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ABSTRACT
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Department of Geomatics Engineering

Thesis Advisor: Prof. Shuanggen JIN
December 2017, 71 pages

The tropospheric delay and gradient can be estimated from dual-frequency GPS observations
with removing the ionospheric delay, which has been widely used for atmospheric study and
weather forecasting. However, high-order ionospheric (HOI) effects are generally ignored in
tropospheric and coordinate estimation. In this study, high-order ionospheric effects on GPS-
estimated tropospheric delay, gradients and coordinates have been investigated for the first time
from 30 days of GPS data in June 2011 at 8 GPS stations in Turkey. Firstly, the second and
third-order effects on GPS data are corrected in RINEX using IGRF11 (International
Geomagnetic Reference Field: 11th generation) model, and then tropospheric delay and
gradient values are obtained from raw and corrected RINEX data using the GAMIT software.
Results show that high-order ionospheric effects are up to 6 mm on zenith tropospheric delay
(ZTD), 4 mm on North-South (NS) gradient and 12 mm on East-West (EW) gradient during

this period, but can reach over 30 mm in slant tropospheric delay. Furthermore, the high-order



ABSTRACT (continued)

effects on tropospheric delay and gradient are larger in the day time than in the night time. Also,
solar activity effects on high-order ionospheric delay corrections are further investigated. The
high-order ionospheric effects on GPS estimated tropospheric delay and gradient in high solar
activity days are much larger than those in low solar activity days. While RMS values are 0.40
mm, 086 mm, 0.69 mm in low solar activity days, in peak solar activity days they can increase
up to 0.81 mm, 2.74 mm, 220 mm on ZTD, North-South, and East-West gradients,

respectively.

Global Positioning System (GPS) gives a chance for users to obtain high precision positioning
information with the real time applications. Precise positioning components can be obtained
using observation files evaluated on academic GAMIT/GlobK software with post processing
applications. When the same GPS data in June 2011 has been used for precise positioning before
and after HOI corrections, results show that, 10, 7 and 24 mm changes occurred in order of
north, east and up components. When the data during the peak solar activity day observation
files are used for same stations in 2011, it is observed that, high-order ionospheric effects on

north, east and up components can be reached in order of 18, 11 and 43 mm change.

Keywords: GPS, High-order ionospheric delay, Tropospheric delay, Gradients, Coordinates

Science Code: 616.03.00



OZET

Yiiksek Lisans Tezi

GPS ILE TROPOSFER VE KOORDINAT KESTIRIMLERI UZERINDEKi YUKSEK
DERECELI IYONOSFERIK ETKIiLER

Volkan AKGUL

Biilent Ecevit Universitesi
Fen Bilimleri Enstitiisii

Geomatik Miihendisligi Anabilim Dah

Tez Damismam: Prof. Dr. Shuanggen JIN
Aralik 2017, 71 sayfa

Atmosferik calismalar ve hava durumu tahminlerinde yaygin olarak kullanilan troposferik
gecikme ve gradyent, ¢ift frekansli GPS gbzlemleri ile iyonosferik gecikme ortadan kaldirilarak
kestirilebilmektedir. Bununla birlikte, troposferik ve koordinat kestirimlerinde yiiksek dereceli
iyonosferik (HOI) etkiler genellikle goz ardi edilmektedir. Bu ¢alismada, GPS ile kestirilen
troposferik gecikme, gradyent ve koordinatlar lizerindeki yliksek dereceli iyonosferik etkiler, 8
GPS istasyonuna ait 30 giinliik Haziran 2011 verileri ile Tiirkiye’de ilk kez arastirilmustir. Ilk
olarak, GPS verileri iizerindeki ikinci ve lgiincii dereceli etkiler, IGRF11 (International
Geomagnetic Reference Field: 11th generation) modeli kullanilarak RINEX dosyasi icerisinde
diizeltilip, ardindan troposferik gecikme ve gradyent degerleri, ham ve diizeltilmis RINEX
verilerinin GAMIT yaziliminda degerlendirilmesi ile elde edilmistir. Degerlendirme araliginda
yiiksek dereceli iyonosferik etkilerin, zenit troposferik gecikmesi (ZTD) iizerinde 6 mm,
Kuzey-Giiney (NS) gradyentinde 4 mm ve Dogu-Bat1 (EW) gradyentinde 12 mm'ye kadar
oldugu ve egik troposferik gecikmede yaklasik 30 mm kadar ulastigr goriilmiistiir. Dahasi,



OZET (devam ediyor)

troposferik gecikme ve gradyent lizerindeki yiiksek dereceli iyonosferik etkiler, gilindiiz
saatlerinde gece saatlerinden daha yiiksektir. Ayrica, solar aktivitenin yiiksek dereceli
iyonosferik gecikme diizeltmeleri {izerindeki etkileri de aragtirilmistir. GPS ile kestirilen
troposferik gecikme ve gradyent tizerindeki yiiksek dereceli iyonosferik etkiler solar aktivitenin
yiiksek oldugu giinlerde solar aktivitenin diistik oldugu giinlere gore daha yiiksektir. Karesel
ortalama hata degerleri diisiik solar aktivite giinlerinde 0.40 mm, 086 mm, 0.69 mm iken, solar
aktivitenin yiiksek oldugu giinlerde ZTD, Kuzey-Giiney ve Dogu-Bati1 gradyentlerinde sirasiyla
0.81 mm, 2.74 mm ve 2.20 mm'ye kadar artabilmektedir.

Kiiresel Konumlama Sistemi (GPS), kullanicilarin ger¢cek zamanli uygulamalarla yiiksek
hassasiyetli konum bilgisi elde etmelerine olanak tanir. Hassas konum bilesenleri, akademik
ileri isleme uygulamalar1 ile GAMIT / GlobK yaziliminda degerlendirilen gézlem dosyalari
kullanilarak elde edilebilmektedir. Haziran 2011'de ayn1 GPS verileri HOI etkilerinin diizeltme
Oncesi ve sonrast i¢in hassas konum belirlemede kullanildiginda, sonuglar, yukari, saga ve
yiikseklik bilesenlerinde sirasiyla 10, 7 ve 24 mm'lik degisikliklerin gerceklestigini
gostermektedir. 2011 yilinda solar aktivitenin yiiksek oldugu giinlerin gézlem dosyalari
kullanildiginda ise, yukari, saga ve yiikseklik bilesenlerinde yiiksek dereceli iyonosferik etkiler,

18, 11 ve 43 mm’lik degisimlere kadar ulasilabilecegi gortilmektedir.

Anahtar Kelimeler: GPS, Yiiksek dereceli iyonosferik gecikme, Troposferik gecikme,
Gradyent, Koordinat

Bilim Kodu: 616.03.00
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

The Global Positioning System (GPS) is designed by United States Department of Defense
(DoD) for military and intelligence applications in 1960s. The system works with the logic of
sending signals from the satellite described in the earth-centered inertial coordinate system to
the receiver on earth. The system is allowing users to obtain positioning information from its
code and phase measurements. It works with resection method and at least four satellites are

needed for positioning and timing.

The Global Positioning System that started to be established in 1960, was fully operational in
1993. The system consisted of 24 satellites, which were 21 active and 3 spares. Nowadays, GPS
constellation has around 30 active satellites on 6 orbits, and used for many applications like
positioning, navigation, monitoring of land movements, vegetation, meteorology and

climatology.

Initially, the GPS is developed for military forces to satisfy the requirements of U.S.
Department of Defense. Later on, it is promoted by DoD for civilian usage with the directions
of United States Congress. Following the decision of civilian usage, the production of portable

GPS receivers has accelerated (Hofmann-Wellenhof et. al. 2008).

This system has capability to use at any one time in all weather conditions. The satellites
launched 20200 km above the earth transmit signals constantly. After establishing this system,
it is kept under control to ensure its continuity. The system has three segments which are space,
user and control segments. While the space segment consists of satellite constellations, user
segment consists of military or civilian users. And, the control segment consists of a master
control station, worldwide monitor stations, and ground control stations to maintain the system.
The satellite ephemeris errors, satellite and receiver clock errors, multipath, ionospheric and

tropospheric delay are the main error sources of GPS. The selective availability was also



another error source for civilian usage, but discontinued in 2000. Accuracy of positioning and

navigation is depend on these error sources.

The ionosphere is about 60-1000 km high above the Earth's surface, in fact the plasma of the
upper atmosphere's ionized gas with solar radiation and high energy. The ionized electron
concentrations vary according to the amount of altitude, location, time of day, season and
amount of solar activity on the surface of the earth. In the past, different observation instruments
have been developed and used to collect information about the ionosphere and the plasma, for
example ionosonde, scatter radars (Tsunoda 1988), topside sounders on board satellites
(Reinisch et. al. 2001), in situ rocket and satellite observations (Klobuchar 1991) but, they were
all limited with narrow scope. Since the Global Positioning System (GPS) was fully operational
in 1994, it provided unprecedented accuracy, flexibility and tremendous contribution to
navigation, positioning, timing and scientific inquiries with respect to precise positioning on
the earth.

The Global Positioning System (GPS) signals are transmitted to the receiver through the Earth's
atmosphere on microwave (L band) carriers and naturally exposed to ionospheric effects. The
signals are delayed with the reason of ionospheric refractivity. Therefore, the signal propagation
way is changing and lengthening called as ionospheric delay. This delay makes errors while
using the GPS for positioning and navigation applications. The error is changeable in the range
of few meters to 80 meters depend on the ionospheric conditions. On the contrary, it allows
users to obtain information about the ionosphere. The GPS ionospheric delay model based on
realistic modelling of electrons in the ionosphere using a dipole moment approach for earth's
magnetic field was introduced by Bassiri and Hajj (1993). Knowledge of the TEC is allowing

to estimate significantly signal delay in the ionosphere.

