Numerical Weather Predictions

for Network RTK

Anna B. O. Jensen

Publications Series 4, volume 10

National Survey and Cadastre - Denmark
2002






ABSTRACT

When GPS satellite signals are transmitted through the atmosphere they are affected
by the media, and in the neutral atmosphere the effect is a function of the mete-
orological conditions along the signal path. This effect is often referred to as the
tropospheric delay.

In the GPS positioning process the tropospheric delay is normally handled by uti-
lizing global tropospheric delay models. For high accuracy differential positioning
based on the carrier phase observables, modelling of the error is however not suffi-
ciently accurate, and other techniques must be implemented, especially when working
with longer baselines.

In this thesis numerical weather predictions (NWP) are introduced in GPS data
processings. NWPs are predictions of the three dimensional meteorological condi-
tions for a given area and point in time, and can as such be used for predicting the
tropospheric delay for a satellite signal by integration along the signal path through
the information given with the NWP. Since NWPs are predictions they can be used
for both post processed and for real time GPS positioning.

The theory and the procedure for determining zenith delays based on NWPs is
described, and a number of tests are carried out in order to verify the performance
of this novel technique. An initial verification of zenith delays based on a regional
NWP show that these do have a better accuracy than the best global tropospheric
delay models.

The method, where NWP zenith delays are used instead of global tropospheric de-
lay models, has been tested for static and kinematic post processed GPS positioning,
and also for real time kinematic (RTK) positioning based on a network of reference
stations. The results show that the use of zenith delays determined from a NWP
does have a promising potential for high accuracy GPS positioning, and especially
the ambiguity resolution process is improved; the ambiguities are solved faster and
more reliably when using the NWP approach.

For signals received at lower elevation angles a ray tracer can be implemented,
instead of using standard mapping functions for mapping the NWP zenith delays
down to the low elevation angles. This aspect is discussed, and finally a few test
results show that the use of a ray tracer might be beneficial for satellite signals

received at elevation angles below 10°.
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INTRODUCTION

When using the Global Positioning System (GPS) for differential carrier phase based
positioning, the largest error sources are the errors in the satellite positions, and the
effects on the signal propagation caused by the ionosphere and the neutral atmosphere.

These errors are spatially correlated, and they are almost negligible for short base-
lines with less than about 10 km between the reference and the roving GPS receivers.
For longer baselines the errors must be considered in the positioning process in order
to obtain position accuracies at the cm level, as required for instance for land and
hydrographic surveying, construction surveys, or airborne gravity surveys.

The orbit error can be mitigated using predicted or precise orbit information avail-
able via the internet. The first order effects of the ionosphere can be eliminated using
linear combinations of data collected on both the L1 and L2 GPS frequencies, and
thereby the effects of troposphere, the lowest part of the neutral atmosphere, is left
as the largest remaining error source.

Traditionally the tropospheric error has be handled by removing the majority of
the error using a global tropospheric model followed by double differencing where
most of the remaining differential error is removed. Mendes (1999) showed that the
best global delay models have an accuracy of about 3 cm in zenith, and Raquet (1998)
showed that the residual tropospheric error in zenith after both modelling and double
differencing has a size of a few cm depending on baseline length. The size of the
residual error is increasing for signals received at lower elevation angles, and since the
residual tropospheric errors propagate directly into the position of the roving GPS
receiver it can have a large impact on the accuracy of the positions determined.

For high accuracy post processed GPS positioning this residual effect can be es-
timated as a part of the positioning adjustment process as described for instance by
Beutler et al. (2000). This does, however, require that all other error sources are
modelled sufficiently well, and this is normally not possible for commercial static or
kinematic positioning, neither for “real-time kinematic” positioning (RTK). The need
for another method for dealing with the residual tropospheric error for these types of
GPS positioning is therefore important.

Network RTK, where the residual tropospheric effect is estimated based on GPS
data from a network of reference stations as described for instance by Raquet (1998),
has proven to be the solution for RTK positioning. However, the network RTK

techniques only work well when the distances between the reference stations are about
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50 km or less, because the increasing residual tropospheric errors for longer distances
are corrupting the generation of RTK corrections. An improved technique for dealing
with the troposphere in connection with network RTK is therefore also important,
and it is the main area of interest for this thesis.

For static and kinematic positioning the size of the residual tropospheric error
can be minimized by introducing numerical weather predictions (NWPs) in stead
of the global tropospheric models. This subject has been treated by a few groups
lately. Schueler et al. (2000b) suggest the use of NWPs for WADGPS, and Pany
et al. (2001b) discuss a number of methods for using NWPs for static positioning.
Tsujii et al. (2001) improved kinematic ambiguity resolution by introducing NWPs,
and finally Behrend et al. (2001) obtained improvements in the position domain when
using NWPs for single point post processed GPS positioning.

These promising results lead to the idea of introducing NWPs for network RTK.
Normally the network based RTK corrections are generated in a processing center,
and logistically introduction of NWPs will be straight forward, since the weather data
can easily be acquired by the processing center.

The introduction of NWPs in the GPS data processing is however a challenge and
it is therefore treated in detail in this thesis, where also a number of tests have been
carried out with the purpose of investigating whether any improvement is found in
the network RTK positioning process by introducing NWPs.

Since an improved handling of the tropospheric error is also interesting for ordinary
static and kinematic GPS positioning, the method has also been tested for these types

of positioning.

Structure of the thesis

Initially the Global Positioning System is described with emphasis on its use for carrier
phase based positioning. RTK and network RTK is treated in detail in the end of
Chapter 1. Chapter 2 is a general introduction to the ionosphere and the neutral
atmosphere, and the effects these media exert on GPS signal propagation. Also the
measures used for mitigating the effects in the positioning process are discussed.
Chapter 3 deals with numerical weather predictions, and the procedure for using
NWPs as a basis for determining zenith delays is described. In Chapter 4 the NWP
derived zenith delays are tested for static and kinematic GPS positioning as well as
for network RTK, and in Chapter 5 a few tests are carried out using a ray tracer
for determining slant tropospheric delays through the NWP. The work is put into
perspective in Chapter 6 where implementational issues are discussed, followed by a
discussion on the possibilities for using NWPs for GPS positioning in the future with

the modernized GPS and the new European Galileo system. Finally conclusions and



recommendations follow in Chapter 7.

The last part of the thesis contains three appendices. Appendix A is a description
of indices for ionospheric activity, and examples of signatures of both high and normal
ionospheric conditions are given. Appendix B describes the GPS data used for the
tests in Chapter 4, and finally Appendix C deals with some detailed issues related to
the determination of tropospheric delays from NWPs.

As network RTK is a relatively new positioning technique, which is expected to
play a major role for both positioning and navigation in the future, more emphasis is
placed on the network RTK positioning technique than on the traditional static and
kinematic techniques. The thesis has been written with the academic GPS commu-
nity in mind, and the introduction to GPS in Chapter 1 is therefore relatively brief

compared to the comprehensive introduction to the atmosphere in Chapter 2.
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NOTATION

b vertical coordinate parameter

B double difference matrix

c speed of light

C covariance matrix

Aion ionospheric signal delay

dr inaccuracy in satellite position

dt, dT satellite and receiver clocks drift

dirop tropospheric signal delay

e partial pressure of water vapor

g gravity

f frequency

h ortometric height

IF ionosphere free linear combination

ki, ko, k3 refractivity constants

[ measurement minus range observation vector
My, M, molar mass for dry air and water vapor
n refractive index

Ng, Na group and phase refractive index

N ambiguity (initial number of cycles), in Chapters 1 and 4
N refractivity

Ny, Ny, dry and wet refractivity

N, electron density

Ny, hydrostatic refractivity

N1, Npo L1 and L2 phase ambiguity

Nwr wide lane phase ambiguity

P atmospheric pressure

P, partial pressure of dry air

q specific humidity

r geometric range

Ry, Ry gas constants for dry air and water vapor
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speed of signal in a media different than vacuum
surface geopotential

wide lane linear combination

temperature

position of satellite in cartesian coordinates
position of receiver in cartesian coordinates
compressibility factors for dry air and water vapor
tropospheric zenith hydrostatic delay
tropospheric zenith total delay

tropospheric zenith wet delay

lapse rate for temperature and specific humidity
change in height

vector with NetAdjust corrections

change in temperature

change in specific humidity

ratio between R; and R,

wave length

multipath and receiver noise

latitude

carrier phase observation

density

sigma coordinates used for vertical reference in NWP

standard deviation of L1 and L2 phase observations
standard deviation of wide lane
signal travel time in time units
single difference

double difference



1

RELATIVE GPS POSITIONING

1.1 Introduction to GPS positioning

NAVSTAR, the Global Positioning System, is a system that can be used continuously
for positioning, navigation, and timing purposes all over the world. GPS was devel-
oped and is maintained by the US Department of Defense, and was designed as a
purely military system. Experiments quickly showed, however, that there was a large
potential for civil applications of the system, and it is today being used extensively
for non-military purposes. GPS will be going through a modernization phase in the
coming years, but the current configuration is designed to consist of 24 satellites,
orbiting the Earth at an altitude of approximately 20 000 km. The satellites are
distributed into six orbital planes having an inclination angle of approximately 55°.

Satellite signals

The satellites are transmitting electromagnetic waves at two frequencies:

e [1: 1575.42 MHz

o [2: 1227.60 MHz

Three different codes are modulated onto the carrier waves. The P- and C/A-codes
(for Precision and Coarse / Acquisition, respectively) are pseudo random sequences
of 0's and 1’s that are unique for each satellite. The codes do not contain any
information, but the binary pattern, that must be known by the GPS receiver, makes
it possible for the receiver to determine the signal transit time. The transit time can
be converted to ranging information which is used in the positioning process. The
P-code is encrypted and is only directly available to military users. The P-code is
modulated onto both L1 and L2, whereas the C/A-code is only modulated onto L1.

Each code is combined with the “navigation message” before being modulated onto
the carrier waves. The navigation message contains information such as the status
of the satellites, the clock drift, and the predicted orbits of the satellites. This is the
so-called broadcast ephemeris.

The control system

Monitoring of the system is carried out by the GPS Control Centers. Based on
continuous logging of satellite data, the orbits of the satellites are predicted, and the
satellite clock drift is monitored and modelled. This information is uploaded to the
satellites once per day (Misra and Enge, 2001), and is then transmitted to the users
as a part of the navigation message.
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Absolute positioning

When using GPS for positioning the basic principle is to determine distances between
the GPS receiver and the GPS satellites. Once the distances are determined, the
position of the receiver can be calculated from the “known” positions of the satellites
as given by the broadcast ephemeris.

This is illustrated with Equation (1.1) where dist is the distance between the
receiver and satellite, X, , Y, Z,, is the position of the satellite, X, .., Yy ec, Zyec is the
position of the receiver, d1" is the receiver clock drift, which is explained below, and
c is the speed of light:

dZSt = \/(st - Xrec>2 + (Y:sv - Y;"ec)z + (st - Zrec)2 +c- dT (11>

With four equations, i.e. distances to four different satellites, a set of equations can
be established for every time epoch and the four unknowns (receiver coordinates and
clock drift) can be estimated. In practice up to 12 satellites are observed at the same
time whereby it is possible to perform a least squares adjustment after linearization of
the observation equations. This is described for instance by Strang and Borre (1997)
and Blewitt (1997).

According to the specifications from DoD (2001), GPS can be used for absolute
positioning with accuracies within 13 meters in the horizontal and 22 meters in the
vertical (95% probability). Noise from the GPS receiver itself and from the environ-
ment surrounding the GPS antenna can degrade this positioning performance.

Differential positioning

To obtain positions with better accuracies, a relative or differential technique must
be used where at least two GPS receivers are employed. One receiver is located at a
reference point with known coordinates and the other receiver, the rover, is located
at a point (or moving between points) with unknown coordinates. The position of
the rover is then determined relative to the reference station.

This can be carried out in either real-time, utilizing a data link, or in a post
processing mode where data is logged by the receivers and processed on a computer
afterwards.

GPS positioning can be based on code observations only, where the receiver—
satellite distances are determined from the C/A-code, or it can be based on a combi-
nation of code and carrier—phase observations. Further GPS positioning can be based
on L1 observations only, or on both L1 and L2 observations. This thesis deals with
high accuracy positioning that requires both code and phase data from dual frequency
GPS receivers.

1.1.1 Carrier—phase observations and error sources

In carrier—phase based GPS positioning, the receiver—satellite distances are deter-
mined by the carrier wave. In order to use the carrier it must be recovered from
all the noise received with the GPS signals, and also the modulated codes must be
removed before the carrier can be tracked.

The carrier—phase on L1 is tracked using the C/A code and a code-correlation
technique, where the received C/A code is correlated with a receiver generated replica
of the code. When the highest correlation occur, timing information can be extracted
from the C/A code, an approximate absolute position can be determined, and the
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pure carrier wave can be recovered by removing the C/A code and the navigation
message.

On L2 the P-code is encrypted so code-correlation is not possible for civil GPS
receivers. Instead a codeless techniques can be used where L2 is recovered by cross
correlation with the L1 carrier. The alternative is a semi-codeless technique that is
based on a priori knowledge about the encrypted P-code e.g. that the encryption
is identical on L1 and L2. The disadvantage with both these techniques is that the
tracking noise is increased, and carrier—phase observations on L2 are thus affected by
a higher noise level than L1 observations.

The actual carrier—phase measurement is the difference between the received and
recovered carrier wave, and a receiver generated copy of the signal. The distance to
the satellite can be determined as the number of full cycles between the satellite and
the receiver, plus the measured fractional part of a cycle.

When the receiver has locked on to a satellite signal it starts counting the full
number of cycles received from the satellite. The carrier—phase observation equation
below shows the relation between the measured phase (fractional part and counted
number of full cycles), ®, and the wanted geometric range to the satellite.

O =71+ dr — dion + diyop + c(dt —dT) + AN + v (1.2)

where: r is the geometric range (receiver—satellite) in meters, dr is the inaccuracy in
satellite position in meters, d;,, is the ionospheric signal delay in meters, dy,, is the
tropospheric signal delay in meters, ¢ is speed of light given in meter/sec, dt and dT
are the errors in satellite and receiver clocks respectively, both given in seconds, A
is the wavelength (approximately 0.19 meters for L1, and 0.24 meters for L2), N is
the unitless ambiguity (the initial number of cycles), and v is multipath and receiver
noise also given in meters (Lachapelle, 1993).

The ambiguity is the initial number of cycles, i.e. the number of cycles between the
satellite and receiver at the initial measurement epoch before the receiver has started
counting the number of cycles. The ambiguity can not, however, be converted to the
receiver—satellite distance by just multiplying with the wavelength. This is because
the ambiguity also contains a receiver dependent oscillator offset (Blewitt, 1997), and
the N in the above equation is therefore not necessarily a positive integer value, as
it intuitively would look like. The challenge in connection with carrier-phase based
positioning is to solve this ambiguous number of cycles, so the distance to the satellites
can be determined.

Equation (1.2) indicates that the geometric distance, the ambiguities, and all the
errors in the system add up to the observed phase, considering the sign of the various
factors. If the influence of the errors can be minimized it will be easier to determine
the ambiguity and thereby also the distance to the satellite.

The error sources are briefly described below:

Satellite position The satellite positions given by the broadcast ephemeris are pre-
dicted with a 3D accuracy of about 3 meters (Misra and Enge, 2001). For
applications with high accuracy demands, precise post—processed orbits, based
on data from numerous permanent GPS stations, are available about two weeks
after the data was collected. Precise orbits can be obtained for instance from the
International GPS Service (IGS), and these orbits have an estimated accuracy
better than 5 cm (Weber et al., 2002).
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Tonosphere When the satellite signals are transmitted through the ionosphere their
speed of propagation is affected by electrons along the signal path. This causes
a time delay that is normally about 1-15 meters in the zenith, when converted
to range units (Misra and Enge, 2001). The delay can, however, be much larger
during periods with high ionospheric activity. The ionosphere is dispersive
for radio waves so the refractive index is a function of frequency, and thus
different for observations on L1 and L2 (Langley, 1996). The ionospheric effect
is described in detail in Chapter 2.

Troposphere When the satellite signals are transmitted through the troposphere
they are refracted, and the refraction is a function of the meteorological con-
ditions. The refraction causes a signal delay that has a size of 2-3 meters in
the zenith depending on meteorological conditions and the altitude of the GPS
receiver. The tropospheric delay is treated in detail in Chapter 2.

Clock errors The atomic rubidium and cesium clocks in the GPS satellites, and
the clocks in the GPS receivers, are referenced to GPS time. No clock is per-
fect, however, and they all drift from the reference time. GPS receivers often
have quartz crystal oscillators where the short term drift (over one second) is
approximately 107 — 107! seconds per second and the long term drift (over
a day) is 2-3 orders of magnitude larger (Misra and Enge, 2001). The short
term drift for satellite clocks is about the same size, but the long term drift is
smaller, about 1072 — 107! seconds per second (Misra and Enge, 2001). The
clock drifts must be taken into consideration in the positioning process since
even a small clock error can cause a significant range error, due to the short
transmission time (about 0.07 seconds) of the signals.

The satellite clock drift is modelled by polynomials, and polynomial coefficients
are given in the navigation message. The receiver clock drift and any unmodelled
part of the satellite clock drift, can be estimated through the positioning process.

Multipath arises when the spread spectrum GPS signal follows multiple paths to
the receiver, for instance if parts of the signal are reflected by objects in the
environment of the GPS antenna.

Signals affected by multipath are delayed and the signal strength is lower than
for non-reflected signals. Most modern GPS antennas and receivers are built to
mitigate the influence of multipath by tracking changes in the signal strength.
The phase measurement error due to multipath can be no more than a quarter
wavelength (Misra and Enge, 2001), which is about 5-6 cm.

Receiver noise is caused by the activities within the GPS receiver and antenna,
and is different for all receivers and antennas. The error due to receiver noise
will increase relatively with a lower signal strength, and is thus larger for signals
received at low elevation angles (Misra and Enge, 2001). The size of the carrier—
phase receiver noise can be investigated for any GPS receiver by performing a
zero-baseline test. This was for example done by Raquet (1998) who used
Ashtech Z-XII receivers and found L1 phase noise of about 0.3 mm for high
elevation satellites, and of about 0.8 mm for satellite signals received at a 10°
elevation angle. The noise was slightly higher for the L2 data.
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Finally the “anthroposphere”, i.e. the GPS users who handle the GPS equipment,
should also be considered a major error source. Typical errors in this category are
erroneous recording of antenna heights, or the use of wrong coordinates for refer-
ence stations. These errors are external to the GPS system and the equipment, but
nevertheless very common.

1.1.2 Double differences

The largest errors in carrier-phase based differential positioning are the inaccuracy
in the satellite position and the effects of the atmosphere. These errors are spatially
correlated, so when the distance between the two receivers increases, the influence of
the errors is also increased. If the two receivers are located close to each other (closer
than about 15 km (Goad, 1996)) the influence of the atmospheric error will be almost
the same for the two receivers since the signals are transmitted through basically the
same parts of the atmosphere. The double differencing technique, which is described
in the following, takes advantage of this when used in the positioning process.

