FhENHES: TP274

¥4 S 10006SLS1925204

B GNSS ¥iEibH

gy ==

N

b B A7 B W & N 5T

1 % t %
¥R % b
1 S T
% R A

EEZ1R
SES5@BELRE (FEFMARKA)
A=)

Ed|l7nsalio



High Accuracy GNSS Data Processing and Determination
of Displacement by Earthquake

A Dissertation Submitted for the Degree of Master

Candidate: Mario Cesar Mendoza Del Aguila

Supervisor: Prof. Dr. Shi Chuang

International School

Beihang University, Beijing, China



FE NS TP274
X% S : 10006L.51925204

M+ ¥ L i X

=5 E GNSS HIEAIE K EA
um W Rz F 53

TEE k4 EEZI HIFEM g LEEhd
EiERs s UL/ A ;o w o
FRF B 5lAE TRECE AR M) wryeorE BESN

SOIWHEIE S 2019 4 9 H 15 H EE 2021 £ H H ik

WA HE 2021 £ 5 H H wX&EHH 2021 4 H H

AR T ERAL BRI AR K FALI T H Y it H



K TFMILCRYR BT RA

ANFEFEY: B 2AAIR SRR NAESR P HITE 3 N OLIAT T 7 AR TS
AR, 1S R BRI B 2 SE SRR 1 o SRR EN, BROIC C &N DAARVEFIES b,
AR AR ZTHARN R R BEES KB TR, AR EA NSt N RS b i
PR K S B B A WU (0 S B A5 i A P I AR o 55 38— [R) A (Y [R] 5% 1
FEHT AT 7] STER S CAE R SO AR H T B B B

HHALZAL, RNEE A RIERETE.

RS 4 /é%é#wﬁ— Hi: 2021 4 10 A 29 H

FAOL AR
AN 58 & [ R AU 2B R K AT B A A0 1 30 CRLARELAS BR L BT R s A R
ThO s AT AEFEEAR T RE AR, FUE HE A R (W) 858
FRIR I, PR RIS H G IE AL B AR 30, SOV SO I | A& AT EN,
R ALV SO A S o0 A A g AN OB R AT R R, SRS ED S 4 B LA A )
BUORAF AR 0
DR AL Ve SCAE MR i R s AL )

BERTSAE B jé%%ﬁwt_ SEP 2021 4F 10 H 29 H

e FHINZEA4 H . 2021 4 10 H 29 H




m =

MELL TR RMI TG L, AT 98 RIS R MR A AL, H52is 3
REETEX B E TR, RAFHT MEMNNHEES 5.

T RPGE S AL M5 R AR, 7TEMEH GNSS HREAT Bl &, X2 T
X LI B SR R AR T B A TR ORI SR, @ i Aok R [ K R
AT (IGN) FOFbE K HESE MR 4% (REGPMOC) HESEPR BRI GNSS ¥¥E, " LAfE
3| 3 B EH TR AR SN B 3 AR U LA P = A R B A A RS

tHFL AR 2019 45 5 A 26 H 7 0 41 43 14 £ CHHUE R 2 0 41 73 14 7)), AT
FI T ZRIEILT 720 28 BALPIFLE AR HLIX R AR HLIK 8.0 4R« IX RHFE 2 i Fah &
ARCBRIR Hh R B2 I W 2 R B - FR VR TR 46 5.796° , T4 75.298° , FRUFIRE 109.9
AH (USGS,2019). EEMF A (USGS) RELZFENLHIMRE, HEEET—
ANEE AL B EBREWTZE o BEAL T g RAR SRR s N, BRCERTE 124 X DA AT
297 JEOK (29 2.7 S/ (AT FEAR R TR AR ) AR R e o S50 B () A1 e = E A
EACE ARG R PEE BN W SRR R I EAR L, e X R IR BT R
T AR EL/N , AHTE R B9 78 AR 50 (1 X AT T KR I (USGS, 2019). AV ETE
. JERZIR. BHMELTE . Z3 P9 b A0 B 7 22 b e A R K

ARSI T BTG AR B I MR X e (F 22 KA 8 BB X8 o NEHEEA
GNSS SEEHERT G AL E, AU T 14 NIASEE R GNSS 3, i B s (%
4 R RE GEEATTR)D « ARSCRAHGER— MG — MK GNSS £l (2
KR H o 146 0 HO , BI 139 0% H 2 156 R0 H . 81 GNSS bFEH{f PANDA
CH P E BRI LI T GNSS Bl 4 T RS 2 8 ) SRR IR 4 3. 45 R
R, RGO b, HhREFHT ) GNSS ss mpadbr mg A T KL 2 KNI .

X 42i7: GNSS, PANDA, ITRF, FEa8rhdisghr, /N —3klk



Abstract

Peru is located along the western margin of South America, between the convergence of
the Nazca and South American tectonic plates, where efforts and energy accumulation are
generated. The consequence of which are seismic movements and displacements on the South

American continent.

The use of GNSS technology provides direct measurements of the displacements due to
the movement of the plates and the deformation, basic information for the understanding of
the kinematics of the movements. Using satellite geodesy techniques, Peruvian margin
displacement rates produced mainly by the interaction between the Nazca and South
American plates have been derived by analysis of GNSS data from the GNSS Permanent
Tracking Stations of the Peruvian Geodetic Continuous Monitoring Network (REGPMOC) of

the Geographic Institute National (IGN) of Peru.

On Sunday May 26, 2019, at 7:41:14 UTC (2:41:14 local time), a magnitude (Mw) 8.0
earthquake took place in Eastern Peru approximately 720 km northeast of Lima. The
earthquake occurred as the result of an intermediate-depth normal faulting rupture of the
Nazca plate. The hypocenter of the earthquake was located at 5.796°S 75.298°W at a depth of
109.9 km (USGS, 2019). Focal mechanism solutions provided by the U.S. Geological Survey
(USGS) indicate that the rupture occurred on either a north- or south-striking, moderately
dipping normal fault. Pert is located within the subduction zone of the Nazca plate which
subducts in an eastern downward motion relative to the South America plate in this region at a
velocity of approximately 7 cm/yr (about 2.7 inch/yr). Intermediate-depth subduction events
are relatively common in northern Perti and western South America. They typically cause less
damage on the ground surface above their foci than similar magnitude shallow-focus
earthquakes, but large intermediate-depth earthquakes may be felt at great distance from their
epicenters (USGS, 2019). The earthquake was felt by people in Pert, Ecuador, Colombia,

Venezuela and Brazil.
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The study area includes the Peruvian jungle area, mainly the area where the 8-magnitude
earthquake occurred. The same GNSS stations have been used for the purpose of making
comparisons of the position of each GNSS station before and after the earthquake, in this
research used 14 GNSS stations rounding earthquake epicenter, analyzing separation
distances (baselines) and obtaining the displacement vectors (magnitude and direction). In this
thesis used data GNSS one week before and one week after earthquake, since 139 Julian day
to 156 Julian day, knowing earthquake day was in 146 Julian day, data was made quality
check and it result good data, according the standard solutions and the made post processing
and analysis. Results obtained using the scientific GNSS processing software PANDA, a
precision package for GNSS data analysis, developed by the University of Wuhan, China, are
shown. The results are high accuracy on millimeters order results obtained are surrounding

2cm displacement on near GNSS stations earthquake, to the north west.

Key words: GNSS, PANDA, ITRF, Precise Point Positioning, Least Squares method
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1 Introduction

1.1 Background

Nowadays GNSS systems allow us to observe the behavior of our planet, in different
areas of the application of geospatial sciences. GNSS information can be used for a better
understanding of the behavior of our planet. For the particular case, to study the behavior of
surface displacements, it is necessary to use high precision measuring instruments. GNSS
receivers allow measuring the position and speed of a point on the earth's surface. For
example, an investigation was conducted on the CORS Reference Displacement Monitoring
Stations using GNSS precise point positioning in Peru showing use of the GNSS technology
allows for achieving high accuracy displacements [1], as well as research was carried out on
the analysis of the geodesic network displacement where it is shown the statistical
significance of point displacements in the geodetic network as the intermediate stage between
the adjustment of respective epochs measurements and an in-depth deformation analysis [2].
For to do this type of research is necessarily know that basics concepts of reference system [3]
and reference frame [4], also GNSS can give us information for study crustal deformation and
know GPS velocity field, this uses the velocity field to update geodetic estimates of slip rates
of the major structures in the region, compare those for the major Tibetan strike-slip faults
against available geological estimates, critically assess any apparent discrepancies, and
conclude that there is a good correspondence between geological and geodetic slip rates [5].
About the topics referred before there are many information for have a reference and develop
my thesis tentative, in order to obtain results in my research thesis is necessary to use highly
robust software that is available to process this information, such as PANDA software,
GAMIT or BERESE [6]. Throughout the world there are more than 500 permanent GNSS
stations, forming a GNSS network, which defines the systems and world reference frames. As
in the world there are global GNSS receivers in Peru there are local GNSS receivers. At
present there are 70 GNSS receivers in continuous operation, operating 24 hours a day, all
year round; These make up a GNSS network that serves to monitor the Peruvian territory. For

this work, the processing and analysis of behavior and displacement will be carried out using



Chapter 1 Introduction

high precision processing with data one week before and after of seismic, using the PANDA
scientific software, I will use PANDA software in research as a most essential scientific tools
and the quality control [7] of your result will be evaluated using the statistics of the final data
as well as compared to results from other reference software.

Peru has 70 GNSS receivers installed along its territory, these track precise positioning

data 24 hours per day and 365 days a year.
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Figure 1 Location of seismic and GNSS stations

1.2 Research Status

This research was made thanks to National Geographic Institute from Peru, that made
possibly get data and information for make easy way this research.

Process GNSS data is important because allow us to knows high accuracy position of
GNSS stations, it can show the position and behavior of one point in the earth, and know what
is the displacement a long of time.

For this research it used data before and after earthquake for know how many was
displacement in 14 GNSS stations points surrounding earthquake, using PANDA software,

PANDA used only RINEX data version 2.11 with GPS constellations, and used metadata from

2
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IGS like broadcast, precise ephemeris and clock data.

GPS satellite transmit two frequencies from orbit those are pseudocode and carrier
phase observations [8]. GNSS satellite travel on a specific orbit. GNSS technology are
significantly of great importance for geodesy and geodynamics. More station will be
established and low-Earth-orbiting (LEO) satellites [9] will be connected to GNSS receiver.
However, in over the world the number of satellites for example GLONASS system from
Russia, Galileo system from Europe and BeiDou from China is going to provide a better
precise information to user [10]. International GNSS service (IGS) has provide a better
strategy for precise orbit determination (POD) [11]. Precise Point Positioning (PPP) is a high
standard geodetic positioning method has provided the sub-decimeter to decimeter level
precise positioning accuracy in static and kinematic modes [12]. PPP uses specific GPS
satellites in orbit and satellite clock products with un-differenced dual- frequency
pseudorange and carrier phase monitoring [13]. Although the sampling interval of 30 s served
almost as a standard format to collect GPS data at permanent stations for deformation
measurement [14]. GPS seismology uses GPS as displacement seismometers/instruments at a
high sampling rate for earthquake study [15]. first successfully detected the high-rate GPS
waveforms of displacements caused by the 3 November 2002 Mw7.9 Denali Fault earthquake

by using relative GPS positioning techniques to process the 1-Hz GPS data [16].

1.3 Dissertation’s Structure

This thesis divided into six main parts, detailed as follows:

- Part one: Introduction

In this part, we presented an overview of the topic of the study, the most important
problems, and the importance of monitoring land in earthquake to achieve understand in the

study area, motivations, objectives and contents.

- Part two: Literature Review
In this part, we presented the most important concepts in the field of study, the

methods used, previous studies and their effectiveness.
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- Part three: Methodology and Data Used

In this part, we provided an overview of our study area, the software and data used,
and we described the techniques and the methods followed to know the behavior of
earthquake, extract raw data convert to rinex and process in PANDA software and analysis the

results and changes in earthquake.

- Part four: Applications and Experimental Results
In this part we presented the different steps of the GNSS data preprocessing and the
analysis process, as well as the results of the quality check, and application in geodesy and

earth sciences.

- Part five: Analysis and Results
In this part we presented the results after processing and quality check, comparison
before and after earthquake, displacements, statists. Also, we analyzed and discussed these

results, and compared the developments in our study area.