The ground and space based GPS can operate in all time and weather conditions and can be
used to estimate tropospheric parameters, global refraction index, TEC and electron density
profiles (Rocken 1997, Syndergaard 2000). It can be used for weather analysis, weather
forecasting, monitoring climate change and ionospheric events. The GPS is a low-cost and high
temporal resolution (30 seconds) technique (Klobuchar 1991), so it is widely used method for

investigations.



Developers of the GPS system apply two frequencies to create a linear combination of different
signals that will have the least effect on ionospheric location measurements (Hofmann-
Wellenhof et. al. 2008). However, the single-frequency GPS receiver does not have the ability
to remove the most part of effect, but rather needs to rely on an ionospheric model such as
Klobuchar model. The previous studies on ionospheric effect show that ionosphere is higher
than other sources of errors and that some studies have been done to model these effects. The
effect of the geomagnetic field on the anisotropic ionospheric refraction index by Elmas et. al.
(2011). These concepts have been evaluated differently in order to calculate the contribution of
high-order ionospheric effects to the GNSS error budget. Kim and Tinin (2007) use the
perturbation theory to study the residual error of the dual-frequency ionosphere free observable;
they are investigating the third-order ionospheric effect (lon3) term associated with the ray
bending effect in GNSS signals penetrating into an inhomogeneous ionosphere. Considering
that the term lon3 includes not only quadratic correction due to the refractive index but also the
correction of the ray bending effect, the second-order ionosphere effect (lon2) of the ray
bending effect may dominate the error contribution. Regular large-scale and random small-
scale irregularities in the ionosphere are considered that from time to time, they can create a
residual error comparable or greater than the term lon2, contributing to the residual error that
can be observed in the ionosphere. While the 1st order ionospheric effect (lonl) is having the
same magnitude but opposite signs for the group and carrier phase measurements, the lon2 and
lon3 have different magnitudes and signs for these two types of measurements. These errors
are neglected in many applications but should be considered in high precision applications
(Petrie et. al. 2010).

1.2 ATMOSPHERIC DELAY

In the last decades, the Global Positioning System (GPS) has been widely used in navigation,
positioning and related applications. The widespread usage of GPS has brought about the need
for accuracy. However, the GPS signals pass through the atmosphere and have delay while
coming from satellite to receiver. It will be delayed by the atmospheric (tropospheric and
ionospheric) refraction, which results in a lengthening of the geometric path of the ray, usually
referred to as the tropospheric and ionospheric delays (Jin et. al. 2008a, 2008b, Jin et. al. 2009a,
Jin and Luo 2009).



The Global Positioning System (GPS) contains a constellation of 30 satellites moving at a 55
inclination angle at 6 orbits with a period of about 12 hours. Each GPS satellite broadcasts a
two-spectrum L-band radio signal with frequency f1 and f2 (f1=1.575 GHz and f2=1.227 GHz).
Dual frequency GPS receivers can evaluate the ionospheric effect by measuring the
modulations in the codes and carrier phases. The carrier phase (L) and code observations
(pseudorange P) of dual frequency GPS are expressed as follows:

L?,r = /1i¢15,r = pg,r - dison,i,r + digrop,r +c (TS - Tr) - /1i (bib:r + Ni?r)
(1.1)
Pifr = pg,r + dfon,i,r + dgrop,r +c (TS - Tr) + dli,i + dk,i,r + Sf)

where subscript i stands for the frequency (i=1, 2), superscript s and subscript r represent the
satellite and ground-based GPS receiver, respectively. Other parameters, po is the geometric
distance between the GPS receiver and satellite; d;,, and d;.,, are the ionospheric and
tropospheric delays; c is the speed of light in vacuum space; z is the satellite or receiver clock
offset; b is the phase delay of satellite and receiver instrument bias; dj, is the code delay of
satellite and receiver instrument bias; 1 is the carrier wavelength; ¢ is the total carrier phase
between the satellite and receiver; N is the ambiguity of the carrier phase; and ¢ is other
residuals. The atmospheric errors are the major part of GPS error sources. When the errors not
including atmospheric effects considered as residual, the code and phase observation equations

can be shown as below:

L?,r = Ai(]bis,r = pg,r - dison,i,r + dgrop,r + &
1.2)
Pifr = pg,r + dison,i,r + dgrop,r + &p

where the g; and &, represent the other total residuals for carrier phase and code observations.
Atmospheric delay is divided into two parts with the name of ionospheric and tropospheric
delay. The ionospheric delay is also separated into 3 parts first, second and third-order effects.

And the tropospheric delay consists of wet and dry parts.
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Figure 1.1 Parts of atmospheric delay

1.2.1 lonospheric Delay

The ionosphere is the part of the atmosphere at an altitude of 60 to 1000 km above the earth
and consists of ionized gas. The ionization produces free electron clouds which affect the GPS
signals while passing this layer. The enlightening one part of the ionosphere by the sun is
changing during the day, and ionization in the ionosphere is showing an alteration with the

movements of sun. Solar activities also affect the amount of ionization in the ionosphere.

The first-order effect of the ionosphere on GPS signals is to change the speed of signal
propagation relative to that of the free space. The ionosphere has opposite effect on code and
carrier phase observations. While the code observations are having delay in the ionosphere, the
carrier phase is advanced by the same amount. Magnitude of the error on the code and carrier
phase is directly proportional with the total electron content (TEC) in a tube of 1 m? along the

signal path.
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Figure 1.2 lonospheric effect on different frequency GPS signals

Atmospheric delay is one of main GPS errors. The ionospheric effects on GPS signals contain
the first and high-order effects. The first order is the major effect for the ionospheric delay at
the order of ~1-50m, which can be estimated or eliminated from dual-frequency GPS
observations. Higher order effects are related to the electron content along the ray-path and
other parameters. For example, the second and third order terms are associated with on the order
of geomagnetic field through the signal path and ray-path bending error (Hoque and Jakowski
2008).

1 1
Li=p —1I{ - 5152) - §1§3) +N; + vy,
(1.3)

Pi=p +IP + 1P + 1P + vp,

p’ . is the geometric distance

1‘(11) . first order ionospheric effect
I‘(iz) : second order ionospheric effect
123) : third-order ionopheric effect
N; : phase ambiguity

v, : unmodelled phase residuals

vp,  :pseudorange residuals



1.2.1.1 First-Order lonospheric Effects

The first order delay is the most dominant part of the ionospheric delay so, only this term is
considered in the most case studies. The total electron content in the ionosphere is sufficient to

model first order term. Following Seeber (2003) the series:

C2 C3 (4
Nion = 1+ f—2+f—3+f—4+--- (1.4)
where the ¢, 3, . are coefficients of series expansion and f is the frequency of carrier wave
which approximates the phase refractive index. The coefficients c,, c3,c, do not depend on
frequency but on the quantity N, denoting the number of electrons per m?2 (i,e., the electron
density) along the propagation path. Using an approximation by cutting off the series expansion

after the quadratic term, that is

C2
Nijon = 1+ f_2 (1.5)
c, = C*Ne,
Ne :electron density (electrons/mq),
C : constant; C = 40.3 (m%/s?),
C'N,
Nion = 1 + Iz

Now, the ionospheric propagation delay in zenith direction can be integrated using the electron

density Ne. For carrier phase measurements this correction in zenith direction is

[00] [00]

Z=0 _C, : C.
SSion = f_z = f_Z Ne(h)dh = f_2 VTEC (1.6)
ha ha

VTEC : vertical total electron content (TECU)
1 TECU = 1016 electrons/m?

In practice, the zenith ionospheric delay must be mapped into the direction of the line of sight

of the particular satellite. This is done by application of a mapping function. To do so, the zenith



angle from the ground antenna at station A to satellite I is commonly corrected by taking the
distance between antenna and ionosphere into account as shown in Figure 1.3:

SATELLITE |

FARTH CENTFR

Figure 1.3 lonospheric propagation delay

Zenith angle z; from ground station A to satellite i and ionospheric zenith angle z{, from the
mean ionosphere to the satellite following Hoffmann Wellenhof (1993). The projection of the
ionospheric point IP to the surface yields the horizontal coordinates needed for interpolation in
TEC maps like IONEX files.

cosP, cosAy' DX} + cos@, sindy AY) + sing " AZ}

cosZk = ; (1.7)
SA
Q4 - ellipsoidal latitude of receiver antenna at station A
Aa - ellipsoidal longitude of receiver antenna at station A

AXY AYF AZE - components of the distance vector between antenna at station A and satellite i

Sk - distance between antenna at station A and satellite |
. s+ h .
sinZjp = rE_I_—hA'sian1 (1.8)
E ion

Z!» : zenith angle from ionospheric point IP to satellite i
Z& : zenith angle from ground station A to satellite i
rg . earth radius (rz = 6371 km)



h;on: mean height of ionosphere (h;,,, = 300 ... 500 km)
h, : height of ground station A

where the weighted mean height of the ionosphere is normally chosen to be about 450 km.
Generally speaking, heights in the range of 300 to 500 km are valid values, see Hoffmann-
Wellenhof (1993). Uncertainties in h;,,, mainly affect observations at low elevations, whereas

high-elevation measurements remain more or less untouched. The slant delay now becomes

. , C
1 _ _ . =0 _ . =0 _ ~ . .
Id Li — SS/ll(ion) - mion(ZIlP) SSiZonO - COSZIiP 851’%)710 - F COSZIiP VTEC (19)
First order ionospheric effect can be expressed as:
(1) _ sci b : : Pl
Id Li = 65/11(ion) = fz'COSZIiP VTEC = Fz- STEC (1.10)

1.2.1.2 Second-Order lonospheric Effects

The second order terms are associated with geomagnetic field through the signal path. The
development of the equations to compute the second and third-order ionospheric effects in the
GNSS observable, as well as further discussions on this matter, can be found in Bassiri and Hajj
(1993), Odijk (2002), Kedar et. al. (2003) and Herna'ndez-Pajares et. al. (2007), as well as

papers by other authors.

