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Abstract

Today, GNSS (Global Navigation Satellite Systems) is a widely spread technology
and are used in many different ways. GNSS is the collective name for American GPS,
Russian Glonass and European Galileo and some other smaller navigation systems.
When surveying with GNSS technology, there are many things that can affect the
accuracy of the measurements. In this thesis the focus is on how these measurements are
being effected by disturbances in the ionosphere. The conditions in the ionosphere are
largely affected by the amount of solar activities. A guideline for the amount of solar
activity is to monitoring the sunspot numbers and the solar cycle. With more radiation
occurring at radio frequencies as well as in the UV-region with more sunspots. The
resulting free electrons influence the GNSS signals as they propagate through the
ionosphere and the ionized gases cause the phase of the GNSS signal to shift and slows
down the speed of the signal.

By processing data from three SWEPOS stations forming one shorter and one longer
baseline, the estimated errors for the measurements are being calculated for different
conditions in the ionosphere. The focus in this thesis is at the accuracy and precision of
those measurements. To capture different ionospheric conditions, a few days from
different parts of the solar cycle are chosen as representation for these different
conditions. For each day different times of day and different length of measuring
sessions are being calculated. All the calculations of the baselines are carried out in
Trimble Business Center, and the results are presented in charts for each day and some
key measurements are presented for the whole studied period.

The result gives no clear correlation between the number of sunspots and the accuracy
and precision of the GNSS measurements, and it is not possible from the result to see
that a particular time of the day is better suited for executing GNSS surveying.

From the studied material and the result of this thesis it is hard to see any dependency
between the solar activity and the accuracy on GNSS measurements. It is not possible
from the result see any connection between the length of the measuring time and the
outcome of the measurement, as it is often no clear pattern stating that a longer
measuring time would give better measurement.

The results differ in many ways from other reports on this subject and the result are so
totally different that something seems to not be right in this report. If a correlation
analysis had been performed instead of just an ocular examination, it had probably given
a more satisfying result of the studied material.

The result of this thesis is in many ways on collision course with other similar report on
this subject and therefore the results in this report can be neglected and rejected in favor
of the result of this other more scientific reports.



Sammanfattning

Nu fértiden dr GNSS (Global Navigation Satellite Systems) en utbredd teknik och har
manga olika anvindningsomraden, si som fér navigering pa land, i luften och till sjoss.
GNSS teknik anvinds ocksa for inmitningar av olika féremal, sa som byggnader och
andra anliggningar. GNSS dr ett samlingsnamn for flera navigationssystem siasom
Amerikanska GPS, Ryska Glonass och Europeiska Galileo samt ndgra andra mindre
lokala navigationssystem. Det finns manga saker som kan paverka resultatet av matningar
med GNSS-teknik. I denna uppsats ligger fokus pd hur maitningarna paverkas av
storningar 1 jonosfiren. Forhdllandena i jonosfiren paverkas av hur aktiv solen ir.
Genom att 6vervaka och rikna antalet solflickar pa ytan av solen gar det att avgora hur
aktiv solen dr for tillfillet. Med fler solflickar dr aktiviteten pa solen stérre och darmed
emitterar den mer strlnings, denna stralning sker framforallt i frekvensintervallet for
radiovagor och UV-ljus. Det dr dessa stralar som paverkar férhallandena i jonosfaren och
forsvarar f6r GNSS-signalerna som ska passera igenom.

Genom att anvinda data fran tre SWEPOS stationer och genom att bilda tva baslinjer
mellan dessa, en kortare och en lingre, kan vi uppskatta de mitfel som uppstar vid olika
forhallanden 1 jonosfiren. Precisionen och noggrannheten fér mitningarna dr det som
denna uppsats fokuserar pa. Data fran olika dagar under skilda delar av solcykeln ér valda
for att kunna representera de olika forhallandena som kan uppsta i jonosfiren. For varje
studerad dag beriknas data fran mitningar for olika tider pa dygnet och for olika langa
tidsintervall. Alla berdkningar av baslinjerna dr utférda i Trimble Business Center, och
resultatet presenteras 1 flera olika diagram och tabeller for varje dag samt visa
nyckelvirden for hela perioden.

Resultatet ger ingen tydlig koppling mellan solaktiviteten, genom att anvianda sig av
antalet solflickar, och noggrannhet och precision av GNSS-mitningarna. Det idr inte
heller méjligt att utifran resultatet fa fram att det skulle bli bittre maitvirden for en
specifik tid pa dygnet. Slutsatserna fran resultatet i den hir undersékningen skiljer sig pa
manga hall fran likande undersékningar och istillet for att bara ha gjort en okulir
undersokning skulle en korrektions analys antagligen get en klarare bild 6ver det hela.
Kanske skulle det ge ett resultat som ligger mer i linje med likande studier inom detta
omrade.

Resultatet i den hir uppsatsen skiljer sig mycket fran resultaten i liknade rapporter pa det
har dmnet och dir med bor denna rapport tas med en nypa salt och resultatet kan
forkastas till f6rdel f6r dessa andra rapporter i dmnet.
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1 Introduction

1 Introduction

1.1 Background

Today, much of the survey and other positioning is carried out using GNSS (Global
Navigation Satellite Systems). GNSS is the collective name for American GPS, Russian
Glonass and European Galileo and some other smaller systems. In this thesis data from
GPS and Glonass are going to be used.

Besides geodetic surveying and navigation on land, sea and the air, GNSS systems are
nowadays used in many different fields such as in precision guiding of machines in
agriculture and when projecting and stacking out for new buildings or other
constructions. The fourth dimension of the satellite systems, time, is crucial to a variety
of economic activities, e.g. stock trading where the time of trading is crucial for the
result. Every different application using GNSS technology has varying demand in the
accuracy of measurement, time and positioning (Lantmiteriet, 2013a).

When surveying with GNSS technology, there are many things that can affect the
accuracy of the measurements. In this thesis the focus is how these measurements are
being effected by disturbances in the ionosphere. The conditions in the ionosphere are
largely affected by the amount of solar activities. A guideline for the amount of solar
activity is to monitoring the sunspot numbers and the solar cycle.

1.2 Objectives

The objectives of this thesis are to:

¥ Sece if there is any connection between the number of sunspots, the amount of
solar activity, and accuracy and precision of measurement with GNSS technology

¥ If there are any variations in accuracy and precision for different time of day

#

If there are any variations in accuracy and precision for different timespans for
the measurements
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2 Literature Review

2.1 Solar Activity and Sunspot Numbers

The sun emits electromagnetic energy with a slowly varying intensity. Gradually the flux
changes from day-to-day. The activity of the sun is associated with the number of
sunspots and the solar cycle. With larger number of sunspots more radiation occurs at
radio frequencies as well as in the UV-region. The quantity of ionization in the earth’s
ionosphere is associated with the quantity of radiation received from the sun. The
amount of received radiation is also varying with geographical location (Emardson et al.,
2011).

Sunspots appear as dark spots on the sun’s surface, the darker color is due to a local
temperature drop in the sunspot on and near the surface of the Sun. In these dark spots
the magnetic field increases and can have strength thousands of times stronger than the
magnetic field on Earth. Sunspots usually appear in groups with two sets of spots. One
set will have positive or north magnetic field while the other set will have negative or
south magnetic field. These groups of sunspots typically last for several days, although
large sunspots may last for several weeks (ID’Aleo, 2008).