For differential positioning, observations from at least two receivers and four satel-
lites at the same epoch in time must be available. The observation equation (1.2) can
be generated for each receiver—satellite combination, and the observation equations
can then be differenced. The first step is to generate a single difference equation, i.e.
the difference between observation equations for two receivers, A and B, observing
the same satellite, I:

AL, = O — oL (1.3)
= Arlp+ Adrly - AdL, 4 AdL, +e(dTp — dTs) + AANL G + AVl

10N AB tropaAB

The triangle indicates single difference, the subscript denotes receivers, and the super
script denotes satellites. With single differencing the satellite clock error cancels out,
because it will have the same effect for signals received in both receivers. The influence
of the spatially correlated errors is also reduced as mentioned above.

I ]

A B

Figure 1.1: Double difference with satellite I and J, and receivers A and B

The next step is to generate the difference between two single differences, i.e. a
double difference, where observations from a second satellite, .J are introduced (see
Figure 1.1):

VADY, = A®\, - ND),
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= (Arhp+ Adrlyy — AdL 4+ Ad] + c(dTg — dTa) + MAN L5 + Avhp)

10N AB tropap
—(&rhp + Adrhg — AdL, A+ c(dTs — dTs) + MAN {5 + Avip)
= VAL + VAdrs —VAdY, +VAd,  + AWANE+ VAV,

Now also the receiver clock errors cancel out, and the size of dr, d;,, and dy.,), is
further reduced. For baselines shorter than about 15 km these errors generally cancel
out.

Omitting the receiver and satellite identifiers, the final double difference expression
becomes:

VAD = VAr + VAdr — VAdjgn + YV Adyyey + AWAN + YV Av (1.5)

The double differenced ambiguity is an integer number since the initial receiver phase
offset has been eliminated through the double differencing process. In order to obtain
position accuracies of a few cm or mm, the correct integer number for the double
differenced ambiguity must be determined. This can be a complicated task, but
several ambiguity resolution techniques do exist, see for instance Blewitt (1989) for
very long baselines, Frei and Beutler (1990) for the FARA method - Fast Ambiguity
Resolution Approach, Teunissen and Tiberius (1994) for the LAMBDA method -
Least Squares Ambiguity Decorrelation Adjustment, or see Han and Rizos (1997) for
a discussion of different techniques.

Hatch and Euler (1994) made an evaluation of different techniques for “on the
fly” (OTF) ambiguity resolution, where the ambiguities are solved while the rover is
moving.

Validation of the ambiguities after resolution is also of importance and the subject
has been treated by e.g. Joosten and Tiberius (2000) where “the ambiguity suc-
cess rate” is described as a measure of the probability of a correct solution for the
ambiguities.

When the correct integer numbers for the ambiguities have been determined, the
ambiguities are said to be fixed. If the ambiguity resolution process is not successful
the ambiguities might be fixed to wrong integer numbers, which in general is difficult
to discover once it happens in the positioning process (Jagieniak et al., 2000). The
ambiguities can also be retained as real numbers, whereby they are said to be floating
since the constraint introduced by fixing them to integer numbers, is removed.

A position determined on float ambiguities is very unreliable since all unmodelled
errors in the positioning process will propagate into the floating ambiguities. However,
if a satellite is observed without interruptions for longer time intervals, 30—60 minutes,
if the noise level in general is low, and if no sudden changes in the receiver—satellite
geometry occur, then the floating ambiguities will converge towards the correct integer
number, and the accuracy of the resulting position can be as good as a few ¢cm. This
is for instance shown by Jensen and Cannon (2000).

1.1.3 Linear combinations of the observables

Based on double differences, a number of linear combinations of the phase observ-
ables can be generated. These can be helpful in the ambiguity resolution process for
baselines longer than 15 km, where the influence of the spatially correlated errors is
significant.
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The widelane, W L, is the difference between the L1 and L2 observables:
q)WL :(I)Ll—q)LQ = VANWL:VANLJ—VANLQ (16)

The advantage of the widelane observable is the longer wavelength (0.86 meters) that
makes it easier to solve the ambiguities, VA Ny 1.

Another combination of the L1 and L2 observables is the ionosphere—free (IF)
combination:

(I)]F == (I)Ll — é@LQ = VAN]F — VANLl - éVA]VLQ (17)

fi fi
The advantage of the ionosphere—free combination is that the first order ionospheric
effects are removed. The disadvantage is that the double difference ambiguity is not
an integer, so it is more sensitive to noise, and it is difficult to test whether it is solved
correctly. Odijk et al. (2002) show, however, that it is possible to rewrite Equation
(1.7) to obtain an expression with an integer property of the ionosphere—free double
differenced ambiguities. The IF combination is further discussed in Chapter 2.

When using the ®;r most of the ionospheric errors are removed, but higher order
effects of the ionosphere are still present. For baselines longer than 50-100 km these
higher order effects must be taken into consideration in the data processing (Brunner
and Gu, 1991). During high ionospheric activity the higher order effects will also
affect the shorter baselines. This is further discussed in Chapter 2

@y, and @ can be useful in the ambiguity resolution, where VAN, and VAN;»
can be resolved easier after VA Ny and VAN;r have been determined. An example
of this is given by Raquet (1998).

Other linear combinations of the phase observables do exist, see for instance See-
ber (1993). A major disadvantage of these linear combinations is that the noise,
originating from the L1 and L2 observations, is amplified by the linear combinations.
For instance the standard deviation for the wide lane, oy, is given as (Lachapelle,

1993):

o1 and o075 are the standard deviations for the phase observations of L1 and L2
respectively.

1.2 Reference Systems

Several reference systems are being used for GPS positioning, and it is important to be
consistent in the selection of a reference system. When using differential techniques,
the position of the rover will be given in a reference system that is a combination of
the systems used for the satellite orbits and for the reference station coordinates. If
the orbits are given in one reference system and the reference station coordinates in
another, a geometrical misalignment will be introduced in the data processing.

The following sections describe two of the reference systems commonly used for
GPS positioning.

ITRF

The International Earth Rotation Service (IERS) is in charge of providing realizations
of worldwide celestial and terrestrial reference systems, for instance the International



8 1 RELATIVE GPS POSITIONING

Terrestrial Reference System (ITRS), which is considered to be the best reference
system defined to date. The ITRS is realized in the form of reference frames (ITRF),
and new reference frames are defined when it is considered necessary because of
the dynamic nature of the Earth. The latest realization is the ITRF2000, and it is
described on http://lareg.ensg.ign.fr/ITRF /ITRF2000/.

When GPS is used for geodetic and geodynamic purposes, the ITRF is most com-
monly used as the reference frame. By using precise orbits given in ITRF, and
reference station coordinates also given in the ITRF, at the same epoch in time, ge-
ometrical misalignments can be eliminated in the positioning. The position of the
rover will be free of any errors originating from reference frame mix-ups, and sub-cm
accuracy can be obtained, if the other error sources are handled with care.

WGS84

The World Geodetic System 1984 is a conventional terrestrial reference system defined
to be used in connection with GPS. The definition and realization of WGS84 is
described by NIMA (2000).

WGS84 was originally realized, i.e. coordinates for a number of physical reference
stations were determined, using the TRANSIT system in 1987. The newest realization
of WGS84, called WGS84(G1150), is from 2001. It is based on data from a number
of permanent GPS stations, including some IGS stations. In the data processing the
IGS stations were kept fixed at their ITRF2000 coordinates, whereby W(GS84 became
close to coincident with the ITRF2000 (Merrigan et al., 2002).

WGS84 was defined as the reference system to be used in connection with GPS,
and the satellite coordinates determined from the broadcast ephemeris are given in
WGS84. When performing absolute GPS single point positioning using broadcast
ephemeris the position will therefore also be given in W(GS84.

1.3 Real-time Kinematic (RTK)

Real-time kinematic (RTK) is a differential GPS positioning technique where positions
are determined with a few cm’s accuracy. The technique is now widely used for a
range of applications like land surveying, marine surveying, precision farming, and
precise navigation etc.

To obtain positions in real-time, the reference receiver and the roving receiver
are connected by a data link, so observations can be transmitted from the reference
to the rover. The observations are commonly transmitted using either (or both) a
proprietary format or the RTCM! format which is the de facto standard being used
world wide for both code and carrier—phase based differential real-time positioning.

For RTK positioning the ambiguities for the baseline are solved “on the fly” (OTF)
while the rover is moving to the first survey location. The ambiguity resolution is
referred to as the “initialization” in RTK terminology.

For OTF ambiguity resolution, the widelane observable is often used to quickly
resolve the ambiguities, but since the ®y; is affected by a higher noise level than the
L1 and L2 observables, most RTK systems switch to the L1 observable after initial-
ization in order to obtain a higher positioning accuracy (Cannon, 1997). Estimation

!The Radio Technical Commission for Marine Services (RTCM) is a non-profit corporation dealing
with various aspects related to marine radio communication, radio navigation etc. Special Committee
no. 104 deals with standards for radio navigation.
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of the L1 and L2 ambiguities, once the widelane ambiguities are determined, is de-
scribed by Misra and Enge (2001). The success of OTF ambiguity resolution is highly
dependent on the satellite geometry, and the ambiguities are solved faster when more
satellites are in view.

RTK is based on double differencing, and it is anticipated that the spatially cor-
related errors cancel out during the double differencing process. This assumption
generally works well when the distance between the reference and the rover is less
than 15 km. But as the baseline length increases, the residual errors will also in-
crease, and the accuracy of the position is degraded as problems with the ambiguity
resolution arise.

For distances of about 20-30 km more observations are necessary to reliably solve
the ambiguities (Cannon, 1997). If too many data epochs are required the system
can no longer be said to work in real-time.

A few RTK techniques do work with an acceptable performance for baselines up
to 40 km. Lutz and Gounon (2001) describe a system based on floating ambiguities.
First the float wide lane ambiguities are estimated, and then the float L1 ambiguities
are estimated using the ionosphere—free linear combination (Equation 1.7). Position
accuracies with a 3D standard deviation of 4 ¢m, have been obtained for a 36 km
baseline. The initialization time for the tests had a mean of 77 seconds and a standard
deviation of 113 seconds.

Performance of commercial RTK systems is often evaluated in terms of initializa-
tion time and reliability of the positions, i.e. how often the accuracy of the position is
within a given limit, for instance 1-5 em. In order to provide a reliable RTK service
within a large area, several reference stations are necessary, since distances longer
than 10-15 km to the nearest reference station should be avoided. This would make
a state- or nationwide RTK system very expensive in terms of hardware. During the
last 56 years a number of “network RTK” algorithms and systems have therefore
been developed.

1.4 Network RTK

In a network RTK system, GPS observations from multiple reference stations are
gathered and processed in a common adjustment process. The output is a set of
corrections that can be used to correct for the spatially correlated errors affecting
the code and phase observations in a roving GPS receiver located within the area
encompassed by the reference stations.

The corrections are distributed to the rover, and applied to the raw code and
phase observations, before the position is determined. The influence of the satellite
position error and the atmospheric errors will be reduced, and the result is improved
positioning performance.

Several network RTK methods have been developed during the last years, see for
instance Wiibbena et al. (1996), Han and Rizos (1996), Wanninger (1997), Raquet
(1998), and Vollath et al. (2000). A discussion of these and other methods is given
by Fotopoulos and Cannon (2001).

Generally the advantages of using a Network RTK as opposed to traditional RTK
can be listed as follows:

Smaller effect of spatially correlated errors: The effect of the spatially corre-
lated errors is reduced in the positioning process. Observations from the same
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satellites are available for the processing center from a number of reference
stations distributed throughout an area. This gives a better possibility for
modelling the spatial and temporal variation of the errors over the area.

Improved ambiguity resolution: The ambiguity resolution process is improved,
because the effect of the residual errors is reduced, so the correct integer value
for the ambiguities are found more easy. The entire ambiguity resolution process
is thus faster and more reliable.

Improved positioning performance: With a faster and more reliable ambiguity
resolution, the position of the rover is also determined faster and more reliably.
Further if the user is performing RTK surveys that are stretching over longer
distances, a “jump” in the positions determined will not be experienced when
changing reference stations en route. Jumps in the position accuracy are other-
wise often seen for traditional RTK, when changing from one reference station
to another.

Increased distance to reference station: It is possible to increase the distance
between rover and reference station keeping the position accuracy at a consistent
level. When the spatially correlated errors are modelled better, the ambiguity
resolution can be performed over longer distances, whereby cm-level accuracies
can be obtained over distances longer than 20-30 km.

System surveillance: It is possible to perform integrity monitoring, quality con-
trol, and system surveillance. This is of major importance for operation and
maintenance of a network RTK system. If for instance one reference station is
affected by power failure, an emergency procedure can be initiated. Meanwhile,
the user will experience only a slight degradation in performance since the rest
of the reference stations will continuously provide corrections.

A few commercial network RTK systems are available from Trimble/TerraSat, and
GEO+++, both located in Germany, and from The University of Calgary’s University
Technologies International/Roberton Enterprises in Canada. The systems have been
implemented in several places throughout the world, and they generally work well
with distances of about 50 km between the reference stations.

The RTCM format is also being used for network RTK. It is however not ideal,
and the Special Committee No. 104 is working on a new format that will be more
convenient for network RTK (Euler et al., 2001).

1.4.1 Virtual reference stations

The Virtual Reference Station (VRS) concept is described in detail by Marel (1998) in
connection with post-processing of GPS observations. He describes how observations
from a network of reference stations in Holland is used to generate observations from
a virtual, non-existent, reference station. The VRS-data is then provided to GPS
users in need of data from a reference station close to the area where they have been
collecting data with a roving GPS receiver.

In order to process the data using standard GPS processing software, the VRS-
data is generated to resemble data from a real reference station as closely as possible.
The atmospheric errors, estimated from the network of reference stations, or from
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a regional model, are therefore included in the data, but site specific errors such as
multipath are not present.

When virtual reference stations are used for network RTK, a preliminary position
for the rover is transmitted to the processing center where the VRS-data is generated
in real-time based on data from the reference network. The VRS-data is determined
for a location close to the roving receiver, and it is then transmitted to the rover, and
is used in the positioning process, just as data from a real reference station is used
for traditional RTK.

The use of virtual reference stations for network RTK is described by Wanninger

(1997), and the concept is being used by the three commercially available network
RTK packages.

1.4.2 Coordinate conversions

When working with network RTK the selection of the reference system is an issue of
importance. All reference stations must be coordinated with high accuracy, preferably
in the same reference system as used for the satellite positions, because any inaccu-
racy in the reference station coordinates will propagate into the RTK corrections
and thereby into the position of the rover. If a network RTK system is operational
over several years, geodynamic activities might induce the need to recompute the
coordinates for the reference stations, in order to keep the positions as accurate as
possible.

If the reference stations are located in an area that is affected by known local or
regional surface displacements, it is important to be aware of this. In the Northern
parts of Sweden the Fennoscandian post glacial rebound is causing a land uplift of
more than 1 cm per year. The rebound in the Southern parts of Sweden is only about
1 mm per year (Johansson and Scherneck, 1997). If a national network RTK system
is established in Sweden this effect will soon be causing geometrical misalignments in
the network adjustment processes.

Dynamical coordinates for the reference stations will affect the coordinates of the
user positions, and the majority of RTK users will not be able to handle dynamical
coordinates, causing different coordinates for a site that is revisited e.g. every year. In
order to keep the user coordinates in a stable reference frame, a coordinate conversion
has to be carried out somewhere in the system.

Normally this coordinate conversion is carried out by the user or in the software
of the roving GPS receiver. Another solution is to use a virtual reference station for
the coordinate conversion. If the VRS is located very close to the rover, the position
of the VRS can be given in the GPS concordant reference system used for surveying
and mapping, for instance the European EUREF89 (ETRF), without significantly
degrading the RTK positioning performance. In this way the coordinate conversion
is encapsulated into the VRS-data, and the user will not notice that the coordinates
of the reference stations are dynamic. This procedure is suggested and described by
Townsend and Jensen (2001).

1.4.3 NetAdjust

One example of a network RTK algorithm is the Net Adjust method. This method is
described in detail, because it is being used for testing purposes in Chapter 4
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The NetAdjust method was developed by Raquet (1998) as a part of his Ph.D.
thesis. The method can be summarized by the following two equations that show
how to generate corrections for the observations in the reference stations, d/,, and in
the rover, dl,:

8l = Csin BE (BnCsin BY) ™Y (Byl, — AVAN,) (1.9)

Sl = Csiysin BE (B Csin BY) Y (Byl,, — AVAN,) (1.10)

where d[,, are estimated corrections for the observations collected in reference sta-
tions, dl, are estimated corrections for observations collected in the rover, Cg;, is the
covariance matrix for the observations in the network, Cjy, s, is the cross covariance
matrix between network and rover observations, B, is the double difference matrix
(consisting of 41, -1, 0 to indicate which receivers and satellites that are combined to
form the double differences), [, are the measurement minus range observations from
the network, A is the wavelength, and VAN, are the double difference ambiguities.
Subscript n denotes network, and subscript » denotes rover.

Note that the observables in these equations are measurement minus range ob-
servations. This means that the geometric distances between the satellites and the
known reference station positions are subtracted from the raw code and phase obser-
vations. The elements in the covariance and cross covariance matrices are determined
by a covariance function described by Raquet (1998) and Raquet et al. (1998a).

The last part in the two Equations (1.9) and (1.10):

Byl, — AVAN, (1.11)

are the double difference misclosures. The misclosures are the difference between
the double differenced measurement minus range observations (B,l,), and the double
differenced ambiguities (VAN,, multiplied by wavelength to obtain distance units
instead of cycles).

Since the observations at this point have been corrected for the major part of
the atmospheric effects by ionospheric and tropospheric modelling, the misclosure
is a measure of the residual errors left in the processing after modelling and after
double differencing. The misclosures thus indicate the level of unmodelled errors in
the observations, and this is exactly the errors that the RTK corrections determined
with the NetAdjust method should be accounting for in the roving receiver.

The misclosures give the size of the residual spatially correlated errors (orbit and
atmospheric errors) for the reference stations. With the covariance function described
by Raquet (1998), and thereby with Cy, and Cy, g1, these errors are mapped over
the area covered by the reference stations. So when the first part of Equations (1.9)
and (1.10) is multiplied with the misclosures, an estimate of the residual errors for
the site of the rover is determined.

The locations of the rover and the reference stations are encapsulated into the
covariance function, which is a function of not only the stations coordinates, but also
of the variances of both the spatially correlated errors and the site specific errors
(multipath and receiver noise). These error variances can be determined based on
a set of GPS data from the reference stations, and for the roving RTK receiver the
error variances are set to nominal values based on a priori knowledge of, for instance,
the receiver and antenna types (Raquet, 1998).
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The elements in B, [, and N in Equations (1.9) and (1.10) are dependent only
on the geometry of the reference network, and on observations from the reference
stations. This means that corrections for the rover can be determined without the
observations from the rover. The method does, however, require a preliminary posi-
tion for the rover. In real-time this can be handled either by letting the rover transmit
a code based DGPS position to the nearest reference station, or by generating cor-
rections for a grid of points, and then let the rover perform an interpolation in the
grid to obtain corrections for its own position, or simply use the corrections given for
the nearest grid point.