- Part six: Conclusion
In this part we presented the general conclusion of our study which is based on a

comprehensive review of the partial and total result.
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2 Basic Theory

2.1 Conventional Terrestrial Reference System and Frame

2.1.1 System Definition

Fixed coordinate axes will be used on the Earth, that is, they rotate with it, so that the
coordinates of a point, in principle, will always be the same.

The conventions that take the reference system to conventional are:

* Origin: Center of land masses or geocenter, including the atmosphere and oceans.

* Meridian plane: passes through any point on earth and contains the axis of rotation.

* Equator plane: it is perpendicular to the axis of rotation and stops at the geocenter.

* X axis: it is located in the direction of the meridian plane that passes through
Greenwich and contained in the equator plane. It is considered internationally as the origin
meridian or zero meridian since 1884.

* Y axis: contained in the equator plane and perpendicular to the X axis and its direction

will be such that the three axes form a right-handed triplet.

2.1.2 Coordinate system

2.1.2.1 Cartesian and spherical coordinates

Any point on the earth's surface will present coordinates (X, Y, Z) in the defined

coordinate axis triplet, these points being the ones that constitute the reference frame, figure 2

Figure 2 Cartesian coordinate system [4]
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In any case, it is common to use spherical coordinates for the parameterization of the
points on the Earth, (r, ¢, A), figure 3, where, in a generic way, r is the radial distance to the
geocenter, ¢ the geocentric latitude (angle between r and the plane of the equator) and A the
geocentric longitude (angle between the Meridian plane of Greenwich and that of the

calculation point, measured in the plane of the equator).

Figure 3 Spherical coordinate system [4]

The relationship between spherical and Cartesian coordinates is a matrix product
corresponding to the regular parametrization of the sphere:

X cos A cos @
Y |=r| sin Acos@ (2.0)
Z sin @

For the correct definition of the radial distance r (different distance for each point on

the Earth and that does not follow any exact geometric pattern), a reference surface must be

entered as an approximation to the real shape of the Earth.
2.1.2.2 Geographic coordinate system

In first approximation the Earth is a homogeneous sphere of radius R.

The axis of rotation cuts the earth's surface at two points: the North geographic pole
(PN) and at the South geographic pole (PS). The North geographic pole is the one from which
if the Earth is observed towards its interior, it is rotated in the opposite direction to the needles

of the clock, figure 4.
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Figure 4 Spherical approach to the Earth [4]

The vertical of any point on the Earth's surface will pass through the center of the

Earth.
The position of a point E on the Earth's surface is determined by two coordinates,

figure 5.
The geographical latitude (¢) from point E is called the angle that the vertical of E

makes with the plane of the Earth's equator. Geographic latitude varies from 0° to 90° in the

boreal hemisphere (northern latitude) and from 0° to -90° in the southern hemisphere

(southern latitude).
The geographic longitude (A) of point E is called the angle that the meridian of the

point forms with the origin meridian. Geographic longitude varies from 0° to 180° in the

eastern hemisphere and from 0° to -180° in the western hemisphere, that is, the first to the east

and the second to the west.
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V.

Figure 5 Geographical coordinates [4]

2.1.2.3 Geodetic and geocentric coordinate system. Geodetic reference system

The second approximation to the shape of the Earth is an ellipsoid of revolution
defined by its semi-major axis (a) and its semi-minor axis (b) or flattening (f). The center of
the ellipsoid coincides with the center of the reference system, that is, with the geocenter and
the semi-minor axis is made to coincide with the Earth's axis of rotation, thus constituting the
geodetic coordinate system.

The geodesic vertical at a point on the surface of the ellipsoid of revolution coincides
with the direction of the vector normal to the ellipsoid at that point, and therefore does not
pass through the center of the ellipsoid, figure 6.

So, the geodetic coordinates will be:

Geodetic latitude: it is the angle formed by the geodetic vertical of the point with the
geodesic equator plane.

Geodetic longitude: it is the angle formed by the geodetic meridian of the calculation
point and the origin geodetic meridian.

We introduce at this moment the geocentric coordinates since, on the ellipsoid they
will not coincide with the geodesics, in this case the geocentric longitude will be equal to the
geodesic, but the geocentric latitude () will be the angle between the line that joins the center

of the ellipsoid and a point on the ellipsoid and the geodesic equator.
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Figure 6 Geodetic and geocentric coordinates [4]

2.1.3 Geodesic reference system

2.1.3.1 Global geodetic reference systems. GRS and WGS84

Datum will be defined as the set of parameters that define the position of an ellipsoid
with respect to the earth. To determine it, it is necessary to know the geometry of the ellipsoid
a and f, its position with respect to the geocenter AX, AY, AZ (coordinates of the center of the
ellipsoid with respect to the geocenter), its orientation R1, R2, R3 (orientation of the ellipsoid

axes with respect to the terrestrial ones) and the k scale.
If AX =AY = AZ = 0, the Geodetic datum is called Global or absolute.

The Geodetic Reference System 1980 (GRS80) adopted by the IUGG (International
Union of Geodesy and Geophysics) by its general assembly in Canberra in 1979, belongs to

this group.

This system replaces the GRS67 for not adequately representing the size, shape and
gravitational field with sufficient precision for most geodetic, geophysical, astronomical and

hydrographic applications.
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The main parameters of the system are:

a= 6378137 m. (Obtained from SLR and Doppler measurements).

J2 =108263 - 10-8 (Obtained from disturbances in the orbit of satellites).

GM = 3986005108 m3 / sg2 (Obtained from SLR, LLR and spatial tests).

®=7293115 - 10-11 rd / sg (Obtained from astronomical measurements).

The orientation of the Z axis will be that defined by the C.I1.O. pole, as the X axis the

meridian 0 defined by the B.I.H. and the Y axis forming the right-handed triplet.

This system is still in force and its definition has not been updated since it must be
taken into account that below the meter in the difference of parameters, there is no practical
difference in the determination of coordinates. Thus, the improvements of the themselves are

considered scientific advances but the standard (GRS80) should not be changed.

When the information on the datum is obtained from positions within the orbit of the
satellites (dynamic determination of the system), the coefficients of the gravitational potential
(J2), as well as some constants (o, speed of light, geocentric gravitational constant) are part of

the datum definition since they are all calculated together.

An example of this last group is the World Geodetic System 1984 (WGS84) used by

the GPS technique and obtained exclusively from the data of the GPS satellite constellation.

The values of its main parameters are:

a=6378137m

J2 =108262,9983-10-8

GM =3986004.418-108 m3/sg2

®=7293115-10-11 rd/sg

10



BUAA Academic Dissertation for Master’s Degree

1/f=298.257223563

The World Geodetic System 1984 (WGS84) uses the LE.R.S. pole as the Z axis and the
0-meridian defined by the LE.R.S. as the X axis. and the Y axis forming the right-handed

triplet. Its origin coincides with the geocenter.

On a practical level, as can be deduced, the GRS80 and the WGS84 can be considered

identical.

2.1.3.2 Local geodetic reference systems. ED50

If AX = AY # AZ # 0 we are faced with a local datum. The local frame is
defined by seven parameters (or, rather, 6 plus a condition): values for a and f (geometry of
the ellipsoid), values of the deviations from the vertical ( £ , 0 ) and the undulation of the
geoid (distance between the reference ellipsoid and the geoid), these three parameters are used
to obtain the orientation of the ellipsoid, the geodetic azimuth of a line and, as a condition,
that the semi-minor axis of the ellipsoid and the mean axis of the earth's rotation are parallel.
In addition, it is tried that the ellipsoid fits as much as possible to the area to be mapped, so

that the reduction of observations is as simple as possible.

An example of this type of system is the ED-50 (European Datum of 1950), a system to

which all Spanish cartography refers.

This system adopted the Hayford or International ellipsoid, introduced by the IUGG at
its 1924 general assembly in Madrid, where a and f were obtained from astronomical and

geodetic measurements in the United States.

a=6378388

f=1/297

Potsdam was adopted as a fundamental point, where the deviation from the vertical
(angular difference between the geodetic and astronomical vertical) and the undulation of the
geoid are known (§ = 37.36, 1 =17 .78, N = 0), so that the ellipsoid is oriented with respect to

the Earth. It should be noted that setting the values of the deviation from the vertical (&, ) and

11
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the value of the undulation of the geoid N at the fundamental point to orient the ellipsoid is
equivalent to setting it from the X, Y, Z coordinates of its center with respect to the geocenter,

figure 7.

ED50's accuracy ranges from a few meters in central Europe to more than 10 meters in
the south, although its relative accuracy is much higher and more than sufficient for small-
and medium-scale mapping surveys, so in 1968, the Army Geographical Service adopted it

for its basic cartography 1/50000 and also the IGN in 1979.

Figure 7 Local geodetic system [4]

2.1.4 International Terrestrial Reference Frame (ITRF)

The conventional international terrestrial reference system is materialized through the
coordinates of a series of stations distributed throughout the world in that reference system,
constituting the ITRF (International Terrestrial Reference Frame), established and maintained
by the IERS.

Basically, the system that materializes is defined as geocentric (including the
atmosphere and oceans), the basis for the scale is the meter (in the international system) and

with the orientation of its axes as established by the BIH in 1984:

» Z axis: Middle pole determined by the IERS and called IERS Reference Pole (IRP) or

Conventional Terrestrial Pole (CTP).

12
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» X axis: Conventional Greenwich Meridian determined by the IERS and called IERS
Reference Meridian (IRM) or Greenwich Mean Origin (GMO).

* Y axis: Forming a right-handed triplet with the previous axes on the conventional equator
plane.

The frame is formed by Cartesian coordinates and speeds of a series of stations
equipped with spatial observation techniques (VLBI, SLR, LLR, GPS since 1991 and DORIS
since 1994), in figure 8 the stations for the ITRF2000 can be seen. If geodetic coordinates are
desired, the use of the GRS80 ellipsoid is recommended. These coordinates implicitly define

the origin, scale, and orientation of the X, Y, Z coordinate axes of the reference system.

o1 *2 A3 % 4

Collocated techniques = 70 25 6

Figure 8 Stations that make up the ITRF2000 symbolized according to the number of
different spatial techniques they use. (www.researchgate.net)

2.2 GNSS

The concept of GNSS is the generic standard term that encompasses Satellite
Navigation Systems that provides geospatial positioning with global coverage, both
autonomously and with augmentation systems. The beginnings date back to 1958, after the
launch of Sputnik 1, launched on October 4, 1957 by the Soviet Union, it was the first

artificial satellite in history to reach Earth orbit, a month later Sputnik is launched 2 and then,

13
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in 1958, the first American Vanguard I satellite. In this way, the decade of the 60s meant a
great commitment to navigation systems and that is how in 1964 the first satellites of the
NAVSTAR constellation were launched in the United States. In 1969 with the Apollo 11 space
mission, laser reflectors were placed on the Moon and that same year the first base was
measured by Very Long Baseline Interferometry (VLBI). In the 1980s, the United States
Department of Defense (DoD) developed GPS as a positioning and navigation system.
Important advances are made in VLBI and Doppler Orbitography and Integrated Radio
positioning by Satellite (DORIS) techniques. In the following years, the development of
Spatial Geodesy focused its efforts on establishing the world geodetic system, determining

geopotential models and measuring the Earth's gravity field. [17]
2.2.1 Land Use and Land Cover

Generally, Land use refers to how the land is used by people, while land cover refers
to the physical and actual categories of land. The information and data of the both land use
and land cover are often obtained from analysis of aerial and satellite imagery. Land cover
signifies the biological and physical cover of the ground, whether it is artificial structures,
vegetation, bare soil, water, or others [19]. Identification and mapping of land cover is
important for the monitoring and the change detection studies, resource management and for
future planning activities [20]. On the other hand, Land use has a more complicated aspect,
because it involves principles management and social sciences and refers to the purpose the
land serves, for example, habitat, recreation, agriculture, or other economic and social

purposes.
2.3 GNSS Signal

The satellites that make up the navigation and positioning system have clocks or
oscillators. These are atomic clocks for cesium, rubidium, and in some cases hydrogen. These
clocks generate waves, called carriers, and all the information is supported on them. Atomic
clocks maintain a stable and continuous time scale, they use the time pattern associated with

International Atomic Time (TAI). On the other hand, GNSS receivers use quartz oscillators.
24 GNSS Observation

The concept of observables in satellite navigation refers to the ranges that are deduced

14
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from the time measured between the signals received by the receiver (moment of reception)
and the signals generated by the satellite (moment of emission). Unlike terrestrial electronic
distance measurements, satellite navigation uses the “one-way concept” in which two clocks
intervene, one on the satellite and the other on the receiver. Therefore, the ranges are skewed
by satellite and receiver clock errors and are therefore denoted as pseudoranges. [18]. As

mentioned, [17], there are three groups of GPS observables:

. Time observables, which will allow obtaining the pseudo-distances from the code.
. Phase difference observables.
. Observable Doppler.