Galileo Galilei made the first observations of sunspots and counted their numbers in
1610, shortly after he had started observing the sun with his new telescope. Daily
observations of the sunspot numbers have been carried out since 1749, starting at the
Zurich Observatory. During the following century other observatories started to count
the sunspots as well and since 1849 continuous observations have been carried out
(ibid.). This long series of continuous counting of the sunspots are probably not that
interesting in this thesis, but gives a lot of information of how this phenomenon is
working overtime.

The sunspot number is calculated by first counting the number of sunspot groups and
then the number of individual sunspots. The sunspot number is then given by the sum
of the number of individual sunspots and ten times the number of groups. From the
observations of the average monthly sunspot numbers shows that the number of spots
visible on the sun increases and decreases with an approximate 11-year cycle, this is
referred to as the solar cycle. One solar cycle starts from one minimum and continuing to
the next (SIDC-team, 2013, D’Aleo, 2008). In the middle of the cycle a peak in sunspot
numbers will appear, this is referred to as the solar cycle maximum, it is during this time
the sun is most active (Emardson et al., 2011). Since the start of observations of sunspots
and until now it have been 23 completed solar cycles.

In this thesis we will focus on the last completed cycle, solar cycle 23.
The duration of cycle 23 was about 12 years, starting in mid-1996 and ended in late 2008
or in the beginning of 2009. In Figure 1 the monthly number of sunspots for solar cycle
23 and the beginning of cycle 24 can be viewed. If the average monthly sunspot numbers
are considered the maximum of cycle 23 was in mid 2000, it peaked with a monthly
average sunspot number of 170 in July 2000. If instead the smooth monthly sunspot
number are considered the 23" solar cycle had two peaks, the first with approximate a
smooth monthly maximum of 120 sunspots, in April 2000 and the second peak in
November 2001 with a maximum of about 115 sunspots (SIDC-team, 2013).
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Figure 1, The average - and smooth monthly sunspot numbers for solar cycle 23 and the first part of cycle 24
(SIDC-team, 2013)

The smooth monthly sunspot number is calculated from the R,, index as (INOAA, 2013)

Lo DALQ /D)0 (i) (1, /2)]1/12 )

where K is the monthly sunspot number for the particular month, the subscript of K
denotes the number of months before (-1 to -6) and after (1 to 6) that particular month
(NOAA, 2013).

In the minimum period, in 2008 and 2009, between solar cycle 23 and cycle 24 sunspot
numbers were pegged near zero. This made this minimum to the deepest for nearly a
century (Phillips, 2013). In late 2009 and continuing in 2010 the sunspot numbers
increasing and the 24™ solar cycle has begun. Cycle 24 was predicted to peak during 2013,
but the maximum values so far have been in the beginning of 2012, with approximately a
monthly average sunspot number of 65. So far the cycle 24 has been quieter than
expected (ibid.).

All data for the sunspot numbers used in this thesis were retrieved from the Solar
Influences Data Analysis Center, SIDC, which is the solar physics research department
of the Royal Observatory of Belgium.
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2.2 The Ionosphere and GNSS Signal

The upper part of the atmosphere is the electrically charged ionosphere, ionized by the
ultraviolet radiation from the sun. The ionosphere is a shell of ionized plasma stretching
from about 50 km up to more then 1000 km altitude. This zone is characterized by free,
neutral and charge particles, where diversity varies as a function of the time of day. The
amount of ionization in the ionosphere is correlated with the amount of radiation
received from the sun. The resulting free electrons influence the GNSS signals as they
propagate through the ionosphere (Emardson et al., 2011).

The ionosphere is categorized into three main layers, denoted by D, E and F in
ascending height order. The low electron density and the high particle density in the
D-layer (50-90 km) cause ionization to vary with sunlight. During nighttime the layer is
almost completely deionized, but during daytime as the amount of sunlight increases the
ionization increases. During daytime the E-/zyer (90-150 km) is ionized by UV- and X-
rays emitted from the sun, during nighttime it is the cosmic rays and meteors that
influences the conditions in this layer. In the F-/ayer (150-1000 km) the atomic oxygen is
ionized by the solar radiation. The ionization in the F-/ayer is maximal around noon and
decreases toward sunset. Typically the ionization is low in the early morning hours. The
F-layer can be divided into two sub-layers, F, (150-200 km) and F, (200-1000 km). The
maximal electron density usually occurs in the highest layer I, it is therefore this part of
the ionosphere has the greatest effect on the GNSS-signals (Hofmann-Wellenhof et al.,
2008, p.65-60).

Hofmann-Wellenhof et al. [2008] p.66, enhances that the ionospheric delay typically is
low in the early morning hours, and increases rapidly around 10" local time and peaks
around 14" local time. Emardson et al. [2011] on the other hand states that the effect of
the ionospheric delay on measurements with network-RTK is greater during nighttime
than during daytime. They also find that the effect is greater in the northern Sweden then
for the south part of the country, especially during nighttime.

Coronal mass ejections and extreme ultraviolet solar radiation cause large geomagnetic
storms in the earth’s magnetic field. These storms may lead to loss of lock in satellite
tracking and may cause acquisition problems. The phenomena, due to the characteristics
of the magnetic field of the earth, are especially critical in the Auroral regions (Hofmann-
Wellenhof et al., 2008, p.63).

The ionospheric delay of the GNSS signal is modeled as a function of the electron
density represented by the total electron content (TEC). The electron density varies
along the signal path. The highest electron densities are in the ionosphere, more
particulatly in the F,-/ayer. The TEC are subjected to the solar activity, displayed by the
number of sunspots, earth’s magnetic field and diurnal and seasonal variations (ibid.,
p.65-67). Emardson et al. [2011] clearly shows that the number of observed sunspots
correlates to the amount of free electrons, the TEC, in the ionosphere.
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The TEC unit represents the number of free electrons in a 1-square meter column along
the signal path and it is given by the following equation:

LN )

where N, is the local electron density, [el/m’] (electrons per cubic meter), and TEC is the
total number of free electrons along the signal path S. TEC can be presented with two
different unit, the same as for N, or TECU (TEC units) where 1 TECU is 10" el/m?
Typically the TEC ranges from 10" to 10" el/m* (Hofmann-Wellenhof et al., 2008, p.
120, Leick, 1995, p.295, 297).

The primary purpose of the second frequency in GNSS satellites is to neutralize the
effect of the ionosphere on signal propagation (Leick, 1995, p.294). It is possible to form
a new observable, I; that is insensitive to the effect of the ionosphere. Using the L, and
L, observables from GPS, the combination for observable I_; can be written as

L3 =~ 2,55' 1 1,55L2 (ﬁ)

If using the ionosphere free I, observable the ionospheric effect can be neglected
(Hofmann-Wellenhof et al., 2008).

Emardson et al. [2009] shows that the contribution from the ionosphere can be on of the
dominating error sources in network-RTK. When using the I, observable only for
determining a position this contribution will under different circumstances be the largest
error contribution (Emardson et al., 2009).