It is noticeable that the ionospheric effects are similar for phase and range, differing only by the
sign and the factors 1/2 and 1/3, respectively, for the second- and third-order ionospheric
effects. The second-order effects for the case of the range in the frequency fi; (i=1,2) can be
computed by (Bassiri and Hajj 1993, Odijk 2002, Kedar et. al. 2003):

18 = 2 ||B|| |cosB| TEC (1.11)

3
fii2mme

A ~ 80.6 m3/s?, e = 1.60218 x 1012 Coulomb, m, = 9.10939 x 10~3%kg,

IBIl : magnitude of the geomagnetic induction vector B.



The product||B||*|cosB| has to be evaluated for the computation of the second-order effect,
which can be done based on the inner product of the vector B (geomagnetic induction) and the
unit vector J (propagation direction of the signal) at the height of the single ionospheric layer
(Fig. 1.4).
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Figure 1.4 Geomagnetic local system. Adapted from Odijk (2002)

1.2.1.3 Third-Order lonospheric Effects

The third order terms are associated with ray-path bending error and can be computed by:

2
77

NNemax TEC (1.12)

Ne max - Maximum electron density

n : constant value (0.66).

The third-order ionospheric effect is very similar to the second order effect once it is given as
a function of the TEC. However, it is a function of the maximum electron density N, ;,q, and
the factor g, which can be approximated by a constant value of 0.66 (Hartmann and Leitinger
1984). Fritsche et. al. (2005) expresses the N, 4 as a function of TEC:

) (20 — 6) - 102
Nemax(m™) = ree— 357w 1EC (1.13)
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1.2.2 Tropospheric Delay

GPS observations are subject to several sources of error, such as clock biases, multi-path delay,
ionospheric and tropospheric delays. Particularly, the tropospheric delay significantly affects
the GPS signals and causes errors of several meters in positioning. Since the GPS signal is
sensitive to the tropospheric refractive index, which is dependent on the pressure, temperature
and moisture, GPS can be used for sensing these properties in the troposphere, e.g. tropospheric
water vapor (Jin and Luo 2009, Jin et. al. 2009a). Although studies have demonstrated to
successfully estimate PWV from GPS within 1-2 mm of accuracy at 15 minute temporal
resolution, a number of factors still affect PWV accuracies, e.g., mapping functions and Earth’s

tide models, (Jin et. al. 2009b).

While GPS signals passing through the troposphere, the signal is delayed caused by neutral
atmosphere and optical distance from satellite to receiver becoming larger than the geometric
distance. Tropospheric delay on the GPS signals can cause several centimeter errors in height
even when simultaneously recorded meteorological data are used in tropospheric models
(Tregoning et. al. 1998). Nowadays, the GPS is widely used to determine tropospheric delay
using with mapping functions (Bevis et. al. 1994, Emardson et. al. 1998, Jin and Park 2005,
Niell 1996). Tropospheric delay on the vertical direction along neutral atmosphere can be
expressed as:

[00]

ZTD = c1 = 10—6] N(s) ds (1.14)
0

where ¢ represents the speed of light in a vacuum, 7 represents the time and N is the neutral
atmospheric refractivity. The neutral atmospheric refractivity is related with standard

meteorological variables as (Davis et. al. 1985).

P P
N=k k, —— + k, —= 1.15
1P+ 7T + K3 Z.T? (1.15)

where ki (i= 1, 2, 3) is constant, p is the total mass density of the atmosphere, Pw is the partial

pressure of water vapor, Zw is a compressibility factor near unity accounting for the small

11



departures of moist air from an ideal gas, and T is the temperature in degrees Kelvin. The

integral of the k p is the hydrostatic component (Nh) and the integral of the (k2 ot ks z TZ)

is the wet component (Nw) in the equation (1.15). Thus, ZTD consists of two parts which are
dry (ZHD) and wet (ZWD) components. While dry delay is depending on dry gases, wet delay
is caused by water vapor. Hydrostatik delay is related with atmospheric pressure and can be
computed with natural gases law. Wet delay can be converted into precipitable water vapor
(PWV), which plays an important role in affecting the numerical weather forecast (NWP) model
variables directly or indirectly (Bevis et. al. 1994, Duan et. al. 1996, Tregoning et. al. 1998,
Hernandez-Pajares et. al. 2001).

Satellite Geometric distance

——  Optical distance

Zenith angle

Elevation
angle

Troposphere "'.‘),.-

/Jﬁ/& P

Figure 1.5 Tropospheric delay on GPS signals

Water vapor has an important role for weather forecasting and can be estimated from GPS
observations. When the geometric distance between GPS station and satellite is known with
negligible uncertainty, tropospheric delays on GPS signals can be estimated using with range
measurement minus geometric distance. After the eliminating ionospheric and hydrostatic
delay, slant wet delay can be computed. Wet delay on the zenith direction can be computed
using the mapping function related to the elevation angle of each satellite. Zenith wet delay
(ZWD) can be converted into the precipitable water vapor (PWV) (Rocken et. al. 1995).
However, in the past time, mostly higher-order ionospheric effects were ignored. In this paper,
the high-order ionospheric effects are investigated and assessed.

12



1.2.2.1 Saastamoinen Model
This model uses hydrostatic component definitions (Saastamoinen 1972). The Saastamoinen
model uses the constant deviation rate model in the troposphere (0-10 km) for modelling

hydrostatic pressure, and the isothermal model (over 10 km) in tropopause. The temperature
depends on the temperature gradient is expressed as equation (1.16).

T=Ty+ p(r— 1) (1.16)

The resulting pressure profile is the same as (17).

P= P, (%)W (1.17)

Where r represents the radius of the earth center, r, is the radius of the region being observed,
T, is the temperature in the zone, P, is the pressure in the surface, M is the molar mass of the
air, g is the gravitational acceleration, R is the universal gas constant.

The corresponding dry diffraction is the same as in Equation (1.18).

T
n—1=(n0—1)-T—-u (1.18)
0

and p = (Ri;’) — 1. The pressure drops quickly from the level on the tropopause.

P = PTeXp [R—TT (h - hT] (119)

the subindex T used in Equation (1.19) symbolises the values on tropopause.

Saastamoinen has defined both standard model and sensitive model for tropospheric delay. The

standard model for tropospheric delay is as in Equation 1.20.

13



1255
Afpqs = 0.002277 - secz - [p + (T + 0.05) e — B+ tan’z| + 6R (1.20)

where the P, e are milibar, T is Kelvin and Z symbolizes the zenith angle. The coefficient B in
the equation is empirically determined coefficients based on the height of the receiver from sea
level and is arranged in the form of scales. SR is given in the form of charts depending on the

altitude and zenith angle of the receiver from sea level (Troller 2004).

AlP;lr)y = 0.002277 -secz - [p —0.155471-e—B - tanzz] + &R (1-21)

1255
APR. = 0.002277 - secz (T + 0.20547) ‘e (1.22)

The Saastamoinen model with equations (1.21) and (1.22) can be used with standard
atmospheric parameters where meteorological observations are not available in the assessment
of GNSS data. In this case, station height h = 0 m, p = 1013.25 hPa, T = 291,16 K°, %50
humidity standards are used (Troller 2004).

If the atmosphere is in hydrostatic stability and the gravity is independent of elevation, the P/T
ratio in the diffraction of humid air is reduced by the integral of the density in the zenith
direction which is directly proportional to the total pressure in the surface as a result of the
Saastamoinen model. Since the Saastamoinen model works with elevation angles greater than
10°, the zenith delay should be 1/sin(¢) for small elevation observations of 10° (Ozliidemir
2004).

1.2.2.2 Vienna Mapping Function Model

In the mapping functions developed for tropospheric modelling of GNSS and VLBI data
analyses, radiosonde data is used to calculate radiation. In recent years, it has given importance
to the development of mapping functions based on numerical weather model data. The principle
underlying the Vienna mapping function in Equation (1.23) is to skip the intermediate steps by
directly applying a ray account to the numerical weather model.

14



_a
b
1+1+c
: a
sin(e) + 5
sin(e) + sin(e) + ¢

1+

Mfpw = (1.23)

The continuous part formula used in wet and hydrostatic projection functions is as above. This
formula has also been used in NMF and IMF models. The coefficients in the Vienna mapping
function are obtained by applying a direct ray of light to the numerical weather model. The ray
calculation process has hydrostatic and wet diffraction values in the diffraction contents at k-
level (about 1000 hPa). These values will be used in the calculation of N Wet, N Hydrostatic,
n values at (k-1) level.

