlation coefficients ofhe difference between regional TEC (RIMEC) values obtained

(



via analysis and global TEC (GIMEC) and IRl modehre given afTfable 2. It can be said that
RIM_TEC and GIMTEC values are all in harmony in all stations however, TEC values obtained
from IRI model are lower than regional and global TEC valWésen standardeviation values of
differences among RIM_TEC, GIM_TEC and IRITEC are ®amined it can be seen that
RIM_TEC-JPL results are better in all stations. When correlation coefficentsng RIM TEC,
GIM_TEC and IRITEC values are examined, one can say thaetlsern positive and higlevel
relationship between RIM_TEC values and GIM_TEC, THC values.

Table2. Statistical values of TEC values obtained from stations used in eval(JHEQU)

Station Difference RIM -CODE RIM -ESA RIM -JPL RIM -IRI
Name Statistics
Maximum 1.5 0.4 -0.6 12.7
Minimum -0.9 -1.8 -2.0 6.8
ANRK | Average 0.2 -0.6 -1.3 8.9
Std. Deviation 0.85 0.50 0.42 1.93
Correlation 0.998584 0.999210 0.998770 0.986824
Maximum 0.6 0.1 -1.2 11.9
Minimum -1.3 -3.3 -2.5 7.0
CORU | Average -0.3 -1.1 -1.8 8.7
Std. Deviation 0.52 1.03 0.31 1.69
Correlation 0.998917 0.995621 0.999367 0.989486
Maximum 1.4 0.5 -0.6 12.1
Minimum -0.9 -2.0 -1.7 6.5
EMIR Average 0.2 -0.6 -1.3 8.5
Std. Deviation 0.71 0.88 0.33 1.83
Correlation 0.999205 0.995634 0.999371 0.988279
Maximum 1.7 0.1 -0.3 13.1
Minimum -0.9 -1.9 -1.9 6.7
HALP Average 0.3 -0.6 -1.2 9.1
Std. Deviation 0.88 0.63 0.45 2.08
Correlation 0.999160 0.998478 0.999292 0.984730
Maximum 1.7 0.5 -0.6 12.0
Minimum -1.0 2.1 -1.6 6.8
KAYS | Average 0.3 -0.5 -1.2 8.7
Std. Deviation 0.79 0.76 0.28 1.78
Correlation 0.999347 0.996673 0.999566 0.986339
Maximum 0.7 -0.1 -1.3 12.7
Minimum -1.2 -2.9 -2.3 6.7
KNYA | Average -0.3 -1.2 -1.7 8.9
Std. Deviation 0.61 0.86 0.30 1.96
Correlation 0.999032 0.998485 0.999282 0.986150
Maximum 2.3 0.6 0.1 12.9
Minimum -0.9 -1.2 -1.6 6.7
NEVS | Average 0.5 -0.3 -1.0 8.9
Std. Deviation 1.03 0.47 0.54 2.01
Correlation 0.999068 0.998462 0.998933 0.984971
SIVS Maximum 1.6 0.8 -0.6 12.4




Minimum -0.8 -2.4 -1.7 7.2
Average 0.3 -0.5 -1.2 9.0
Std. Deviation 0.73 0.98 0.35 1.79
Correlation 0.998634 0.994339 0.998960 0.986824

TEC mays weregenerated in MATLAB via help of Global TEC values afeC values obtained
via result of analysis for selected regidior 2015. TEC mapswere generated wh
TECmap Interface.mcommandexecutedon MATLAB after selecting ionosphere map model and
desired year range. Obtained TEC maps covers 24 hours startmgOf®m0 wih two hours
intervals (Figure 8Figure9, Figure D, Figure 1L and Figure 2).
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7. CONCLUSION

Signals going through atmosphere and reach@®iSS receivers, are affected highly by
ionosphere’s unstable structure. Sun has ver
which changes constantly depending day time and with the effect of solar eruptions, has constantly
changing electron deitg depending whether it is day or night, seasons, latitude and longitude.

In this study, to generate a regiomahosphere modeljata obtained from 12 IGS stations and 8
CORSTR stationswhich are located in Turkey between®3#1° latitudes and 3*37° longitudes

were evaluatedGenerated regional ionosphere models compared with IRl model and global
ionosphere modsl(CODE, ESA and JPL) published by IGS, ionosphere maps, covering selected
area,were generated by defining correlation coefficients &tedmine the relationship between
global TEC values and obtained regional TEC values. To determine regional TEC values Bernese
v5.2 GNSS softwareasused.

Regional (RIM) TEC valueweregenerated for the year of 2015. Obtained resuie compared

with average values of GIM values published by CODE, ESA, JPL and TEC values obtained by
IR1-2012 (Figures, Figure7). When results are evaluated, it is seen that regional (RIM) TEC values
obtained via analysis are in harmony with global (COBEA, JPL) TEC values, however, TEC
values obtained from IRI is lower than these four valieeseobtainedfive different TEC values
areobserved tdoehawe similarly in a day It is seen that each of thize values are incread till
noonthan, the TEC alues are decreasbdause of regrouping of free ions

TEC values, obtained from regional ionosphere model (Rfk)n global ionosphere model
(CODE, ESA, JPL) and from IRI modeh general,started to increase at 02:00 am and reached
maximum at 12:00 pm. It was seen that the valeashed minimum at 02:00am aritk tdensity
was seemt maximum between 10:00 ani4:00 pm.



With the help of TEC alues obtained via analysis f8015 global TEC valuesand IRl TEC
values, TEC maps, which shows TEC changes according to latitude andvénegenerated for
selected area in two hours intervals for 24 hours.

Via CORSTR with instant data obtained from 142 stationary GNSS station, near real time model
of ionosphere will be done more precisely. Since there are not enough old data about ionosphere
which has an important role in shortwave communications and niawvig&NSS measurements

done before will be crucial for new models.
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