The corrections generated by the NetAdjust method are applied to the raw code
and phase data from the reference and roving receivers, and an improved position can
then be determined using a traditional RTK positioning algorithm.

The performance of the NetAdjust method has been shown in a number of papers,
for instance by Raquet et al. (1998b) and Townsend et al. (1999) where the method
was tested using data from a Norweigian reference network. Fortes et al. (1999) tested
the method was using data from Canadian reference stations, and Fortes et al. (2000)
used data from reference stations in Brazil.

NetAdjust and floating ambiguities

One of the basic assumptions for NetAdjust is that the double difference ambiguities
in the ambiguity matrix, VAN,,, have been fixed to the correct integer values. It can,
however, be difficult to fix the ambiguities to the correct integer values in real-time
if there is not enough data available, if the baseline between the two receivers is too
long, if the residual errors are too large, etc.

The stability of the NetAdjust method in a situation where the ambiguities are
not fixed but are left floating at real values has been investigated by Jensen (1999).
The tests, that were based on 24 hours of data, showed that RTK positions can be
determined with a 3D RMS of 4 cm for a 68 km baseline when using the NetAdjust
method and a network of seven reference stations in Sweden. This level of accu-
racy was obtained when the ambiguities for the baselines in the reference network
were either float or fixed, and when these were combined with either float or fixed
ambiguities for the reference—rover baseline. See also (Jensen and Cannon, 2000).
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2

THE ATMOSPHERE

When satellite signals are transmitted through the various layers of the atmosphere
they are affected by the media, and the main disturbances of the signals happen in
the ionosphere and the neutral atmosphere. These two parts of the atmosphere, and
their influence on satellite signals, are described in the following chapter. The chapter
is not a complete description of the activities in the regions as only the factors with
importance for GPS users are described.

All latitudes mentioned in relation to the ionosphere are magnetic latitudes. A
procedure for conversion between geographic and magnetic latitudes is given by Skone
(1998).

2.1 The lonosphere

The ionosphere is the ionized part of the atmosphere. It stretches from approximately
60 to 1000 km above the Earth’s surface, and it contains a significant number of ion-
ized particles, i.e. free electrons and positively charged ions. The media as a whole is
neutral, since there is an equal amount of particles with negative and positive charge.
The electrons are the particles that exert the main influence on the propagation of
electromagnetic waves through the ionosphere (Hargreaves, 1992).

Electromagnetic waves can only be transmitted through the ionosphere if the fre-
quency is higher than 30 MHz (Misra and Enge, 2001). At lower frequencies the
signals are reflected by the ionosphere, and this was utilized extensively for radio
communication and navigation before satellite communication. Radio signals were
transmitted over large distances, e.g. between continents, by “zigzagging” between
the ionosphere and the surface of the Earth.

In early studies of the ionosphere, electromagnetic waves at different frequencies
were reflected at different heights of the ionosphere, and that led to a division of the
ionosphere into four regions, the D, E, F1, and F2 regions, defined by the electron
density (Campbell, 1997).

The D region is the part that is located below 90 km altitude. The electron density
is 10® — 10'° electrons/m?® Normally the D region has very little effect on GPS
signals (Klobuchar, 1996).

The E region is located between 105 and 160 km above the Earth’s surface, and the
electron density is more than 10'! electrons/m?. Under normal conditions this
region does not have much effect on GPS signals (Johansson, 1997). The region
is, however, characterized by the presence of irregularities in election density
at high latitudes in the auroral region, and these irregularities can affect the
signal propagation significantly during times with much auroral activity (Skone,
1998).

15
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The F regions are the regions with the highest electron densities, and further the
F1 region has the highest electron production rate (Johansson, 1997). The F1
region is located between 160 to 180 km altitude, and the F2 region is located
between 180 and 1000 km. For the F1 region the electron density is 10! — 10'2
electrons/m® | and for the F2 region the density is 10'? electrons/m®. The
maximum intensity of electrons is normally located around 250-350 km above
the Earth’s surface (Skone, 1998), and the largest effect on the GPS signals thus
happen in the F2 region.

The electron densities and altitude limits are from Hargreaves (1992).

The main effects on a GPS signal propagated through the ionosphere are the
group delay, the phase advance, and scintillation, and all three effects are related
to the electron density in the ionosphere. The effects are described in Section 2.2,
following a description of the effects that are causing the variation in the electron
density.

Total Electron Content

The Total Electron Content (TEC) is the number of electrons along a signal path,
ds:
TEC = /Ne ds (2.1)

N, is the electron density given in number of electrons/m® (Johansson, 1997). TEC
is often given in TEC units (TECU), where 1 TECU corresponds to 10' electrons
per m%2. 1 TECU causes a GPS signal delay in the zenith direction of 0.16 meters on
L1 and 0.27 meters on the L2 frequency (Skone, 1998).

2.1.1 Solar activity and sunspots

Generally, ultraviolet radiation from the sun, along with radiation from other cosmic
sources, drive the ionization processes in the ionosphere (Johansson, 1997).

Disturbances in the ionosphere are to a large extent caused by the solar wind which
is a flow of electrons and ionized particles (mainly H* and He™™) travelling from the
sun into interplanetary space at a supersonic speed (Skone, 1994). The solar wind is
a plasma, an ionized gas, and therefore a good conductor (Budden, 1985)

The magnetic field associated with the solar wind is called the interplanetary
magnetic field (IMF), and it will, during disturbed periods, cause disturbances in the
geomagnetic field, as described in Section 2.1.3. The magnetic field strength of the
IMF is often given in the solar-magnetospheric reference system, where the X axis
is oriented towards the sun, and the Z axis is oriented towards North (Campbell,
1997). The Z component of the IMF plays an important role in the description of the
interactions with the geomagnetic field.

The amount of emission from the sun is correlated with the number of sunspots.
Sunspots are local magnetic fields that are formed when magnetic field lines of the
sun are twisted (Langley, 2000). The temperature in a sunspot is lower than in the
surroundings, which makes the spot look like a dark spot on the sun when it is being
observed from the Earth. The sunspot number, and also the solar activity, varies
according to a cycle that has an average length of 11 years, see Figure 2.1.

During periods when the sun is more active, the sun also emits radiation caused
by solar flares. These are sudden eruptions from the sun, often occurring close to
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Figure 2.1: Sunspot numbers from 1750 to 2000. Sunspots have been counted
since Galileo Galilei began in 1611. Figure from http://helios.gsfc.nasa.gov/.

sunspots, causing an intense emission of ultraviolet radiation. This radiation causes
a short increased ionization in the D-region of the ionosphere with a temporal duration
of about one hour (Budden, 1985).

Coronal mass ejections are another type of emissions from the sun which occur
more frequently during high solar activity. A coronal mass ejection occurs when a
large amount of charged particles, mainly protons and electrons, are ejected from the
sun. The particles travel with the solar wind, and reach the Earth after 1-5 days
where they will cause an increased ionization (Campbell, 1997).

2.1.2 Variation of TEC

The number of electrons along a signal path depends on the ionization and recom-
bination (or de-ionization) of particles as well as on the transport processes in the
ionosphere.

The intensity of radiation from the sun affecting the Earth’s atmosphere varies
with the diurnal rotation of the Earth, so the strongest ionization is occurring on the
day side of the Earth, while the night side is less affected by the radiation.

Diurnal variation of TEC

The recombination process is dependent on the collision rate between the particles,
and is thereby a function of density, pressure, and temperature. The combination
of ionization and recombination processes causes a diurnal cycle of TEC that has a
maximum at 14:00, and a daily minimum at sunrise, local time. In the equatorial
region there is further a smaller TEC maximum at 22:00 local time which is caused
by the so called “fountain effect” described below.
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Geographic variation of TEC

The geographical variation of TEC can be described by dividing the ionosphere into
three latitudinal regions (Wanninger, 1993):

The Equatorial region is located between approximately 30° South and North of
geomagnetic Equator, and is where the highest TEC values, the strongest gra-
dients, and the largest disturbances occur.

The Midlatitude region is where the fewest disturbances occur, and in this region
the diurnal variation of TEC is fairly easily predicted.

The Auroral and Polar region is located at geomagnetic latitudes North and
South of approximately 65°. These are also regions with major disturbances
that are correlated with geomagnetic activity. The auroral zone is treated in
detail in Section 2.1.4.

The TEC has a global geographical maximum in two regions located about 10°-20°
latitude on either side of the Equator. The high TEC in this region is often referred
to as the Equatorial anomaly (Fedrizzi et al., 2002). Intuitively it would make more
sense if the TEC maximum was located exactly above the Equator where the radiation
from the sun is strongest. The geographical offset is, however, caused by the “fountain
effect”, whereby electrons are interacting with the Earth’s magnetic field by causing
movements of the ionization (Langley, 2000), with which the electrons are “lifted” to
higher latitudes. Ionospheric errors up to about 100 meters, on GPS signals at low
elevation angles have been observed in this region (Wanninger, 1993).

Global TEC-maps are provided by several organizations, for instance by CODE
- Center for Orbit Determination in Europe, located at the University of Bern in
Switzerland (http://www.cx.unibe.ch/aiub/ionosphere.html). Figure 2.2 is an exam-
ple of a global TEC map where both the equatorial anomaly and the diurnal variation
of TEC is seen.

Annual variation of TEC

The TEC also varies annually, with a maximum at the Equinoxes and a minimum
during the summer.

The summer low occur because the recombination rates depend on the tempera-
ture, so a higher temperature increases the amount of recombination taking place in
the ionosphere, whereby TEC is reduced.

Finally TEC varies along with the 11 year solar cycle, since the ionization rate is
dependent on solar radiation and particles emitted from the sun.

According to Klobuchar (1996), the highest TEC value ever observed was about
1000 TECU. This must be seen in relation to an average or “normal” TEC value, but
such a value is very difficult to determine because of the high variability. Langley
(2000) makes an attempt with a typical value of about 100 TECU.

2.1.3 The auroral zone

The auroral zone is an oval shaped band located at approximately 65°-75° North
and South in the ionosphere. These geographical limits are given for a night time
ionosphere. The width of the zone is normally 5 — 7° in latitude, and the borders
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Figure 2.2: Global Ionosphere Map for May 21. 2002 at 11:00 UTC. From:
CODE, the University of Bern.

of the zone vary with time of day and solar activity. The zone is generally smaller
and closer to the pole on the day side of the Earth. The oval is characterized by an
enhanced conductivity and electron precipitation (Skone, 1998). An example of the
location of the auroral zone is given in Figure A.15 in Appendix A.

Ionospheric activities in the auroral zone are related to the interaction between
the current systems in the auroral E region and energized particles from the solar
wind and from solar flares that enter the geomagnetic field (Skone, 1998). When
the particles enter the magnetosphere (see Section 2.1.4), they are trapped along the
geomagnetic field lines, and move in the direction of the field lines, whereby they
are transferred to high latitudes, and can reach down to low altitudes in the auroral
ionosphere (Budden, 1985).

When the activity is increased, the visible auroras can be caused by collisions
between energetic electrons and neutral molecules - oxygen, nitrogen, and hydrogen
(Skone, 1998). See Figure 2.3.

This increased activity in the auroral zone is not taking place at lower latitudes,
and the difference in activity causes sharp TEC gradients in the area called the
“main trough” that is located just South of the auroral oval. The effect caused by
the gradients has been called the “Canadian border effect” because of the geographic
location of the area in relation to the USA (Skone, 1998). An example of the trough
is given in Figure 2.4.

The gradients in the trough can cause both scintillation and an increased signal
delay on GPS satellite signals, two effects that are described in Section 2.2.

During geomagnetic disturbances, the features of the auroral zone move South-
ward, and can cause disturbances at latitudes where the aurora is not normally seen.
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Figure 2.3: Visible aurora. Photo from Spitsbergen on Svalbard. Image from
http://www.bergheims.com /hornsund/.

With a moderate auroral activity (Kp=5)! the lower boundary of the auroral zone
is located at about 60° geomagnetic latitude, which, in Scandinavia, is close to Oslo.
With a major auroral activity (Kp=7) the lower boundary is located at about 55°
whereby the entire Scandinavian region is enclosed in the auroral zone (Skone et al.,
2001). One example of this was the ionospheric and geomagnetic storm on April 6-7,
2000. This incident, and the related effect on GPS data, is described in Appendix A.

Auroral activity has generally not been modelled in global ionospheric models
for satellite navigation systems, because the auroral areas have not been interesting
for most GPS users. But presently there is more focus on the subject because the
American Wide Area Augmentation System (WAAS) for flight navigation will be
covering Alaska and parts of Canada, and will thereby operate in the auroral region.
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Figure 2.4: An example of the trough. Electron content in TECU versus
geomagnetic latitude in degrees. The plot is based on radar data from Milestone
Hill, MIT, located at the geographic position 42.2 N, 288.5 E. Figure from

Foster (2000).

!The Kp index and other indices for ionospheric activity are described in Appendix A.
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2.1.4 The geomagnetic field

Close to the Earth, variations in the interplanetary magnetic field (IMF) arriving
with the solar wind affect the electric current systems, and thereby the geomagnetic
activity, so that a high level of solar activity also causes a high level of geomagnetic
activity. Signatures of ionospheric activities can therefore be observed using ground
based geomagnetic observations (Skone, 1998). In order to interpret the geomagnetic
observations, the interaction between the IMF and the geomagnetic field must be
understood, and it is described below.

The Earth’s magnetic field can be described as a dipole? with magnetic field lines
surrounding the Earth from the geomagnetic South pole to the geomagnetic North
pole (Campbell, 1997). The strength of the magnetic field decrease as the distance
from the Earth increase. The region between the Earth and the solar wind, which is
the region where the geomagnetic field has the most important effect, is called the
magnetosphere (Allnutt, 1989). See Figure 2.5.

Solar
Wind

Figure 2.5: Simplified drawing showing a closed magnetosphere. From the
web site of C.T. Russel. http://www-ssc.igpp.ucla.edu/~ ctrussel /images/.

When a magnetic field is present within an electric conductor, as in the solar wind,
it takes time to change the magnetic field. The field is said to be “frozen in”, and for
the same reason a magnetic field cannot quickly penetrate into a highly conductive
body (Budden, 1985). This is how the geomagnetic field prevents particles from
the solar wind from entering the Earth’s atmosphere. The geomagnetic field cannot
penetrate into the flow of particles, and the particles are thus trapped in the solar
wind, and are diverted around the Earth.

The solar wind does, however, distort the geomagnetic field, so on the side of the
Earth that faces the sun, i.e. on the day side, the field is compressed. On the night
side of the Earth the magnetic field is decompressed, and it reaches out to a distance
of about 100 times the Earth radius (Budden, 1985). The decompressed part of the
magnetosphere is called the magnetotail. See Figures 2.5 and 2.6.

Disturbance of the geomagnetic field

Normally the IMF does not cause a major disturbance of the geomagnetic field. But
sometimes the Z-component of the IMF magnetic field becomes negative, and if the
field strength at the same time is suddenly increased, interactions occur. When the
Z component of the IMF is negative the IMF is said to be Southward, and when the

2In reality the geomagnetic field is more complex than a dipole, and the description of the geomagnetic
field and the interaction with the solar wind in this chapter is simplified.
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Figure 2.6: Drawing showing the sun, the solar wind, and the geomagnetic
field. Courtesy of Windows to the Universe, http://www.windows.ucar.edu.

IMF meets with the geomagnetic field lines that are oriented towards the North, the
field lines interconnect and the geomagnetic field is distorted (Campbell, 1997). See
Figure 2.7. This opens the magnetosphere, and particles from the solar wind can
enter the geomagnetic field, mainly through the night side of the magnetosphere and
in the polar regions. These particles will then cause increased ionization.

Figure 2.7: Simplified drawing showing an open magnetosphere. From the
web site of C.T. Russel. http://www-ssc.igpp.ucla.edu/ ctrussel/images/.

When the IMF field lines are oriented in the same direction as the geomagnetic
field lines, i.e. against the North, which is normally the case, the geomagnetic field
is undisturbed and the magnetosphere is closed over the Equator as shown in Figure
2.5.

A Southward IMF can be registered by geomagnetic observations on the Earth
surface, as an indication of a geomagnetic or ionospheric storm. In Appendix A some
examples of IMF signatures and the corresponding effects of the geomagnetic field
are given.

Disturbances of the ionosphere and geomagnetic field can also be caused by meteors
and meteorites for instance. Furthermore, eclipses of the sun can cause changes in
the ionization rate in the upper part of the atmosphere (Budden, 1985). For example,
GPS data collected during the solar eclipse on August 11, 1999 showed a lower noise
level, and thereby a higher accuracy of the GPS derived position, than data collected
on the following days (Fortes et al., 2000).
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2.1.5 Geomagnetic and ionospheric storms

Magnetic storms are global events characterized by magnetic signatures at mid and
low latitude geomagnetic observatories (Skone, 1998). The storm activities occur
when charged particles from the sun interact with the neutral atmosphere of the
Earth and produce extra ions and electrons. The electric fields thereby generated in
the neutral atmosphere cause disturbances in the ionosphere, and these can affect the
GPS signals (Langley, 1996).

An ionospheric storm is much like a magnetic storm, but it is characterized by
changes in TEC instead of changes in magnetic field strength (Skone, 1998).

Magnetospheric sub—storms are local events happening either over the Equator or
in the auroral or polar region (Skone, 1998).

Generally, geomagnetic storm activity follows the solar activity cycle, but the
storm activities tend to reach a maximum twice during each sunspot cycle. There
will thus be increased storm activity just before and just after the maximum sun spot
number for each solar cycle. Also there is an annual cycle with more storm activity
at Equinoxes (Kunches and Klobuchar, 2000).

Several indices have been developed to characterize ionospheric and geomagnetic
activity, and some of these indices are described in Appendix A.

2.2 FEffects of the Ionosphere on GPS Signals

If the GPS satellite signals were transmitted through a vacuum, the signal travel
time multiplied by the speed of light would equal the geometric distance between the
satellite and the receiver. The Earth atmosphere is however not a vacuum, and the
signal propagation is affected by particles that cause refraction, i.e. a change of the
speed and direction of the signal.(Langley, 1996).

The refractive index, n, is given as the relation between the speed of propagation
of a signal in vacuum, ¢, and the speed of the signal in the current medium, v:

n= (2.2)

c
v
The refractive index changes through the ionosphere as the composition of the media
changes. The changing refractive index causes a signal bending, which makes the
signal path longer than the geometrical distance. According to Fermats principle,
the travel time is, however, shorter than if the signal travelled along the geometrical
path, since the signal will follow the path with the shortest travel time. For signals
received in the zenith direction the signal bending is negligible, and it will thus be
ignored in the rest of this section.
The signal travel time in time units, 7, can be determined as:

= /%ds (2.3)

where the integration is carried out along the signal path, ds.