1.2.2.3 Tropospheric delay gradient

Azimuthally asymmetric delays are described as troposphere gradients. Tropospheric delay
gradients are continuously variable and affecting the baseline lengths and positioning (Davis
et. al. 1993, Teke et. al. 2011). Here we further investigate HOI effect on tropospheric gradients.
And the tropospheric delay (T,) is expressed as:

Ta = Twa+ Tpa = Tzwa MFyec() + Tzpg MFyry(€) (1.24)

where Ty, and Tp, are the tropospheric wet and dry delays, T4 and T,p, are the wet and
dry zenith delays, MF,,. and MFy,,, are the wet and dry mapping functions and ¢ is the
elevation angle of satellites. The effects of azimuthal asymmetry in the atmospheric delay

Aq (e, are not included in model, may be expressed as
Age,a) = NSgraa cosa MF(€) + EWyrqq sina MF (&) (1.25)

1
= 1.26
M sine tane + 0.0032 ( )

where ¢ is elevation angle of satellite, a is the azimuth, NSg,.q4 and EW,,,4 are the gradients

on the North-South and East-West directions, and MF (¢) is the mapping function for gradients.
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1.2.2.4 Precipitable water vapor

When GPS signals propagate through the atmosphere, it will be delayed by the atmospheric
(tropospheric and ionospheric) refraction, which results in a lengthening of the geometric path
of the ray, usually referred to as the tropospheric and ionospheric delays (Jin et. al. 2008b, Jin
et. al. 2009a). Atmospheric delay is one of main GPS errors. The ionospheric effects on GPS
signals contain the first and high-order effects. The first order is the major effect for the
ionospheric delay at the order of ~1-50m, which can be estimated or eliminated from dual-
frequency GPS observations. Higher order effects are related to the electron content along the
ray-path and other parameters. For example, the second and third order terms are associated
with on the order of geomagnetic field through the signal path and ray-path bending error
(Hoque and Jakowski 2008). Normally the higher-order ionospheric effects are generally the
order of sub-millimeter to several centimeters, but they should be considered in precise GPS

applications.

Water vapor has an important role for weather forecasting and can be estimated from GPS
observations (Bevis et. al. 1992). When the geometric distance between GPS station and
satellite is known with negligible uncertainty, tropospheric delays on GPS signals can be
estimated using with range measurement minus geometric distance. After the eliminating
ionospheric and hydrostatic delay, slant wet delay can be computed. Wet delay on the zenith
direction can be computed using the mapping function related to the elevation angle of each
satellite. Zenith wet delay (ZWD) can be converted into the precipitable water vapor (PWV)
(Rocken et. al. 1995).

PW = 11-ZWD (1.27)

where the [T is a factor about 0.15 but varies with the location, elevation and season. And it can

be computed as a function of surface temperature (Rocken et. al. 1995).

Im= [Rv(;f—g +k'2)]™ (1.28)
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where R,=461.495 J/(kg-K) is the specific gas constant for water vapor. The weighted mean
temperature of the wet part of the atmosphere is T,,, which can be estimated as a function of

surface temperature T as T,,, = 70.2 + 0.72 - T, (Bevis et. al. 1992).

klz = kz - mk1 (129)

where m is M,, /M, the ratio of molar masses of water vapor and dry air, k, and k, are the

physical constants.

1.3 CONTENTS

In this thesis, high-order ionospheric effects on GPS tropospheric and coordinate estimation are
investigated. Chapter 2 will present GPS theory and methods. This section introduces detailed
information about GPS theory, high-order ionospheric corrections, RINEX-HO software and
geomagnetic field model, solar activity and F10.7 flux. Chapter 3 will examine the High-order
ionospheric effect on GPS estimated tropospheric parameters such as zenith tropospheric delay
(ZTD), gradients and precipitable water vapor (PWV). Chapter 4 investigates the High-order
ionospheric effects on coordinates and Chapter 5 includes the conclusion part which gives

general interpretation of all applications done during this thesis.
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CHAPTER 2

THEORY AND METHODS
2.1 GPS THEORY

Although it is widely used for GPS positioning, it is also used for many different applications.
The usage of atomic clocks in the GPS allows high accuracy to be achieved. Signals transmitted

from satellites that actively move on their orbit are used to determine receiver locations.

It is known that the position of each satellite and its distance from the center of the world. It is
shared as broadcast ephemeris data. Knowledge of the satellite position and the distance
between the satellite and the receiver allow user to determine the receiver's position. Positioning

with GPS is based on the resection method and at least four satellites are needed.

@ Each satellite broadcast radio
signals with their location,
statuses and precise time
information.

GPS radio signal travels at
speed of light ~ 300,000 km/h.

GPS device receives radio signals,
noting their exact time of arrival
and uses these to calculate its
distance from each satellite it can
see.

) Once a GPS receiver knows its distance from at least 4 satellites,
it uses geometry to determine its exact location on Earth in 3D,

Figure 2.1 Positioning with GPS receiver
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The all-weather global system is subdivided into three segments:
* The space segment consisting of active satellites which broadcast signals.
* The control segment for system and time control, and for prediction of the orbits

* The user segment including different receiver types and users.

The geometric distance between the satellite and receiver can be calculated according to the

following formula

pg,iri = \/(Xsi o XTi) + (Ysi - Yri) + (2% — Zrl-) (2.1)

Where pgfrl_ is the geometric distance from satellite to receiver, i represents the each satellite
(i=1,2,...), X5, Y, Z% are the satellite coordinates, X, Y, Z,, are the receiver coordinates.

If the pseudorange is used instead of geometric distance in this equation, receiver positions can
be calculated with at least four satellite observations. However, this positioning information

will include all errors.
2.2 HOI EFFECTS CORRECTION

Positioning and navigation with GPS includes some errors and ionosphere is the main one of
them. The ionosphere is a major source of error in GPS observations, and ionosphere based
range errors can reach several tens of meters on zenith direction (Klobuchar 1996). The
ionosphere has a dispersive effect for GPS signals. Most of this effect can be eliminated by
linear combinations of dual frequency GPS observations. Higher-order ionospheric effects are
then left behind. These errors vary depending on the elevation angle and extreme weather
conditions and can reach several centimeters in low elevation angles (Klobuchar 1996). HOI
effects corrections also can provide users to obtain satellite positions with in centimeter

accuracy (Fritsche et. al. 2005).

The early studies worked by Brunner and Gu (1991) on the correction of high-order ionospheric
effects are particularly related with second order effects and ray path bending errors. In their
approach, knowledge of actual atmosphere and magnetic field components which are not easy

to estimate along the ray path should be well known.
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Another study has been done by Bassiri and Hajj (1993) to estimate geomanetic field model,
and they have assumed an Earth-centered tilted dipole approximation. 300 km above the earth
surface is accepted as a single layer ionosphere and calculates the geomagnetic field vector at
the ionospheric pierce point (IPP). Hawarey et. al. (2005), the study of very long baseline
interferometry (VLBI) has included the use of more realistic geomagnetic field models in order
to obtain secondary order effects. For example, the use of the international geomagnetic

reference field (IGRF) model is shown instead of the dipole model.

Strangeways and loannides (2002) expresses a method with less than 1 cm accuracy in range
correction by employing three factors which are related with ratio of the slant TEC and the ratio

of their geometric path. In practice, parameter estimation at this accuracy is quite difficult.

Using the linear combination of dual frequency GPS observations first order effects can be
eliminated which is known as ionosphere-free solution. The secondary and third order
ionospheric effects due to the TEC difference along the frequencies f1 and f2 cause the ray path

lengthening which cannot be eliminated in that approach.

These error sources should be determined and corrected for accurate positioning. The
knowledge of total electron content in the ionosphere is enough to determine first order effects.
First order ionospheric effects can be eliminated using dual frequency GPS observations, but
high-order effects are generally ignored. Higher order effects are related to the electron content
along the ray-path and other parameters. For example, the second and third order terms are
associated with on the order of geomagnetic field through the signal path and ray-path bending

error (Hoque and Jakowski 2008).

The RINEX_HO (RINEX HIGH ORDER) software has been developed by the Faculty of
Science and Technology of Sao Paulo State University in Brazil to determine high-order
ionospheric effects and to eliminate these effects from GPS observations. This software allows
users to calculate second and third order ionospheric effects corrections using the IGRF model

to obtain “corrected RINEX observation files” from the data in the “RINEX observation file”.
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2.3 RINEX HO

RINEX HO software has been developed to produce corrected RINEX observation files that
have been modified from raw RINEX observations files using NGS (National Geodetic Survey)
classes in C ++ software. C ++ classes have been developed on the basis of calculation or
interpolation of TEC values, calculation of second and third order ionospheric effects and
storage of corrections in a new RINEX file. It has been used to account geomagnetic field
subroutines in Fortran for Corrected Geomagnetic Model (CGM) and C subroutines for

International Geomagnetic Reference Field (IGRF11).

There are three options to get TEC values which are calculated from raw pseudoranges, from
pseudoranges smoothed by phase, or from Global lonosphere Maps (GIM). When the TEC
from pseudoranges smoothed by phase has been used, cycle slip detection method has been
implemented following the Turbo Edit algorithm by Blewitt (1990) and the program restarts

the smoothing filter when a shift cycle for a particular satellite is detected.

P1/P2 and P1/C1 satellite Differantial Code Biases (DCBs) are needed to enter if pseudorange
values are used in the calculation of TEC values. These files for 2011 can be reached from the
CODE ftp server ftp://ftp.unibe.ch/aiub/CODE/2011. While the TEC values are calculated from
the pseudoranges, the receiver DCBs of the used station must also be processed. When the IGS
stations are used in the analysis, the receiver DCBs can be obtained from CODE ftp server.
However, receiver DCBs of for other stations can be obtained by calibration procedures.

Geomagpnetic field effects are the main reason of second or terms. The software supplies three
options to select one of geomagnetic field model which are "Dipolar model"”, "CGM from PIM"
and "IGRF model".

The RINEX-HO software allows second and third order ionospheric corrections to all satellite
observations in the RINEX observation files, and allows the creation of corrected RINEX
observation files. The files "Rinex_ha.inp™ and "Rinex_ha_ param.dat” are required to be
included in the RINEX HO file during this correction process. Borland Builder C++ 6.0 was
used to perform the evaluation on Windows and GCC/G++ software to perform on the Linux
environment. The next section contains the source code for the RINEX_ HO software and the

compilation steps for Windows or Linux systems.
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Two files named "Rinex_ha.inp" and "Rinex_ha_param.dat™ are needed to compile RINEX

observation files in RINEX HO software. These files are listed in Table 2.1 and Table 2.2.