From GPS data the L, observable can be formed as

L4_ = Ll - LZ (4)

This combination removes all frequency independent effects such as geometry, signal
delay in the troposphere, satellite and receiver clocks errors etc. A fraction of the
ionosphere effect on the two frequencies is however left, hence this combination can be
used to derive information about the ionosphere (Hofmann-Wellenhof et al., 2008).
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The resulting free electrons influence the GNSS signals as they propagate through the
ionosphere and the ionized gases cause the phase of the GNSS signal to shift. The phase
advance leads to a phase velocity greater than the speed of light. Since no information
can be transmitted by a single electromagnetic wave, this does not contradict Einstein’s
postulate of the universal characteristic of the speed of light. The phase advance and the
group delay are equal in size but different in sign. Practically speaking, code pseudorange
becomes longer and phase pseudoranges get shorter. The phase of the signal is advanced
by an amount of time, d7 while the pseudorandom code is delayed by the same amount
(Emardson et al., 2009, Hofmann-Wellenhof et al., 2008, p.67, 119-121). This is
displayed in the following equation

My (5)

!
where ¢ is the speed of light in vacuum [m/s] and fis the signal frequency [Hz].

From Equation 5 it is possible to see that, higher frequencies are less affected by the
ionosphere, hence the time delay is shorter. It is because of this relationship that the
high-frequency GNSS signals pass through the ionosphere relatively well and can be
measured accurately on arrival at the receiver (Leick, 1995, p.290).

3 Methodology

By processing data from three stations forming one short and one longer baseline the
estimated measuring errors can be calculated for different conditions in the ionosphere.
The measuring errors that are focused on in this thesis are differences in accuracy and
precision. To capture different ionospheric conditions a few days from different parts of
the solar cycle are chosen as representation for these different conditions. For each day
different times of day and different length of measuring sessions are being calculated, all
the calculations for the baselines are been carried out in Trimble Business Center and the
result are presented in charts for each day and some key measurements are presented for
the whole studied period.

3.1 Selecting of Studying Days

By looking at the smooth sunspot numbers in figure 1 (p. 3) it is easy to se that the solar
cycle is periodically and that each cycle can be divided in to four periods. These periods
are, starting on the top of the solar cycle; the maximum period, the peak of the cycle,
with the highest sunspot numbers for that particular solar cycle. After the peak the
descending period of the cycle occurs, the number of sunspots are during this period less
numerous and at the end after this period the minimum period with vary low or zero
sunspots occurs. The last part of the cycle is the ascending period with rising number of
sunspots. This last part closes the cycle and gets use back to a new peak period.

From each of these four periods mentioned above a few days are selected as
characteristic days for that particular period and will be used as studying days in this
thesis. From the peak period two days in 2000 are chosen: July 29 and August 8. For the
descending period October 1 and December 31 in 2004 are chosen as the characteristic
days. At the minimum period four different date are chosen, two in 2008: July 27 and
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Figure 2, Sunspot numbers for the days that are going to be studied

Daily number is the number for sunspots active during that day

Ave. weekly number is the average of sunspots for a week before the given date

Ave. monthlv number is the average of sunsbot durine the oiven month (SIDC-team. 2013)

August 17, and two in 2009: 9" and 23" of August. The two last days are from 2011 and
are representing the ascending period of the solar cycle: the dates are February 10 and
February 20. In Figure 2 the sunspot numbers are presented for the chosen days. For
each of the days the numbers of sunspots that are active that particular day are presented
as the “Daily number”, the “Ave. weekly number” representing the average of sunspots
during the week before that particular day. The “Ave. monthly number” is the average of
sunspots in that particular month.

3.2 The Measuring Sessions Used at each for The Studied Days

Each day is divided into four timeslots, starting at 0", 6", 12" and 18", within these
timeslots four separate measurement sessions are to be calculated. Three of these
sessions are processed using both L, and L, frequencies and the 4" session is processed
using only L, frequency, this to get the full effect of the ionospheric delay. All
measurements are obtained with an observation interval of 15 sec. For the measurements
with dual-frequency there are going to be three different timespans, a 1-, 3- and 5-hour
span. For the single frequency measurement the timespan is 5-hours. All times are given
in GPS time, this is the atomic time scale implemented by the atomic clocks used in the
GNSS systems. GPS time was zero at 0" 6 January 1980 and since then no leap seconds
have been added. In May 2013 UTC (Coordinated Universal Time) was ahead by 16
seconds in regards to GPS time (Leap second, GPS time, 2013). In Table 1 a more
schematic representation of the measuring sessions are presented.

Table 1, Time table for GNSS measurements, duration and which frequencies that are used for
the measurements, (all times are in GPS-time)

1 hour measurements with L1 and L2 freq. | 00-01 | 06-07 | 12-13 | 18-19
3 hour measurements with L1 and L2 freq. | 00-03 | 06-09 | 12-15 | 18-21
5 hour measurements with L1 and L2 freq. [ 00-05 | 06-11 | 12-17 | 18-23
5 hour measurements with only L1 freq. 00-05 | 05-11 | 12-17 | 18-23

7
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3.3 SWEPQOS Stations, The Points of Measurements

In order to get GNSS data from all the chosen days, measurements from the SWEPOS
network are to be used. SWEPOS is the Swedish national network of permanent
reference stations for GNSS measurements. These reference stations continuously
receive signal from GNSS satellites and the purpose of this network is to provide data
for several applications, from real-time positioning with accuracy on meter level to
studies of crust movements of the earth with millimetre accuracy, it is a system provided
by Lantmaiteriet (Swedish national survey) (Lantmaiteriet, 2013b).

Three SWEPOS stations are selected: Givle (GAVL.3/4)*, Lovon (LOVO.0) and
Martsbo (MART.0). The stations Givle and Martsbo are located in the Givle region, the
town where Lantmaiteriet has its headquarters. Station LOVO.0 is located at Lovén an
island west of Stockholm in the lake Milaren. In Figure 3 a map of these three stations
locations is presented.

GAVL.3/4 (Gavle)
Gavle (3 MART.6 (Martsbo)

-

>

4

" "LOVO.0.(Lovén)
. s X
v 45 “¥Stockholm

o’ e

Figure 3, Map over the area of the three studied SWIEPOS stations, in the south
near Stockholm, station Lovin and up north, on the top of the map close to
Gavle, the other two stations Gévle and Martsbo

* For station Givle (GAVL.3/4) there are actually two stations, GAVL.3 and GAVL.4 built and used
under different parts of the studied time-period, but they are located very near each other, just differing
some meters, so it can be considered as one station in this thesis.



4 Results

The coordinates for all SWEPOS stations are computed from long observation series
and therefore they can be considered as “true”. These coordinates give the position for
the station and can be considered to be very accurate. The position for the station varies
slightly over time, due to more precise measuring, longer measuring series and other
variations in the surrounding environment.

SWEREF 99, Swedish reference frame 1999, is a national reference system over Sweden
and are the default reference system for the SWEPOS network (Lantmateriet, 2013b). In
this thesis the particular sub reference system SWEREF 99 18 00 with
SWENO8_RH2000 as geoid model is used. In Table 2 the “true”-coordinates for
SWEPOS stations Givle, Martsbo and Lovon are presented.

Table 2. The difference in the “true”-coordinates for the three stations and all the studied days,
coordinates are given in reference system SWEREF 99 18 00 with geoid model SWENOS_RH2000

’lf;/(")i 456780:;<=4>32,? 79%6%8@<=7)3A*? B5SCDSE<=BF.&1G)?
7, )80 #1800 | #2,380° | .80 #1800 | #2,38(0" | .80 #18(0 | #2380
2000-07-29
2000-08-10
2004-10-01
2004-12-31
2008-07-27
2008-08-17
2009-08-09
2009-08-23
2011-02-10
2011-02-20

6580311,876 140263,192 56,165| 6720610,886( 109371,513 50,652

6728677,413 | 102528,685 30,227

6728676,220 | 102526,667 31,011} 6580311,868 | 140263,140 56,172| 6720610,880( 109371,461 50,669

6728676,222 | 102526,665 31,008

3.4 Baseline Processing

The GNSS data were processed in Trimble Business Center (TBC), which is a GNSS
processing software produced by Trimble.