By multiplying by ¢ the length of the signal path is determined, and by ignoring the
signal bending, the excess signal path, d, is given as the actual signal path subtracted
by the geometric distance between satellite and receiver (Misra and Enge, 2001):

d:/gds—/ds = /nds—/ds = /(n—l)ds (2.4)
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where the integration again is carried out along the signal path from receiver to
satellite. In the rest of this thesis, the excess path length will be referred to as the
signal delay, d, in order to comply with most of the GPS literature.

2.2.1 Phase advance and group delay

If the medium is dispersive, as the ionosphere is for GPS signals, the refractive index is
frequency dependent, and it is often described based on the complex Appleton-Hartree
formulation of the refractive index given, for instance, by Falthammar (1994).

By introducing several assumptions, namely that the medium contains an equal
amount of ions and electrons, that the magnetic field is uniform, that the ions have
no effect on the wave propagation, that no electron collisions are taking place, and
finally that the effect of the longitudinal component of the Earth’s magnetic field can
be ignored, the following relatively simple expression for the phase refractive index
of a GPS signal through the ionosphere can be obtained:

40.3 - N,
T

N, is the electron density, and f is the frequency of the signal.

A GPS signal, that is a modulated carrier wave, can be considered a superposition
of a group of waves of different frequencies. Since the refractive index is a function
of frequency, the modulation of the signal will experience another refraction, and will
thus propagate at a different speed through the ionosphere than the pure carrier. The
group refractive index can be defined as (Langley, 1996):

(2.5)

?’Lq;.:l

& dn
ng:v—:n%—fﬂ
g

By inserting the expression for the phase refractive index from Equation (2.5) the
ionospheric group refractive index can be rewritten as:

(2.6)

40.3 - N,
T

Note that the part of the ionospheric refractive index that is deviating from unity
has opposite signs for the carrier and the modulated signal. This is causing what is
referred to as the phase advance and the group delay, and the interpretation of this
is nicely illustrated by Misra and Enge (2001).

The signal delay caused by the ionosphere can now be determined by Equation
(2.4), and by the expressions for n, or ne, Equations (2.5) and (2.7):

(2.7)

ng =1

40.3
Remembering that:

HW:/M@ (2.9)

the size of the ionospheric signal delay for a GPS satellite signal, based on all the
assumptions given above, can be expressed as:
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40.3 - TEC
dion = —

The size of the ionospheric signal delay is smallest in the zenith direction, and
the zenith delay normally varies, along with the variation of TEC, within 1-3 meters
at night and 5-15 meters in the afternoon, at mid-latitudes (Misra and Enge, 2001).
These “normal” ranges are larger in the equatorial region.

Examples of the effect for lower elevation angles is shown by Klobuchar et al.
(1995) and the trend is that the ionospheric zenith delay is increased with a factor of
about 3 for a 10° elevation mask on the L1 frequency. This value also varies slightly
with the variation of TEC.

(2.10)

2.2.2  Scintillation

Scintillation is random and very rapid fluctuations of an electromagnetic wave trav-
elling through the ionosphere. The fluctuations are caused by small irregularities in
the electron density that essentially is causing the wave to interfere with itself. Scin-
tillation causes a change of the amplitude or a phase shift of the wave (Allnutt, 1989),
and scintillation is thus an effect on the signals, not a phenomenon in the ionosphere.

Scintillation occurs in the polar cap, the auroral and the equatorial regions, and it
is strongest in the equatorial region. In the polar region the irregularities in electron
density are caused by particles from the solar wind entering the ionosphere through
the opening in the magnetic field lines over the poles. In the auroral region the irreg-
ularities are caused by energetic particles that have entered the magnetosphere and
are transferred to the auroral regions along the magnetic field lines. In both regions
these particles tend to form “lumps” along the magnetic field lines, mainly in the E
and F regions of the ionosphere, and scintillation is caused by small-scale irregulari-
ties inside the larger lumps. In these regions scintillation seems to be associated with
storm events (S. Skone, University of Calgary, personal communication).

In the equatorial region, or more precisely in the region of the equatorial anomaly,
scintillation is caused by the movement of electrons with the fountain effect. The
movements cause irregularities in the electron density with either an increased or
reduced TEC within relatively small areas (S. Skone, University of Calgary, personal
communication). In this region scintillation mainly occur at night, from sunset to
midnight, and the activity follows the 11-year solar cycle (Wanninger, 1993).

The irregularities in electron density can cause variations in the refractive index,
and at the receiver end of the signal path this shows up as amplitude scintillation,
i.e. either a signal fading or a signal enhancement. In both cases the signal strength
can jump out of the threshold of the receivers’ tracking loop bandwidth causing loss
of lock and thereby cycle slips. Rapid variations in the signal to noise ratio, for a
received satellite signal, can indicate scintillation (Wanninger, 1993).

Phase scintillation is also caused by sudden changes in the refraction in the iono-
sphere. With phase scintillation the phase of the signal is changed, and this again can
cause the GPS receiver to lose lock if the phase change exceeds the tracking capability
of the receiver (Wanninger, 1993).

Langley (2000) gives some numerical examples of this. For a receiver tracking the
L1 frequency a change in TEC of 0.19 TECU, corresponding to 0.2% of the typical
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TEC value during a time interval of 1 second, can be enough to cause problems with
the signal tracking if the receiver tracking bandwidth?® is 1 Hz.

Nichols et al. (2000) and Skone et al. (2001) both tested the effect of auroral
scintillation on dual frequency GPS receivers. Their conclusions are similar in that
loss of lock frequently occurs for the L2 frequency during high levels of activity.
Nichols et al. (2000) state that loss of lock will affect a receiver tracking the L2 with
a semi-codeless technique less than a receiver using a codeless technique.

Skone et al. (2001) confirmed this by performing tests using both types of receivers.
The semi-codeless receivers tested did not lose lock as often, instead they suffered from
multiple cycle slips at time intervals when the codeless receiver lost lock.

These results occur because when using a codeless technique the tracking noise is
higher than when using a semi-codeless technique, and when the noise of the incoming
signal is further increased because of scintillation, recovery of the L2 is made more
difficult.

Both papers point out that tracking of the L1 frequency was not significantly
affected by scintillation. The better results on L1 occur because the L1 tracking is
based on code correlation using the C/A code as described in Section 1.1.1.

2.3 Handling the Ionospheric Effect in GPS Positioning

The ionospheric effect on a GPS signal is the largest error source in the positioning
process, so it is important to handle the ionospheric effect in order to obtain accurate
positions. An ionospheric model, the so-called Klobuchar-model, is broadcast with the
navigation message, and it can be used for absolute positioning, for code-based DGPS,
and also for single frequency carrier—phase based positioning over short baselines. The
model is described by Misra and Enge (2001).

For high accuracy positioning this model is not sufficient and other techniques
must be introduced.

The ionosphere—free linear combination of the L1 and L2 observables

The majority of the ionospheric effect can be eliminated by double differencing, and
because of the spatial correlation of the ionospheric effect the residual effect is de-
pendent on baseline length. The residual ionospheric effect after double differencing
can be about 4 cm (RMS) for a 67 km baseline or about 10 cm (RMS) for a 192 km
baseline during afternoon hours at a period with low ionospheric activity (Raquet,
1998).

For high accuracy positioning, double differencing might therefore not be sufficient,
so the ionosphere—free linear combination is introduced in the processing to reduce
the remaining part of the ionospheric effect.

Several ionosphere—free combinations are seen in GPS literature. One example is
given in Equation (1.7), and another example is the following which is given by, for

3For a geodetic GPS receiver used in static mode for tracking the carrier-phase, a tracking bandwidth
of about 2 Hz is sufficient (Langley, 1996), and therefore normally used. With a smaller tracking
bandwidth the noise level is reduced, but the signal is also lost more easily if the phase of the signal
is shifted by interference. Many modern GPS receivers therefore use variable tracking bandwidths,
where the bandwidth is wide until signal lock is obtained, and then narrows down. Receivers made
for dynamic environments further monitor the dynamics and keep a highly variable bandwidth also
after signal lock has been obtained.
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instance, Beutler et al. (2000):

[t

fir = It

Both expressions remove the first order effect of the ionosphere, d;,, = 40.3-TEC/ f?
when the IF combination of the L1 and L2 observation equations are formed. But
considering the assumptions necessary to derive the expression for the first order
delay, given in Section 2.2.1, higher order effects will be present. For higher elevation
angles these effects are negligible, but for elevation angles below 15° the higher order
effects become significant (Johansson, 1997).

Brunner and Gu (1991) developed an improved model, also based on the Appleton-
Hartree formulation, where some higher order terms are included. Their results show
a considerable improvement in estimation of the ionospheric range error for test sce-
narios with high TEC values. They do conclude that the IF combination given above
is good within about 3 cm for elevation angles above 15° when the electron content
is less than about 140 TECU. With the improved correction model the correspond-
ing residual range errors were at the mm-level also when tested with a high electron
content of 455 TECU.

The estimated accuracy of the IF combination of 3 cm given by Brunner and Gu
(1991) is based on undifferenced observations. If the IF combination is used in a
double difference mode, as given above, the residual ionospheric effect will be almost
negligible for medium sized baselines. The model suggested by Brunner and Gu is
therefore only relevant for long baselines or during very high ionospheric activity.

Before leaving the ionosphere the reader is referred to Appendix A, where several
indices for describing the ionospheric activity are described. The appendix also con-
tains references to internet sites where forecasts of ionospheric activity are available.
GPS survey practice should include consultation of these forecasts when planning
survey activities, also if dual frequency receivers are used. The influence of the higher
order effects cannot be deducted directly from the forecasts, but the influence of these
effects are more severe during high ionospheric activity. Scintillation effects cannot
be directly deducted from the forecasts either, but when a geomagnetic storm has
been predicted the risk of scintillation effects is increased and should be considered.

fia

Py —
fir = It

by = Dy (2.11)

2.4 The Neutral Atmosphere

The neutral atmosphere is electrically neutral and nondispersive to electromagnetic
waves transmitted at radio frequencies below 30 GHz (Johansson, 1997). The refrac-
tive index in the neutral atmosphere is very close to unity, about 1.0003 at sea level
and decreasing with higher altitude (Misra and Enge, 2001), so the signal bending is
small. The speed of the signal in the neutral atmosphere is slower than in a vacuum,
and this causes a signal delay which affects GPS positioning. This delay and the
signal bending is the focus of the following sections.

Figure 2.8 shows the characteristics of pressure and temperature within the neutral
atmosphere. The parameters are plotted as a function of orthometric height, and are
based on the US standard atmosphere.

The neutral atmosphere covers two regions of the atmosphere:
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The Troposphere is the lowest part of the atmosphere extending from the surface
of the Earth to an altitude of about 10 km. In the troposphere, the temper-
ature decreases with altitude. This is also the part of the atmosphere where
the “weather” occurs, i.e. where most of the clouds are located and where
precipitation occurs (Johansson, 1997).

The troposphere is an active region and is characterized by strong vertical mix-
ing where a particle can travel through the entire troposphere within a few
minutes e.g. in connection with a strong thunderstorm (Wallace and Hobbs,
1977).

The tropopause marks the top of the troposphere and is characterized by a
temperature lapse rate of zero. The height of the tropopause varies with latitude
and is located at an altitude of about 16-18 km at the Equator and at about
7-10 km at the Poles (Mendes, 1999). The height of the tropospause is more
unstable at the Poles where it is affected by seasonal variations (Spilker, 1996).

The Statosphere is the upper part of the neutral atmosphere and it is characterized
by a fairly constant temperature in the lowest part, and by a temperature
increasing with height in the upper part (Johansson, 1997).

The lowest part of the stratosphere is also characterized by a sharp decrease in
water vapor, and by an increase in the amount of ozone (Wallace and Hobbs,
1977). The natural presence of ozone is the reason for the increasing temper-
ature in the upper part of the region, since ozone absorbs ultraviolet radiation
from the sun (Johansson, 1997). The stratosphere is a quiet region, and the
vertical mixing is small (Wallace and Hobbs, 1977).

The upper boundary of the statosphere is the statospause, where the tempera-
ture lapse rate again is zero. The stratospause is located at an altitude of about
50 km (Johansson, 1997).

These two regions affect radio waves in almost the same manner and are thus often
treated as one region - the neutral atmosphere.

2.5 Eftects of the Neutral Atmosphere on GPS Signals

As the signals travel through the neutral atmosphere they are affected by refraction,
causing the receiver—satellite distance determined from the satellite signals, to be
longer than the geometrical path the signal would have followed if it travelled through
a vacuum. In GPS terminology, this effect is often referred to as the “tropospheric
delay”, since the largest part of the effect occurs in the troposphere.

GPS signals will also be slightly affected by attenuation caused by water vapor
and rain, but these effects are negligible for GPS frequencies (Spilker, 1996). Further,
scintillation caused by atmospheric turbulence can be significant at lower altitudes
and for signals received at low elevation angles. But the effects are generally small
for GPS frequencies (Spilker, 1996), and are therefore not considered any further in
this thesis.

The signal delay experienced by a satellite signal traversing the neutral atmosphere
can be determined by integrating the refractive index along the signal path, just as
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Figure 2.8: Pressure and temperature plotted as a function of orthometric
height. Values for the US standard atmosphere are from Holton (1992).

for the signal delay in the ionosphere (Equation 2.4). Introducing the refractivity,
N = (n—1)-10°% as a new variable, the signal delay is given as:

delay = 10—6/Nds (2.12)

The integration is carried out along the signal path, ds, from the GPS antenna to the
top of the neutral atmosphere.

The refractivity can be determined using the equation below, as given for instance
by (Langley, 1996).

P,
N =k (%)Zdl + (kQ% + @,%) Zt (2.13)

k1, ko, k3 are constants, P, is the partial pressure of dry air in mbar, 7" is temperature
in Kelvin, and e is the partial pressure of water vapor also in mbar. Z; and Z,, are
the compressibility factors for dry air and water vapor respectively, and they account
for the deviation of the gasses from an ideal gas.
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The relation between the pressure of dry air and the water vapor pressure is given
by Dalton’s law of partial pressures (Wallace and Hobbs, 1977):

P:Pd+e (2.14)

where P is the total atmospheric pressure.

Several sets of values for the empirical k-constants have been determined and
there has been some dispute over which values are the best (Mendes, 1999). A new
set of k-values based on a re-analysis of older experimentally determined constants
was provided by Bevis et al. (1994). These values will be used for testing purposes in
Chapter 4 and are given in Table 2.1.

kq ko kg
[K/mbar] [K'/mbar] [K?/mbar]

7760 T 0.05|704 * 22(373900 * 12000

Table 2.1: Refractivity constants from Bevis et al. (1994).

The compressibility factors represent the non-ideal behavior of the gasses in the
neutral atmosphere. This is described by the equation of state:

P; is the partial pressure for constituent 7, p; is the mass density, R; is the specific gas
constant for the constituent, and 7' is the absolute temperature (Davis et al., 1985).

For an ideal gas the compressibility factor equals 1 (one), and for the neutral
atmosphere the factor only differs a few parts per thousand (Davis et al., 1985). The
compressibility factors are functions of temperature and pressure, and the expressions
for the wet and dry compressibility factors are given for instance by Spilker (1996).

Returning to Equation (2.13),the first term in the formula is called the dry refrac-
tivity, since it depends only on the dry constituents. The term in the last bracket is
correspondingly called the wet refractivity.

Davis et al. (1985) introduced another expression for the refractivity:

where the new constant k; = ky — kyMy/My. M, and M, are the molar mass of
water vapor and dry air, respectively.

Here the first term, called the hydrostatic refractivity, is not only dependent on
the dry constituents since the total density is included. The last term is still based
on the wet constituents and is thus still called the wet refractivity, although the term
non-hydrostatic refractivity is also found in the literature.

Equation (2.16) is useful for determining the hydrostatic signal delay in the zenith
direction, since it is not affected by the water vapor content (Langley, 1996).

The total tropospheric delay, di,,, can now be determined as:

dirop = 10*6/1\7,1 ds + 10*6/Nw ds = 10*6/Nd ds + 10*6/Nw ds  (2.17)
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where hydrostatic is denoted by the subscript h, the wet part is denoted by subscript
w, and subscript d denotes dry. Either of the expressions can be used depending on
whether the dry or the hydrostatic approach is preferred.

The dry or hydrostatic part of the delay is approximately 90% of the total tro-
pospheric delay, and has, when determined for a signal received in the zenith, a size
of about 2.3 meters when the GPS receiver is located at sea level. The dry delay is
easily predictable and is thus quite well modelled (Spilker, 1996).

Contributions to the wet delay are only present in the lowest part of the neutral
atmosphere, i.e. in the troposphere. The wet part of the delay accounts for the
remaining 10% of the total delay, and it is highly variable. The size of the wet delay
is only a few mm in dry arctic areas or in deserts, but it can be up to 40 cm in tropical
regions (Brunner and Welsch, 1993). The behavior and distribution of water vapor
in the atmosphere is difficult to predict, and therefore it is also difficult to model the
wet part of the delay. The spatial and temporal variability of water vapor and the
wet tropospheric delay is further discussed in Chapter 3.

2.6 Modelling the Tropospheric Delay

In GPS positioning, the major part of the tropospheric delay is handled by means of
global tropospheric delay models based on climate data. The models are functional
solutions for the integral given in Equation (2.17), and they are often dependent
on surface meteorological observations as input parameters. Also, the latitude and
height of the GPS station are necessary parameters for determining the tropospheric
delay.

Several models exist and three different models are briefly described here.

The Hopfield model

The Hopfield model (Hopfield, 1969) was originally developed for Doppler positioning,
but is also used for GPS positioning. The tropospheric delay in the zenith direction,
ztd, is given as:

1 -6 Ps e 5 €s e
ot = 1070 (T7.6- 22— b)) + (373 10° 50 b)) (219

Where Py is the surface pressure of dry air in mbar, 7T is surface temperature in
Kelvin, e, is the surface partial pressure of water vapor in mbar, and H,,; is the
geometric height of the GPS antenna in km. h§ and h{ are the dry and wet equivalent
heights, i.e. the geometric heights where the dry and wet refractivity is zero. Hopfield
(1969) determines h¢ to 12 km and h§ = 43.130km — 5.206 sin*(¢en:), where ¢gpn; is
the latitude of the GPS antenna.

Hopfield later published improved expressions for both the dry and wet equivalent
heights, so several Hopfield models exist, see for example Hopfield (1971).

The work by Hopfield forms the basis for many tropospheric models, and the
basic Hopfield model has been used extensively, with various modifications, for GPS
positioning.

The Ifadis model

Ifadis (1986) developed several models for the zenith wet delay, zwd, applicable for
various climate regions or seasons of the year. He also developed a global model given
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below:

zwd = 0.00554 — 0.880 - 10~ *(P, — 1000.0) + 0.272 - 104654-2.771(§§> (2.19)

As for the Hopfield model P; is in mbar, T is in Kelvin, and e, is in mbar.

The Saastamoinen model

Saastamoinen (1973) developed both a precise model and a more simple standard
model. The standard model, which is given below, is widely used for GPS positioning;:

1255
dwq;::0002277[13606M%—eh0<F§+-</T

S

+0.05> es —B-tan2(90—elv)> +0 (2.20)

where elv is the elevation angle of the satellite signal in degrees, and again P is in
mbar, T, in Kelvin, and ey in mbar. B and ¢ are correction quantities determined
from tabular values given in the original papers and also in e.g. Spilker (1996).
D =1+ 0.0026c0s?*(¢) + 0.00028h4y,; where ¢ is the latitude and H is the height of
the GPS station.