Table 2.1 Description of Rinex_ha.inp input file

Input/output files and
parameters

Description of each line

adanl521.070

Name of observation file

adanl521.07n

Name of navigation file

adanl52¢.070

Name of the new observation file

adanl52 Out

Initial name of the output files

Receiver coordinates (if 0.0 == Try to read coordinates from

X0Y0 Z0 RINEX)

10 Elevation Mask (means that observables below this mask
won't be corrected)

1 Save output and log files (yes=1; no=0)
0 = Tec from raw psecudorange

1 1 =TEC from pseudorange smoothed by phase
2=TEC from GIM

CODG1520.071 Name of the CODE map: In the case before option "TEC

T from GIM "= 2
6.808 DCB (P1-P2) = receiver bias in ns (nano-seconds): In the

case computing TEC from pseudorange

P1C1 010611.DCB

DCB (P1-C1) - P1C1 bias for satellites - Found at:
ttp://ftp.unibe.ch/aiub/CODE

P1P2 010611.DCB

DCB (P1-P2) - P1P2 bias for satellites - Found at:
ttp://ftp.unibe.ch/aiub/CODE

0 = Dipolar model
1 =CGM from PIM
2 =IGRF model

IGRF11.COF

Name of IGRF coefficient file: In the case option before = 2

Table 2.2 Description of Rinex_ha_param.dat input file

Input/output files and Description of each line

parameters

0.6 Sigma CA (m)

0.8 Sigma P2 (m)

0.006 Sigma phase L1 (m)

0.008 Sigma phase L2 (m)

450000.0 Ionospheric layer height (m)

6371000.0 Earth Equatorial axis (m)

3.12E-05 Geomagnetic mduction magnitude in the Equator (Tesla) - To

T be used in the Dipolar approximation

3.0E12 Maxim.um cllensiry' of electrons - To be used in the Dipolar

approximation
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The RINEX _HO software can be compiled in Windows or Linux operating systems by users.
Borland C++ 6.0 software has been used to compile in Windows, then CGM source code in

Fortran must be used in the format of DLL.
Source codes of RINEX HO software are compressed in a file. When this source file is ejected,
the files needed for Windows and Linux systems appear. In these files, the subdirectory filed in

table x will be filled. These files contain other subfolders that are listed in Table 2.3.

Table 2.3 Subfolders for RINEX_HO source code

Folders Content and Description

ADAN Files example for ADAN station in the day 152 of 2011

CGM DLL Lahey Fujtsu CGM subrotuines in fortran 90 prepared to create the
DLL in the Lahey Fujtsu

Class_Iono Class to compute second and third order ionospheric
effects

Class TEC Class to Read GIM and interpolate TEC. to compute

TEC from raw pseudorange or from pseudorange
smoothed by carrier phase

Cycle Slip Class to detect cycle slip

FilterCode Class to compute Pseudorange smoothed by phase

Fortran Class Class to mix C/C++ and Fortran available at:
http://arnholm.org/software/index. htm

IGRF11 Class to compute geomagnetic components (X, Y, Z)

from IGRF 11 model. Original source code available at:
http://www.ngdc.noaa.gov/IAGA/vmod/igrf. html
Include Constants and variables to be used in RINEX _HO
Rinex Class Classes for reading and writing RINEX files available
at: http://www.ngs.noaa.gov/gps-toolbox/rinex.htm

In the following steps, RINEX HO has been involved in how to compile the software on
Windows and Linux operating systems.

2.3.1 Compiling for Windows

With the Lahey/Fujitsu Fortran 95 software, a DLL was created for the CGM Fortran
subroutines. In this case, subroutines of Fortran must be used in the format of Fortran 90. The
existing subroutines can be found in the "CGM_DLL_Lahey Fujtsu™ folder. The DLL used
here is called "cgm_util.dll" and can be found with the source code in the main folder. The
following command line is used to create the DLL.:
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Lf95 cgm_util.f90 -win -ml bc —dlI
To use the "cgm_util.dll" DLL in Borland Builder C ++ as a static library, the following ".lib"
file was created from the command line:

implib cgm_util.lib cgm_util.dll

where, implib tool comes with the Borland Builder C ++ 6.0 installation.
When the cgm_util.lib is used in the Borland project, it is easy to call the DLL by including the
header of the fortran subroutine as:
extern "C" __declspec(dllimport) void _stdcall SUB_NAME (int *arg, double *arg2, etc,...);
where, SUB_NAME is the name of the subroutine to be called in the C++ program and must
be written in capital letter.

Everything is ready for the Windows compilation and the user must only to open the project

file called “rinex _ho.bpr” in the Borland C++ builder 6.0 and after compile and run the program.

2.3.2 Compiling for Linux

For Linux compilation we have used the Ubuntu Linux distribution that is free available online.
In this case, the user must install the gfortran and gcc/g++ compilers. With the C++ and Fortran
files inside the folder, the first step is to create the “.0” files through the two following
commands:

gfortran -c *.f

g++-c *.cpp
The second step is to link the “.0” files in the RINEX HO program:

g++ -0 RINEX_HO *.0 -Igfortran -static
To mix C++ and Fortran subroutines the user must insert the header for fortran subroutine as:
extern "C" void sub_name_(int *arg, double *arg2, etc,...)

where: sub_name_ is the name of the subroutine to be called in the C++ program and must be

written in lower case letter.

When the HOI effects correction is applied to the RINEX observations, the change in the

observation file is shown in the following example.
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HOI Effects Corrected File
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. Data blocks:
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.

4 - Phase In cycles ¢

Figure 2.2 HOI Effects Correction

2.4 GEOMAGNETIC AND SOLAR CONDITIONS

The main reasons of HOI effects are solar activity, geomagnetic and ionospheric conditions.
When the geomagnetic field is defined more accurately, the more accurate observations will

give the more precise data to be obtained.

2.4.1 Geomagnetic Field Model

The International Geomagnetic Reference Field (IGRF) is an internationally agreed upon
mathematical model of the Earth's magnetic field. The International Geomagnetism and
Aviation Association (IAGA) Working Group V-MOD has produced and maintained the
Earth's magnetic field by a team of geomagnetic field modellers. These data has been derived
from observations gathered from satellites, magnetic observatories and magnetic surveys.

These data are used by scientists, business organizations and private individuals.

The almost completely core-generated geomagnetic field changes slowly but noticeable over
the years. As a result, the IGRF should be revised to be up to date, usually every five years.
Table 2.4 summarizes the detailed IGRF generations. IGRF generations consist of each five
years intervals models which are determined definitive or non-definitive. When a model
determined as definitive, it is called as Definitive Geomagnetic Reference Field (DGRF) which

has been produced beginning from 1945 and it cannot be revised in the next generations of
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IGRF. The non-definitive models are called as IGRF and the more detailed information about
IGRF history especially 11th generation can be reached from Maus et. al. (2005), Barton (1997)

or Macmillan and Finlay (2010). All versions of IGRF from past to nowadays can be reached

from (URL-1 2017).

Table 2.4 Summary of IGRF generations, their intervals of validity, and related references

Full name Short name Valid for Definitive for Reference
IGRF 12th gen.  IGRF-12 1900.0-2020.0  1945.0-2010.0  Thébault et al. (2015)
IGRF 11th gen. IGRF-11 1900.0-2015.0  1945.0-2005.0  Finlay et al. (2010)
IGRF 10th gen.  IGRF-10 1900.0-2010.0  1945.0-2000.0 = Maus et al. (2005)
IGRF 9th gen. IGRF-9 1900.0-2005.0  1945.0-2000.0  Macmillan et al. (2003)
IGRF 8th gen. IGRF-8 1900.0-2005.0  1945.0-1990.0  Mandea and Macmillan (2000)
IGRF 7th gen. IGRF-7 1900.0-2000.0  1945.0-1990.0  Barton (1997)

IGRF 6th gen. IGRF-6 1945.0-1995.0  1945.0-1985.0  Langel (1992)
IGRF 5th gen. IGRF-5 1945.0-1990.0  1945.0-1980.0  Langel et al. (1988)
IGRF 4th gen. IGRF-4 1945.0-1990.0  1965.0-1980.0  Barraclough (1987)
IGRF 3rd gen. IGRF-3 1965.0-1985.0  1965.0-1975.0  Peddie (1982)
IGRF 2nd gen. IGRF-2 1955.0-1980.0 - IAGA (1975)
IGRF 1st gen. IGRF-1 1955.0-1975.0 - Zmuda (1971)

The new generation IGRF data is derived from the older versions. And this data has an
importance in terms of presenting the original data to the user in the case of a new revision

requirement.

The higher-order ionospheric effects are mostly related to the geomagnetic field, whose
components in northward, eastward and vertically downward directions are provided by
international Geomagnetic Reference Field (IGRF) model (Mandea and Macmillan 2000).
Geomagpnetic field is not same along the signal path, so IGRF model data are transformed into

a generalized coordinate system using vector representation (Arfken 1985).
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2.4.2 Solar Activity

The ionosphere consists of different layers. lonization is present throughout the ionosphere, but
it is available in different concentrations in different layers. As the radio waves pass through

the ionosphere, they are refracted due to ion density and deviate in the signal path.

lonization which varies in different layers of the ionosphere causes the effects on the high
frequency bands to vary. Particularly solar radiation causes ions to ionize and convert into free
ions ot the upper ionosphere. Free electrons affect the radio waves by disturbing the dynamic
balance in the ionosphere. Then, these electrons combine with positive ions to gain a new form.
When the ionization level increases, the bending of the radio waves of the ionosphere is further

gone up.