Mirtsbo station was used as reference, i.e. its coordinates were fixed to their “true”
values. The coordinates of the other two stations Giévle and Lovon were compute by
baselines processing. The baselines are at different length, the short one
Martsbo — Givle is approximately 10 km and the longer baseline between
Martsbo — Lovén is approximately 144 km. By processing both baselines it is possible to
compute the coordinate for respective station for all the measurement intervals and for
all the studied days.

The output data from these calculations are the computed coordinates, Northing, Easting
and Elevation and the coordinate standard uncertainties, denoted by the ! A-values for
each coordinate directions, o4 North 64 East and o4 Elevation.

3.5 Computation of Accuracy and Precision

From the output data from TBC it is possible to calculate the coordinate differences by
comparing the “true”-coordinates with the computed coordinates as

N"#$%! 1"# | ltrue"!"#$ | I"# | — computed Northing
AEasting = "true"Easting — computed Easting (6)
AElevation = "I"#$% levation — computed Elevation



4 Results

In the output data from TBC the coordinate standard uncertainties can be derived
directly and can without any changes be used in the calculations of the result.

In the output data from TBC the coordinate standard uncertainties are presented as a
part of the result and no further work have to be done to use these results in further
calculations.

From the 4- and od-values the accuracy and precisions can be calculated. The accuracy
and precision are divided into horizontal (Equations 7 and 8) and vertical (Equation 9
and 10) directions.

I"'#$%"& yorizontar = JANorthing? + AEasting? 7)
Precisionyorizontar ! VoANorth? + oA East? 8)
Accuracyyerticar = |AElevation| ©)
Precisionyerticar = 04 Elevation (10)

4 Results

In this chapter the result for all measurements and calculations are presented. First the
focus is at station Lovon and in the second part (chapter 4.2) results from station Givle
are presented.

4.1 Results for Station Lovon

In this part the results from the measurements and calculations for station Lovon are
presented. First the result from the measurements, the coordinate differences and
coordinate standard uncertainties, are presented. In chapter 4.1.2 the result for accuracy
and precision can be found. In the last part (chapter 4.1.3) a summary of accuracy and
precision for all days that are considered in this thesis are presented.

4.1.1 Coordinate Differences and Coordinate Standard Uncertainties

In this part the result of the calculations of coordinate differences, Equation 6, and
coordinate standard uncertainties are presented as charts. One day from each of the four
periods of the solar cycle are chosen to be presented below, the rest of the results can be
viewed in Appendix I.

For each day of measurements there are two charts, one chart for the coordinate
differences, where the blue bars represent eastbound differences (4 Easting), the red bars
show northbound differences (4 Northing) and the green bars represent differences in
elevation (4 Elevation). In Figures 4 — 7 the coordinate differences are presented in the
chart denoted by (2) and the coordinate standard uncertainties are presented in the chart
denoted by (). In these charts the denotation for coordinate standard uncertainties are in
eastbound o4 East (blue bars), in northbound 64 North (red bars) and for elevation the
denotation are o4 E/v (green bars, Eler is a contraction of Elevation).
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4 Results

In Figure 4 the results for coordinate differences and coordinate standard uncertainties
from 2000-07-29 are presented, these measurements are retrieved during the peek period
of solar cycle 23.
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Figure 4, Coordinate differences ("'true"-coordinate - computed coordinate) (a) and
Coordinate standard uncertainties (b), for station Lovon during 2000-07-29.

These measurements are retrieved from the peak of solar cycle 23 with 113 sunspots during the day
and a average monthly sunspot number of approx. 170 sunspots during July 2000.
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4 Results

In Figure 5 the results for coordinate differences and coordinate standard uncertainties
from 2004-12-31 are presented, these measurements are retrieved from a day in the
descending period of solar cycle 23, with moderate sunspot numbers and moderate solar

activity.
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Figure 5, Coordinate differences ("true''-coordinate - computed coordinate) (a),
Coordinate standard uncertainties (b), for station Lovin during 2004-12-31.
These measurements are retrieved from a period after the peek of solar cycle 23,
this part of the cycle has descending number of sunspots and during the day there are 22 sunspots
and a average monthly sunspot number of approx. 18 sunspots during Decenber 2004.
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4 Results

In Figure 6 the results for coordinate differences and coordinate standard uncertainties
from 2009-08-09 are presented, these measurements are retrieved from a day in the
period between solar cycle 23 and 24, the part of the cycle with few or zero sunspots and
with low or neatly no solar activity.
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Figure 6, Coordinate differences ("'true"-coordinate - computed coordinate) (a),

Coordinate standard uncertainties (b), for station Lovin during 2009-08-09.

These measurements are retrieved from a period of low number of sunspots, at the minimunm in
between solar cycle 23 and 24, during the day there are gero sunspots

and a average monthly sunspot number of gero sunspots during Angust 2009.
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4 Results

In Figure 7 the results for coordinate differences and coordinate standard uncertainties
from 2011-02-10 are presented, these measurements are retrieved from a day in the
ascending part of solar cycle 24, with moderate sunspot numbers and moderate solar

activity.
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Figure 7, Coordinate differences ("'true"-coordinate - computed coordinate) (a),
Coordinate standard uncertainties (b), for station Lovon during 2011-02-10.
These measurements are retrieved from a period of rising number of sunspots, after the period of low sunspot numbers and
before the peek of solar cycle 24, during the day there are 21 sunspots and a average monthly sunspot number of approx.

30 sunspots during February 2071.
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4 Results

4.1.2 Accuracy and Precision During the Studied Days

The result for accuracy and precision are presented in horizontal and vertical directions.
Horizontal accuracy and precision are calculated from Equations 7 and 8 and
the vertical accuracy and precision are derived from Equation 9 and 10. As in the
previous part (chapter 4.1.1) there will be four figures presented in this chapter, one from
each of the four periods of the solar cycle. There will also be one figure that will
represent the charts with the results of calculations performed on data retrieved on
L, frequency only. The rest of the results can be viewed in Appendix I.

The charts in Figure 8 — 12 can be observed in two ways, if it is studied in the horizontal
direction (the whole chart) it is possible to detect if there are any diurnal changes in the
accuracy and precision of the measurements. If the chart on the other hand are studied in
a vertical manner and divided into four time-spans, it is possible to see if there are any
changes of the accuracy and precision for different length of the measuring time.

In Figure 8 — 11 the chart denoted by (2) is for horizontal accuracy and precision and the

one denoted by (b) is for vertical accuracy and precision. The lengths of the lines in the
charts are symbolizing the time of measuring.
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4 Results

In Figure 8 the results for horizontal - and vertical accuracy and precision from 2000-08-
10 are presented, this day represents measurements retrieved during high solar activity
and this day is at the peek of solar cycle 23.
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Figure 8, Horizontal accuracy and precision (a),
Vertical accuracy and precision (b), for station Lovin, 2000-08-10
These measurements are retrieved from the peak of solar cycle 23 with 154 sunspots during the day
and a average monthly sunspot number of approx. 131 sunspots during August 2000
Length of the line indicate the time-period for the measurement
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4 Results

In Figure 9 the results for horizontal - and vertical accuracy and precision from 2004-10-
01 are presented, this day represents measurements retrieved during the descending
period of solar cycle 23, with moderate sunspot numbers and moderate solar activity.
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Figure 9, Horigontal accuracy and precision (a),

Vertical accuracy and precision (b), for station Lovin, 2004-10-01

These measurements are retrieved from a period after the peek of solar cycle 23,

this part of the cycle has descending number of sunspots and during the day there are 18 sunspots
and a average monthly sunspot number of approx. 48 sunspots during October 2004.