The new signal structures for GPS, GLONASS, GALILEO and BDS allow to generate code

and phase.
2.4.1 Pseudorange

sat

As stated by [18] and as observed in figure 9, if we denote with ¢ the time of

emission of the signal referred to the reading of the satellite clock and with Lec the time of
reception of the signal referring to the reading of the receiver clock, the errors of the clocks or

sat

biases with respect to a common time system can be estimated, for which they are called ¢

t

and " . On the other hand, the difference between the clock readings is equivalent to the

time change A? | which synchronizes the satellite and the reference signal during the code

correlation procedure at the receiver, as shown in figure 10 and is expressed in equation (2,1).

15
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SAT-1

GNSS RECEIVER

Figure 9 Pseudorange signal [18]

t,—t" =[t,.+6, ]1-[t"+5"]=At+AS 2.1)
TRANSMITED ‘ ‘
| ’ L
Tsi
RECEIVED E ‘ ‘
- *
: i Tr
B :
DELAY | |
At o

Figure 10 Signal synchronization [18]

Now, as indicated by [19], in equation (2.1), Lec and 1™ are involved two different

time systems but now on the right-hand side of this equation fec and 1™ are at the same

At=t, —t" y A6=6, —0™

time system common and where rec The 9™ bias of the

satellite clock can be modeled if the respective information is transmitted accordingly by a

polynomial with the coefficients that are transmitted in the navigation message. In such a way
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sat

that when multiplying the time interval of the expression Frec ~ of equation (2.1) that is
affected by clock errors and by the speed of light, the code pseudorange expression is
expressed in the equation (2,2).

R=c[t, —t"]=cAt+cAS = p+cAS (2.2)

rec

On the other hand, as indicated [19], in practice, the clocks are not synchronized with
each other, both the receiver clock and the satellite clock have a drift with respect to the
system time and that together with others Errors make it impossible to accurately calculate the
distances, in this way the pseudorange or code measure is calculated by default. Which in

sat

other words corresponds to the distance between the satellite's ' epoch and the receiver's

antenna position in the rec epoch. However, reality is not limited only to this, since in
addition to the problems mentioned, there are several errors that distort the signal when
crossing the atmosphere, such as relativistic effects, delays, multipath error and others of less
importance, which produce disturbances that they delay the signal. Therefore, the

pseudorange is expressed as observed in equation (2.3).

R[ :p+C(5trEC _5tsat)+Atr0po +Aiono +Am +gi +AS:t +Ar§c (2 3)

Where:

R Pseudorange

P = Ts the geometric distance between the satellite and the antenna phase center
(APC) of the receiver at the time of transmission and reception respectively.
€= gpeed of light

e — Receiver state clock

o™ = Satellite state clock

A" =1t is the delay in the signal caused by passing through the troposphere layer

17
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A™ = 1t is the ionospheric effect produced by the signal passing through the

ionosphere layer, and given its dispersive nature, the term will depend on the frequency.
Ao Errors due to the multipath effect of the observable code

€= Errors due to unmodeled effects that contribute to the observation noise

sat

a = Satellite antenna center correction

Arec . .
a = Recelver antenna correction

2.4.2 Phase measurements

As stated by [20], it is affirmed that the synchronization between the carrier of the
received signal and the replica generated in reception allows obtaining a measure of the phase

of the carrier. This phase measurement can also be used to estimate the satellite and receiver

distance. Therefore, the distance measure can be calculated by measuring the integer v of

wavelengths A and the non-integer part %, as seen in equation (2.4) and in figure 11.
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D

GNSS RECEIVER

Figure 11 Phase measurements [18]

This simple idea is not easy to carry out given the difficulty of determining V , and this

problem is called the determination of ambiguities. The phase measurement is usually

expressed in carrier cycles. So, this distance will be equal to the integer number of carrier

cycles NV elapsed since the signal left the satellite until it reaches the receiver, plus the

fraction of the cycle measured. The phase observable is the difference between the phase of
the carrier received from the satellite and the phase generated internally by the oscillator of
the receiver. These phase measurements are recorded at equal time intervals from the receiver,
and do not take into account the number of waves between the receiver and the satellite, but
the observable phase variations over time are correlated with changes in topocentric distance

[17].

In abbreviated form, the general equation of the phase observable can be expressed as

follows, see equation (2.5). [19]

— tropo __ Aiono
¢p=p+cAo+ AN +A A"+ A, +e, 2.5)

The number of cycles between satellite and receiver depends on the phase generated by
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the oscillators. As in pseudorange, there are clock errors, and also in its route it suffers the
effects of delay or advance of the signal when crossing the atmosphere, and other errors such

as multipath. Therefore, in equation (2.6), the general expression in linear units is observed:

$.=p+c(dt, =)+ AN + A =N + A, +& + Ao+ Ny + N5 + 1" + A 2.6

Where:
P =1s the geometric distance between the satellite and the antenna phase center (APC)
of the receiver at the time of transmission and reception respectively.
€= gspeed of light

e = Receiver state clock

™ = Satellite state clock

AN = Represents ambiguity

A™” =Tt is the delay in the signal caused by passing through the troposphere layer

A = 1t is the ionospheric effect produced by the signal passing through the

ionosphere layer, and given its dispersive nature, the term will depend on the frequency.
A= Errors due to the multipath effect of the observable code

€i = Errors due to unmodeled effects that contribute to the observation noise

Aw_ Windup effect of circular polarization of the electromagnetic signal with

sat

< = Satellite antenna center correction

rec

¢ = Receiver antenna correction

/flsat . .
¢ = Phase bias on satellite

ﬂ/}"e(!
¢ = Phase bias on receiver
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Finally, in equation (2.7), it is expressed in cycle units:

tropo iono
¢:£+CA5+N+A _A +A,+¢,
A A A A (2.7)
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3 Mathematical Model

The research methodology is the plan followed in the study to reach the objectives of
the study, in which we explained the strategy that we followed in terms of collecting various

days of data, and the methods of processing and analyzing them.
3.1 Precise point position (PPP) method

Precise point position (PPP) [21] is a one common positioning method which are
applying in static or kinematic observation by using a single receiver and also using GNSS
CORS station observation data, satellite orbit and satellite clock products to find out best
precise accuracy for user. PPP method provide to all user a very high-level millimeter or
centimeter precise positioning accuracy. Lot of researchers are using this method for their
GNSS research and solved problem. In all over the world there is software used for PPP
method. Using a single receiver, it can be estimate position, velocity, troposphere delay,
ionosphere delay, satellite determination etc. PPP method have lot of application such as

water vapor monitoring, weather monitoring, lot of commercial and agricultural sectors.
3.1.1 PPP processing technique

The perfect product of GPS satellite orbit and real-time availability has been activated
the development of a global positioning system is known as the specific Precise Point
Positioning (PPP). The pseudorange and carrier phase observations are using single GPS
receiver to the position accuracy millimeter to centimeter level. So, in GNSS positioning
system community the importance of PPP is significantly expected [22]. PPP are used in
many sections for example monitoring position movement to maintain international reference
bases by filling the Global Positioning System (GPS). The accuracy of PPP method has
increased due to the use of accurate clock and satellite products. The PPP operating system all
PPP algorithm such as Kalman filter model, Functional Model, and also PPP stochastic model
are developed using data collected by dual frequency GPS receiver. Using technological
errors for example tropospheric error and error data coordination to measure all PPP models’

errors is believed to improve the accuracy of the position. Permanent Filter Safety is also used
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for evaluating state data as information on different positions and diversity. For verification,
we compare the all results to more at GNSS CORS data observation in International Service
Center (IGS) Analysis. Thus, the average position error is around the millimeters level in the

east-north-up direction.
3.1.2 PPP functional models

The functional model is one kind of precise positioning technique which represent a
clear relationship between unknown and the observations [23]. The functional model can
estimate GPS receiver and clock biases or many GPS biases positioning by using double
differencing (DD) technique. Therefore, on GPS precise positioning mode the functional
model is depends on the use of ionosphere-free linear combination in GPS observation. The

following functional model equation given below:

S(Zl) = g + aabx + C(aT) - C(at) + airm(l,-) + az‘rap + a:ld(S(l,v)) - a;;d(S(l,-)) + amuti(S(l,v)) + anaise(S(l1 ) (3. 1)

\P(li) = 5 + aob.s + C(aT) - C(at) - aino(l,) + atrup - (/’1, ‘91, + a;d(‘?(l,)) - aZd(W(l, ) + amuti(‘}‘(l, ) + am)i.s'e(‘*’(l‘ ) (3 2)

_ F12S1 _F22S1

ionofree Ez _ S22 (3 3)

=& 40, +¢(0T) =c(00) + 0y + Das, ) = Ona(Smp) T Omuicsy T Ornoisespy (3+4)

F*Y —FY . ;
 —— W =840, +c(0T)=c(00)+0,,, =Py, Songpiee + Oracrary ~ Onacway + Omuicrt,y ~ Croisecwity
s (3.5)
Where,
S(. . . .
() - Measurement of pseudorange on li frequency, in meter unit

¥ - Measurement of carrier-phase on [li frequency, in meter unit

&= Receiver and satellite distance, unit is meter

€= Speed of light, unit is meter/second

OT = Error (satellite clock), unit is second
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Ot = Error (receiver clock), unit is second

ino(ly) = Jonosphere delay in frequency li, unit is meter
or = Zenith troposphere delay, unit is meter

0, . . .
hdSU)=1In i frequency pseudorange measurement it is delay of receiver hardware

bias, unit is meter

Ohacsii = In li frequency pseudorange measurement it is delay of satellite hardware

bias, unit is meter

o, . : . .
muti(S(:)) = Multipath error of li frequency pseudorange measurement, unit is meter

0, . . . .
noise(S(1)) = Noise error of li frequency pseudorange measurement, unit is meter

i = weave length of li frequency carrier-phase measurement, in cycle unit

9 = Ambiguity of li frequency carrier-phase measurement, in cycle unit
S

ionofree = Jonosphere free measurement of pseudorange on li frequency, in meter unit

ionofree. = Jonosphere free measurement of carrier-phase on li frequency, in meter

unit
Phone = Ionosphere free wave length of [i frequency carrier-phase measurement, in
cycle unit
9. . . .
ionofiee = Tonosphere free Noise error of li frequency pseudorange measurement, unit
is meter

3.1.3 Least square estimation

The least-squares estimation method is commonly used in GPS observation data
processing [24]. Last square method is a well-defined and useful rule for estimating
parameters and also quality control of assessing by GPS observation data processing are using
mathematical model [25]. The core stations are static, Last square estimation (LS) method is
more suitable for static solution. Filter method, e.g., Kalman filtering, might be suitable for

kinematic solution. In present GNSS research LS method is using by preudorange and carrier
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phase measurements to find out accurate precise point positioning also using dual frequency
GNSS receiver. GPS receiver positioning individually can happen error in preudorange or
carrier phase applications so by using preudorange measurement data we get very less precise
positioning with more movement. But again, using carrier phase data we get better precise
positioning with displacement but data accuracy is much high.