The amount of ionization depends on a number of parameters such as time of day, season and
sunspot cycle. The amount of radiation emitted from the sun to the atmosphere is directly
proportional to the number of sunspot cycles. This radiation reaches its peak at the top of the

sunspot called plaga.

Figure 2.3 Solar Radiation (from URL-2 2017)
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At the peak of sunspot, not only radiation increase, but also level of geomagnetic activity
increases. The increase in geomagnetic activity occurs when the sun releases particles in large
quantities. Normally, these particles have a steady flow, but this emission level is greatly
increased when occasionally solar flares are present. This situation, which causes the earth's
magnetic field to change, can also lead to the formation of magnetic storms and ionospheric
storms after ruin that the ionosphere can produce.

A variety of indicators are used to determine the activities that take place on the sun, and the
basic one of them is solar flux, which records data since 1945. This index is used to determine
the level or amount of solar radiation. This index value determines the amount of radio noise
or flux at the frequency of 2800 MHz (10.7 cm) in the solar flux unit (SFU).

2.4.3 F10.7 Flux

HOI effects depend on solar activity, geomagnetic and ionospheric conditions. Solar storms
occurred on the sun are the major disturbance of Earth’s magnetosphere with the efficient
exchange of energy from the sun to Earth atmosphere. These disturbances are critical for
atmospheric studies and recorded in a different type of indexes. Occurred energy currents in the
magnetosphere follow a magnetic field and connect to dense currents in the auroral ionosphere.
F10.7 flux is the most reliable solar activity indicator.

This index is managed by The Penticton Radio Observatory and the obtained data is shared
daily. Since the solar flux is closely related to the amount of ionization, it is also related to the

electron density in the upper layers of the ionosphere.

This data can be reached from the (URL-3 2017). When the data interval is entered and solar
index F10.7 is selected and submitted, results can be obtained in the chosen format.

29



00.11.2017 OMNIWeD Dala Explorer
Asaut Hiowss P Input Data Mirers Fandb
Interfuce to produce ploty, listings or oulput files from OMNI 2
For specafication of Y scale nmpges for desa plots chck HERE
O Ploc G # Listdam O Create Dle (le?)
Sefect resolution
< Housty incraged % Dudly iverged O 27y avernged
Chick HERE to get fime spans for tndiy idual pamsetons.
S Enter start amil stop dases (Use yvyvddd or yyyymosdd)
Stant 20110004 Stop 20110630
* Select vieriahbes
: Peuon N < # Fipe Saule Polms i IME A gs
c ¥ Fine Scale Points in Plasma Ayvgs
¢ Pl Spaceca 1D
Magnretic feld
0 IMEF Magnitude Avg. oT' By, GSM_ aT'
U Magnitude. Avg IMF Ve T Bz, GSM.aT
£ Lat. of Avg DMF, deg. ' Sy in IMF Magzatade Avyg.
CLoeg of Avg IMF, deg < S in IMF Veclor A g
L Bx GSEGSM, T = Sigms By ¥
£ By, GSE, uT' * Sigma By, oT
L Be. GSE, 0¥ /Sigma By, ol
Plasma
1 Prows Tempenmire, K J SiggmarT
L Protom Demsay, mice 2 Sigea-Np
I Flow Speed, kmisec - Sigman-V
7 Flow Longitede, dox ‘ Sgma-Flow Longimde
L Flow Latioade, dey SurmnFlow -Lutmnde
LI Alpha/Proton Density Ratlo = Sigma-AlghaProlon Ratio
L Flow Pressure, nPy
Derived Parameters
L Ey - Electne Fcld. mVim + Alfven Mach Number
£ Plgsaa Bew - Magnensanic Mach Numbes
Indices
LIKp* 10 Index AE Index, n¥
1K Sunspol Namber (acw yenaon) CAL Index. nT
£ DstIndex. 0T < AU Index. nT
L ap index, nT = Polir Cap (PON) index Frows Thule
¥ Solat index ¥10.7 = Lyman Alpla Solar Index
Csfu = 1022 a2 Hze1) (1e1) photoas'om ™ 2iscc)
Partiches
£ Prowm Flux® > | MeV < Prion Flus® >30 MeV
L Prowas Flux® » 2 MeV “ Peotan Flux® >60 MeV
[ Prows Flux®* > 4 MeV < Magnensphenic Flus Mag
U Progoa Flux® =10 MeV * TAcn® * 2uso0-ster)
SAdvanced plot selections (optional)
Y scake rango (for onldy anc scloctod pamsnctcr)

Yoaxis Scatez | Linoar v |

Character sirelh.5-20):
Plot Symbol: Nooe v

[ S | ot

AN - CARdINh

(IO S e v
Symbol Stee{01-40): 04
Image size (phaeds) X 640 Y. @0

If you han e 2o questions/comments pboul OMNIWEH system, comtace
Spece Physics Dma Facility, Masl Code 672, NASA/Goddeed Spoce Flighe Comer, Greenbeli, MD 20771

AN (M B Mt Mo o et of S S Pigany Pk Facibey

hitps.flomnmweb, gsfe nasa gowlormidx ! himi

Figure 2.4 Solar index F10.7 cm (from URL-3 2017)

30

m



CHAPTER 3

HIGH-ORDER IONOSPHERIC EFFECTS ON TROPOSPHERIC PARAMETERS

The tropospheric delay and gradient can be estimated from dual-frequency GPS observations
with removing the ionospheric delay, which has been widely used for atmospheric study and
weather forecasting. However, high-order ionospheric (HOI) delays are generally ignored in
tropospheric estimation. In this paper, high-order ionospheric effects on GPS-estimated
tropospheric delay and gradients are investigated from two weeks of GPS data in June 2011 at
8 GPS stations in Turkey. Firstly, the second and third-order effects on GPS data are corrected
in RINEX using IGRF11 (International Geomagnetic Reference Field: 11th generation) model,
and then tropospheric delay and gradient values are obtained from raw and corrected RINEX
data using the GAMIT software. Results show that high-order ionospheric effects are up to 6
mm on zenith tropospheric delay (ZTD), 4 mm on North-South (NS) gradient and 12 mm on
East-West (EW) gradient during this period, but can reach over 30 mm in slant tropospheric
delay. Furthermore, the high-order effects on tropospheric delay and gradient are larger in the
day time than in the night time. Also, solar activity effects on high-order ionospheric delay
corrections are further investigated. The high-order ionospheric effects on GPS estimated
tropospheric delay and gradient in high solar activity days are much larger than those in low
solar activity days. While RMS values are 0.40 mm, 086 mm, 0.69 mm in low solar activity
days, they can increase up to 0.81 mm, 2.74 mm, 2.20 mm on ZTD, North-South, and East-
West gradients, respectively.

3.1 HOI EFFECTS ON GPS ESTIMATED ZTD

TUSAGA GPS Stations data in Turkey (ADAN, ANRK, DIYB, ERZR, ISPT, ISTN, IZMI, and
SAMN) on days 152-181 2011 were processed using the RINEX-HO software and corrected
observation files for high order ionospheric effects were obtained. During the process,
geomagnetic field coefficients needed for HOI corrections was taken from IGRF11 model. And,

another parameter total electron content in the ionosphere was used from GIM.
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Figure 3.1 GPS and Radiosonde Stations

Then, raw and corrected observation files were processed by GAMIT software using Vienna
Mapping Function, and zenith tropospheric delay (ZTD) was estimated for each station to
investigate HOI effects on GPS estimated ZTD values. After the HOI effects are corrected, the
residuals mean differences and RMSs of 30-minute ZTD estimations are shown in Table 3.1.
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Table 3.1 Residuals mean differences and RMS on ZTD.

Stations Mean diff. (mm) Residuals RMS (mm)

ADAN 0.27
ANRK 0.25
DIYB 0.29
ERZR 0.25
ISPT 0.26
ISTN 0.23
IZMI 0.24
SAMN 0.25

0.49
0.48
0.65
0.53
0.45
0.44
0.46
0.45

The mean difference and mean RMS are about 0.25 mm and 0.50 mm, respectively, while the
large one is found with RMS of 0.65 mm at DI'YB station with the mean HOI effects on ZTD
are not big. However, the HOI effects on ZTD time series can reach up to 6 mm, which should
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be corrected for precise ZTD applications. ZTD time series and residuals for all stations are
shown in Fig. 3.2 to Fig. 3.9. And, residuals of ZTD time series by RMS is shown in Fig. 3.10.
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Figure 3.6 ISPT Station GPS ZTD Time Series and Residuals
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3.1.1 HOI effects on GPS estimated ZTD during the day and night time

HOI effects are related to the solar activity and ionospheric conditions. Total electron content
is the main parameter of ionospheric delay. When the TEC values are increased from night time
to daytime, HOI effects on GPS estimated ZTD also increases, e.g., Ankara station (Fig. 3.11).
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Figure 3.11 ZTD differences with HOI effects at ANRK Station during the night and the day time

The high-order effects on ZTD estimation are higher at daytime (12:00-16:00 UT) than night
time (00:00-04:00 UT) at ANRK GPS station. The RMS increases from 0.48 mm at night to
0.78 mm at day time. This effect is significant for not only ANRK station but also other seven

stations.
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Figure 3.12 Daytime and night time HOI effects on GPS ZTD On day 167, 2011
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The high-order ionospheric effect is related to the total electron content, while TEC in the
ionosphere increases from night time to daytime. Therefore, HOI effects on GPS estimated
ZTD is increasing from night time to daytime. Mean differences between two data sets with
and without HOI correction are also plotted in a bar diagram to show change from night time
to daytime (Fig. 3.12), and conclusions are the same. Mean differences are nearly 0.4 mm in

the night time and 0.8 mm in the day time for each station.