Length of the line indicate the time-period for the measurement
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4 Results

In Figure 10 the results for horizontal - and vertical accuracy and precision from 2008-
08-17 are presented, this day represents measurement retrieved during the period
between solar cycle 23 and 24, the part of the cycle with few or zero sunspots and with
low or nearly no solar activity.
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Figure 10, Horizontal accuracy and precision (a),

Vertical accuracy and precision (b), for station Lovin, 2008-08-17

These measurements are retrieved from a period of low number of sunspots, at the minimum in
between solar cycle 23 and 24, during the day there are Zero sunspots

and a average monthly sunspot number of one sunspot during August 2008

Length of the line indicate the time-period for the measurement
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4 Results

In Figure 11 the results for horizontal - and vertical accuracy and precision from 2011-
02-20 are presented, this day represents measurements retrieved during the ascending
part of solar cycle 24, with moderate sunspot numbers and moderate solar activity.
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Figure 11, Horizontal accuracy and precision (a),

Vertical accuracy and precision (b), for station Lovin, 2011-02-20

These measurements are retrieved from a period of rising number of sunspots, after the period of low sunspot numbers and
before the peek of solar cycle 24, during the day there are 42 sunspots and a average monthly sunspot number of approx.
30 sunspots during February 2071.

Length of the line indicate the time-period for the measurement
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4 Results

In Figure 12 the result for horizontal — and vertical accuracy and precision from
2000-07-29 with data from measurements performed on only L, frequency are presented.
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Figure 12, Horizontal and vertical accuracy and precision for station Lovin, 2000-07-29

These measurements are retrieved from the peak of solar cycle 23 with 113 sunspots during the day
and a average monthly sunspot number of approx. 170 sunspots during July 2000.

Al measurements are calculated with data from L -frequency only

4.1.3 A Comparison of Accuracy and Precision for All Studied Days

In the charts in Figure 13, the dot represents the average value for respective
measurement performed that day. The dashed line in-between the days representing the
trend and can be seen as a guideline for how the accuracy or precision will be in the days
between. For each day a vertical error bar is added. It represents the extreme values that
particular day and time-span of measurement. Green color represents the calculations
made from the 1 hour measurements, blue is for the 3 hour measurements, red is for the
5 hour measurements and the purple represents the 5 hour measurements calculated on
data from only the L, frequency.

In the background of the charts the daily -, weekly - and monthly number of sunspots
for each of the studied days are presented to show the solar activity for the intended day.
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Figure 13, Horizontal accuracy (a) and precision (b),
for station Lovin, during the period 2000-2011, data from all the studied days

4 Results

180
160
140
120
@ Daily number
2
100 2 Ave. weekly number
3
% Ave. monthly number
80 é Accuracy (1h)
=
z == &= Accuracy (3h)
60 = &= Accuracy (5h)
== &= Accurasy (L1 only)
40
20
0
180
160
140
120
) Daily number
2
100 2 Ave. weekly number
=
% Ave. monthly number
80 é Precision (1h)
=
z == &= Precision (3h)
60 = &= Precision (5h)
== &= Precision (L1 only)
40
20
0

To get a better view for the whole period and to see the changes between the studied days for the horizontal — and vertical

accuracy and precision are presented in figure.
The charts on vertical accuracy and precision can be viewed in Appendix 1.
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4 Results

4.2 Results for Station Géavle

Here the results from the measurements and calculations for station Givle are presented.
Unfortunately there is no data from 2000, the peak of solar cycle 23, for this station, no
SWEPOS data from before 2004 was received. So the period of measurements for
station Gavle is from 2004 to 2011.

First the result from the measurements, the coordinate differences and coordinate
standard uncertainties, are presented in chapter 4.2.1. In chapter 4.2.2 the result for
accuracy and precision can be found. In the last part (chapter 4.2.3) a summary of
accuracy and precision for all days that are considered in this thesis are presented.

4.2.1 Coordinate Differences and Coordinate Standard Uncertainties

In this part the result of the calculations of coordinate differences, Equation 6, and
coordinate standard uncertainties are presented as charts. One day from each of the three
of four periods of the solar cycle that are received are chosen to be presented below, the
rest of the results can be viewed in Appendix II.

For each day of measurements there are two charts, one chart for the coordinate
differences, where the blue bars show eastbound differences (4 Easting), the red bars
represent northbound differences (4 Northing) and the green bars show differences in
elevation (4 Elevation). In Figures 14 — 16 the coordinate differences are presented in the
chart denoted by (2) and the coordinate standard uncertainties are presented in the chart
denoted by (). In these charts the denotation for coordinate standard uncertainties are in
eastbound o4 East (blue bars), in northbound ¢4 North (red bars) and for elevation the
denotation are 64 Elev (green bars, Eflev is a contraction of Elevation).
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4 Results

In Figure 14 the results for coordinate differences and coordinate standard uncertainties
from 2004-10-01 are presented, this day represents measurements retrieved during the
descending period of solar cycle 23, with moderate sunspot numbers and moderate solar

activity.
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Figure 14, Coordinate differences ("true"-coordinate - computed coordinate) (a),

Coordinate standard uncertainties (b), for station Gavle during 2004-10-01.

These measurements are retrieved from a period after the peak of solar cycle 23,

this part of the cycle has descending number of sunspots and during the day there are 18 sunspots
and a average monthly sunspot number of approx. 48 sunspots during October 2004.
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4 Results

In Figure 15 the results for coordinate differences and coordinate standard uncertainties
from 2008-07-27 are presented, this day represents measurement retrieved during the
period between solar cycle 23 and 24, the part of the cycle with few or zero sunspots and

with low or nearly no solar activity.
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Figure 15, Coordinate differences ("'true"~coordinate - computed coordinate) (a),
Coordinate standard uncertainties (b), for station Gdvle during 2008-07-27.

These measurements are retrieved from a period of low number of sunspots, at the mininnm in
between solar cycle 23 and 24, during the day there are zero sunspots

and a average monthly sunspot number of approx. one sunspots during July 2008.
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4 Results

In Figure 16 the results for coordinate differences and coordinate standard uncertainties
from 2011-02-20 are presented, this day represents measurements retrieved during the
ascending part of solar cycle 24, with moderate sunspot numbers and moderate solar

activity.
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Figure 16, Coordinate differences ("'true"~coordinate - computed coordinate) (a),
Coordinate standard uncertainties (b), for station Gavle during 2017-02-20.
These measurements are retrieved from a period of rising number of sunspots, after the period of low sunspot numbers and

before the peak of solar cycle 24, during the day there are 42 sunspots

and a average monthly sunspot number of approx. 30 sunspots during February 2071.
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4 Results

4.2.2 Accuracy and Precision During the Studied Days

The result for accuracy and precision are presented in horizontal and vertical directions.
Horizontal accuracy and precision are calculated from Equations 9 and 10 and the
vertical accuracy and precision are derived from Equation 11 and 12. As in the previous
part (chapter 4.2.1) there will be three figures presented in this chapter. There is also one
figure that represents the charts with the results of calculations performed on data
retrieved on L, frequency only. The rest of the results can be viewed in Appendix II.