The following equation of last square estimation method is [26]:

Where,

L = n dimensional of observation vector in this system

X = is m dimensional parameter of vector which is usually unknown parameter in
the system
V' =is n dimensional residual vector of the system

A4 =is n by m dimensional coefficient of matrix of the estimation
P = is n by n dimensional symmetric matrix in this estimation and it is also weight
matrix
The last square estimation method equation error can be solved by the following
equation:
VPV = minimum of value (3.7)

Where,
Vi—is transpose vector of n dimensional of residual vector matrix
APV = (3.8)
Where,
A" =5 transpose vector of n by m dimensional coefficient of this estimation matrix
Compare the equation of (3.6) and (3.7) we get from the equation:

A"P(AX -L)=0
ATPAX —A"PL=0
ATPAX = A"PL

T -1 T
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Now we have to know as,

M=A"PA

And Qv =(4"PA)"

(3.10)

(3.11)

Hare, M, and QX are respectably known as normal and cofactors matrix in the

equation

ZX = Qng

(3.12)

Hare £X= is covariance matrix of this equation and m dimensional parameter and also

%0 is standard division and the complete equation of this last square estimation is following:

v'py

n—m

o, =
(Hare n is greater than m)

Hare the other equation is

Vi=A4X, —L;F,

= nk dimensional residual matrix epoch time is k

A= nk by m dimensional coefficient of matrix of epoch is k

X . . .
k= mk dimensional unknown parameter vector epoch is k

L nk dimensional observation vector and epoch time is k

b= nk by nk dimensional symmetric matric which k is epoch

VkTPka +(X, - XH)TPXH (X = X) = minimum of value

Solving this (3.14) using (3.15) equation is following below:

AkTBch +PXH(Xk _Xk—l) =0

Compare (3.14) and (3.16) equation we get from the following below,

(A4 BA, + Py )X, —(4BL + Py X, )=0

So least squares solution is the following below from equation (3.18)

Xy = (AkTPkAk + PXH )T(AkTPkLk +PXK,1Xk—1)
Py = AP A +Py,

27
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Xy :kail(AkTBch +PXHXk—I)

(3.20)
Oy =P, ' =(4/PA+P, )" 21)
So, equation (3.20) is the solution of least squares estimation
X =P, AL
X, =P, (4 P,L,+P X))
X,=P. (A PL+P, X, ) (3.22)
P, = A R4,
P, =P, + A4 P,4,
P, =P, +A P A, (3.23)

Hare, XX k= is covariance matrix of this equation and mk dimensional parameter and
also g0k is standard division and the complete equation of this last square estimation is

following:

DX =0x04 =Py oy, (3.24)

O, =

k

\/VkTPka +(Xk _Xk—l)TPXH (Xk _Xk—l)

& (3.25)

Where, in this last square estimation observation number is nk and epoch is k

3.2 Error Sources of PPP

3.2.1 Satellite Clock and receiver clock

Satellite clock error is one of the systematic errors in GPS positioning because it is
transmitted the navigation massage. And the receiver clock error is measurement from
difference receiver clock time and also GPS time. The receiver clock basis error is unknown
and it also assumed together with the receiver's location and receiver velocity. So, both of
satellite and receiver error can be estimated by using appropriate linear combination of
differential GPS [27].

In GNSS satellite clocks measurement are very accurate. But a small error of the

satellite clock which show a significant error in GNSS receiver positioning system. For
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example, in GNSS satellite clocks 20 nanoseconds error require can happened 6-meter
positioning error in GNSS receiver [28]. Receiver ground control system of GNSS is use
more accurate clock and also monitoring satellite clock. To get a good a precise positioning
the ground control GNSS receiver to recoup for GNSS satellite clock error. PPP service
system also provide in online satellite clock information to solve the satellite clock error. PPP
system or Space Based Argumentation System (SBAS) also correction satellite clock error for
precise positioning. There is another way is configuration of RTK receiver to make amends

for satellite clock error.
3.2.2 Satellite orbit

GNSS satellite travels on specific orbit, like satellite clocks. Ground control system of
GNSS is always monitoring this satellite orbit error. Satellite orbit is another significance
error GNSS positioning system tike satellite clock error. When GNSS satellite orbit changes
his moving way then ground control system send massage for correction, so satellite orbit
updated this information. Ground control system which are send to satellite for correction if
any effects in GNSS positioning system like +2.5 meters positioning error can happen. To
solve the satellite orbit error one way is precise ephemeris information is upload from PPP

service and another way to solve configuration for RTK receiver.
3.2.3 Ionosphere delay.

An atmospheric layer between 80km to 600km of ionosphere. This level is said to
electric partials level. This electric partial means ions. And also, these ions can delay satellite
signals and create a usually +5 meters positioning error. But at that time ionosphere activity
may be larger. Ionosphere delay depends on solar activates, season, day, time and location. So,
this delay is affected to calculate positions. There is another reason passing signal of radio
frequency in ionosphere is causes ionosphere delay. GNSS precise receiver L1 and L2 signal
and signals are measurement error. GNSS receiver can determine the ionosphere delay and
remove this error and calculate the positions. Also, ionosphere model can be used to remove

the error.
3.2.4 Troposphere delay

In earth’s atmosphere surface up to 50 km layer is the troposphere. The ionosphere
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delay and troposphere delay are dependent each other. It is not possible to remove the
troposphere error by using dual frequency GPS receivers. Satellite elevation angle and the
atmosphere condition is effects of GPS signal to create the troposphere error. The tropospheric
delay is divided into two component they are dry and wet. In total atmospheric conditions
about 90% is dry component which is depends on density of gas molecules. The wet
component is displacement due to electrons and water molecules. Water vapor is the reason
for wet atmosphere and difficult to model it. The effects of the troposphere are 2 m delay to
25 m with elevation angle is 5 degrees. For short baselines using DD (double differencing) to
estimate the troposphere errors and DD model is the part of estimation of this process. In my
research the last part is also about zenith troposphere delay (ZTD) analysis by using my
countries GNSS CORS station long time observation raw data. The analysis can deal with a

new concept and idea for me about troposphere affects in Peru.
3.2.5 Satellite antenna phase center offset and variation

The phase center is significant for GNSS satellite and receiver antenna. The phase
centers are measured distance between on ground GNSS receiver and GNSS satellite and its
serves as the last point. So, phase center offset (PCO) and phase center variation (PCV) value
are more important because they exact position are create modeled for experiment and
calculation. The center mass of satellite, reference point of receiver antenna and mean value
of phase center all are described by POC. And otherwise, to get accurate actual phase center
position PCV value is more important because it provide corrections foe zenith [29]. Mass of
satellite center is comparing to the GPS orbit. The GPS observation mention antennas phase
center and the antenna phase offset must be known. POC measurement is so difficult because
phase center is an electronic point not to be mechanical. In hare it’s considered an error in Z

direction [30]. Which is written by the following below.
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Zenith dn = dz.sinb
angle
d =~
1 R

Figure 12 GPS error of z-direction effects
Where,

R=Radius of satellite

a=Radius of earth

r=satellite of receiver distance

b=Observation angle which is satellite to receiver and receiver to geometer vector and
it consider to zero station height and ZPD (zenith path delay) so this is the error of GPS

positioning [30].

GPS antenna is the most important element for GPS satellite and GPS receiver
because it always connecting each other. Antenna are receiving signal from satellite and it
converts into electronic component. On the other hand, in GPS positioning accurate antenna
PCO and PCV are another most critical factor. Some GPS user use very simple offset value
which are not enough value for precise positioning. Again, in GPS precise positioning other
GPS user avoid phase center correction factors. So, both are creating error for PPP method

and coordinate results are not very precise specially height direction [31].
3.2.6 Earth tide

The earth tides depend on motion of solid earth and its gravitational ability, inspired

by the external tides force. The evolution of fossils has the important paleontology, there
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experiment can provide lot of information about the earth tides, from some of the
measurements the model can be used to remove tidal variations and also used for trial effects
[32]. GPS technology is a very useful tools for crustal movement and also geodynamics
science. Using GPS system to monitor forecasting area of high earthquake and crustal
movement. We also consider the satellites error, receiver’s error, as well as take into tectonic
deformation effects, gravity of atmosphere, ocean and pole tide etc. For tectonic distortion
and get accurate value so this error should be analyzed and considered. Solid earth tide which
is the variable distortion of a period time due to the gravitational effects of sun and the moon
[33]. And the moon is most dominant.

The following equation from [34], [33] is solid earth model

S GM _ h h . .
AF=Y o ;{[312(12, )R, +[(?2—12)(R», *7)2 —22}f}+[—0.025*s1n¢*cos¢*sm(9g +A)]*P

Jj=2 J

(3.26)

Where,

GM= Earth's parameter of gravitation

GMj= Moon and sun parameter of gravitation (j=2, moon: j=3, sun)

R=Stations geocentric state vectors

Rj=Moon and sun geographic unit state vector (j=2, moon: j=3, sun)

7= Stations state vectors of the geocentric unit

Rj= Moon and sun Station’s state vectors of the geocentric unit (j=2, moon: j=3,
sun)

[2= Second degree of nominal love number

h2= Dimensionless of nominal Shida number

¢=Latitude of site stations

A= Longitude of site stations

6:=Mean of Greenwich Time
3.2.7 PPP algorithm

PPP algorithm are widely use in different application. For the accurate positioning
measurement PPP are using dual-frequency GPS receiver for determine to the positioning

accuracy level is centimeter to decimeter. We know, ionosphere effects are another important
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error in GPS positioning measurement. Dual frequency GPS receiver can eliminate the
ionosphere error. This requirement of dual frequency receiver’s importance. On the other
hands most of GPS receiver use single frequency because it is beneficial for PPP to
investigate the method and algorithm [35]. The following PPP algorithm observation equation
is given below [36]

s s K s s
Er,f,k - gr,k + }frr,[,k + COdr,f,k + gr,j (3.27)

D s = g:,k - +7f7;,i,k + j“fA:,j + Co5f,f,k + i (3.28)

where,

P=Random variable of Pseudorange observation
®= Random variable of carrier phase observation
r=Index of receiver

f=Index of frequency

k=Measurement of time epoch

g=Geometric range

s= Index of satellite

y=Dispersion factor of ionosphere

t=Travel time of signal

c0=Speed of light (vacuum)

d=Systematic delay

A=Ambiguity of carrier phase

e=Error of code measurement

6=Carrier phase measurement

a= Linear combination of frequency

b= Linear combination of frequency

3.2.7.1 Single frequency algorithms

The first order ionosphere delay wiped out code-phase-carrier (CPC) combination [37].
The ionosphere-free code observation and phase observation are using single frequency GPS

receiver in GNSS precise positioning can defined the following equation [36]:
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s 1 S N
CPCrrw=—(Prri+Drri)
2 (3.29)

From the equation (3.27) and (3.28) we get,

s K] 1 s 1 s s 1 s N
CPCrrx =8+ A y+_cold, ;1 +0, )+ (&r+&r))
2 2 2 (3.30)

3.2.7.2 Dual frequency algorithms

The ionosphere free linear combination is very costly and very noisy and create
measurement error for receiver and multipath. In GNSS precise positioning method are use
two different algorithms for ionosphere-free linear combinations such as ionosphere-free
linear combinations of carrier phase and ionosphere-free linear combinations of pseudorange
observations. The primary convergence makes a difference for pseudorange observations but
final solution is depending on carrier phase observations. The ionosphere free linear

combination of dual frequency equations is written the following method [36]:

Y A s
Er,Lc,k = a£r,a,k + b@r,b,k

(3.31)
@i,LC,k = a@i,a,k +b@i,b,k 332)
From the equation (3.27) and (3.28) and using fi=kif0 we get,
N K b s s s s N
Prick=(a+b)g,, + (%ﬁLP)T ok teolad, +bd, )+ (agra +berm)
« b (3.33)
@iicsk =(a +b)g:k _(iz"'%)ffok +&(i A:a + 2Ajb) + Co(aéi,ak +béi,bk) + (dﬁi,ak +b§i,bk)

ok kT Sy ke T kT (3.34)

k; b

a=— 7=
ka _kb ]/b—}/a
b= khz - 7b
2 2

Now, ki=k, Y-y (3.35)

From equation (3.33) and (3.34) is ionosphere-free linear combinations as writing the

following equation:
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.
D, rcx

Bf’,IF,k Zgj,k k (k drak k débk)TrOk t— k (kzg" ak — k g”bk)
a b a b (336)
v b 2
=g - N rak klfr k rak k r
S gy Bt R A g R T R ki) (3.37)
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4 Program

4.1 Data collection

Peru has 69 GNSS receivers installed along its territory, these track precise positioning

data 24 hours per day and 365 days a year, figure 13.

FCLLARNO R

_l:-J.J.:. il
_ 'I r|.||:|1 '\
{ I"‘L_.‘.'-l'(
i n'"il
L ¥

'\;. ._f
.mrll.-' \- =‘q‘-|{

\ J"
A e

Figure 13 Location GNSS receivers, operating radius 100 Km

With the data obtained from the GNSS receivers, it is possible to measure the variation
of the position of stations after a tectonic event [2]; as is the case of the seismic event that
occurred on May 26, 2019 at 02 hours - 41 minutes (Local time) [3] where there were

considerable movements in the nearby stations of the epicenter, whose hypocentral
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characteristics are shown in the following table:

Table 1 Hypocentral characteristics earthquake

Feature Magnitude Comments
Latitude -05.74° ---
Longitude -75.55° -

Depth 135 Km Intermediate focus event
Magnitude 8 Mw Magnitude
Reference 60 Km South of Lagunas Amazonas state

Maximum intensity VII Lagunas Yurimaguas Modified Mercalli scale
Date (UTC) 26/05/2019 Universal Time Coordinate
Start Time (UTC) 07h 41m Universal Time Coordinate

The data was processed with scientific software PANDA software, obtained the
coordinates before and after the earthquake.