3.1.2 HOI effects on GPS estimated ZTD during the high and low solar activities

HOI effects depend on solar activity, geomagnetic and ionospheric conditions. Solar storms
occurred on the sun are the major disturbance of Earth’s magnetosphere with the efficient
exchange of energy from the sun to Earth atmosphere. These disturbances are critical for
atmospheric studies and recorded in a different type of indexes. Occurred energy currents in the
magnetosphere follow a magnetic field and connect to dense currents in the auroral ionosphere.
F10.7 flux is the most reliable solar activity indicator. Daily averages of solar activity for 2011
are plotted (Fig. 3.13).
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Figure 3.13 Daily averages of Solar 10.7 cm flux

The high-order ionospheric effects on ZTD estimations are investigated during high and low
solar activities. Here one week GPS data on days 18-24 2011 with low solar activity and 317-
323 2011 with high solar activity are processed, respectively. Results show that large HOI
effects during high solar activity (Fig. 3.14), while HOI effects are much smaller on low solar

activity days.

1 T T T T T T T T

[ Low Solar Activity Days
0.8 I High Solar Activity Days

AlbH

ADAN ANRK DIYB ERZR ISPT ISTN IZMI SAMN
Figure 3.14 RMS of Low and High Solar Activity Days ZTD Residuals
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As it mentioned in early paragraphs, HOI effects depend on solar activity and ionospheric
conditions. The averaged TEC interpolation map from day 152 to 181 in 2011 was created to
show regionally ionospheric conditions and interpret associated HOI effects over Turkey. The

interpolation map prepared by taking the TEC values from GIM is as shown in Fig 3.15.
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Figure 3.15 TEC distribution in Turkey during the days 152-181 2011

Here, TEC values increased from the north to the south, while there were not relative big
changes of HOI effects on ZTD estimations.

3.1.3 HOI effects on slant tropospheric delay

When the GPS satellite angle is low, the more tropospheric delay will be induced. Here the HOI
effects on slant tropospheric delay are further investigated. In this case, slant tropospheric delay
(STD) is also estimated with and without HOI effects correction. For example, during the four
hours, satellite PRN 7 on ANRK station starts to be seen with 293.13 azimuths and 71.79
elevation angles at 8:00 UT, then arrives at the 104.80 azimuths and 11.03 elevation angle at
12:00 UT (Fig. 3.16).

8:00UT
PRN 7

S =t

Figure 3.16 GPS PRN 7 visibility on DOY 167, 2011 at ANRK station
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As itis seen in Figure 11, the satellite elevation has been increasing for the satellite PRN 7 from
8:00 UT to 12:00 UT. When the satellite position becomes closer to the zenith direction of that
station, the tropospheric delay will be lowest with the minimum effect. If GPS signals come
with lower elevation angle, the HOI effects are bigger. For example, Figure 12 shows HOI
effects on GPS STD for PRN7 on Day 167 2011 at ANRK station. The HOI effects on the STD
were reaching about 33 mm including some uncertainties when the GPS satellite elevation angle
decrease to 11.03 degrees. Other stations have similar effects. Therefore, the high-order
ionospheric delay has a large effect on slant tropospheric delay estimation with about a few

centimeters.
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Figure 3.17 HOI effects on GPS STD for PRN7 on Day 167 2011 at ANRK station
3.2 HOI EFFECTS ON GPS GRADIENTS
Azimuthally asymmetric delays are described as troposphere gradients. Tropospheric delay
gradients are continuously variable and affecting the baseline lengths and positioning (Davis et. al.

1993, Teke et. al. 2011). Here we further investigate HOI effect on tropospheric gradients.

Residuals mean difference and RMS values with HOI effects on gradients are shown in Table 3.2.
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Table 3.2 Residuals mean differences and RMS on Gradients.

NS Gradient (mm) EW Gradient (mm)
Stations Mean Diff. RMS Mean Diff. RMS

ADAN 1.00 1.09 0.43 1.39
ANRK 0.78 1.17 0.02 1.58
DIYB 1.02 1.29 -0.03 2.12
ERZR 0.82 1.01 0.86 1.83
ISPT 0.99 1.11 0.14 0.70
ISTN 0.92 1.06 -0.02 0.52
IZMI 0.83 1.09 0.13 0.77

SAMN 0.99 1.04 0.55 1.41

When the station has the highest RMS, NS and EW gradients are variable between -30 to 30
mm. Figure 3.20 shows tropospheric gradients on the NS and EW directions at DIYB GPS
station. Residuals RMS with north-south and south-west gradients are 1.29 and 2.12 mm,
respectively. Therefore, HOI effects can result in up to 4 and 12 mm change in north-south (NS)
and east-west (EW) gradients respectively. These effects cannot be modeled in traditional

estimation, which should be eliminated in precise GNSS applications.
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Figure 3.18 ADAN Station Gradient Time Series and Residuals
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Figure 3.21 ERZR Station Gradient Time Series and Residuals

42



Gradient (mm)

Residuals (mm)

Gradient (mm)

L&.on.SQQoBS
¢ 7 /4

Residuals (mm)

g

Gradient (mm)

Residuals (mm)

a) ISPT GPS Station Gradient NS Tkno Seru b) lSPT GPS Statlon Grldlonl EW Time Sorio'

sF — * Gradient NS without carrection 1 =8 N Grldl.l EW wm wmm J
Gradient NS with corroction E Gradiont EW with correction
20 : | "I\ / \/ \\ = % y . \ \‘ i
u i NSV N A of VN ‘ - VI N\ A ] A o
Yt iy A N raw ~
ol VW .| WV ] g_” , 8y ®
60 0
4 i . ' v ' - '
2t 4 E 2+ 4
0 MWWW 1 ﬁ OF \,/L \\r r _/1 ,Vr" —_-,”L’Lﬂ_"__r'\fri
2t | 3 2
m- 1 13 4 RMS» 0.71
Jun 01 Jur\oa Jun 10 Jun 16 Jun20  Jun25  Jun X0 Jun 01 Jun 08 Junt0 Junits Jun20  Jun285  Jun 30
Figure 3.22 ISPT Station Gradient Time Series and Residuals
a) ISTN GPS Station Gradient NS Time Series - b) ISTN GPS Station Gradient EW Time Series
) \ . " ’_\ ; \ 4 Em - \ ! R
AL AWANAAS VN S ohas MYNWNASN
3 \—- \ | /\ ' v b - /‘ 1 -30 " 4 o "
\ —— Geadient NS without cormection 00 b  Gradent EW without comection |
\ G-u,nm-n*m‘ mewniwwl

,—h\r‘rr\, A f\_:

gy — i o g
) | " - _ad
J
- - “
3 -
) RMS» 083

e A e

LA dbow a8
—
e
r-‘

b y
LA .
!

- ) L RMS= 112 |

0t Jin05S JuntD Jnts Jun20 Jun25 Jund0 Jun0t Jun0S Jun10 JuntS Jun20 Jun2S Jund0

Figure 3.23 ISTN Station Gradient Time Series and Residuals

Residuals (mm)

~ a) IZMI GPS Station Gradient NS Time Series b) IZMI GPS Station Gradient EW Time Series
. . - . v . v
0k / e M N A E” 4
“‘/_'\\,' ) / \/ ‘\'\ - o ' . )

of ¥ ’ - : 715§ of : = . { Tm

/\ \ 7~ ; / \
% ——— Gradent NS without correction gm e Gradent EW withaut cormection
204 Gradort NS with corection  { O 4 Gradient EW with corection
6 - I
4t 4 & ‘F
oM~ ] ::r/'*u/“- A o [y el
2 § 2l 1
R §~Ar
: . 5 ‘ : RMS= 134 :’ ‘ ‘ ‘ AMS= 1.03
Jun01 JunDS  Jun10 Juni1S Jun20 Jun25  Jnd0 Jun01 Jn05  Jun10  Junts szo Jn28  Jun30

Figure 3.24 1ZMI Station Gradient Time Series and Residuals
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Figure 3.25 SAMN Station Gradient Time Series and Residuals

3.2.1 HOI effects on North-South Gradients With Solar Activities

High-order ionospheric effects on tropospheric gradients are further investigated during low

and high solar activity days.

3 T T T T T T T T
E [ Low Solar Activity Days
E25F} I High Solar Activity Days -
n
=
[ 2}
0
o
=
215
[+]
@
e 1
°
{
V) L
prd 0.5
4
0

ADAN ANRK DIYB ERZR ISPT ISTN IZMI SAMN

Figure 3.26 Low and High Solar Activity Days RMS of NS Gradient Residuals

The NS gradient residuals RMSs are bigger on high solar activity days than ones on low solar

activity days (Figures 3.26). For example, North-South gradient residuals RMS at ANRK

station is 0.86 mm on low solar activity days and reaches up to 2.74 mm on high solar activity

days in 2011.
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3.2.2 HOI effects on East-West Gradients With Solar Activities

When the HOI effects are investigated for East-West gradients with RMSs, the increase of
RMSs are clearly seen from low solar activity days to high solar activity days (Figure 3.27).
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Figure 3.27 Low and High Solar Activity Days RMS of EW Gradient Residuals

ERZR station has maximum effect in east-west gradient residuals RMS. While it is 0.69 mm
on low solar activity days, it reaches up to 2.20 mm on high solar activity days in 2011. When
the solar activity increased, effects on ZTD and gradients are also increasing relatively.
Therefore, HOI effects on ZTD and tropospheric gradients should be corrected to improve the

precision of GPS tropospheric parameters estimations.