This model is not only used for determining zenith delays, as the previous models,
since it is also a function of the elevation angle of the received satellite signal. Other

functions for mapping the zenith delay to lower elevation angles are found in Section
2.6.1.

Evaluation of the models

Mendes (1999) performed a comprehensive analysis and evaluation of several tropo-
spheric delay models. The evaluation was based on signal delays derived by radiosonde
observations collected over one year in 50 sites distributed globally.

When analyzing the differences between zenith hydrostatic delays determined from
models and from radiosondes, the four hydrostatic delay models tested all gave a total
error of about 5 mm or less. The Saastamoinen model performed the best with a total
error of 0.2 mm.

When the size of the zenith hydrostatic delay is 2.3 meters, as it normally is at
sea level (see for instance Figure 4.3), the modelling accuracy is consequently about
0.009 %.

When analyzing wet delay models the results varied more. The total error for the
best models was about 3 ¢m, and the error for the worst of the 12 models tested, was
about 4 ecm. The Saastamoinen and Ifadis models for wet delay performed the best
(Mendes, 1999).

Considering the size of the zenith wet delay, which is about 5-20 cm at sea level
in Denmark (see Figure 4.4), the modelling accuracy of 3 cm corresponds to 15 - 60
% of the delay. This clearly illustrates the difficulties in modelling the wet delay as
compared to the hydrostatic delay.

The basic expressions for refractivity and therefore the global tropospheric delay
models do not consider the effect on the signal delay caused by nongaseous con-
stituents in the atmosphere. A discussion on the relatively small influence of e.g.
hydrometeors, volcanich ash, rain, and snow on GPS signal delays is given by Sol-
heim et al. (1999). According to Johansson (1997) the influence on path delays of
clouds and rain is almost always less than 1 cm.
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2.6.1 Mapping functions

The total delay for a satellite signal received at any elevation angle can be estimated
by first determining the delay for a signal received in the zenith direction and then
multiplying the zenith delay with a unitless mapping factor. The factor is determined
by a mapping function, m(elv), and often both a hydrostatic and a wet mapping
function is used, so that the total delay for a signal received at any elevation, elv, is
determined as:

delay(elv) = zhd - my(elv) + zwd - my,(elv) (2.21)

Where zhd is the zenith hydrostatic delay, zwd is the zenith wet delay, and the
subscripts h and w denote hydrostatic and wet mapping functions respectively. The
mapping factor is about 4 for a 15° elevation angle, about 6 for a 10° elevation, and
about 10 for a 5° elevation angle.

The most simple form of a mapping function is:

m(elv) = (2.22)

sin(elv)

This function can be used for signals received at high elevation angles (Langley, 1996),
but for signals received at lower elevation angles, with more signal bending caused by
the water vapor in the troposphere, this simple function is insufficient.

Several mapping functions have been developed during the last two decades. The
mapping functions developed by Ifadis (1986), Herring (1992), Niell (1996) and by
Goad and Goodman and described by Leick (1990), will all be encountered later in
this thesis. The functions are fairly voluminous and the reader is referred to the
original publications, or to Mendes (1999), for the equations.

The mapping functions differ, as the zenith delay models do, in that they require
input of different meteorological parameters. For example, the Goad and Goodman
mapping function requires both surface pressure, temperature, water vapor pressure,
and station height, whereas the mapping function developed by Niell does not require
any meteorological input, but only the station latitude and height.

Mendes (1999) analyzed 12 different mapping functions, using the same radiosonde
data as for the zenith delay tests mentioned above. He concluded that the NMF
mapping function (Niell, 1996) is the overall best mapping function when no mete-
orological data is available. If meteorological observations are available, the Ifadis
(Ifadis, 1986) and the MTT (Herring, 1992) mapping functions are recommended.

Mapping functions are based on an assumption of a horizontally homogeneous or
isotropic atmosphere. However, the satellite signals are not encountering exactly the
same conditions when received at different azimuth angles. This is in particular the
case for satellites received at low elevation angles where a larger part of the signal
path goes through the more variable lower parts of the atmosphere.

Introducing horizontal gradients in the processing of GPS data can provide a
solution to this problem. Emardson and Jarlemark (1999) tested the influence of
introducing horizontal gradients in a single point positioning simulation. When com-
paring the results for the vertical coordinate component with and without horizontal
gradient estimation, an improvement in the RMS error of up to 7 mm was found.

This subject is treated in more detail in Chapter 5 where the performance of
various mapping functions is tested for various azimuth angles.
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2.7 Estimation of Tropospheric Delay from GPS Data

The amount of water vapor in the atmosphere can be measured with a water vapor
radiometer. The instrument is accurate, but it is unreliable during precipitation and
also fairly expensive. Thus other methods for extracting information about the water
vapor content in the atmosphere has been proposed, and one of them is to make use
of data from permanent GPS reference stations. This was suggested by Bevis et al.
(1992) and has since become a considerable research area within meteorology, where
better estimates of the water vapor distribution in the atmosphere, e.g. from GPS
data, can improve weather predictions (Gutman and Benjamin, 2001).
Consider the carrier—phase observation equation again:

O =71+ dr — dion + dipop + c(dt —dT) + AN + v (2.23)

The tropospheric delay can be estimated from this equation if the ambiguities are
successfully resolved, and if the other error sources are well modelled. The station
coordinates must be known, and precise satellite orbits are necessary. The influence
of the ionospheric delay must be minimized, e.g. by using the ionosphere-free linear
combination, and the clock errors can be handled either by double differencing or by
explicit modelling of the clock drift (Bevis et al., 1992). The noise, ¢, is reduced by
carefully selecting the GPS site and by using high quality equipment. Multipath is
further reduced by using antennas equipped with choke rings.

When using the Bernese software, for example, for determining the tropospheric
delay from GPS data, the majority of the delay is estimated using a global delay
model, and the residual part is estimated as a parameter, valid for a time interval
of for instance two hours, through the double difference based adjustment process
(Beutler et al., 2000).

Another approach, which is used in the GIPSY software, is to use a stochastic
model, treat the residual delay as a time-varying parameter, and use Kalman filtering
for the adjustments.

The tropospheric delay produced by geodetic GPS inversions is the total zenith
delay. Meteorologist are, however, only interested in the wet zenith delay, that can
be determined by subtracting the hydrostatic part of the delay. If this separation
is not carried out as a part of the GPS positioning process, the zenith hydrostatic
delay can be determined based on a hydrostatic delay model if surface pressure (and
temperature) observations at the site are available (Duan et al., 1996).

The zenith wet delay can be converted to Integrated Water Vapor, IWV, or to
Precipitable Water Vapor, PW, which is directly useable for weather modelling and
predictions. IWV is the mass of water vapor per unit area given in kg/m?, and PW
is the height of an equivalent column of water, given in mm. The two variables differ
only by the density of liquid water; PW = IWV/p, (Bevis et al., 1992).

These values can then be used for validating and/or improving numerical weather
predictions (Elgered, 2001). A considerable amount of research is therefore going on,
focusing on deriving water vapor not only from ground based GPS stations, but also
from satellite occultations.

One example is the MAGIC* project which was a European research project run-

4MAGIC - Meteorological Applications of GPS Integrated Column Water Vapour Measurements in
the Western Mediterranean. A cooperation between meteorological organisations in Spain, Italy,
France and Denmark.
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ning from 1998-2001, focusing on these subjects with the purpose of developing a near
real-time system for introducing IWV derived from GPS data into weather predic-
tions. The project included 51 permanent GPS stations and the data was processed
by three processing centers using the GAMIT and GIPSY software in different modes.
The derived zenith delays and IWV were evaluated by three other organizations, and
the integration into numerical weather predictions was tested using a special MAGIC
implementation of the DMI-HIRLAM-system (see Chapter 3). Comparisons based on
1.5 years of near real-time estimates of zenith total delays show a standard deviation
of 12 mm when compared to zenith delays derived from radiosonde data (Haase et al.,
2001a). More results from the MAGIC project are referenced in Chapter 3.

The NOAA® Forecast Systems Laboratory is estimating near real-time water vapor
based on 59 GPS stations in USA. They obtain a difference of 1.2 mm precipitable
water vapor when comparing hourly results with final daily solutions. This difference
corresponds to a difference of about 8 mm in a zenith wet delay. The integrated
precipitable water vapor values can be found on NOAAs web site along with other
real-time meteorological observations (http://www.gpsmet.noaa.gov/jsp).

2.8 Handling the Tropospheric Delay for GPS Positioning

The tropospheric signal delay is spatially correlated for differential GPS positioning.
When the two receivers are located close to each other the signals travel through
basically the same part of the atmosphere. As the distance between the receivers
increases so does the differential tropospheric delay.

Janes (1991) mentions that the differential tropospheric delay is about 0.3-0.5
ppm. This would cause an error of about 2 cm for a 50 km baseline.

The unmodelled differential tropospheric delay primarily affects the height
difference for a GPS baseline, and Brunner and Welsch (1993) sets a rule of thumb
for relative GPS positioning;:

Error in height difference = 3 x differential tropospheric delay

The rule is valid with an elevation mask of 15°, and it means that a differential
tropospheric delay of 1 cm causes an error of 3 cm in the height difference between
the two stations.

This rule of thumb, and the 0.5 ppm, indicates how important handling of the tro-
posphere is for high accuracy GPS positioning. If the differential delay is not taken
into account, it can interfere with ambiguity resolution by extending the time to
resolve ambiguities, thereby degrading the positioning performance. Even if the am-
biguities are solved successfully, any residual tropospheric errors can be encapsulated
into the station coordinates of the rover.

For differential positioning based on double differencing, handling of the tropo-
spheric delay is particularly important when the atmospheric conditions are consid-
erably different at the sites of the reference and rover. This can be the case for long
baselines. But also for shorter baselines the differential tropospheric error can be con-
siderable during the passage of a weather front, or if there is a large height difference
between the two stations.

SNOAA is the National Oceanic and Atmospheric Administration in the US.
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2.8.1 The tropospheric delay for post—processing

For high accuracy GPS positioning the raw observations are initially corrected for the
tropospheric delay by means of a global tropospheric delay model. If the model used
requires input of meteorological surface observations, real observations collected at
the site of the reference and rover receiver can be used. However, the models are very
sensitive to measurement or calibration errors of the meteorological equipment. In
Beutler et al. (2000) some numerical examples are given on how meteorological obser-
vational errors influence the estimate of the tropospheric signal delay. For example,
an error of 1% in relative humidity can cause an error in the zenith delay estimate of
4 mm, which then translates into an error in the height difference that is three times
as much i.e. 1.2 cm.

Instead, standard meteorological parameters, as for instance given in Table 2.2,
can be used.

Temperature | Pressure | Relative humidity
18° C 1013 mbar 50 %

Table 2.2: Example of standard meteorological values used for GPS position-
ing for at station located at sealevel. From (Beutler et al., 2000).

After the data has been corrected for the majority of the tropospheric delay by
a global delay model, the observations are normally double differenced. For shorter
baselines the residual tropospheric delay will then be negligible as mentioned in Chap-
ter 1.

For longer baselines, or baselines with a large height difference, the residual tropo-
spheric delay can have a significant effect, and it must be considered during the GPS
positioning process. Within the Bernese software, for example, the residual tropo-
spheric error can be estimated as an element in the carrier—phase adjustment process
where also the ambiguities are estimated (Beutler et al., 2000).

2.8.2 The tropospheric delay for real-time positioning

When performing real-time differential code-based GPS positioning (DGPS), where
positions with accuracies within 1-5 meters are obtained, the computation process in
the rover must be simple due to the time and processor constraints. The tropospheric
delay is therefore modelled using a fairly simple global model that does not require any
meteorological parameters as input. Some examples of models are given by Mendes
(1999).

For wide area DGPS systems (WADGPS), where the objective is to obtain im-
proved positioning accuracy (0.5 meters) and reliability, a slightly different approach
is used. For instance, for the European Geostationary Navigation Overlay Service
(EGNOS), a global tropospheric delay model is combined with meteorological data
for the site of the roving GPS receiver. The meteorological data is provided by a
regional climate model, and the parameters are extracted from the model by latitude
and day of year (Dodson et al., 1999).

Penna et al. (2001) tested this approach for five different sites in Great Britain
using one year of GPS data. For the stations tested, the RMS of the difference
between tropospheric zenith delays based on the EGNOS approach and zenith delays
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determined by post-processed GPS data ranged between 4 and 5 cm. The maximum
error encountered during the year was 18 cm.

Another approach was suggested by Schueler et al. (2000a), where the tropospheric
zenith delays for a given location was estimated by interpolation in a grid file with
tropospheric zenith delays. The grid was based on a global numerical weather model
improved by incorporating information from permanent GPS stations. The zenith
delays in the two-dimensional grid files were determined for each grid point in the
three dimensional weather model, and by interpolation in the new grid file, the zenith
delay for a roving GPS receiver could be determined.

The method was evaluated by Schueler (2001) by determining zenith delays for
140 globally distributed GPS stations using 30 days of data. A global weather model
from NOAA, with a resolution of 1° x 1°, formed the basis for the zenith delay files.
Zenith delays determined by interpolation in the new files were compared with delays
determined using post—processed GPS data, and the RMS of the difference between
the two sets of results was 7 mm. However, the exact same GPS data was used for
generating the zenith delay grid files and for testing the approach, so the result is
overly optimistic. Schueler (2001) focused on the use of permanent GPS stations for
meteorology, but the perspective of using the zenith delay grid files for kinematic
GPS positioning is mentioned as well.

2.8.3 RTK and the tropospheric delay

In connection with RTK, the tropospheric delay is normally treated by global delay
models followed by double differencing, just as in a post—processing situation. The
tropospheric errors thus cancel out for shorter baselines, i.e. up to 20-30 km (Cannon,
1997).

For medium sized baselines, the residual error after both modeling and double
differencing can, for instance, have a size of about 1.5 cm for a 67 km baseline, or
1.9 cm for a 192 km baseline under normal conditions as shown by Raquet (1998).
Considering the rule of thumb given in Section 2.8, the height of the rover station
will be influenced by an error of about 4.5 cm for the 67 km baseline.

For traditional RTK this residual effect cannot be handled, and it is thus the major
reason for the distance limitation of the technique.

If a network of reference stations is available, combined network RTK corrections
can be used to account for most of the residual tropospheric error experienced by
the rover. This is the case for instance with the NetAdjust method. Corrections
compensating only for the tropospheric residual error can also be generated based
on a network of reference stations, as shown by Zhang and Lachapelle (2001). Both
solutions provide a means to reduce the influence of the residual tropospheric delay
in GPS positioning.

Another solution is to provide an estimate of the tropospheric delay, which is better
than what can be provided in real-time by the global tropospheric delay models. If
the initial estimate of the tropospheric delay is improved the residual tropospheric
errors will also decrease.

Since real-time estimates of the zenith delays are available, as determined e.g. by
the MAGIC project (Haase et al., 2001a), a solution could be to use those delays
for RTK positioning. This might, however, introduce correlations in the positioning
process if the same GPS data is first used for generating the zenith delays and then
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used in the positioning process to correct for the same zenith delays. A scenario like
this could easily occur in connection with a network RTK system where permanent
GPS reference stations could be providing data for both the RTK system and for the
meteorological organization estimating zenith delays for weather prediction purposes.

Another solution is to integrate tropospheric delays determined from a numerical
weather prediction into the network RTK processing. As long as GPS data is not
used on an operational basis for weather predictions, tropospheric delays determined
from weather predictions are independent observables when introduced in the GPS
processing.

This approach has been suggested by a number of groups lately:

Schueler et al. (2000b) suggested the use of numerical weather predictions for
WADGPS, and Pany et al. (2001b) discuss a number of methods for using numerical
weather predictions for static positioning using the Bernese software. Tsujii et al.
(2001) show how “on the fly” ambiguity resolution can be improved for kinematic
post—processed positioning, when introducing a numerical weather prediction with a
40 km grid spacing. When zenith delays from the weather model were used instead
of a global tropospheric delay model, improvements were obtained in the percent-
age of fixed ambiguities using both a 15° and a 10° elevation mask and a 1-hour
data set. Finally, Behrend et al. (2001) tested the use of zenith delays determined
from a numerical weather prediction with a 0.2° grid resolution for single point GPS
positioning with the GIPSY software. Using the new approach, improvements were
obtained in the positioning domain, but only when residual tropospheric errors were
not estimated in the positioning process.

The last two investigations indicate that numerical weather predictions might be
useful for RTK positioning, and the remaining part of this thesis deals with the
introduction of numerical weather predictions for network RTK.
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NUMERICAL WEATHER PREDICTIONS

Numerical Weather Predictions (NWPs) are three dimensional models of the condi-
tions in the lowest part of the atmosphere, from the surface of the Earth up to an
altitude of about 30 km. The models contain predicted information about temper-
ature, humidity, wind speed and direction, amount of precipitation, cloud cover etc.
The purpose of an NWP is to predict the future state of the atmospheric circulation
from information on the present conditions by using numerical approximations of the
dynamical equations describing the atmospheric circulation (Holton, 1992).

The present conditions of the atmosphere are given by numerous meteorological
observations collected globally. An interpolation scheme is used for distribution of
the irregularly spaced observations onto a regular grid that forms the basis for the
numerical model development. This process, which also includes filtering and blunder
detection of the observations, is referred to as data assimilation.

The meteorological observations originate from mainly radiosondes, but also
transatlantic airplanes, and microwave radiometers are providing information about
conditions in the atmosphere. The density of the data sources is limited, and this
is the reason for the considerable meteorological interest in using GPS as a tool for
probing the neutral atmosphere as described in Section 2.7.

In this chapter the DMI-HIRLAM-system for numerical weather predictions is
briefly described, followed by a description of how to estimate tropospheric zenith
delays using data from the NWP. The chapter ends with an evaluation of the expected
accuracy of tropospheric zenith delays determined using DMI-HIRLAM NWPs.

3.1 The DMI-HIRLAM System

The HIRLAM (High Resolution Limited Area Model) system is an outcome of the
international HIRLAM project that was initiated in 1985 as a cooperation between
meteorological institutes in 8 different European countries, including Denmark. The
purpose of the HIRLAM project is to develop and maintain a short-range weather
forecasting system for operational use. The project is described on the HIRLAM web
site: http://www.knmi.nl/hirlam/

The DMI-HIRLAM system is the Danish implementation of HIRLAM. It is run-
ning operationally at the Danish Meteorological Institute (DMI), and the system is
optimized for short range forecasts up to about two days ahead (Sass et al., 2000).

DMI-HIRLAM is a three-dimensional grid-point model derived on a rotated grid
of latitude and longitude. As the vertical reference a pressure—sigma system is used
(Rasmussen et al., 2000). Sigma coordinates, o, are normally given as 0 = P/P;,
where P is pressure of the current level or layer in the model, and P; is the pressure
at the Earth’s surface. So o equals one at the surface of the Earth, and ¢ equals zero
at the top of the atmosphere (Holton, 1992).