For my research I used 14 GNSS stations surrounding the earthquake, and processed data
to know the displacement of these GNSS stations.

Data was collected one week before and after earthquake, accounting 15 days for
processing data day per day, data was collected from receivers as raw data, and then storage in
memory hard of my institution, whole GNSS stations are TRIMBLE, and the first day data
collected was since May 19 (139 JD) until June 2 (153 JD) of 2019, each data was collected
day per day, each day are 24 hours, and 5 seg of recording interval.

GNSS data was extract from receiver, then putted in a directory’s day per day, each
directory day contain 14 GNSS stations, data origin is in format raw, *.T01 and *.T02 (Fig.
1.1) and is necessary get a program for convert these data in RINEX format.

Data is available per 24 hours each one and 5 sec interval epoch, in the table 2 show

data available per stations and days, “x” mean data completed and, red “x” mean data

completed seismic data day and “0” mean data unavailable, according data unavailable was
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because GNSS receiver didn’t recording for that day due electricity problems

Table 2 Data available per stations and days

/ 139 140 141 142 143 144 145 146 147 148 149 150 151 152 153

AMO1 X X X X X X X X X X X X X X X

AMO3 X X X X X X X X X X X X X X X

AMO5 X X X X X X X X X X X X X X X

CJo02 X X X X X X X X X X X X X X X

HC03 X X X X X X X X X X X X X X X

LB01 X X X X X X X X X X X X X X X

LRO1 X X X X X X X X X X X X X X X

LR02 X X X X X X X X X X X X X X X

LRO03 X X X X X X X X X X X X X X X

LR06 X X X X X X X X X X X X X X X

LRO7 X X X X X X X X X X X X X X X

SM01 X X X X X X X X X X X X X X X

SM02 X X X X X X X X X X X X X X X

ucCo1 X X X X X X X X X X X X X X X

4.2 Observation data information

The GNSS data observation format was RINEX 2.11, and other important data used
navigation, orbit and clock file. Navigation and orbit file was collected from IGS. RECEIVER
INDEPENDENT EXCHANGE (RINEX) is developed for Astronomical Institute of the
University of Berne for Global Positioning System (GPS) data to exchange for everyone all
over the word [a]. There are many versions in RINEX format, for example: RINEX 1, RINEX

2 is two sub version, in the rinex 2.10 and RINEX 2.11 only contains GPS data.
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| 2.11 M (MIXED) RINEX VERSION / TYPE
teqc 2019Feb2s 20210406 21:12:44UTCPGM / RUN BY / DATE
Linux2.6.32-573.12.1.e16.x86 64|x86 64]|gcc|Win64-MinGW6e4 |=+ COMMENT

OBSERVATION DATA

29.0750 (antenna height) COMMENT
-3.90725109 (latitude) COMMENT
-70.51591094 (longitude) COMMENT
00996.365 (elevation) COMMENT
BIT 2 OF LLI FLAGS DATA COLLECTED UMDER A/S COMDITION COMMENT
LR@5 (COGO code) COMMENT
LROS MARKER NAME
LRS MARKER NUMBER
DPG IGN-PERU OBSERVER / AGENCY
5742R51288 TRIMBLE NETR9 5.22 REC # / TYPE / VERS
51eee419 TRM115006.00 TZGD ANT # / TYPE

2122517.1616 -5999098.4711 -431720.1508 APPROX POSITION XYZ
©.8758 0.0000 9.0000 ANTEMMNA: DELTA H/E/N
1 1 WAVELENGTH FACT L1/2
7 L1 L2 c1 P1 P2 51 52 # / TYPES OF OBSERV
5.0000 INTERVAL
18 LEAP SECONDS
Forced Modulo Decimation to 5 seconds COMMENT
SNR is mapped to RINEX snr flag value [@-9] COMMENT
L1 & L2: min(max(int(snr dBHz/6), @), 9) COMMENT

2021 2

27 ] 5]

0.0000000

TIME OF FIRST OBS
END OF HEADER

21 227 © @ @.0000000 © 16GE3G28G17GO9GE6GO7RO9R12R22REO7G30RE38

G19G14R10GO2

124657372.895 97135605.99045 23721503.859 23721508.816
40.700 34.800

113219521.892 88222961.85245 21544934.492 21544934.375
45.800 33.700

127683146.677 99493407.30145 24297283.656 24297285.348
41.700 33.600

123978578.525 96600687.91946 23590847.828 23590851.262
41.700 37.700

113656163.213 88563316.41646 21628032.641 21628035.969
45.900 37.400

117622923.601 91654218.51146 22382878.984 22382878.813
43.800 41.000

1273336@9.505 99037179.686 6 23845468.188 23845467 .883 23845468.355
40.900 38.300

1265@9430.909 98396229.586 5 23682832.180 23682831.078 23682833.363

Figure 14 Data RINEX information

4.3 Raw data to RINEX

Data obtained from receiver *.TO* needs to be convert to RINEX for that is necessary
use RUNPKR (Trimble) and TEQC (Unavco); RUNPKR for convert raw data (*.T0*) to *.dat
and TEQC for convert *.dat to RINEX.

e - § - B

Figure 15 Steps for convert raw data to RINEX

*T01/2 Rinex

4.4 Quality Check

Check the quality using the QC portion, which is a process for quality checking static
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and kinematic dual-frequency GPS. The basic step is that linear combination (LC) of the
pseudorange and carrier phase observations are used to compute L1 pseudorange multipath
for C/A- or Pcode-observations, L2 pseudorange multipath for Pcode-observations,
ionospheric phase effects, and the rate of change of the ionospheric delay. Information about
the receiver clock slips, receiver cycle slips (receiver loss of tracking of L1 and/or L2), site
multipath, satellite elevation and azimuth angles, receiver clock drift, receiver signal-noise
ratios and other useful parameters and tracking statistics is written to a summary file. The QC
report is called *.S which gives the main useful components related to the stations
surroundings and data quality. MP1, MP2 and o/slps (complete observation/slips above 10
elevation) are always collected and studied. MP1 evaluates the pseudorange multipath and
MP2 shows the pseudorange multipath and the noise intensity of the receivers. o/slps is

always represented as CSR, which can be calculated with the formula 4.1:

1000
C5R =
o/slps
4.1)
RINEX observation files = teqc.exe = Quality check files (*. S)
— e 1000 T % = complete observations
0/stps < 5P

/slips above 10°

According to provisions of — MP1<05

crustal movements monitos 5 MP2 < 0.7

——  Percentage of observations x > 85%

Figure 16 Parameters for good quality data considerations
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0

Multipath effect

[itinl i

AMO1 AMO3 AMO5 CJ02 HCO3 LBO1 LRO1 LRO2 LRO3 LRO6 LRO7 SMO1 SMO2 UCO1

mMP1 mMP2

Figure 17 Quality Check — Multipath validation

Percentage of valid stations

= Both MP Ok
= One MP OK

= None MP OK

Figure 18 Percentage of valid stations
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Table 3 Data Quality Check, MP

Both MP OK One MP OK None MP OK
HCO03 AMO3 AMO1
LBO1 AMO5 LRO6
LRO1 CJo2 LRO7
LRO2 SMO1 —
LRO3 UcCo1 —
SMO02 - —

Percentage of observations

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

mAMO1
mLRO2

= AMO3 = AMOS m CJo2 m HCO3 m[BO1 = [RO1

m LRO3 = LRO6 m LRO7 = SMO01 = SMO02

uco1l

Figure 19 Quality Check — Percentage of observations & CSR Validation

Percentage of observation of station LRO1 = 67.18% <85%. (BAD)

All stations satisfy CSR <10 criteria. (GOOD)

Validated stations after quality check
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Observation Files

Data extracted from TEQC.exe SOFTWARE
Code for GNSS constellation:
Nothing = GPS

R = GLONASS

E 2GALILEO

S >SBAS

B 2BEIDOU

Symbology meaning:

0 = Good observation data

L =>rx lost clock

I = Ionospheric phase slip

- = No data SV above elev mask
M -> Multipath slip

N = Good observation data

¢ = no data L1 C1 (only L2 C2)
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Figure 20 Quality check information
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Observation Files

Data extracted from RTKLIB SOFTWARE

G21
G22
G23

G25
G256
G27
G235

G29
G30

G31

G32
_ Dbo:0o 03:00 06:00 03:00 _12:00 15:00 _1&:00 2100
[1]2019/05/26 00:00:00 GPST-05/26 23:59:55 GPST : EP=17280 N=319812 0BS=L1/2 | L2 L1/2/5 L1/5 L5

Figure 21 Satellite visibility
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Figure 22 Satellite elevation angle
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Figure 23 Sky plot

4.5 Data processing

4.5.1 Download metadata (Orbit and Clock)

For process data RINEX in PANDA we need download metadata, necessary for process
this information.

The PPP technique is performed within the reference frame provided by the precise
satellite orbit and precise clock products. The broadcast ephemeris has a typical accuracy
about 1 meter for satellite position, which is not suitable for cm-level PPP data processing, but
can be used for data preprocessing. In PANDA software, the broadcast ephemeris data is also
needed for some purposes.

The final IGS GPS ephemeris and clock products are adopted for GPS PPP, which have
an accuracy of 2.5 cm (1D mean RMS) for satellite position and 20ps (standard deviation) for
satellite clock, respectively, as well as a typical latency about 12~18 days

(http://www.igs.org/products).

The IGS precision orbit products are in the SP3 format. It follows the naming rule:
1gsWWWWD.sp3, where the WWWWD is the 5-character GPS week number the day of
week (for example: May 5th, 2013 in GPS Time is 17390, which means the GPS week
number is 1739, and the day of week is 0).

The IGS precision clock products follow the naming rule: igsWWWWD.clk. Particularly,
1gsWWWWD.clk often contains the clock errors in 300-second interval, which is very
suitable for processing data at 300-second interval. But when we need to process the

30-second interval data, we need the 30-second interval clock products:
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igsWWWWD.clk 30s. For even higher sample rate, we will need the codWWWWD.clk 05s
products which is in 5-second interval.

It should be noted the IGS products are provided daily, which means it only contains the
satellite position and clock error information during the particular day which is referred to its
file name. (For example, igs17390.sp3 only contains the satellite orbits information on May
5th, 2013). So, we have to prepare the IGS products for the particular time of the observation
data. But for the PANDA software, it often needs 3 days products for interpolation. For
example:

If the RINEX data is on May 5th, 2013 (such as BJFS1250.130), we will need the 3-
consecutive-day products (the date of the observation is in the middle): igs17386.sp3 (17386
in GPS time is May 4th, 2013), igs17390.sp3 (17390 in GPS time is May 5th, 2013),
1gs17391.sp3, igs17386.clk, igs17390.clk, igs17391.clk.

The IGS products can be downloaded from the CDDIS ftp server:

v ftp://cddis.gsfc.nasa.gov/pub/gps/products/ WWWW/igsWWWWD.sp3.Z
v fip://cddis.gsfc.nasa.gov/pub/gps/products/ WWWW/igsWWWWD.clk.Z
for example, the products on July 10th, 2013, the links for downloading the data is :
v fip://cddis.gsfc.nasa.gov/pub/gps/products/1748/igs17483.sp3.Z
v ftp://cddis.gsfc.nasa.gov/pub/gps/products/1748/igs17483.clk_30s.Z

4.5.2 PANDA processing

The PANDA software includes many modules:

v" Clnrnx: observation data preprocessing. This module will check the observation quality,
detect the cycle slip and gross errors in the carrier phase observations. It will also
cancel the arcs with too little available epochs. After running clnrnx, log files will be
generated, which contains the arcs, ambiguities information.

v Mergesp3: this module will merge the 3- consecutive-day products (Sp3 and Clk

products) to one single file.
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v Sp3orb: this module will convert the merged sp3 file to a binary file, which contains
the GPS orbits information. We do this for fast orbit interpolation.

v Lsq: this the Estimator which estimates the parameters including station position,
receiver clock error, ZTDs, etc.

v Up_sit: this module will renew the a priori station coordinates.

v Extclk: this module will extract the receiver clock errors from the res- file which is
generated from Lsq.

v" Edtres: this module will check the observations again. Since more precise coordinates
are estimated, the threshold for check data will be reduced down gradually.

v" Mkztd: this module will extract the zrp from the res- file which is generated from Lsq.