3.3 HOI EFFECTS ON GPS ESTIMATED PWV

The high-order ionospheric effects on GPS estimated tropospheric delay and gradient are
investigated using with IGRF11 model, and results show that high-order effects can reach 6
mm on ZTD, 12 mm on gradient estimations change. HOI effects depend on solar activity,
geomagnetic and ionospheric conditions. These effects are much smaller when compared to the
first order ionospheric effects, so HOI effects are generally ignored in GPS applications.
However, in high precision GPS applications, HOI effects should be corrected from GPS
observations. Furthermore, the GPS estimated PWV with and without HOI corrections were
compared with radiosonde observations and the HOI corrected results are closer to radiosonde

observations.
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Figure 3.29 ANRK Station GPS PWV Time Series and Residuals
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Figure 3.31 ERZR Station GPS PWV Time Series and Residuals
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Figure 3.32 ISPT Station GPS PWV Time Series and Residuals
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Figure 3.33 ISTN Station GPS PWV Time Series and Residuals
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Figure 3.34 I1ZMI Station GPS PWV Time Series and Residuals
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Figure 3.35 SAMN Station GPS PWV Time Series and Residuals
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3.3.1 HOI Effects on GPS PWYV During the High and Low Solar Activities

Furthermore, high-order ionospheric effects on GPS estimated PWV are further investigated
during low and high solar activity days (Fig. 3.36). The PWV residuals RMSs are bigger on

high solar activity days than ones on low solar activity days (Fig. 3.37).
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Figure 3.36 ANRK Station GPS PWV Time Series and Residuals on Solar Activity Days
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Figure 3.37 RMS of PWV during low and high solar activity days

ANKR station has maximum effect in PWV residuals RMS. While it is 0.06 mm on low solar
activity days, it reaches up to 0.13 mm on high solar activity days in 2011. When the solar
activity increased, effects on PWV are also increasing relatively. Therefore, HOI effects on

PWYV should be corrected to improve the precision of GPS tropospheric parameters estimations.
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In the past time, the second- and third-order ionospheric effects are ignored in PWV estimation.
In this study, the high-order ionospheric effects on PWV are investigated at 8 continuous GPS
stations. Results show that high-order ionospheric effects are up to 1 millimeter on PWV during
this period. Furthermore, the high-order ionospheric effects on PWV are bigger during the peak

solar activity days, while, much smaller during low soar activity days.

3.3.2 Radiosonde and GPS PWV Comparison

The high-order ionospheric effects on GPS estimated tropospheric delay and gradient are
investigated using with IGRF11 model, and results show that high-order effects can reach 6
mm on ZTD, 12 mm on gradient estimations change. HOI effects depend on solar activity,
geomagnetic and ionospheric conditions. These effects are much smaller when compared to the
first order ionospheric effects, so HOI effects are generally ignored in GPS applications.
However, in high precision GPS applications, HOI effects should be corrected from GPS
observations. Furthermore, the GPS estimated PWV with and without HOI corrections were
compared with radiosonde observations and the HOI corrected results are closer to radiosonde

observations.
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Figure 3.38 ADAN Station PWV Time Series Comparison and Residuals

50



Residuals (mm)

30 T T T T T
YA \ .M*( A \
20 Ky@-ﬂ*ﬁ\_ﬁ* \{*\X‘ .- /?}% A
10 Radiosonde =~ —*— Corr. GPS —+— GPS 1Y
| | | | |
10 T T T T T
* " —#— Radiosonde - Corr. GPS ——— Radiosonde - GPS
5 C * .!"".I . #)‘?._\ % x et
VA AR ARV /\f\f A w0 WD
o £y * VN
RMS= 2.97
RMS= 3.00
_5 | | | | |
Jun 01 Jun 05 Jun 10 Jun 15 Jun 20 Jun 25 Jun 30

Figure 3.39 ANRK Station PWV Time Series Comparison and Residuals
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Figure 3.40 DIYB Station PWV Time Series Comparison and Residuals
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Figure 3.41 ERZR Station PWV Time Series Comparison and Residuals
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Figure 3.42 ISPT Station PWV Time Series Comparison and Residuals
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Figure 3.43 ISTN Station PWV Time Series Comparison and Residuals
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Figure 3.44 1ZMI Station PWV Time Series Comparison and Residuals
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CHAPTER 4

HIGH-ORDER IONOSPHERIC EFFECTS ON COORDINATES

Global Positioning System (GPS) gives a chance for users to obtain high precision positioning
information with the real time applications. GPS signals are effected in the ionosphere and have
adelay. First order ionospheric effects are eliminated using with the double frequency receivers.
High-order ionospheric effects are very smaller than first order effects, therefore generally
ignored in studies. Its effect can be low but, high order ionospheric effects should be eliminated
in precise GPS applications also. Precise positioning components can be obtained using
observation files evaluated on GAMIT software with post processing applications. In this case,
high-order ionospheric effects on coordinates are investigated from GPS data in June 2011 at 8
TUSAGA-Active GPS stations in Turkey. High order ionospheric effects on coordinate
components are observed for same stations with peak solar activity days data also. Firstly, the
second and third-order effects on GPS data are corrected in RINEX observation files using
IGRF11 (International Geomagnetic Reference Field) model. Then two different coordinates
are separately obtained for these stations from raw and corrected RINEX data with
GAMIT/GlobK software. Results show that, 10, 7 and 24 millimeters changes occurred in order
of north, east and up components by high-order ionospheric effects. When data during the peak
solar activity days observation files are used for same stations in 2011, it is observed that, high-
order ionospheric effects on north, east and up components can be reached in order of 18, 11

and 43 millimeters change.

Although the high-order ionospheric effects on major or by-products obtained as a result of
GPS assessments is considered small, it is needed to be handled in order to increase precision
and accuracy in positioning and atmospheric parameter estimation. In this study, GPS
observation data of 8 TUSAGA-Active stations were used. The distribution of the GPS stations

used in the evaluations is as shown in Figure 3.1.

55



Firstly, second and third order ionospheric effects were corrected in RINEX observation files
using with RINEX-HO software. Then, raw and corrected observation files evaluated by
GAMIT / GLOBK academic GPS evaluation software and coordinate components of stations
were obtained from both data types.
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4.1 COORDINATE CHANGES ON LOW SOLAR ACTIVITY DAYS

Suddenly happened flares in the sun causes magnetic energy in the form of electromagnetic
radiation. This magnetic energy affects the earth atmosphere with solar storms. Solar activities
can be recorded in varies indices. The F10.7 flux index is the most important index available
online since 1947, in which solar activity values are recorded. In this study, high order

ionospheric effects depend on low solar activity days were also investigated (Figure 4.10).
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Figure 4.10 ISPT Station North, East and Up Time Series and Residuals on Low Solar Activity
Days, 2011

HOI effects over the coordinate components with low solar activity were found that 2, 4 and 9
mm on north, east and up components of ISPT station, respectively. On the days when the solar

activity is low, the HOI effect on the coordinate components is low enough to be neglected.
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4.2 COORDINATE CHANGES ON HIGH SOLAR ACTIVITY DAYS

When the same process was applied for coordinate estimations of ISPT station on high solar
activity days, results show that HOI effects on coordinates are also increasing with solar
activities. As a result of the assessments, high-order ionospheric effects causes about
differences of 10 mm, 7 mm, 24 mm in East, North and Up coordinate components respectively.
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Figure 4.11 ISPT Station North, East and Up Time Series and Residuals on High Solar Activity
Days, 2011

The effect of high-order ionospheric effects on the receiver's coordinate components also varies,
depending on the increase in solar activity, as seen in the results from two different data sets
used.
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Figure 4.12 North, East and Up Components RMS on Solar Activity Days
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It was observed that in the days when the solar activity was at the highest level in 2011, when
the observation data belonging to the same stations were used, these differences were reached

18 mm, 11 mm and 43 mm in the East, North and Up coordinate components respectively.
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CHAPTER 5

CONCLUSION

A significant part of the ionospheric delay is first order ionospheric effects and this error is
corrected by using dual frequency GPS receivers. High order ionospheric delays also must be
eliminated in high precision positioning and atmospheric estimation studies.

In this study, high-order ionospheric effects on GPS tropospheric and coordinate estimations
are investigated. IGRF11 model for geomagnetic field coefficients and GIM for total electron
content are used in HOI correction process. As a result of the evaluations, high-order effects

can reach 6 mm on ZTD, 12 mm on gradient estimations change.

HOI effects depend on solar activity, geomagnetic and ionospheric conditions. These effects
are much smaller when compared to the first order ionospheric effects, so HOI effects are
generally ignored in GPS applications. However, in high precision GPS applications, HOI
effects should be corrected from GPS observations. In addition, the GPS estimated PWV with
and without HOI corrections were compared with radiosonde observations and the HOI

corrected results are closer to radiosonde observations.

From night time to day time, its effects on tropospheric delay are nearly doubled. The increase
in RMS of ZTD residuals is seen from low solar activity days to high solar activity day. Also,
HOI effects on slant tropospheric delay are big in low elevations and can reach over 30 mm.
Therefore the high-order ionospheric delay has a large effect on tropospheric delay and gradient

estimation, which should be considered for high precision GPS meteorological applications.
HOI effects on coordinates were also handled and, high-order ionospheric effects caused

differences in 10 mm, 7 mm, 24 mm on north, east and up components, respectively. When the

same stations observation data were used for high solar activity days in 2011, those effects were
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reached to 18 mm, 11 mm and 43 mm in the north, east and up coordinate components. These
results cannot at be ignored, and it is necessary to eliminate these effects in precise positioning.

Sustainable and developable location determination can be achieved with high-order
ionospheric corrections. These effects depend on solar activity and geomagnetic effects. When
the geomagnetic field is defined more accurately, the more accurate observations will give the

more accurate data to be obtained.
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