The charts can be observed in two ways, if it is studied in the horizontal direction (the
whole chart) it is possible to detect if there are any diurnal changes in the accuracy and
precision of the measurements. If the chart on the other hand are studied in a vertical
manner and divided into four time-spans, it is possible to see if there are any changes of
the accuracy and precision for different length of the measuring time.

In Figure 17 — 19 the chart denoted by (2) is for horizontal accuracy and precision and

the one denoted by (/) is for vertical accuracy and precision. The lengths of the lines in
the charts are symbolizing the time of measuring.
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4 Results

In Figure 17 the results for horizontal - and vertical accuracy and precision from 2004-
12-31 are presented, this day represents measurements retrieved during the descending
period of solar cycle 23, with moderate sunspot numbers and moderate solar activity.
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Figure 17, Horizontal accuracy and precision (a),

Vertical accuracy and precision (b), for station Gévle, 2004-12-31

These measurements are retrieved from a period after the peek of solar cycle 23,

this part of the cycle has descending number of sunspots and during the day there are 22 sunspots
and a average monthly sunspot number of approx. 18 sunspots during December 2004.

Length of the line indicate the time-period for the measurement
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4 Results

In Figure 18 the results for horizontal - and vertical accuracy and precision from 2009-
08-23 are presented, this day represents measurement retrieved during the period
between solar cycle 23 and 24, the part of the cycle with few or zero sunspots and with
low or nearly no solar activity.
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Figure 18, Horizontal accuracy and precision (a),

Vertical accuracy and precision (b), for station Gévle, 2009-08-23

These measurements are retrieved from a period of low number of sunspots, at the mininum in
between solar cycle 23 and 24, during the day there are gero sunspots

and a average monthly sunspot number of ero sunspots during August 2009.

Length of the line indicate the time-period for the measurement
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In

4 Results

Figure 19 the results for horizontal - and vertical accuracy and precision from 2011-

02-10 are presented, this day represents measurements retrieved during the ascending
part of solar cycle 24, with moderate sunspot numbers and moderate solar activity.
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Figure 19, Horizontal accuracy and precision (a),

Vertical accuracy and precision (b), for station Gévle, 2017-02-10

These measurements are retrieved from a period of rising number of sunspots, after the period of low sunspot numbers and
before the peek of solar cycle 24, during the day there are 21 sunspots and a average monthly sunspot number of approx.
30 sunspots during February 2011.

Length of the line indicate the time-period for the measurement
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4 Results

In Figure 20 the result for horizontal — and vertical accuracy and precision from
2011-02-20 with data from measurements performed on only L, frequency are presented.
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Figure 20, Horizontal and vertical accuracy and precision for station Gavle, 2011-02-20
These measurements are retrieved from a period of rising number of sunspots, after the period of low sunspot numbers and
before the peek of solar cycle 24, during the day there are 42 sunspots and a average monthly sunspot number of approx.
30 sunspots during Febrnary 2011.
Al measurements are calculated with data from L-frequency only

4.2.3 A Comparison of Accuracy and Precision for All Studied Days

In the charts in Figure 21, the dot represents the average value for respectively
measurement performed that day. The dashed line in-between the days representing the
trend and can be seen as a guideline for how the accuracy or precision will be in the days
between. For each day a vertical error bar are added, these error bars represents the
extreme values that particular day and time-span of measurement. Green represents the
calculations made from the 1 hour measurements, blue is for the 3 hour measurements,
red is for the 5 hour measurements and the purple represents the 5 hour measurements
calculated on data from only the L, frequency.

In the background of the charts the daily -, weekly - and monthly umber of sunspots for
each of the studied days are presented to show the solar activity for the intended day.

30



4 Results
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Figure 21, Vertical accuracy (a) and precision (b),

Jor station Gavle, during the period 2000-2011, data from all the studied days

To get a better view for the whole period and to see the changes between the studied days for the horizontal — and vertical
accuracy and precision four charts are presented in this fignre.

The charts on horigontal accuracy and precision can be viewed in Appendix 11.
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5 Analysis and Discussion

First of all I can stat that this subject is vary hard to study. The solar cycle is in fact
periodically, but each cycle is unique in both the maximum number of sunspots and the
length of the cycle. This makes it hard to just stat that if we currently find ourselves in a
solar cycle maximum that we in advance can expect our measurements to be less
accurate and precise than for other periods of the cycle. For example solar cycle 23 peeks
with approximately twice the amount of sunspots compared to cycle 24, as can be seen
in Figure 1. Therefore the expected solar activity for the maximum of solar cycle 24 will
be around the same of for the ascending and descending parts of cycle 23. Le. just to say
that we can expect worse accuracy and precision for our solution of the measurements
because they are done during a solar cycle maximum is not correct, we also have to look
at the magnitude of the that particular solar cycle maximum.

For the result of the accuracy and precision for station Lovon, calculated with only data
from L, frequency, the connection between the solar activity and the accuracy and
precision is quite clear. By looking at Figures 13 and A 1.22 (A I refers to Appendix I) it
is possible to see that higher sunspot numbers give a less accurate and precise solution,
this is especially clear for the two days at the maximum of the solar cycle. The
connection is clearer for the vertical part, Figure A 1.22, then for the horizontal, Figure
13.

For the results of the solutions on data from both L, and L, frequencies, Figures 12 and
A 1.22, there is no clear connection between the solar activity and the accuracy and
precision at station Lovon. The errors are slightly greater for the sunspot maximum but
for the other studied days there are no notable differences, the errors are at an even low
level of some millimetres for all the measurement sessions. When calculating long
baselines, such as the baseline between Martsbo and Lovon, where the conditions in the
ionosphere above the two stations can differ more than when the stations are closer to
getter and the ionosphere can be viewed more as one unit. For these conditions with the
long baselines the ionospheric free L; observable clearly makes the result better. This is
probably due to that the L; observable reduces the impact of the ionospheric effect.

For station Givle, calculated on the shorter baseline between Martsbo and Givle, there
is no dependency between the sunspot numbers and the accuracy and precision, as can
be viewed in Figures 21 and A I1.18 (A II refers to Appendix II). The errors are at the
millimetre level during all studied days, both on single frequency (only ;) data and for
data received by dual-frequency (L, and L,). For this baseline it is sometimes better to
use only data from the L, frequency to get a more accurate and precise solution. This is
due to that the ionospheric free I; observable when used on short baseline calculations
magnifies errors that occur on both the L, and L, frequencies.

By analyzing the accuracy and precision for each day, Figures 8 — 12 and A 1.7 — A 1.21
for station Lovon and Figures 17-20 and A 11.6 — A 11.17 for station Givle, it is no clear
connection between the time of day for the measurement and the size of error for the
accuracy and precision of the measurements.
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It is also hard to state by analyzing table 3 — 10 in Appendix III that there is any
dependency between the timespan of measurement and the result. It is not clearly that a
longer measuring time has a more accurate result in regards to the accuracy and precision
of those measurements.

It is hard to see any pattern in the most of the studied charts, and because the result in
many ways differs from other reports on this subject and the result are so totally
different something seems to not be right in this report. If a correlation analysis had been
performed instead of just an ocular examination, it had probably given a more satisfying
result of the studied material.