Cleaned GNSS data
GNSS RINEX data SST ranging data Satellite ICs
SLR data Satellite description
GNSS/LEO orbit file Observed attitude
Observed acceleration.

Ambiguity constraints
L.
-

®  Post-fit residuals

®  Free/Fixed solutions

Products 5
Real-time Products

®  Site pos/vel. and clocks

Site deformation

LEO orbit / trajectory
GNSS orbits and clocks
Earth rotation parameters
Gravity model

etc

\_/_

Figure 24 Modules of PANDA for process

Zenith Troposphere Delay

L J
® LEO orbit/ trajectory
®  (GNSS orbits and clocks

4.5.3 Instruction on precise point positioning using PANDA

Dual frequency are code range and carrier phase are using in this PANDA software for
PPP (Precise Point Positioning) technique. We know ionosphere delay is one main error in
GNSS data observations. This dual frequency can enumeration this ionosphere delay. Other

GNSS observation error is troposphere delay, multipath error, satellite clock error, receiver
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clock error still. Dual frequency are code range and carrier phase called respectably PC and

LC. GNSS data observation equation of Precise Point Positioning is given below:

Q' (k)= B' (k) +c(ot(k)—oT' (k))+ ZTD(k).A(b' (k))+6, (42)

R'(k).uu = B' (k) + (0t (k) — 0T (k)) + ZTD(k).A(b' (k)) + D' (k). + 6, 43)

Where,

k = Epoch number

1 = Satellite number

Ql(k) = PC Observation

Rl(k) = LC Observation

Pl(k) = Distance between GNSS ground station and satellite
dt(k) = Receiver Error

dTl(k) = Satellite clock error uy=Wave length of ionosphere free
ZTD(k)= k—th epoch of Zenith Total Delay

A(bl(k)) =Mapping function of ZTD and

bl(k) = Satellite elevation engle

DI(k) = ionosphere free ambiguity of |—th with satellite k—th epoch
6w = Multipath Error

8¢ = Observation Error

IGS provided all kinds of products for example in this PANDA software we get all
satellite orbit and clock products get from IGS side. Phase center variation (PCV) and other
important things antenna phase center offset (PCO). Those two-error correction from IGS. We
know with weather conditions of ZTD component changes conspicuously. In Precise Point
Positioning processing PPP system ZWD use the piece-wise constant (PWC) parameter for

estimation.
4.5.4 Data preparation for precise point positioning

In this PANDA software for PPP RINEX Observation data, RINEX broadcast ephemeris
and GPS satellite orbit and clock products is most three important parts. I get GNSS data

since May 19 (139 JD) until June 2 (153 JD) of 2019, observation data from my country. This
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observation data should be RINEX 2.11 format. And also, this data day by day 24 hours.

Other most important data BRDC RINEX broadcast ephemeris and GPS satellite orbit and

clock products collects from IGS side as same date like my country’s observation file.

Table 4 GNSS data collections information

Data Type Date Example Download Source
Raw Data 19/05/2019 - 02/06/2019 SITEDOYO0.T02 Survey of Peru
Rinex Observation 19/05/2019 - 02/06/2019 SITEDOYO0.YYo Survey of Peru - TEQC
RINEX Broadcast IGS site or any web side
. 19/05/2019 - 02/06/2019 brdcDOYO0.YYn
ephemeris - IGS Final
igsWWWWD.sp3 IGS site or any web side
Satellite Orbit 19/05/2019 - 02/06/2019 8 P y_
- IGS Final
Clock Products igsWWWWD.clk 30s  IGS site or any web side
19/05/2019 - 02/06/2019 - 1GS Final
- ina

4.5.5 GNSS station diagram

In this research used GNSS station high accuracy, these GNSS receiver are distributed a

long territory of Peru, and these are located according international standards.

Figure 25 Monument of GNSS station
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DIMENSIONS DESCRIPTION

0.279 FT | 85.0 MM |Punce conrer o 10 NOMINAL L1

0.132 FT A0.6 MM EDISETUMEENTEE NNA MARK TO NOMINALL1
0.557 FT [169.3 MM R

. Antenna code: TRM55971.00
| Radome code: SCIT (not shown)

/' NRP:RXC (receiver connection)
ARP:BAM (bottom of antenna mount

B
P . NOMINAL PHASE
5 O W — e T 01\ I 2
7EPHYR GNSS GEODETIC MODEL 2
REFERENCE SURFACE ASSY P/N 55971-00
OR NGS OFFSET
SRR ANTENNA REFERENCE SURFACE DIAGRAM

Figure 26 Antenna diagram (www.trimble.com)
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5 Examples and Results

5.1 Research area and data

This research is focus on GNSS data processing of 14 GNSS stations surrounding
earthquake 8 MW magnitude, analysis before and after earthquake, the main of this research
is know the behavior and displacement occurred because earthquake. Data of whole GNSS
stations was processed in PANDA software. In this thesis depends on two main tasks, first one
is high accuracy GNSS RINEX data processing and other most important determination

displacement occurred of earthquake and analysis part.

Magnitude: 8 Mw
Lat: -5.74¢2

Long: -75.55¢2
Date: 26/05/2019
Time: 07h41m
Depth: 135Km

The collects GPS raw data was extract from backup of National Geographic Institute of
Peru (https://www.gob.pe/ign).

As we can see in the table 5, the distance between GNSS station and epicenter
earthquake, the station more near is the LR02 station with 148 km, located in northwest part
from epicenter, the LRO7 and SMO2 stations have little same distance but in opposite site,

same to UC01, AMO03 and LRO1 with 320 km distance from epicenter, whole them different
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directions respect to the epicenter, and finally the station more far is LBO1, with 490 km from
epicenter earthquake, this station is in the cost part of Peru exactly in the west part from
epicenter.

These GNSS stations was selected to know the displacement each one and how is the
behavior respect to the distance from epicenter and know the correlation with distance among

them.

Table 5 Distance between GNSS station and epicenter earthquake

/ Name Distance (Km)
LRO2 San Lorenzo 148
SMO1 Moyobamba 163
LRO6 Contamana 190
LRO7 Requena 202
SM02 Juanjui 208
LRO3 Nauta 258
AMO1 Chachapoyas 263
AMO5 Pomacochas 270
ucCol Pucallpa 316
AMO3 Bagua 328
LRO1 Belen 333
CJo2 Cutervo 370
HCO03 Huanuco 474
LBO1 Chiclayo 490
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Table 6 GNSS station information

/ Name Receiver Antenna Dome Zone
Zephyr Geodetic
LRO2 San Lorenzo NET R9 TRIMBLE yes 18
model 3
Zephyr Geodetic
SMO1 Moyobamba NET R8 TRIMBLE yes 18
model 2
Zephyr Geodetic
LRO6 Contamana NET R9 TRIMBLE yes 18
model 3
Zephyr Geodetic
LRO7 Requena NET R9 TRIMBLE yes 18
model 3
o Zephyr Geodetic
SMO02 Juanjui NET R8 TRIMBLE yes 18
model 2
Zephyr Geodetic
LRO3 Nauta NET R9 TRIMBLE yes 18
model 3
Zephyr Geodetic
AMO1 Chachapoyas NET R8 TRIMBLE yes 18
model 2
Zephyr Geodetic
AMOS5 Pomacochas NET R9 TRIMBLE yes 18
model 3
Zephyr Geodetic
ucCo1 Pucallpa NET R8 TRIMBLE yes 18
model 2
Zephyr Geodetic
AMO3 Bagua NET R8 TRIMBLE yes 17
model 2
Zephyr Geodetic
LRO1 Belen NET R8 TRIMBLE yes 18
model 2
Zephyr Geodetic
CJo2 Cutervo NET R9 TRIMBLE yes 17
model 3
Zephyr Geodetic
HCO03 Huanuco NET R8 TRIMBLE yes 18
model 2
) Zephyr Geodetic
LBO1 Chiclayo NET R8 TRIMBLE yes 17
model 2

5.2 Data processing strategies for PPP

5.2.1 Error correction

Up to now we've been treating the calculations that go into GPS very abstractly, as if the
whole thing were happening in a vacuum. But in the real world there are lots of things that
can happen to a GPS signal that will make its life less than mathematically perfect.

These are errors induced by the satellite's location (Table 7). An 'ephemeris error’
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describes the difference between the expected and actual orbital position of a GNSS satellite.
Because GNSS receivers use the satellite's location in pseudorange calculations, orbital error

reduces GNSS accuracy.

Table 7 Error correction

Error Correction
Error Correction
Orbit Sp3, IGS final precise ephemeris
Clock Precise clock products, 30 seconds interval
Ionosphere Ionosphere free linear combination
Calculate using Saastamoinen model and
Troposphere ..
parameter estimation
PCO (Satellite phase center offset) Correction of GPS
P tellite ph t .
CV (Sate 1 e‘p ase centet Correction of GPS
variation)
Elevation angle cutoff 5°

5.2.2 Parameter

The most important result obtained from PANDA is the ac-curate estimate of the position
of GNSS stations. Besides, PANDA also estimates the orbital and Earth-rotation parameters,
zenith delays, and phase ambiguities by fitting to doubly differenced phase observations with
the incorporation of a weighted least-squares algorithm. Since the functional (mathematical)
model that relates observations to parameters is nonlinear, PANDA produces two solutions:
the first provides coordinates within a few decimeters, and the second gives the final
estimates.

This step requires the user to specify a priori finite constraint for each estimated
parameter (Table 8). To avoid biasing the combination, PANDA generates the solution used
by PANDA with loose parameter constraints. However, since phase ambiguities must be
resolved (if possible) in phase processing, PANDA also generates several intermediate

solutions with user-defined constraints before loosening the constraints for its final solution.
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Table 8 Parameter

Parameter name Assessment

X, Y, Z site observation station coordinate, 5

Coordinate :
second interval
Clock Epoch-wise, 5 seconds
ZTD 2-hours precise wise constant (PWC)
. Estimated as constant, the ambiguities between
Ambiguity

a baseline-by-baseline it resolved

5.3 GNSS stations coordinates displacement result analysis

5.3.1 AMO1 station

Distance between earthquake epicenter to AMOI station is 263 Km, and the result about
data processing is show in Figure 28, as we can see mild displacement in North and East. In
the component North we can see mild displacement to south and, in the component, mild
displacement to west, and in the component Up not much variability, only some stuttering

reason is why in vertical component always we cannot get good accuracy after processing.
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Figure 28 AMO1 station daily North, East and Up direction position

As we can see in the table 9, we can see the ENU coordinates, considering the first day
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in zero as the initial coordinate, we can see the next day’s how is changing along the days
before and after earthquake, in the red 146 doy represent earthquake, after that occurred a

displacement 5.27 cm west and 1.15 cm south direction.