39
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The forecast variables are the two horizontal wind components, surface pressure,
temperature, specific humidity, specific cloud condensate, and turbulent kinetic en-
ergy. Continuous dynamic equations describing the rate of change of these parameters
form the basis of the DMI-HIRLAM-system, and they are combined with models for
atmospheric physics such as radiation, turbulence, condensation and convection (Sass
et al., 2000).

Four different NWPs are generated to cover the areas for which DMI is responsible
for providing weather forecasts, i.e. Denmark, the Faroe Islands and Greenland. The
geographical extension of the models is shown in Figure 3.1.

Figure 3.1: Geographical extension of the DMI-HIRLAM G, N, E, and D
numerical weather predictions. From (Sass et al., 2000).

The boundary conditions for DMI-HIRLAM-G are given by the ECMWF-model
from the European Center for Medium-Range Weather Forecasts in England. The
boundary conditions for the models N, E and D are given by one of the larger DMI-
HIRLAM models (Sass et al., 2000).

When running the forecast system, the data assimilation is concluded by a model
analysis run for the initial time epoch. Then the prediction cycle is initiated, and
the continuous system of equations is solved for predefined discrete time steps, and a
weather forecast is then output for example every 6 hours (Sass et al., 2000).

3.2 Zenith Delays Determined From DMI-HIRLAM

Tropospheric zenith delays can be derived from an NWP by numerical integration of
the refractivity through the model, where the necessary meteorological parameters
are given. The expression for refractivity, Equation (2.13), which is also given below
as Equation (3.1), must, however, be rewritten in order to be used with a HIRLAM
NWP.

Py, e e 1
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First the ideal gas equation applied to dry air is introduced (Spilker, 1996):
Pd = ,OdeTZd (32)

Py is the partial pressure of dry air, p, is the density of dry air, R, is the gas constant
for dry air, and Z; is the compressibility factor for dry air. Introducing this expression
for Py, the dry part of Equation 3.1 can be rewritten:

Nd = klded (33)

whereby the dry compressibility factor is eliminated. The total refractivity is then
given as:
e e _

N = klepd + <k2f + k3ﬁ> Zwl (34)
R, is the gas constant for dry air, p,; is the mass density of the dry constituents, T is
the temperature, and e is the water vapor pressure. ki, ko, and k3 are the refractivity
constants discussed in Chapter 2.

Consider the ideal gas equation for water vapor (Spilker, 1996):

e = ppRyTZ,. (3.5)
Inserting this into the expression for N gives the following:

’LURU)
N = by Rypa + ko R py + g 22200

(3.6)

Hereby also the wet compressibility factor has been eliminated.
Now, by introducing the density of dry air (Wallace and Hobbs, 1977):

Pd =P~ Pu (3.7)
and rewriting Equation (3.6), the following expression is obtained:

Ry pu

N = kleP - klepw + kZprw + k3

Ry, pu
- kle,O + kQprw - klepw + k3 P

T
R, ks
— & oKy — kL B8 .
1Rap + Ryp <2 1Rw+T> (3.8)

The ratio € is now introduced:

SO

R ks pu
= hiRap+ ! <k2 e+ —3> Pu, (3.10)
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Introducing the specific humidity, ¢, given as (Mendes, 1999):

Puw
qQ=— 3.11
; (3.11)
implies:
R k
N = klep + ?d <I{i2 - ]{i16 + %)qp (312)

This expression for the refractivity can now be used for determining the zenith total
delay by integrating N along the signal path as shown with Equation (2.17). The
zenith total delay, ztd, is then given as:

h op h op
ztd = 10_6 t klep dh + 10_6 t & <I{i2 - ]{i16 + %)q P dh (313)

hant hant €

The integration is carried out from the altitude of the GPS antenna, hy,, to the top
of the neutral atmosphere, h,,. Contributions to the dry part of the zenith delay
are present up to an altitude of about 80 km, and the integration is therefore more
correctly carried out to this altitude level.

Since the vertical reference in HIRLAM is a pressure system, it is more convenient
to work with the integral if the integration is carried out with respect to pressure
instead of altitude. This is handled by introducing the hydrostatic equation as given
by e.g. Wallace and Hobbs (1977):

dp=—pgdh (3.14)

where g is gravity. The integral in (3.13) is rewritten since the integration is also more
conveniently carried out in the opposite direction, i.e. from the top of the atmosphere
to the surface of the Earth where the GPS antenna is located. The final expression,
which is given by Vedel et al. (2001), can be used directly with a HIRLAM NWP:

Pant l{: R
“dp +107° —
Ptop g Ptop €

2td = 107°

Pant k
Ha (s — ey + 22 Lay (3.15)

P,,; is the pressure at the GPS antenna, given in Pascal, P, is the pressure at top
of the neutral atmosphere, ki, ko, and k3 are the constants from Table 2.1 given in
Kelvin/Pa, Ry is the gas constant for dry air, g is gravity in m/s?, € is the ratio given
in Equation (3.9), T is temperature given in Kelvin, and ¢ is the specific humidity in
kg/kg.

By introducing the hydrostatic equation the neutral atmosphere is assumed to be
in a hydrostatic equilibrium. This is not the case in reality, but the approximation
is used for most weather predictions and it is sufficient for the level of accuracy that
will be expected in this context (H. Vedel, DMI, personal communication).

When implementing Equation (3.15), pressure, temperature and specific humidity
are extracted from the NWP by horizontal and vertical interpolation. The height is
determined from the pressure, and then gravity can be determined using, for instance,
the expression for normal gravity given by Torge (1989).
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3.3 Verification of HIRLAM Zenith Delays

Based on Equation (3.15) an NWP like DMI-HIRLAM can be used for estimating
tropospheric zenith delays. But before implementing the method, the expected accu-
racy level for the estimated zenith delays should be evaluated, keeping in mind that
the purpose is to find a method that is more accurate than the Saastamoinen global
delay model, which has an average accuracy of 3 cm.

The accuracy of an NWP can be estimated by comparing the predicted meteo-
rological parameters with surface observations. But where an accuracy measure of
the predicted surface values is highly relevant for estimating the quality of the NWP
as a basis for weather forecasts, it is not necessarily a good indicator of the quality
of the meteorological conditions higher up in the atmosphere. Since any errors at
higher levels in the NWP will also have an influence on the estimated zenith delays,
evaluation by surface values is not sufficient for this purpose.

Radiosondes are, in this context, a better tool, since they provide profiles of the
atmospheric conditions up to a level of about 40 km. The horizontal spacing of
radiosonde launch sites is, however, too large to give a general idea of NWP accuracy
within the geographical area of interest for this thesis, which is Denmark and Southern
Sweden.

Zenith delays determined from an NWP can also be compared with zenith delays
estimated from GPS data, when the GPS data is processed as described in Section 2.7.
In the next section some examples are given where other authors have compared zenith
delays determined from NWPs with zenith delays determined from radiosonde and/or
GPS data. In Chapter 4 these findings are verified using the test data examined in
this thesis.

3.3.1 Verification by radiosondes and GPS data

Comparison of tropospheric zenith delays determined using both NWP and GPS
data has for instance been carried out as a part of the MAGIC project mentioned in
Chapter 2.

Haase et al. (2001b) describe a comparison between tropospheric zenith delays
determined from GPS data collected in 41 GPS stations and zenith delays determined
from NWPs. The DMI-HIRLAM system was used in a modified version to generate
NWPs for an area covering the western part of the Mediterranean, and it was run
with a resolution of 0.3° in the horizontal, 31 vertical levels, and with predictions
being generated every 6 hours.

The difference between the tropospheric zenith delays determined with GPS and
HIRLAM had a bias within -10 to 415 mm, and the standard deviation was less than
25 mm in most cases. The comparison was carried out using 1 1/2 years of data.
Haase et al. (2001b) also found a clear seasonal trend in the differences, with a larger
standard deviation during the summer months, when the water vapor content in the
atmosphere is higher. Furthermore, the standard deviation is correlated with station
height, where a lower altitude, and thereby a larger water vapor content, implied a
higher standard deviation.

Vedel et al. (2001) also used MAGIC data to compare zenith delays determined
from DMI-HIRLAM with delays determined by both GPS and radiosonde data. These
tests were also based on 1 1/2 years of GPS and HIRLAM-data and on all available
radiosonde launches from the corresponding time period.
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The paper concludes the following mean and standard deviations for the various
differences: Delays from radiosondes minus delays from HIRLAM: -1.6 * 14.7 mm.
Delays from GPS minus delays from radiosondes: 6.0 © 11.7 mm. Delays from GPS
minus delays from HIRLAM: 3.2 * 17.1 mm

Since the standard deviation for the comparison between GPS and radiosondes is
smaller than for the two cases where HIRLAM is involved, this indicates that the
zenith delays derived from the NWP are slightly poorer than the delays derived from
radiosondes or GPS. However, for this comparison a three sigma clipping was applied
to the GPS results, so GPS based zenith delays appearing as gross errors were not
included in the comparison (H. Vedel, DMI, personal communication). Judging by
these tests, it is estimated that zenith delays can be determined from the MAGIC
version of HIRLAM with an accuracy of about 2 c¢m.

Similar tests have been carried out by other groups using other NWPs with high or
medium resolution, and the results are comparable. For instance, Pany et al. (2001a)
conclude, when using the ECMWFE NWP with a 56 km grid spacing and 61 vertical
layers, that slant delays from the NWP could be determined with an accuracy of
10-15 mm. Schueler et al. (2000b) used a global NWP, with a resolution of 1° x 1°
from NOAA, and found that zenith wet delays could be determined with a global
average RMS of 14 mm.

3.3.2 On the temporal and spatial resolution of water vapor

When using NWPs to estimate tropospheric delays for GPS positioning, the inac-
curacy encountered is almost entirely due to the wet part of the delay. The high
temporal and spatial variability of the distribution of water vapor in the atmosphere
is one of the limiting factors in weather predictions (Gutman and Benjamin, 2001).
Inaccuracies in the NWPs map into the derived zenith delays, and the temporal and
spatial variations of the water vapor distribution are therefore also the limiting factors
when using weather predictions to estimate tropospheric zenith delays.

The temporal variation of water vapor is characterized for instance by Jarlemark
(1997), who showed some examples of very rapid changes, the size of about 10 c¢m,
in zenith wet delay following the passage of a weather front. The results were based
on data from the water vapor radiometer at Onsala Space Observatory in Sweden.
Dodson et al. (1996) used another data set from Onsala and discuss a situation where
the zenith wet delay dropped 6 cm within two hours. Considering that the size of the
zenith wet delay is normally within 5-20 ¢m in the area, this is a very large variation
over a very short time interval.

The spatial variation of water vapor is the limiting factor with respect to grid reso-
lution when using NWPs for zenith delay estimation. Pany et al. (2001b) investigated
the necessary horizontal resolution of an NWP to be used for estimating tropospheric
delays for GPS positioning. Their conclusion is that the horizontal resolution of the
NWP is not a relevant limiting factor for determining slant delays by ray tracing
through a medium resolution weather model. A consistent error level is shown for
NWPs with a grid spacing of 20 to 150 km.

Yang et al. (1999) reached almost the same conclusion. They found that the ac-
curacy of water vapor distribution extracted from NWPs did not change significantly
when using a 0.4° as compared to a 0.2° grid spacing, corresponding to about 30 or
15 km, respectively.
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Yang et al. (1999) also looked at the temporal predictability of water vapor by
using NWPs based on different prediction intervals. They concluded that even for
30 hour predictions, which was the longest prediction interval tested, the accuracy of
the water vapor results did not deteriorate significantly.

Emardson and Johansson (1998) investigated techniques for interpolation of zenith
wet delays between GPS stations. They used five months of GPS data (July - Novem-
ber) from three reference stations, and tested interpolation techniques to estimate wet
delays for a fourth and fifth station. The best of the interpolation techniques showed
that interpolation of zenith wet delay can be carried out with an accuracy of 1 cm
when the spacing between the reference stations is about 100 km. Since the summer
months, with their high variability in water vapor, are included, the results indicate
that a 100 km NWP grid spacing might be sufficient to estimate the zenith wet delay
with high accuracy if an appropriate interpolation technique is used.

Several authors, e.g. Haase et al. (2001b), Walpersdorf et al. (2001), and Gutman
and Benjamin (2001), mention that zenith delays estimated from NWPs are more
accurate for inland sites than for locations close to the coast, where there is more
water vapor in the air.

3.3.3 DMI-HIRLAM as a basis for zenith delays

The investigations described above, where the HIRLAM model was used in connection
with the MAGIC project, indicate that this model can be used to estimate zenith
delays with an accuracy of about 2 cm, and thus with an accuracy that is better than
the accuracy for zenith delays determined with the Saastamoinen global delay model.

An improvement in tropospheric zenith delay estimates of about 1 cm does not
look like much, even though it corresponds to 30%. But it is important to note that
the accuracy of zenith delays determined from a high resolution NWP will be more
consistent in the sense that a zenith delay determined using HIRLAM will also be
good within a few cm during abnormal weather conditions, which are not represented
sufficiently well by the climate data. In those situations a delay determined from a
global delay model, which is based on climate data, will be more likely to provide
erroneous estimates of the zenith delays than an NWP.

An improvement in GPS positioning performance is therefore expected if NWPs
are used for estimating zenith delays, rather than using global tropospheric delay
models. This expectation is tested in the following two chapters.
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HIRLAM ZeENITH DELAYS FOR GPS POSITIONING

This chapter describes a series of tests that have been carried out in order to evaluate
the suitability of zenith delays derived from DMI-HIRLAM-E for various types of GPS
positioning. Initially the data sets used for the tests are described. This is followed
by a verification of the HIRLAM zenith delays. Tests and results from using the
HIRLAM derived zenith delays for static and kinematic post—processed positioning,
and finally for network RTK, are then described.

4.1 Description of the Test Data Sets

All the tests carried out in this, and the following chapter, are based on the same set
of NWPs and GPS data, which is described in the following section.

4.1.1 DMI-HIRLAM-E

Data from DMI-HIRLAM-E was made available by the Danish Meteorological Insti-
tute (DMI). The NWP covers most of Europe, and has a grid spacing of 0.15° x 0.15°
corresponding to approximately 16 x 9 km in latitude and longitude, respectively,
for the region of interest. Vertically, the model consists of 31 layers, extending from
the surface of the Earth up to an altitude of about 30 km. The distance between the
layers is small close to the surface of the Earth, and increases with increasing altitude.

Data was available from two different days with a relatively low ionospheric ac-
tivity: September 5 and 14, 2000. For the two days analysis fields were available at
midnight and noon UTC, and in-between the analyses 1, 2, 3, 4, 5, 6, 9, and 12 hour
predictions were generated. This means that for 1:00 hours UTC a 1-hour prediction
was available, for 2:00 hours UTC a 2-hour prediction was available etc., until the
new analysis was generated at noon. For 13:00 hours UTC a new 1-hour prediction
was available etc. Local time in the area is one hour ahead of UTC.

The HIRLAM data was provided in the binary GRIB format, and was decoded
using the PICOGRIB software, which is available as freeware on the internet from
http://sourceforge.net/projects/picogrib/.

A complete DMI-HIRLAM-E field! is voluminous, and the fields were therefore
limited in horizontal extension by considering the size of the area that would be
covered by a GPS signal received at a 5° elevation angle at any azimuth. The resulting
horizontal extension of the limited DMI-HIRLAM-E model, which is used for the
following tests, is 50°-65° North in latitude, and 1° West to 26° East in longitude.
This size of the limited test fields is driven by the ray tracing tests that are described
in Chapter 5. When working with zenith delays a much smaller extension of the
model can be used.

1A weather field is here a complete prediction including all the predicted parameters for the entire
grid, for a given instant in time.

47
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Atmospheric conditions on the test days

Both days were characterized by low global ionospheric activity, the main reason for
selection of these two days. On September 5 the Kp-index was 2-3, and on September
14 it was between 1 and 3. The Ap-index? was 7 and 4, respectively. The ionospheric
activity for the two days is discussed in detail in Appendix A.

The weather, and thus the tropospheric activity, was moderate on September 5,
with a light wind, scattered showers, and a temperature of 10 to 20°C. On September
14 there was slightly more activity with a low-pressure system moving through the
area causing more wind and more rain. The temperatures were again within 10 to

20°C.

4.1.2 GPS data

Data from 11 permanent GPS stations in the SWEPOS network was made available
by Lantmaéteriverket, the National Land Survey of Sweden. Further data from three
permanent GPS stations in Denmark was made available by Kort & Matrikelstyrelsen
(KMS), the National Survey and Cadastre - Denmark. The locations of the stations
are shown in Figure 4.1.
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Figure 4.1: Locations of the 14 GPS stations.

The Swedish data was collected using Ashtech Z-XII dual frequency receivers and
Dorne Margolin T and B antennas, and the Danish stations were equipped with
Ashtech Z-XII dual frequency receivers and Ashtech antennas with choke rings.

All receivers were tracking GPS signals down to a 5° elevation angle, and the data
was given with a 15 second data rate. In Appendix B, a list of station coordinates
and height information are given along with a discussion of the data quality. The
data quality is generally good, and the Danish stations seem to be less affected by
multipath than the Swedish stations.

2The ionospheric Kp and Ap indices are described in Appendix A.
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Accurate coordinates for the GPS stations are necessary in order to determine
zenith delays based on the GPS data, so the Bernese software version 4.2 was used,
along with precise orbits and one week of data (September 3-9, 2000) from all the
stations to determine station coordinates in ITRF97. The coordinates for the IGS
station ONSA were constrained to their IGS values, whereby the resulting coordinates
for the other stations are in concordance with the reference frame used for the IGS
orbits.

Tropospheric Zenith Total Delay [meter]
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Latitude [degrees]

9 ‘ 10 11 12 13 14 15 1 17 18 19 ‘ 20
Longitude [degrees]

Figure 4.2: Zenith total delay determined from DMI-HIRLAM-E, September
5, 2000, at 01:00 UTC. The black stars indicate the locations of the GPS
stations.

4.2 Verification of Zenith Delays from HIRLAM

The weather data given by DMI-HIRLAM-E was now used for determining tropo-
spheric zenith delays for the GPS stations. This was carried out using the program
ZTDPOINT, which is based on Equation (3.15). Implementation of Equation (3.15)
is not straight forward, as indicated by the procedure described below:

The predicted meteorological parameters, temperature and humidity, are deter-
mined by horizontal interpolation in each layer of the NWP. The height, and thus
the gravity, is determined from the pressure given for each of the NWP layers. The
contribution to the delay from atop DMI-HIRLAM is determined using an expression
given by Vedel et al. (2001), and the contribution to the delay from the nearest layer
of DMI-HIRLAM to the GPS antenna is determined by a vertical interpolation/ ex-
trapolation procedure. All these issues are described in detail in Appendix C along
with descriptions of the necessary horizontal and vertical coordinate conversions, dis-
cussions on spherical or ellipsoidal pressures shells, and the use of NWP analysis
versus prediction data.
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Figure 4.3: Zenith hydrostatic delay determined from DMI-HIRLAM-E,
September 5, 2000, at 01:00 UTC. The black stars indicate the locations of
the GPS stations.
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Figure 4.4: Zenith wet delay determined from DMI-HIRLAM-E, September 5,
2000, at 01:00 UTC. The black stars indicate the locations of the GPS stations.
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Using ZTDPOINT, zenith delays were determined for the 14 GPS stations at all
instances in time where DMI-HIRLAM-E analysis or prediction data was available
from September 5 and 14.