6 Conclusions

From the studied material and the result of this thesis it is hard to see any dependency
between the solar activity and the effect on GNSS measurements. The connection
between measuring time and the outcome of the measurement are also quite weak and
there are often no clear pattern stating that a longer measuring time would give more
precise measurements, as would been suspected.

To better study this type of problem and get a more satisfying and reliable result the
amount of studied data have to be greater and the selection of time from where the
ionosphere have different conditions have to be more thorough. A clearer hypothec
about the suns effect on the ionosphere had probably given a better and clearer result in
the end. On the other hand if a mathematical method or a correlation analysis had been
used instead of just ocular study the material, then the result from the studied material
perhaps had been different and more in line with other more reliable studies of this
subject.

But from the data used in this thesis the result shows that there is no clear dependency
between the numbers of sunspots, i.e. where we are in the solar cycle, and how this will
effect our measurements with GNSS receivers. It can probably be some negative effect
on the accuracy and precision of the measurements if there are a lot of sunspots and
therefore great solar activity, as at the peak of solar cycle 23 in the end of 2000 and the
beginning of 2001. But this is also the only thing that can be stated from this report, that
of there are a lot of sunspots as during maximum for solar cycle 23 and therefore the
solar activity can be considered to be intense we can except our solutions of the
measurements to be less accurate and precise.

During periods with few or close to no sunspots and the solar activity can be considered
low, the results of GNSS measurements can not be predicted to be affected by the
ionosphere in any particular way. The errors for this periods are often small and does not
have any great effect on the GNSS measurement in total if not the requirement on
accuracy and precision are high, meaning that the errors has to be less than some
millimetres.

The result of this thesis is in many ways on collision course with other similar report on

this subject and therefore the results in this report can be neglected and rejected in favor
of the result of this other more scientific reports.
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Figure A 1.1, Coordinate differences ("true"-coordinate - computed coordinate) (a),
Coordinate standard uncertainties (b), for station Lovon during 2000-08-10.
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Figure A 1.2, Coordinate differences ("'true"-coordinate - computed coordinate) (a),
Coordinate standard uncertainties (b), for station Lovon during 2004-10-01.
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Figure A 1.3, Coordinate differences ("true""-coordinate - computed coordinate) (a),
Coordinate standard uncertainties (b), for station Lovon, during 2008-07-27.
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Figure A 1.4, Coordinate differences ("true"-coordinate - computed coordinate) (a),
Coordinate standard uncertainties (b), for station Lovon during 2008-08-17.
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Figure A 1.5, Coordinate differences ("'true"-coordinate - computed coordinate) (a),

Coordinate standard uncertainties (b), for station Lovin during 2009-08-23.
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Figure A 1.6, Coordinate differences ("true""-coordinate - computed coordinate) (a),
Coordinate standard uncertainties (b), for station Lovon during 2011-02-20.
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Figure A 1.7, Horizontal accuracy and precision (a),
Vertical accuracy and precision (b), for station Lovin, 2000-07-29

Length of the line indicate the time-period for the measurement
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Figure A 1.9, Horizontal accuracy and precision (a),
Vertical accuracy and precision (b), for station Lovin, 2008-07-27
Length of the line indicate the time-period for the measurement
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Figure A 1.10, Horizontal accuracy and precision (a),

12:00

= Accuracy (3h)  ® Accuracy (5h)

" Precision (3h) ¥ Precision (5h)

Vertical accuracy and precision (b), for station Lovin, 2009-08-09
Length of the line indicate the time-period for the measurement
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Figure A 1.11, Horizontal accuracy and precision (a),
Vertical accuracy and precision (b), for station Lovin, 2009-08-23
Length of the line indicate the time-period for the measurement
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Figure A 1.12, Horizontal accuracy and precision (a),
Vertical accuracy and precision (b), for station Lovin, 2017-02-10
Length of the line indicate the time-period for the measurement
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Figure A 1.13, Horizontal and vertical accuracy and precision for station Lovin, 2000-08-10
All measurements are caleulated with data from L~frequency only
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Figure A 1.14, Horizontal and vertical accuracy and precision for station Lovin, 2004-10-01
Al measurements are calenlated with data from L,~frequency only
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Figure A 1.15, Horizontal and vertical accuracy and precision for station Lovon, 2004-12-31
All measurements are calenlated with data from L,~frequency only
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Figure A 1.16, Horizontal and vertical accuracy and precision for station Lovin, 2008-07-27
Al measurements are calculated with data from 1L -frequency only
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Figure A 1.17, Horizontal and vertical accuracy and precision for station Lovin, 2008-08-17
All measurements are calculated with data from L-frequency only
0,250
0,200
0,150
0,100
0,050
| ————
0,000
0:00 6:00 12:00 18:00 0:00
® Horizontal accuracy ® Horizontal precision
Vertical accuracy ¥ Vertical precision

Figure A 1.18, Horizontal and vertical accuracy and precision for station Lovin, 2009-08-09
Al measurements are calculated with data from 1.-frequency only
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Figure A 1.20, Horizontal and vertical accuracy and precision for station Lovin, 2011-02-10
All measurements are caleulated with data from L,~frequency only
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Figure A 1.19, Horizontal and vertical accuracy and precision for station Lovin, 2009-08-23
All measurements are calculated with data from L,~frequency only
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Figure A 1.21, Horizontal and vertical accuracy and precision for station Lovin, 2011-02-20
All measurements are caleulated with data from L~frequency only
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Figure A 1.22, Vertical accuracy (a) and precision (b),
Jor station Lovin, during the period 2000-2011, data for all studied days
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Figure A 11.1, Coordinate differences ("'true"'-coordinate - computed coordinate) (a),
Coordinate standard uncertainties (b), for station Gavle during 2004-12-31.
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Figure A 11.2, Coordinate differences ("'true""-coordinate - computed coordinate) (a),
Coordinate standard uncertainties (b), for station Gdavle during 2008-08-17.
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Figure A 11.3, Coordinate differences ("'true"-coordinate - computed coordinate) (a),
Coordinate standard uncertainties (b), for station Gdavle during 2009-08-09.
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Figure A 11.4, Coordinate differences ("'true"-coordinate - computed coordinate) (a),
Coordinate standard uncertainties (b), for station Gdavle during 2009-08-23.
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Figure A 11.5, Coordinate differences ("'true"-coordinate - computed coordinate) (a),
Coordinate standard uncertainties (b), for station Gdavle during 2011-02-10.
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Figure A 11.6, Horizontal accuracy and precision (a),

Vertical accuracy and precision (b), for station Givle, 2004-10-01
Length of the line indicate the time-period for the measurement
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Figure A 11.7, Horizontal accuracy and precision (a),

Vertical accuracy and precision (b), for station Givle, 2008-07-27
Length of the line indicate the time-period for the measurement
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Figure A 11.8, Horizontal accuracy and precision (a),
Vertical accuracy and precision (b), for station Gévle, 2009-08-17
Length of the line indicate the time-period for the measurement
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Figure A 11.9, Horizontal accuracy and precision (a),

Vertical accuracy and precision (b), for station Gavle, 2009-08-09
Length of the line indicate the time-period for the measurement

61



Appendix II

0,010
0,008
0,006 —_—
iz
=
13)
o
3]
a B——
0,004
—
— R— — ——
P—
0,002
L
0,000
0:00 6:00 12:00 18:00 0:00
© Accuracy (1h) ™ Accuracy (3h) ® Accuracy (5h)
= Precision (1h) Precision (3h) = Precision (5h)
(a)
"&$H
M&IH#
1"1%$#
iz
1
3]
o
=
1"1%!#
"I$H
— — —
—— | —
"I
g (‘g %&'!1# %)'11# g