Table 9 AMO1 station daily coordinate towards the east north and up direction (cm)

Doy E N U

139 0.00 0.00 0.00
140 -0.72 0.71 -0.01
141 -0.23 0.75 0.32
142 0.90 1.36 1.76
143 -0.79 1.43 1.47
144 1.04 0.57 -0.54
145 0.33 0.92 0.28
146 -4.00 -0.34 -0.40
147 -4.11 -0.43 0.09
148 -4.37 -0.29 -0.75
149 -6.55 -0.74 1.35
150 -6.21 0.03 0.87
151 -4.83 -0.81 -1.16
152 -6.16 -0.07 1.44

Average E Average N Average U

BE: 0.08 0.82 0.47
AE: -5.19 -0.34 0.39
A: -5.27 -1.15 -0.08
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5.3.2 AMO3 station

The AMO3 station is located in Amazonas city, and the distance between earthquake
epicenter to AMO3 station is 328 Km, and the result about data processing is show in Figure
29, as we cannot see much displacement. In the component North and west they can see the
average is constant, little catering surrounding lcm we can say not much displacement the this
GNSS station, and in the component Up not much variability, only some stuttering reason is

why in vertical component always we cannot get good accuracy after processing.
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Figure 29 AMO03 station daily North, East and Up direction position

As we can see in the table 10, we can see the ENU coordinates, considering the first day
in zero as the initial coordinate, we can see the next day’s how is changing along the days
before and after earthquake, in the red 146 doy represent earthquake, after that occurred a
displacement 0.02 cm east and 0.08 cm north direction, actually We cannot see enough

displacement in this GNSS station.
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Table 10 AMO3 station daily coordinate towards the east north and up direction (cm)

Doy E N U
139 0.00 0.00 0.00
140 0.43 0.70 0.91
141 -0.08 0.50 1.93
142 0.16 0.66 1.67
143 -0.75 1.02 5.84
144 -0.81 0.74 5.12
145 -0.86 -0.22 2.14
146 -0.52 0.09 2.03
147 -0.45 0.59 3.43
148 -0.13 0.78 2.99
149 -0.81 0.25 351
150 0.16 0.56 1.35
151 0.13 0.54 1.34
152 NaN NaN NaN
153 -0.47 0.67 3.76
Average E Average N Average U
BE: -0.27 0.49 2.52
AE: -0.26 0.57 2.73
A: 0.02 0.08 0.21

Also, we can see the average coordinate before earthquake surrounding -0.27 cm in
component west and 0.49 in component north, after earthquake changed such as -0.26 cm east
and 0.57 cm north, the result is a displacement south - east direction. In the case of vertical

component, we cannot see displacements, only the movement was surrounding 0.8 mm, is a
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little difference.

5.3.3 AMOS station

AMOS5 station is 270 Km from epicenter earthquake, and this station is little same to
AMO1 in radial distance from earthquake, in the figure 30 we can see the movement a long
the time respect to earthquake, in North component we can see little change along the time,
and in the East component significative change after earthquake, in the horizontal component

the variability are surrounding 4 cm into 14 days processed.
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Figure 30 AMOS station daily North, East and Up direction position

In the table 11, We can see the coordinate day per day, processed in static mode, the red
146 doy represent the earthquake day, after that they change some centimeters as we can see
in the figure 30 and table in mention. The coordinate is in ENU considering the first day as
zero, the average coordinate before earthquake was -0.07 cm east and -0.02 north, after
earthquake changed to -4.28 east and -0.97 north, in vertical component not much difference

such as we can see in the table in mention.
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Table 11 AMOS station daily coordinate towards the east north and up direction (cm)

Doy E N U
139 0.00 0.00 0.00
140 -1.50 -0.07 -0.38
141 0.47 -0.18 0.19
142 -1.05 -0.52 1.75
143 1.63 0.44 4.93
144 0.51 -0.01 3.48
145 -0.57 0.20 2.16
146 -4.45 -0.87 0.26
147 -4.11 -0.96 2.44
148 -4.51 -1.21 3.05
149 -5.30 -1.00 2.19
150 -4.92 -0.08 0.27
151 -3.05 -0.65 1.93
152 -4.38 -1.36 4.05
153 -3.65 -1.54 4.05
Average E Average N Average U
BE: -0.07 -0.02 1.73
AE: -4.28 -0.97 2.57
A: -4.20 -0.95 0.84

Also, we can see the displacement occurred after earthquake, had 4.2 cm displacement
west component and 0.95 cm to the south, surrounding 1 cm in this last component, in vertical

component 0.84 cm up.
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5.3.4 CJ02 station

Distance between earthquake epicenter to CJ02 station is 370 Km, and the result about
data processing is show in Figure 31, as we can see mild displacement in North and East. In
the component North we can see mild displacement to south and, in the component, mild
displacement to west, and in the component Up not much variability, only some stuttering

reason is why in vertical component always we cannot get good accuracy after processing.
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Figure 31 CJ02 station daily North, East and Up direction position

As we can see in the table 12, we can see the ENU coordinates, considering the first day
in zero as the initial coordinate, we can see the next day’s how is changing along the days
before and after earthquake, in the red 146 doy represent earthquake, after that occurred a

displacement 3.64 cm west and 0.68 cm south direction.
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Table 12 CJ02 station daily coordinate towards the east north and up direction (cm)

Doy E N U

139 0.00 0.00 0.00
140 -0.94 0.14 -0.01
141 1.07 -0.54 -0.09
142 0.82 -0.19 2.87
143 0.38 -0.71 3.85
144 0.58 0.16 2.98
145 0.26 0.03 2.60
146 -2.35 -0.66 0.74
147 -1.62 -1.35 4.97
148 -2.89 0.01 0.05
149 -4.02 -0.78 2.33
150 -5.78 -0.45 -0.10
151 -3.56 -1.39 -0.25
152 -4.22 -1.07 291
153 -1.21 -0.85 244

Average E Average N Average U

BE: 0.31 -0.16 1.74
AE: -3.33 -0.84 1.76
A: -3.64 -0.68 0.02

Also, we can see the average coordinate before earthquake surrounding 0.31 cm in
component east and 0.16 in component south, after earthquake changed such as 3.33 cm west
and 0.84 cm south, the result is a displacement south - west direction. In the case of vertical

component, we cannot see displacements, only the movement was surrounding 0.02 mm, is a
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little difference.
5.3.5 HCO03 station

HCO03 station is 474 Km from epicenter earthquake, and this station is little same to
LBO1 in radial distance from earthquake, in the figure 32 we can see the movement along the
time respect to earthquake, in North component we can see little change along the time, and in
the East component significative change after earthquake, in the horizontal component the

variability is surrounding 4 cm into 14 days processed.
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Figure 32 HCO03 station daily North, East and Up direction position

In the table 13, we can see the coordinate day per day, processed in static mode, the red
146 doy represent the earthquake day, after that they change some centimeters as we can see
in the figure 30 and table in mention. The coordinate is in ENU considering the first day as
zero, the average coordinate before earthquake was 1.68 cm east and 0.16 north, after
earthquake changed to 0.96 west and 0.17 south, in vertical component not much difference

such as we can see in the table in mention.
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Table 13 HCO03 station daily coordinate towards the east north and up direction (cm)

Doy E N U
139 0.00 0.00 0.00
140 1.41 0.06 1.14
141 2.82 -0.27 1.96
142 2.38 0.23 4.41
143 1.84 0.31 4.67
144 1.99 0.19 2.09
145 1.35 0.70 2.12
146 1.71 -0.06 3.05
147 2.28 0.30 3.13
148 1.53 -0.15 0.92
149 -1.28 -0.31 1.30
150 -0.93 0.26 0.69
151 0.59 -0.52 -0.80
152 2.66 0.09 293
153 1.84 0.36 1.53
Average E Average N Average U
BE: 1.68 0.17 2.34
AE: 0.96 0.01 1.39
A: -0.73 -0.17 -0.95

Also, we can see the displacement occurred after earthquake, had 0.73 cm displacement
west component and 0.17 cm to the south, surrounding 1 c¢cm in this last component, in vertical

component 0.95 cm down.
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5.3.6 LBO01 station

Distance between earthquake epicenter to LBO1 station is 490 Km, and the result about
data processing is show in Figure 33, as we can see mild displacement in North and East. In
the component North we can see mild displacement to south and, in the component, mild
displacement to west, and in the component Up not much variability, only some stuttering

reason is why in vertical component always we cannot get good accuracy after processing.
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Figure 33 LBO01 station daily North, East and Up direction position

As we can see in the table 14, we can see the ENU coordinates, considering the first day
in zero as the initial coordinate, we can see the next day’s how is changing along the days
before and after earthquake, in the red 146 doy represent earthquake, after that occurred a

displacement 2.17 cm west and 0.27 c¢cm south direction.
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Table 14 LB01 station daily coordinate towards the east north and up direction (cm)

Doy E N U

139 0.00 0.00 0.00
140 -0.91 0.05 0.59
141 0.86 0.29 1.11
142 0.28 -0.48 4.72
143 -0.76 -0.26 3.02
144 2.12 0.49 4.43
145 -0.56 0.65 3.77
146 -1.82 -0.59 0.91
147 -1.37 0.04 2.15
148 -1.49 -0.90 1.23
149 -1.56 0.44 2.13
150 -4.18 0.42 -0.74
151 -2.28 -0.22 -0.08
152 -2.42 -0.94 1.33
153 -0.83 0.00 1.69

Average E Average N Average U

BE: 0.15 0.11 2.52
AE: -2.02 -0.17 1.10
A: -2.17 -0.27 -1.42

Also, we can see the average coordinate before earthquake surrounding 0.15 cm in
component east and 0.11 in component north, after earthquake changed such as 2.02 cm west
and 0.17 cm south, the result is a displacement south - west direction. In the case of vertical

component, we can see displacements, the displacement was 1.42 cm down.
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5.3.7 LRO01 station

LROI station is 333 Km from epicenter earthquake, and this station is little same to
AMO3 and UCOI1 in radial distance from earthquake, in the figure 34 we can see the
movement along the time respect to earthquake, in North component we can see little change

along the time, and in the East component significative change after earthquake, in the

horizontal component the variability is surrounding 4 cm into 14 days processed.
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Figure 34 LRO1 station daily North, East and Up direction position

In the table 15, we can see the coordinate day per day, processed in static mode, the red
146 doy represent the earthquake day, after that they change some centimeters as we can see
in the figure 34 and table in mention. The coordinate is in ENU considering the first day as
zero, the average coordinate before earthquake was 0.10 cm west and 0.43 south, after

earthquake changed to 0.48 east and 0.41 north, in vertical component not much difference

such as we can see in the table in mention.
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Table 15 LRO1 station daily coordinate towards the east north and up direction (cm)

Doy E N U

139 0.00 0.00 0.00
140 -1.01 -0.04 -0.85
141 0.16 -0.33 -2.35
142 -0.50 -0.72 -0.61
143 -0.07 -1.26 -1.58
144 0.90 -1.32 -0.96
145 -0.15 0.68 -2.95
146 0.49 0.16 -1.46
147 0.50 -0.28 -1.30
148 0.54 1.11 -3.59
149 0.50 0.43 -0.65
150 -0.27 0.85 -4.16
151 -0.28 0.53 -4.38
152 0.68 0.25 -1.96
153 1.66 -0.02 -0.86

Average E Average N Average U

BE: -0.10 -0.43 -1.33
AE: 0.48 0.41 -2.41
A: 0.57 0.84 -1.09

Also, we can see the displacement occurred after earthquake, had 0.1 cm displacement
west component and 0.43 cm to the south, surrounding 0.8 cm in this last component, in

vertical component 1.09 cm down.
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5.3.8 LR02 station

LRO2 station is 148 Km from epicenter earthquake, and this station is little same to
SMO1 in radial distance from earthquake, in the figure 35 we can see the movement along the
time respect to earthquake, in North component we can see little change along the time, and in
the East component significative change after earthquake, in the horizontal component the

variability is surrounding 5 cm into 14 days processed.
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Figure 35 LR02 station daily North, East and Up direction position

In the table 16, we can see the coordinate day per day, processed in static mode, the red
146 doy represent the earthquake day, after that they change some centimeters as we can see
in the figure 35 and table in mention. The coordinate is in ENU considering the first day as
zero, the average coordinate before earthquake was 0.50 cm west and 0.21 south, after
earthquake changed to 2.36 west and 0.49 south, in vertical component we can see a little

increasing the from down to up.
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Table 16 LRO02 station daily coordinate towards the east north and up direction (cm)

Doy E N U

139 0.00 0.00 0.00
140 1.69 0.05 1.14
141 -0.19 -0.66 0.19
142 0.86 0.19 2.65
143 0.80 0.03 3.14
144 0.79 -1.21 0.99
145 -0.44 0.14 3.56
146 -3.04 -0.78 4.81
147 -1.90 -0.88 2.89
148 -2.70 -0.83 0.62
149 -1.92 -0.29 4.33
150 -2.86 0.47 2.26
151 -1.40 -0.69 1.38
152 -2.56 -0.39 4.70
153 -3.15 -0.83 4.88

Average E Average N Average U

BE: 0.50 -0.21 1.67
AE: -2.36 -0.49 3.01
A: -2.86 -0.28 1.34

Also, we can see the displacement occurred after earthquake, had 2.86 cm displacement
west component and 0.28 c¢cm to the south, surrounding 2 cm in this last component, in vertical

component 1.34 cm up.
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5.3.9 LRO03 station

LRO3 station is 258 Km from epicenter earthquake, and this station is little same to
AMO1 and AMOS in radial distance from earthquake, in the figure 36 we can see the
movement along the time respect to earthquake, in North component we can see little change

along the time, and in the East component significative change after earthquake, in the

horizontal component the variability is surrounding 6 cm into 14 days processed.
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Figure 36 LRO03 station daily North, East and Up direction position

In the table 17, we can see the coordinate day per day, processed in static mode, the red
146 doy represent the earthquake day, after that they change some centimeters as we can see
in the figure 36 and table in mention. The coordinate is in ENU considering the first day as
zero, the average coordinate before earthquake was 0.08 cm east and 0.26 north, after

earthquake changed to 1.32 west and 0.45 north, in vertical component not much difference

such as we can see in the table in mention.
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Table 17 LRO03 station daily coordinate towards the east north and up direction (cm)

Doy E N U

139 0.00 0.00 0.00
140 -0.08 0.91 -0.75
141 2.59 0.00 0.83
142 0.08 0.12 -1.00
143 -3.10 0.27 0.27
144 0.22 0.47 3.23
145 0.86 0.05 -0.10
146 -2.03 0.56 4.70
147 0.09 0.51 0.44
148 -2.81 -0.16 -2.08
149 -5.31 -0.21 -0.34
150 -0.51 0.91 -1.74
151 -1.31 1.85 0.66
152 0.53 0.47 0.28
153 0.10 -0.21 0.41

Average E Average N Average U

BE: 0.08 0.26 0.35
AE: -1.32 0.45 -0.34
A: -1.40 0.19 -0.69

Also, we can see the displacement occurred after earthquake, had 1.40 cm displacement
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west component and 0.19 cm to the south, surrounding 1.5 cm in this last component, in

vertical component 0.69 cm down.