The size and variation of the zenith total delay, the zenith hydrostatic delay, and
the zenith wet delay for the area of interest are shown in Figures 4.2, 4.3, and 4.4.

The correlation between hydrostatic delay and the height above sea level can be
seen from Figure 4.5 where the orthometric height for the surface model used for
generating DMI-HIRLAM-E is shown for the same geographical area.
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Figure 4.5: orthometric height for the surface model used in DMI-HIRLAM-
E. The black stars indicate the locations of the GPS stations.

The surface temperature and specific humidity® from the same NWP field is plotted
in Figures 4.6 and 4.7, respectively. Note that the resolution of the specific humidity
is very coarse because the parameter is only given with one significant digit in the
NWP files. A discussion on this is found in Appendix C.

In Figures 4.8 and 4.9, the zenith total delays are given for each station throughout
the two days. The stations are listed according to orthometric height, and the heights
are given in Appendix B. The size of the zenith delays is different for the two days,
and the difference is correlated with the higher variability and larger amount of water
vapor in the neutral atmosphere on September 14. The considerable decrease in zenith
delay for station BUDP between 6:00 and 9:00 UTC on September 14 is caused by a
decrease in specific humidity and surface pressure in the NWP.

3The surface values of temperature and specific humidity are actually given for a height of 2 meters
above the surface.
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Temperature [Kelvin]

- 1285
i
o
5 r 1284
@
h=)
®
E
£ 57 o 283
<
— *

56.5

56

55.5

. Tl I ‘
9 0 1 12 13 14 15 16 17 18 19 20

Longitude [degrees]

Figure 4.6: Surface temperature from DMI-HIRLAM-E, September 5, 2000,
at 01:00 UTC. The black stars indicate the locations of the GPS stations.
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Figure 4.7: Surface specific humidity from DMI-HIRLAM-E, September 5,
2000, at 01:00 UTC. The black stars indicate the locations of the GPS stations.

4.2.1 Comparison with Bernese

Before introducing the HIRLAM zenith delays in a GPS positioning process, it is
appropriate to evaluate the quality of the delays determined with ZTDPOINT. In
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Zenith total delays, DMI-HIRLAM-E. Sept. 5, 2000
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Figure 4.8: Zenith total delays from DMI-HIRLAM-E, September 5, 2000.
Stations listed according to altitude.

Zenith total delays, DMI-HIRLAM-E. Sept. 14, 2000
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Figure 4.9: Zenith total delays from DMI-HIRLAM-E, September 14, 2000.
Stations listed according to altitude.

this section the zenith delays determined using the HIRLAM NWPs are evaluated by
a comparison with GPS-derived zenith delays.

Bernese processing of the GPS data from the two days was carried out using
the Saastamoinen global tropospheric delay model to generate a priori values for
the tropospheric delay. The residual tropospheric effect was estimated as a part
of the adjustment process, and by adding it to the Saastamoinen delays, the total
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tropospheric delay for the given station and time epoch was obtained. The total
tropospheric delays were estimated by Bernese for every hour.

In order to avoid any residual effects from other error sources in the positioning
process, it is important that these effects are handled appropriately. The noise and
multipath level is expected to be low because of the high quality receivers and anten-
nas used. The residual orbit error is negligible for these baseline lengths when final
precise orbits from the IGS are used. The station coordinates are in concordance
with the orbits, as previously mentioned, so no geometrical misalignment, caused by
reference frame mix up, is introduced. The Earth tide is modelled, and the ionosphere
is handled by introducing the ionosphere—free linear combination of the observables.
Any remaining error effects should thus be caused by either differential ocean loading
effects, that are expected to be negligible, or by any higher order ionospheric effects,
that are also expected to be negligible because of the low ionospheric activity.

A 10° elevation mask was used for the processing. Selection of elevation mask is,
in this connection, a compromise between eliminating some of the noisy low elevation
data, and introducing a bias in the results. The presence of a bias has been illustrated
for instance by Emardson et al. (1998), where the influence of the GPS elevation mask
on water vapor estimated from zenith wet delays derived from GPS data was shown.
When they changed the elevation mask from 15° to 10° an offset of about 2 kg/m? in
integrated water vapor, corresponding to approximately 1.3 ¢m in wet zenith delay,
was almost removed*.

With a lower elevation mask, for instance 5°, the amount of noise is increased and
difficulties in the positioning process would be expected.

The zenith total delays were thus determined for the 14 stations using both GPS
data and DMI-HIRLAM-E, and the difference between the solutions was calculated.
These differences are plotted in the Figures 4.10 and 4.11 for the two days respectively.
Time of day in hours is given on the x-axis.

On September 14 station BUDP appears as an outlier after 9:00 hours UTC, when
the size of the difference increases considerably. The jump originates from the decrease
in NWP zenith delay also shown in Figure 4.9, and no corresponding decrease is seen
from the GPS results.

When station BUDP is not included in the statistics the mean of the differences
for September 14. is -0.007 meters, the standard deviation is 0.012 meters, and the
RMS is reduced to 0.014 meters.

In Tables 4.1 and 4.2 statistics are given for each time epoch throughout the test
days. Note that station BUDP is not included in the results for the afternoon of
September 14.

For DMI-HIRLAM-E, data assimilation is carried out twice daily, at midnight and
noon UTC, and it is interesting to notice that the magnitudes of both the mean
and the standard deviation of the differences vary before and after data assimilation.
This is an indication of the influence of NWP data assimilation on the following NWP
predictions.

12 hour predictions were available at 12:00 UTC for both days along with the
analysis, and a comparison of zenith delays determined using the analysis and the
prediction is given in Appendix C.

4The relationship between zenith wet delay, zwd, and integrated water vapor, IWV, can be approxi-
mated by: ZWD = 6.5 * IWV (Jarlemark, 1997).
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Difference in zenith delay, Bernese — NWP. Sept. 5, 2000
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Figure 4.10: Difference between ZTDs determined with the Bernese software

and derived from HIRLAM.

Difference in zenith delay, Bernese — NWP. Sept. 14, 2000
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Figure 4.11: Difference between ZTDs determined with the Bernese software

and derived from HIRLAM.

Generally, the overall RMS of the differences is better than 2 cm for both days and
thus in concordance with the accuracy expected based on the analyses referenced in

Chapter 3.

The difference between the total zenith delays determined with Bernese and the
delays determined with the Saastamoinen model are given in Table 4.3. The RMS val-
ues are in agreement with the 3 cm accuracy of the Saastamoinen model as estimated

by Mendes (1999).

Both the mean and standard deviation are considerably larger when comparing
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UuTC Mean Std. Dev. RMS

hour of day [meter]  [meter]  [meter]
00:00 -0.019 0.013 0.022
01:00 -0.014 0.013 0.019
02:00 -0.016 0.012 0.020
03:00 -0.016 0.014 0.021
04:00 -0.013 0.015 0.019
05:00 -0.014 0.016 0.020
06:00 -0.010 0.012 0.015
09:00 -0.010 0.010 0.014
12:00 -0.015 0.009 0.017
13:00 -0.009 0.010 0.013
14:00 -0.007 0.010 0.012
15:00 0.011 0.008 0.014
16:00 0.005 0.008 0.010
17:00 0.006 0.008 0.010
18:00 -0.004 0.009 0.010
21:00 0.010 0.015 0.018

Table 4.1: Mean, standard deviation, and RMS of difference between GPS
and HIRLAM zenith delays for the 14 stations. Results from September 5,
2000.

uTcC Mean Std. Dev. RMS

hour of day [meter]  [meter] [meter]
00:00 -0.020 0.011 0.023
01:00 -0.012 0.011 0.016
02:00 -0.016 0.010 0.018
03:00 -0.017 0.006 0.018
04:00 -0.014 0.007 0.015
05:00 -0.014 0.006 0.015
06:00 -0.015 0.007 0.017
09:00 -0.002 0.018 0.018
12:00 0.001 0.012 0.011
13:00 0.000 0.012 0.012
14:00 -0.002 0.015 0.015
15:00 0.001 0.013 0.012
16:00 0.001 0.013 0.013
17:00 0.001 0.009 0.009
18:00 0.003 0.010 0.010
21:00 -0.002 0.008 0.008

Table 4.2: Mean, standard deviation, and RMS of difference between GPS
and HIRLAM zenith delays for the 14 stations. Results from September 14,
2000. Station BUDP excluded from afternoon results.
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Mean Std. Dev. RMS
[meter]  [meter]  [meter]
September 5 0.014 0.018 0.023
September 14 0.040 0.032 0.051

Table 4.3: Mean, standard deviation and RMS of difference between GPS and
Saastamoinen zenith delays for the two GPS data sets.

the Saastamoinen model with the Bernese delays, than when the HIRLAM delays are
compared to Bernese. Consequently, on the basis of these two data sets, HIRLAM
zenith delays seem to be considerably better than delays determined with the Saas-
tamoinen model.

4.2.2  Correcting GPS data with HIRLAM zenith delays

The use of NWP zenith delays was tested for static positioning using the GIPSY
software by Behrend et al. (2001). They obtained an improvement in positioning
performance, but only when the residual tropospheric errors were not estimated in
the positioning process.

The major advantage of using NWP derived zenith delays is therefore expected to
be in connection with commercial software packages where the residual tropospheric
effect is not estimated. In such software the tropospheric delay is only handled by
a global tropospheric delay model followed by double differencing, and any residual
tropospheric effects will therefore propagate into the height component of the position
determined for the roving GPS receiver.

The tests described in the following were carried out using the commercial software
package GPSurvey from Trimble Navigation Limited, and a beta version of the NetCor
software from the University of Calgary, which forms the basis for the commercial
MultiRef software for network RTK. The disadvantage of working with this type of
software is that the source code is not available, so the NWP tropospheric correction
approach cannot be implemented in the source code. It is thus necessary to apply
the NWP derived tropospheric delays to the data before feeding it into the processing
software.

This was accomplished by initially determining the zenith hydrostatic and wet
delays for each GPS station using all NWPs available. Since the NWPs are given
each full hour, a linear temporal interpolation was carried out in order to determine
zenith delays for every 15 seconds. The elevation angle of each observed satellite
signal was determined, and the NMF hydrostatic and wet mapping functions (Niell,
1996) were used to map the zenith delay down to the appropriate elevation angle.
Finally these slant delays were subtracted from the raw code and phase observations
given in the GPS data files.

Hereby a set of tropospherically corrected GPS data files, that can be read by the
two software packages, were generated.

This way of dealing with the tropospheric delay can cause an increased level of
detected cycle slips when the data is cycle slip screened by the processing software.
At the lowest elevation angles the change in tropospheric delay within 15 seconds can
be larger than the wavelength for L1 or L2. For example, the speed of a GPS satellite
is 4 km/s, corresponding to an angular velocity of approximately 0.009° pr. second,
or 0.13° for 15 seconds. The mapping factor, determined with any of the mapping



58 4 HIRLAM ZENITH DELAYS FOR GPS POSITIONING

functions previously described, changes with about 0.2 when the elevation angle of
the received satellite signal is changed with 0.1° from 5° to 5.1°. With a zenith delay
of 2.4 meter, the change in total tropospheric delay is then approximately 0.2 x 2.4
meters = 0.5 meter, within the 15 seconds. Thus a jump of more than two cycles is
introduced in the phase observations, and if the cycle slip detection function in the
software is not tolerant to this kind of “dynamics” in the phase observations, the jump
will be interpreted as a cycle slip. The purpose of the following tests is to investigate
whether the HIRLAM zenith delays are better than zenith delays determined using
a global tropospheric delay model. So in order to avoid problems with the increased
level of cycle slips for low elevation angles, all tests in the rest of this chapter were
carried out using a 15° elevation mask.

4.3 HIRLAM Zenith Delays for Static Positioning

In order to test the impact of using the HIRLAM zenith delays instead of a global
delay model, the GPSurvey software version 2.35 (Trimble, 1996) was used as an
example of a commercial software package.

Static GPS positioning was carried out using precise orbits and the ionosphere—
free linear combination of the L1 and L2 observables to resolve the L1 ambiguities.
Furthermore the processing was carried out using both the tropospherically corrected
data and the raw data files. In the latter case the Saastamoinen global delay model
was activated in the programme. The ONSA station, located in the middle of the
network, was kept fixed, and the rest of the stations were treated as rover stations.
See Figure 4.12.

Figure 4.12: Baselines processed with GPSurvey.

The processing was carried out using two sets of 6 hour data for each day, the
morning data set from 0:00 to 6:00 hours UTC, and the afternoon data set from
12:00 to 18:00 hours UTC.

The positions determined using the two sets of data files were compared with the
known station coordinates determined using the Bernese software, as described in
Section 4.1. The coordinate differences were then used to determine the 3D error,
03p, as shown below

o3p = VdX2 +dY? + d 7> (4.1)
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This was done for both the NWP and the Saastamoinen solutions, and then by
subtracting the NWP o35 from the Saastamoinen o3p a measure of the improvement
was obtained.

Figures 4.13 and 4.14 show the improvement in position accuracy for the 13 base-
lines and the two data sets from September 5. Negative values imply that the Saas-
tamoinen model gave better results.

With the morning data set from September 5, the ambiguities for three of the
baselines (ON-BU, ON-MA, ON-SM) were not fixed when using the Saastamoinen
model, and when using the NWP approach, ambiguities for four of the baselines were
not fixed (ON-HE, ON-BU, ON-MA and ON-SM). When the ambiguities are not
fixed to integers, but are left at real floating values, the position solution becomes
more unreliable, since floating ambiguities are not constrained in the same way as
integer values are by the fact that they can only vary with integer numbers.
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Figure 4.13: Improvement in 3D position accuracy using the NWP approach
versus the Saastamoinen model. September 5, 2000, from 0:00 to 06:00 UTC.

Improvement in 3D position accuracy
DMI-HIRLAM-E vs. Saastamoinen
Afternoon, September 5.
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Figure 4.14: Improvement in 3D position accuracy using the NWP approach
versus the Saastamoinen model. September 5, 2000, from 12:00 to 18:00 UTC.

Figures 4.15 and 4.16 show the improvement in position accuracy using the two
data sets from September 14. The ambiguities were fixed for all these solutions.
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Note that it was not possible to process the afternoon data from station SULD on
September 14. Also note the large negative improvement for station BUDP with the
afternoon data on September 14. This is directly related to the inaccuracy of the
HIRLAM zenith delays as previously discussed and shown in Figure 4.11.

Improvement in 3D position accuracy
DMI-HIRLAM-E vs. Saastamoinen
Morning, September 14.
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Figure 4.15: Improvement in 3D position accuracy using the NWP approach
versus the Saastamoinen model. September 14, 2000, from 0:00 to 06:00 UTC.

Improvement in 3D position accuracy
DMI-HIRLAM-E vs. Saastamoinen
Afternoon, September 14.

0,25
0,20
0,15
0,10
0,05
0,00 1
-0,05
-0,10
-0,15
-0,20
-0,25

Improvement [metre]

ON-
GO

ON-
BO

ON-
Jo

ON-
VA

ON-
suU

ON-
HE

ON-
HA

ON-
BU

ON-
MA

ON-
SM

ON-
KA

ON-
os

ON-
NO

35 | 68 |134 (145|146 |158|182 188|211

Baseline, length in km

244 | 246 | 248 | 288

Figure 4.16: Improvement in 3D position accuracy using the NWP approach
versus the Saastamoinen model. September 14, 2000, from 12:00 to 18:00 UTC.

The results in these figures can be compared with the estimated accuracy of the
zenith delays given in Tables 4.1 and 4.2.

Figures 4.15 and 4.16 from September 14 show a difference in the results using the
morning and afternoon data, but there is also a considerable difference in the mean
of the zenith delays shown in Table 4.2. In the morning, the mean of the differences
is about -1.5 cm, and in the afternoon it is only a couple of mm.

According to Zhang (1999) the residual tropospheric error is generally larger than
multipath and receiver noise when the GPS baselines are longer than 100 km. An
improved tropospheric correction approach is therefore not expected to have any
influence for baselines shorter than about 100 km.
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It was expected, however, that the improvement would increase with an increasing
baseline length or an increasing height difference between reference and rover. The
improvements in 3D position accuracy are listed according to baseline length in the
figures, and no indication of a correlation of improvement with baseline length can
be seen from the diagrams.

Considering the height differences there is no trend in the results either. The
largest height differences are for the baselines from ONSA to BORA and ONSA to
JONK, and they do not show a larger improvement than the rest of the baselines.
A height difference of about 200 meters is, however, not significant, and when the
baselines are only 68 and 134 km in length, as in the present case, the difference
in atmospheric conditions is not large enough to cause a significant improvement by
using NWPs rather than the Saastamoinen model.

The previous four plots all show the improvement in 3D position accuracy, but as
mentioned in Chapter 2 the size of the tropospheric delay has a larger influence on the
height component than on the horizontal components of the position solution. The
improvement in height determination was therefore also analyzed. The results for the
height are, however, similar to the 3D position results, and they are not discussed
separately.

4.4 HIRLAM Zenith Delays for Kinematic Positioning

Considering the results obtained for the static GPS positioning a larger improvement
is expected for kinematic positioning, because in this type of positioning only one
data epoch is used for determining the position of the rover. A good initial estimate
of the tropospheric delay is more important since the effect of any residual errors
are not as easily minimized by the adjustment process as in static positioning. It is
therefore interesting to test whether any improvement is seen when processing the
data in kinematic mode.

Tsujii et al. (2001) did, as mentioned in Chapter 2, investigate how “on the fly”
(OTF) ambiguity resolution was affected by NWP derived zenith delays. They only
used one hour of data, but the results showed a large improvement in the number of
fixed ambiguities.

Here a kinematic scenario was simulated using the static raw and tropospherically
corrected data sets from the 14 GPS stations. The GPSurvey software was configured
to process the data in kinematic mode, using OTF ambiguity resolution. Otherwise
the same processing parameters were used as in the static case, and again station
ONSA was fixed.

Before analyzing the results it should be noted that this is not the ideal way of
testing kinematic positioning performance. Most GPS software, when used for kine-
matic positioning, contain filters that track the dynamics of the roving GPS antenna
by monitoring the phase rate of change. How these filters, if they are implemented in
GPSurvey, correspond to static data is not known by the author, but it is anticipated
that they will react in the same way to the raw and tropospherically corrected data
sets used here, whereby it should be possible to compare the two sets of position
results.

Processing was carried out using the same 6 hour data sets as for the static tests.
With the 15 second data interval a total of 1440 positions were determined for each
data set. These positions were compared with the “true” positions determined with
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the Bernese software, and the 3D RMS of the position differences are given in Tables
4.4 and 4.5. The baselines are listed according to baseline length, and the lengths are
the same as given in Figure 4.16.