L1,13#?%@AN .1,/ 34?B@AM 1.1,/ 3#?S@AH
B C,+.72784#7?% QA\#.72784#?B@BH.72784#?$@A#H

®)
Figure A 11.10, Horizontal accuracy and precision (a),

Vertical accuracy and precision (b), for station Gévle, 2011-02-20
Length of the line indicate the time-period for the measurement

62



Appendix II

0,015

0,010

[Meters]

[Meters]

0,005
0,000
0:00 6:00 12:00 18:00 0:00
® Horizontal accuracy ® Horizontal precision
Vertical accuracy ¥ Vertical precision

Figure A 11.11, Horizontal and vertical accuracy and precision for station Gévle, 2004-10-01

Al measurements are calculated with data from L ~frequency only
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Figure A 11.12, Horizontal and vertical accuracy and precision for station Gévle, 2004-12-31
All measurements are calculated with data from L,~frequency only
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Figure A 11.13, Horizontal and vertical accuracy and precision for station Gévle, 2008-07-27
All measurements are caleulated with data from L,~frequency only
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Figure A 11.14, Horizontal and vertical accuracy and precision for station Gévle, 2008-08-17
All measurements are calenlated with data from L,~frequency only
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Figure A 11.15, Horizontal and vertical accuracy and precision for station Gévle, 2009-08-09
All measurements are calenlated with data from L,~frequency only
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Figure A 11.16, Horizontal and vertical accuracy and precision for station Gévle, 2009-08-23
Al measurements are calenlated with data from L,~frequency only
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Figure A 11.17, Horizontal and vertical accuracy and precision for station Gévle, 2011-02-10
Al measurements are calenlated with data from L~frequency only
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Figure A 11.18, Horizontal accuracy (a) and precision (b),
Jor station Gavle, during the period 2000-2011, data from all studied days
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After analyzing the result for the accuracy and precision for each day, it is hard to
determine if there are any patterns. To easier see these tables in this Appendix have be
made. In the tables 3 — 10 the different measurement have been ranked from best to
worst measurement fore each session. By locking at the total in each table the ranking
between the different measuring times are easier to see.

Table 3,
B1$+C1&"*D-*%%H$*%J-E1$-)*'+1&-@1FG&
"HSVHE]( 93-#)HSH A& 63- ) HSH A& 73- VSR A&
Y $+&, -+ #| /) M—D] 019) | /#) W—D] 019) | /) » 019)
223 4252 6252 7252 7252 8252 9252 252 4252  425]
2:3 7252 252 7252 8252 6252 625 9252 252 625]
943 ;252 6252 253 8252 6252 625 252 252 825}
9<3 6252 4252 7252 7252 7252 25] 6252 6252 825]
[ ==2@ | 8457 45} 6571 875p 657 o] 8257 457 645]
Table 4,
1#$5'+%*D-*%%H$*%J-E1$-)*'+1& @ 1FG&
"ESYeHR]( 93 AV HSH AR 63- LA A& 73- O HSH A8
V*E+&,-+H| H) 4 p 018) | /#)' | p 01%) | /&) P 013)'
223 6252 252 ;252 6252 :252 9252 ;252 4252 925]
2:3 4252 4252 252 8252 8252 425 8252 8252 425]
943 6252 4252 72532 4252 8252 825 7252 8252 925]
9<3 6252 252 ;252 4252 7252 6252 252 8252 254
[ =>=@ | 4571 o925} 457 457 &5] 475p 775p 675y 025
Table 5,
B1$+C1&"*D-"$#%+)+1&-E1$-)*'+1&-@1FG&
rHS%HS]( 93- AV HSH AR 63- NS A& 73- VNS A&
V55 +&, -+ #| [#) M—D] 013) | /#) M—D] 015) | /#) M—P] 019)
223 9252 9252 <252 2521 8252 252 A25p 9252 25]
2:3 6252 252 ;252 ;252 6252 257 <252 252 425}
943 6252 252 ;2574 8252 6252 625¢ A25R 9252 25]
9<3 9252 252 A25p A25p 9252 257 <252 4252 253
[ =>=@ [ @57 4§ 57 759 45 57 <i5p o257 75
Table 6,
75 +96'D-"$#%+) + 1&-E15) "+ 1& @ 1FG&
"ESYeHR]( 93 ) HSH AR 63- #) LA HE. 73- #HH AE.
)*$+&,-'+H| [H) 4 p 018) | /#)' p 013)' | /&) » 013)'
223 A25p 252 925% 252 4252 <259 7252 7252 254
2:3 A25p 252 9252 9252 8252 725 6252 8252 625]
943 ;252 0252 4252 252 8252 252 8252 7252 925]
9<3 A25p 257 925] 6252 9252 252 4252 252 425}
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Table 7,
Horizontal accuracy for station Gavle
[percent] 1h measurement 3h measurement 5h measurement
starting time| Best [« P Worst | Best 4 P Worst | Best 4 P Worst
00h 12,5 37,5 50,0 37,5 50,0 12,5 62,5 25,0 12,5
06h 62,5 37,5 0,0 50,0 50,0 0,0 0,0 62,5 37,5
12h 50,0 50,0 0,0 50,0 50,0 0,0 0,0 62,5 37,5
18h 50,0 0,0 50,0 25,0 62,5 12,5 62,5 25,0 12,5
[ toraL | 43s[ 313[ 250 406 s31] 63 313] 438[ 25
Table 8,
Vertical accuracy for station Gavle
[percent] 1h measurement 3h measurement 5h measurement
starting time| Best (¢ P Worst | Best 4 P Worst | Best P Worst
00h 37,5 25,0 37,5 50,0 12,5 37,5 37,5 50,0 12,5
06h 25,0 25,0 50,0 37,5 50,0 12,5 37,5 37,5 25,0
12h 25,0 12,5 62,5 62,5 25,0 12,5 37,5 50,0 12,5
18h 50,0 12,5 37,5 25,0 37,5 37,5 37,5 62,5 0,0
[ Totat | sae[ s8] 46of 43s[ 313] 250 375] soof 125
Table 9,
Horizontal precision for station Gavle
[percent] 1h measurement 3h measurement 5h measurement
starting time] Best 4 P Worst | Best [¢ P Worst | Best P Worst
00h 0,0 25,0 75,0 12,5 75,0 12,5] 100,0 0,0 0,0
06h 0,0 0,0/ 100,0 37,5 62,5 0,01 100,0 0,0 0,0
12h 0,0 12,5 87,5 25,0 75,0 0,01 100,0 0,0 0,0
18h 0,0 0,01 100,0 25,0 75,0 0,01 100,0 0,0 0,0
[ tora | oo o[ soe[ 2sof 719 3] 1000 oo[ og]
Table 10,
Vertical precision for station Gavle
[percent] 1h measurement 3h measurement 5h measurement
starting time| Best (¢ P Worst | Best 4 P Worst | Best 4 P Worst
00h 87,5 12,5 0,0 0,0 12,5 87,5 87,5 12,5 0,0
06h| 100,0 0,0 0,0 0,0 0,0 100,0 25,0 75,0 0,0
12h 87,5 12,5 0,0 0,0 12,5 87,5 50,0 50,0 0,0
18h| 100,0 0,0 0,0 0,0 0,0 100,0 37,5 62,5 0,0