5.3.10 LRO06 station

LRO6 station is 190 Km from epicenter earthquake, in the figure 37 we can see the
movement along the time respect to earthquake, in North component we can see significative
change along the time, and in the East component little change after earthquake, in the

horizontal component the variability is surrounding 10 cm into 14 days processed.
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Figure 37 LRO6 station daily North, East and Up direction position

In the table 18 we can see the coordinate day per day, processed in static mode, the red
146 doy represent the earthquake day, after that they change some centimeters as we can see
in the figure 37 and table in mention. The coordinate is in ENU considering the first day as
zero, the average coordinate before earthquake was 0.85 cm east and 0.20 south, after

earthquake changed to 1.49 west and 3.53 north, in vertical component not much difference
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such as we can see in the table in mention.

Table 18 LRO06 station daily coordinate towards the east north and up direction (cm)

Doy E N U

139 0.00 0.00 0.00
140 -1.42 0.43 -2.74
141 1.27 -0.37 0.48
142 1.55 -0.68 1.76
143 1.90 -0.28 2.97
144 1.03 0.16 2.99
145 1.60 -0.63 3.90
146 -0.69 2.49 1.23
147 -1.60 3.21 -2.19
148 -0.59 3.90 -3.52
149 -1.69 4.63 -2.83
150 -4.46 2.88 -8.77
151 -2.86 333 3.54
152 -0.84 3.45 -1.50
153 1.62 3.32 -3.10

Average E Average N Average U

BE: 0.85 -0.20 1.34
AE: -1.49 3.53 -2.62
A: -2.34 3.73 -3.96
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Also, we can see the displacement occurred after earthquake, had 2.34 cm displacement
west component and 3.73 cm to the north, surrounding 3.7 cm in this last component, in

vertical component 3.96 cm down.

5.3.11 LRO7 station

LRO7 station is 202 Km from epicenter earthquake, and this station is little same to
SMO02 and LRO6 in radial distance from earthquake, in the figure 38 we can see the movement
along the time respect to earthquake, in North component we can see little change along the
time, and in the East component little change after earthquake, in the horizontal component

the variability is rounding 4 cm into 14 days processed.
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Figure 38 LRO7 station daily North, East and Up direction position

In the table 19, we can see the coordinate day per day, processed in static mode, the red
146 doy represent the earthquake day, after that they change some centimeters as we can see

in the figure 38 and table in mention. The coordinate is in ENU considering the first day as
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zero, the average coordinate before earthquake was 0.83 cm west and 0.21 south, after
earthquake changed to 2.16 west and 0.60 south, in vertical component we can see a little

increasing the from up to down.
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Table 19 LRO07 station daily coordinate towards the east north and up direction (cm)

Doy E N U
139 0.00 0.00 0.00
140 -1.15 -0.37 -0.98
141 -1.15 0.24 0.16
142 -0.28 -1.22 -0.57
143 -1.13 -0.41 -0.05
144 -1.64 0.22 0.87
145 -0.46 0.06 2.11
146 -2.24 -0.22 -3.21
147 -1.50 -0.74 -1.55
148 -1.95 0.21 -3.59
149 -0.54 -0.26 -0.83
150 -3.25 -0.59 -4.65
151 -3.17 -1.77 -4.49
152 -3.12 -0.53 -2.22
153 -1.61 -0.56 -1.29
Average E Average N Average U
BE: -0.83 -0.21 0.22
AE: -2.16 -0.60 -2.66
A: -1.34 -0.39 -2.88

Also, we can see the displacement occurred after earthquake, had 2.86 cm displacement
west component and 0.28 cm to the south, surrounding 2 c¢cm in this last component, in vertical

component 1.34 cm up.
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5.3.12 SMO1 station

SMO1 station is 163 Km from epicenter earthquake, and this station is little same to
LRO02 in radial distance from earthquake, in the figure 39 we can see the movement along the
time respect to earthquake, in North component we can see little change along the time south

direction, and in the East component significative change after earthquake south direction, in

the horizontal component the variability is rounding 7 cm into 14 days processed.
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Figure 39 SMO01 station daily North, East and Up direction position

In the table 20, we can see the coordinate day per day, processed in static mode, the red
146 doy represent the earthquake day, after that they change some centimeters as we can see
in the figure 39 and table in mention. The coordinate is in ENU considering the first day as
zero, the average coordinate before earthquake was 0.57 cm west and 0.26 south, after

earthquake changed to 5.15 west and 2.76 south, in vertical component we can see a little

increasing the from down to up.
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Table 20 SMO01 station daily coordinate towards the east north and up direction (cm)

Doy E N U

139 0.00 0.00 0.00
140 -5.48 -0.57 -2.80
141 -1.67 -0.26 -3.13
142 1.14 -0.29 0.89
143 -0.85 -0.71 -0.83
144 -1.60 0.17 0.30
145 -2.53 -0.15 -0.91
146 -7.43 -2.38 -2.84
147 -2.96 -2.30 4.09
148 -4.81 -2.89 4.43
149 -5.21 -5.60 3.03
150 -6.44 -1.95 -0.35
151 -7.35 -2.19 -1.62
152 -6.34 -1.82 1.09
153 -2.94 -1.97 3.43

Average E Average N Average U

BE: -1.57 -0.26 -0.93
AE: -5.15 -2.67 2.02
A: -3.58 -2.41 2.94

Also, we can see the displacement occurred after earthquake, had 3.58 cm displacement
west component and 2.41 cm to the south, rounding 2.5 cm in this last component, in vertical

component 2.94 cm up.
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5.3.13 SMO02 station

SMO02 station is 208 Km from epicenter earthquake, and this station is little same to
LRO6 and LRO7 in radial distance from earthquake, in the figure 40 we can see the movement
along the time respect to earthquake, in North component we can see little change along the
time south direction, and in the East component significative change after earthquake south
direction, but this points are some scattering along the time, in the horizontal component the

variability is rounding 3 cm into 14 days processed.
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Figure 40 SMO02 station daily North, East and Up direction position

In the table 21, we can see the coordinate day per day, processed in static mode, the red
146 doy represent the earthquake day, after that they change some centimeters as we can see
in the figure 40 and table in mention. The coordinate is in ENU considering the first day as
zero, the average coordinate before earthquake was 0.80 cm east and 0.64 north, after

earthquake changed to 2.03 west and 0.07 north, in vertical component we can see constant
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behavior.

Table 21 SMO02 station daily coordinate towards the east north and up direction (cm)

Doy E N U

139 0.00 0.00 0.00
140 -1.02 1.01 0.45
141 0.38 0.80 -0.96
142 3.57 0.08 2.15
143 0.34 0.79 2.06
144 1.74 0.60 0.92
145 0.59 1.17 1.37
146 -2.73 0.40 -0.11
147 -2.63 0.15 1.06
148 0.26 -0.24 1.16
149 NaN NaN NaN
150 -2.74 0.35 -0.19
151 -2.68 0.59 0.53
152 -2.79 -0.22 0.08
153 -1.58 -0.21 0.86

Average E Average N Average U

BE: 0.80 0.64 0.86
AE: -2.03 0.07 0.58
A: -2.83 -0.57 -0.27

Also, we can see the displacement occurred after earthquake, had 2.83 cm displacement

west component and 0.57 cm to the south, rounding 1 cm in this last component, in vertical
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component 0.27 cm down.
5.3.14 UCO1 station

UCOLI station is 316 Km from epicenter earthquake, and this station is little same to
LBO1 in radial distance from earthquake, in the figure 41 we can see the movement along the
time respect to earthquake, in North component we can see significative change along the
time, and in the East component like constant change after earthquake, in the horizontal

component the variability is rounding 5 cm into 14 days processed.
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Figure 41 UCO1 station daily North, East and Up direction position

In the table 22, we can see the coordinate day per day, processed in static mode, the red
146 doy represent the earthquake day, after that they change some centimeters as we can see
in the figure 41 and table in mention. The coordinate is in ENU considering the first day as
zero, the average coordinate before earthquake was 0.05 cm east and 0.45 north, after
earthquake changed to 0.39 east and 2.61 north, in vertical component not much difference

such as we can see in the table in mention.
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Table 22 UCO01 station daily coordinate towards the east north and up direction (cm)

Doy E N U

139 0.00 0.00 0.00
140 -0.71 -0.13 0.45
141 0.51 0.64 -0.77
142 -1.02 0.73 3.06
143 0.13 1.00 2.90
144 1.48 0.20 3.50
145 -0.06 0.73 2.74
146 -0.52 1.48 1.57
147 0.83 2.23 0.66
148 -0.20 2.35 -1.29
149 1.40 3.01 2.65
150 -1.69 242 -0.81
151 -0.37 2.82 -0.29
152 -0.02 1.63 -0.03
153 2.81 3.84 -4.85

Average E Average N Average U

BE: 0.05 0.45 1.70
AE: 0.39 2.61 -0.57
A: 0.35 2.16 -2.27

Also, we can see the displacement occurred after earthquake, had 0.35 cm displacement

east component and 2.16 cm to the north, rounding 2 cm in this last component, in vertical
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component 2.27 cm down.

5.4 Average sum of carriers and pseudoranges

The advantages of combining both carrier and code measurements by this method will
allow real-time calculations without the required convergence of the standard GPS techniques
that may take several minutes to settle with similar precision.

In next table can show the average sum of carriers and pseudoranges of data processing

Table 23 Average Sum (LC and PC SIGMA)

DAY LC (mm) PC (mm)
139 8.882 1085.779
140 9.452 1084.510
141 8.858 1088.059
142 9.266 1086.857
143 10.024 1083.602
144 9.831 1095.415
145 9.707 1096.564
146 8.511 1100.031
147 8.717 1098.966
148 9.612 1088.982
149 10.228 1101.433
150 9.227 1087.958
151 9.427 1103.201
152 9.679 1070.083

153 10.844 1084.070
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Conclusion

The calculated results processed in PANDA software can us show the position behavior
for 14 GNSS station for a long one week before and after earthquake 8 Mw magnitude; data
processed precision is high accuracy into 10mm, each GNSS station have a different
magnitude and direction in displacement surrounding earthquake, the most GNSS stations
have a displacement to direction south west, these stations represent the 65% to a same
direction, the other stations present little movements and another directions out to the zone.

The GNSS station with more displacement is the AMO1 with 5.27 cm to the west and
1.15 cm to the south, the AMO5 with 4.2 cm to the west and 0.95 cm to the south, the CJ02
with 3.64 c¢cm to the west and 0.68 cm to the south, the other stations had a little movement
respect the average position before earthquake. In another hand the GNSS stations such have
a little displacement was HC03 with 0.73 cm west and 0.17 cm south and the LRO1 with 0.5
cm to the east and 0.84 to the north.

In this research the conclusion is the high accuracy data processing can show us good
results for show the behavior and displacements in GNSS points, very important to know the
difference of displacements and using this information’s por geodesy and topography works,

for high precision engineering jobs.
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