The RMS of the 3D coordinate differences are much higher than when processing
static data. This is typical for kinematic positioning, because only one epoch of data
is available for each position to be determined. The position solution is therefore much
more sensitive to multipath and cycle slips, and it is not uncommon to find ambiguities
that are fixed to wrong integer values, implying a decrease in position accuracy when
processing kinematic data for longer baselines. Previous experience with GPSurvey
has shown that this software does have difficulties in solving ambiguities for longer
baselines in kinematic mode (Jensen, 1999) and (Jensen and Cannon, 2000).

RMS of 3D Coordinate Differences in cm

September 5, 2000 Morning Afternoon
Baseline Saastamoinen HIRLAM | Saastamoinen HIRLAM
model and NMF model and NMF
ONSA-GOTE 8.5% 11.8 13.1 4.9
ONSA-BORA 43.8 10.7 23.8 8.4
ONSA-JONK 7.0 12.8 20.4 18.9
ONSA-VANE 17.3 17.7 24.6 10.6
ONSA-SULD 18.9%* 48.3 19.7 25.3
ONSA-HELS 45.4 40.7 31.1 19.6
ONSA-HASS 64.9* 60.4* 23.3 16.8
ONSA-BUDP 47.2% 28.6 23.7 15.8
ONSA-MALM 80.8%* 64.3 23.1 14.9
ONSA-SMID 17.2 21.1 21.0 22.9
ONSA-KARL 48.0%* 25.4%* 24.3 23.2
ONSA-OSKA 9.2 11.2 37.8% 24.6
ONSA-NORR 43.1 21.4 31.0 24.0

Table 4.4: RMS of 3D coordinate differences for 2 x 6 hours of kinematic
positions, September 5, 2000. * indicates a partly floating solution.

When analyzing Table 4.4 is it seen that for 18 of the 26 kinematic processings
listed, the 3D position error is smaller when using the HIRLAM approach rather than
the Saastamoinen model. Also, the number of float solutions is reduced considerably
when HIRLAM is used. In particular with the results for the afternoon data, there
is a general improvement when using the HIRLAM zenith delays as compared to
the Saastamoinen delays. These good results are explained by the small standard
deviation of the zenith delays shown in Table 4.1. Also note from the afternoon data
that there is an indication of a correlation with baseline length.

For the morning data set from September 5 there are more solutions with floating
ambiguities than for the other data sets. This could be caused by higher order iono-
spheric effects that are not treated with the ionosphere-free linear combination. In
Appendix A, Figure A.6 shows that there was a relatively high ionospheric activity
the night before, on September 4. Even though the geomagnetic field is not affected
in general, as shown in Figure A.8, there are a few fluctuations in the field strength
of the observations from the Brorfelde observatory around 3:00-4:00 hours UTC on
September 5, and these could be leftovers from the activities the night before.
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The positioning results for the meteorologically more turbulent day, September 14,
are not as good, and as shown in Table 4.5 better position results are only obtained
with the NWP for 5 of the 25 processings. The ambiguities have, however, been fixed
in all cases where the HIRLAM approach is used, but this does not change the fact
that the results in the position domain for September 14 show a general degradation
in position accuracy when using the HIRLAM approach.

RMS of 3D Coordinate Differences in ¢m

September 14, 2000 Morning Afternoon
Baseline Saastamoinen HIRLAM | Saastamoinen HIRLAM
model and NMF model and NMF
ONSA-GOTE 5.1 6.6 4.8 9.0
ONSA-BORA 10.2 8.4 2.7 11.0
ONSA-JONK 5.9 6.2 2.6 10.7
ONSA-VANE 8.6 8.8 10.8 19.0
ONSA-SULD 5.1 8.8 - -
ONSA-HELS 9.8 13.3 3.3 10.4
ONSA-HASS 16.8* 18.2 2.5 14.8
ONSA-BUDP 2.5 2.4 2.4 26.0
ONSA-MALM 14.0* 12.7 3.0 9.8
ONSA-SMID 39.1 15.7 3.2 10.9
ONSA-KARL 16.7 26.3 34.4 21.5
ONSA-OSKA 3.5 7.9 24.4 25.0
ONSA-NORR 19.5 26.7 17.3 30.0

Table 4.5: RMS of 3D coordinate differences for 2 x 6 hours of kinematic
positions, September 14, 2000. * indicates a partly floating solution.

The Saastamoinen model is used with standard meteorological parameters in GP-
Survey, so there is no temporal variation of the zenith delays, even if the weather
conditions are turbulent. This is not the case for the NWP derived zenith delays,
which will change directly with changes in the weather conditions. The variability of
the NWP zenith delays, caused by the more active atmospheric conditions, might be
causing disturbances in the GPSurvey positioning process, which are not occurring
with the Saastamoinen model.

GPSurvey does not determine a kinematic position for a given time epoch if the
number of satellites is below 5, if the satellite geometry is evaluated to be poor, if there
is a gap in phase data caused for instance by a cycle slip, or if the noise level is too high.
When analyzing the kinematic position results, a large difference was found in the
number of positions determined using the Saastamoinen and the HIRLAM approach.
Generally, more positions were rejected by the software when using the Saastamoinen
approach, and for instance for the morning data of September 5, only 84 % of the
possible number of positions were determined with the Saatamoinen approach, as
compared to 95% when using the HIRLAM approach. This could indicate that the
residual noise level in the observations is smaller with the NWP approach, even though
this is not seen in the resulting station coordinates.

The results shown in the tables above are all based on an identical number of time
epochs. If a position was not determined for any instant in time by the Saastamoinen
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approach, this position was not used for determining the RMS of the HIRLAM ap-
proach either. No distinction was made, however, between kinematic positions based
on float or fixed ambiguities.

4.5 HIRLAM Zenith Delays for Network RTK

In the real-time network RTK scenario, the GPS data was processed with the NetCor
software made available by the University of Calgary. The NetAdjust method, which
is described in Chapter 1, is implemented in the NetCor software. The software
initially solves the ambiguities between the reference stations in the network, and
then generates RTK corrections based on Equations (1.9) and (1.10). The software
works sequentially, so that only data from the present and any previous data epochs
are used for processing the current data epoch. It is thus possible to simulate real-
time even if the data is logged in data files. The tests described in this section are
also described in (Jensen et al., 2002).

A reduced data set was used for these tests. The ten GPS stations shown in Figure
4.17 were used, and a total of 6 hours of data from September 5 (00:00 - 03:20 UTC)
and September 14 (01:00 - 03:45 UTC) was used.

The data was processed using both the Goad and Goodman global tropospheric
delay model, described by Leick (1990) and implemented in NetCor, and the NWP
approach where the tropospherically corrected data files were used.

Figure 4.17: The 10 stations used, and the reference baselines processed, with
the NetCor tests.

4.5.1 Ambiguity resolution

Before any RTK corrections can be determined with the NetAdjust method, the
double difference ambiguities for the baselines between the reference stations in the
network have to be resolved.

The ambiguity resolution in the NetCor software is based on the LAMBDA method
(Teunissen and Tiberius, 1994) and the principles by Sun et al. (1999), who describe
an ambiguity resolution method that is especially suitable for a network of reference
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stations with known coordinates. The method is based on reference station chaining,
the fact that the sum of the double difference integer ambiguities in a closed loop is
7Zero.

NetCor determines ambiguities for the minimum number of baselines necessary to
generate RTK corrections for the area covered by the reference network. With the 10
stations shown in Figure 4.17 this gives a total of 17 necessary baselines.

In the tests carried out the ambiguities were solved faster, i.e. required less data,
when using the NWP approach than when the Goad and Goodman model was used.
In Table 4.6 the average time to solve the L1 ambiguities is given for the two data
sets, using the two different tropospheric correction approaches.

Number of Fixed  Percentage Average time

VANLl VANLl fixed to fix
September 5, 2000
Goad and Goodman 561 201 36 % 49 epochs
HIRLAM and NMF 561 188 34 % 43 epochs
September 14, 2000
Goad and Goodman 490 207 42 % 75 epochs
HIRLAM and NMF 490 194 40 % 65 epochs

Table 4.6: Total number of L1 double difference ambiguities, Number of fixed
L1 double difference ambiguities, percentage fixed, and average time to fix the
L1 ambiguities with the two different approaches for tropospheric correction.

Generally, more ambiguities were solved with the Goad and Goodman model. The
ambiguities which were solved with the Goad and Goodman model but not with the
NWP approach, are generally the ones that required a longer time to resolution. This
explains why the average time to fix is shorter with the NWP approach.

As will be indicated later in this section (Table 4.8), some of the ambiguities which
were solved with the Goad and Goodman model but not with the NWP approach
were solved to wrong integer numbers. So even though more ambiguities were solved
with the Goad and Goodman approach, the result was not more useful.

43 epochs of 15 seconds correspond to 11 minutes, which is a fairly long time
to resolution. But the lengths of the baselines in this network are in the high end
of what the software has been developed to handle. Furthermore, the software only
reads broadcast orbits, as it is meant for real-time positioning, so residual orbit errors
of 1-2 c¢m are also present in the data processing.

4.5.2 Misclosures

The misclosures, which are the last part in the two Equations (1.9) and (1.10), are
described in Chapter 1 and are given as:

Byl, — A\VAN, (4.2)

where B,, is the double difference matrix, [, are the measurement minus range obser-
vations from the network, A is the wavelength, and VAN,, are the double difference
ambiguities.

As previously mentioned, the misclosures are basically the difference between the
double difference observations and the double differenced ambiguities, and they are
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thus a measure of the unmodelled errors in the observations and can be used to give
an indication of the quality of the error modelling.

The NetCor software was used to generate the ionosphere—free (IF) misclosures
where the double differenced IF combination of the L1 and L2 observations, and the
double differenced IF ambiguities, are used for the [,, vector and for the VA N,, matrix,
respectively. Therefore the residual first order ionospheric effects are removed, so that
the misclosures mainly indicate the size of the residual orbit and tropospheric errors.
Since the ionospheric activity was low on the two days, any higher order ionospheric
effects are expected to be negligible, and the influence of noise and multipath is also
expected to be negligible.

When generating the IF misclosure for the two different tropospheric approaches,
the residual orbit errors would be the same for the two processing scenarios, and any
difference in IF misclosures shows the difference in residual tropospheric error.

The plots given in Figures 4.18 and 4.19 show the RMS of the IF misclosures for
each baseline plotted as a function of baseline length for the two data sets. Misclosures
were generated for all double difference combinations for every data epoch, but only
when both the L1 and L2 ambiguities were fixed.
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Figure 4.18: RMS of ionosphere—free misclosures obtained when not correct-
ing for the troposphere, when using the Goad and Goodman model, and when
using the NWP approach. September 5 data set.

The figures contain three plots. The first plot shows the RMS of the IF misclosure
when no tropospheric correction was applied, the second plot shows the RMS of the
misclosures when the Goad and Goodman model was used, and the last plot shows
the results of using HIRLAM data and the NMF mapping function.

By analyzing Figure 4.18, a clear linear trend is seen in the first plot indicating that
the residual tropospheric and orbit errors increase with increasing baseline length.
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This trend is not so significant for the next two plots, when the majority of the
tropospheric delay has been removed. For the baselines longer than 100 km, a slight
linear trend is, however, indicated in the plot, and parts of this trend is caused by
the residual orbit errors that normally have a size of about 0.1 ppm (Rothacher,
1997), i.e. 2 cm for a 200 km baseline, with broadcast orbit information. In addition,
the residual tropospheric error will increase for the longer baselines when the double
differences can no longer account for the inaccuracy in the tropospheric correction
method used.

In Figure 4.19 the linear trend is also visible for the plots where the tropospheric
corrections have been applied, and also the RMS values are larger for this data set.
This indicates that both correction approaches leave larger unmodelled errors with
higher tropospheric activity.

It should be noted that any ambiguities that are fixed to wrong integer numbers
will also affect the misclosures. However, the exact same set of ambiguities were used
for generating the misclosures in all three cases shown in the plots, and any wrong
integers will only affect the size of the misclosures, not the relative difference between
the misclosures generated using the different tropospheric correction approaches.
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Figure 4.19: RMS of ionosphere—free misclosures obtained when not correct-
ing for the troposphere, when using the Goad and Goodman model, and when
using the NWP approach. September 14 data set.

Figures 4.18 and 4.19 show no difference between the Goad and Goodman model
and the HIRLAM-approach, and therefore the RMS of the total number of misclosures
for all baselines using the two different tropospheric approaches is given in Table
4.7. A minor improvement in the IF misclosures is obtained when using the NWP
approach, but it is at the sub-cm level and is not significant.

In both Figures 4.18 and 4.19, and in Table 4.7, the misclosures for the 165 km
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Tonosphere—free misclosures
Mean Std. Dev. RMS

[ cm | [ cm | [ cm |
September 5, 2000
Goad and Goodman  -0.1 4.9 4.9
HIRLAM and NMF 0.0 4.8 4.8
September 14, 2000
Goad and Goodman  -0.8 9.3 9.3
HIRLAM and NMF  -0.3 9.2 9.2

Table 4.7: Mean, standard deviation and RMS of IF misclosures using the
two tropospheric correction approaches and the two data sets.

baseline between GOTE and SULD are not included because of problems with the
ambiguity resolution for this baseline on both days.

The misclosures are larger than what was expected. A total RMS value of about
1-3 cm, including residual orbit and tropospheric errors, was expected, and one of
the explanations for these high RMS values can be that some ambiguities were fixed
to wrong integer values. Consequently the NetCor ambiguities were compared with
corresponding ambiguities determined with the Bernese software.

The raw GPS data was reprocessed with Bernese using a slightly modified version
of the source code. The modified code, which was made available by L. P. Fortes, the
University of Calgary, adds a phase offset, corresponding to the size of the ambiguities
for the initial data epoch, to the rest of the ambiguities. This offset is normally
subtracted for ambiguities determined with the Bernese software.

The single difference ambiguities from Bernese were then used to generate double
difference ambiguities for the same double difference combinations as generated by
the NetCor software, and the resulting Bernese L1 double difference ambiguities were
compared to the L1 double difference ambiguities from the NetCor software.

The comparison was carried out for the ambiguities determined using both the
Goad and Goodman and the HIRLAM approach, and the results are shown in Table
4.8.

Fixed NetCor VAN,
identical with Bernese VAN,

September 5, 2000

Goad and Goodman 54.9 %

HIRLAM and NMF 55.2 %
September 14, 2000

Goad and Goodman 50.2 %

HIRLAM and NMF 51.1 %

Table 4.8: Percentage of fixed NetCor L1 ambiguities that are identical with
the corresponding fixed Bernese L1 ambiguities.

The table shows that 50-55% of the ambiguities that were fixed, were fixed to the
same integer values with the two software packages. No investigation has been made
as to which ambiguities are correct, but it is anticipated that the results from Bernese
are more accurate since the Bernese software is making use of the entire 24 hour data
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set, and, most importantly, the Bernese data processing is carried out using precise
orbits which is not the case for the real-time NetCor processing.

However, some of the ambiguities might have been solved incorrectly with Bernese,
and the numbers above can therefore not be used to conclude that NetCor only
solved 55% of the ambiguities correctly. But any NetCor ambiguities fixed to wrong
integer values would affect the misclosures discussed above, and wrong ambiguities
are therefore most likely the explanation for the large RMS of the misclosures given
in Table 4.7.

Table 4.8 also shows that slightly more ambiguities were fixed identically with the
two software packages when using the HIRLAM approach than when using the Goad
and Goodman model.

In order to reinvestigate the performance of the HIRLAM approach, a modified
version of NetCor was made available by the University of Calgary. This version reads
pre-determined ambiguities from input files, and it was thus possible to use Bernese
ambiguities for the baselines between the reference stations in the network as the basis
for the generation of misclosures and RTK corrections. This exercise has previously
been carried out by the author with successful results using an older version of the
NetAdjust software (Jensen, 1999). Unfortunately, it was not possible to generate
any results with the new NetCor software before the deadline of this thesis.

4.5.3 RTK corrections

From the two NetAdjust equations (1.9) and (1.10) given in Chapter 1, it is seen that
the misclosures are the dominant part of the RTK corrections generated with the
NetAdjust method. The first part of the equations mainly consists of the variances
and cross-covariances, and they are normally relatively small numbers compared to
the misclosures.

When the difference between misclosures determined using the Goad and Goodman
model and the HIRLAM approach is as small as in Table 4.7, there will not be any
significant difference in the RTK corrections either. Therefore the final positions
determined for the roving receiver will be almost identical with the two different
tropospheric approaches, and no investigation was carried out in order to evaluate
the influence of the HIRLAM approach in the RTK position domain.

In this case the improvement of using NWPs for network RTK is consequently
only seen for the ambiguity resolution within the reference network.
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HIRLAM SiLANT DELAYS FOR GPS POSITIONING

For GPS signals received at lower elevation angles, the tropospheric delay can be
estimated from an NWP in two different ways:

1. By determining the zenith delay, assuming that the satellite signal follows a
straight line through the atmosphere, which is very close to being true in the
zenith direction. Then apply a mapping function to determine the delay at
lower elevation angles. This is the approach followed throughout Chapter 4.

2. By implementing a ray tracer that simulates the path of a satellite signal, at
any elevation angle, through the NWP. This approach will be investigated in
this chapter.

The first approach (zenith delay and mapping function) is computationally faster
than using a ray tracer, but the results are also less reliable since mapping functions
are based on the assumption of an isotropic atmosphere around the GPS antenna.
With a ray tracer the spatial variability of the atmosphere is taken into account, and
it will thereby give a better estimate of the tropospheric delay for lower elevation
angles.

Selection of which procedure to use will thus be a trade off between computation
time and accuracy. Using a combination of the two approaches is a reasonable so-
lution, where the first option is used for satellite signals received at higher elevation
angles, and a ray tracer is used for lower elevation angles where the mapping function
is less reliable. This is the background for the tests described in the following, and
these tests are also described in (Jensen, 2002).

5.1 Ray Tracing

A ray tracer models the signal path by splitting it into numerous small pieces, start-
ing at the position of the satellite and working its way down through the neutral
atmosphere. For each endpoint of a ray piece the refractivity is determined and taken
into account when computing the next part of the ray path. The signal delay is fi-
nally determined as the difference between the total phase, in distance units, and the
geometric distance between satellite and ground point.

For the tests to follow, a ray tracing code called ROSAP was made available by S.
Syndergaard from the Institute of Atmospheric Physics at the University of Arizona.
A description of the ray tracer is given by Hggh et al. (1995).

The ray tracer was originally developed to be used in connection with radio occul-
tations, so several modifications were made in order to use in it here in connection
with ground-based GPS stations and DMI-HIRLAM-E. Also, a geoid model (see Ap-
pendix C) was implemented since the ray tracer works with ellipsoidal heights, and
the NWP is based on orthometric heights.
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With these modifications of ROSAP it calls a HIRLAM extraction routine with
the position (latitude, longitude and ellipsoidal height) of the given ray point. The
ellipsoidal height is converted to an orthometric height using the geoid model and
the interpolation routine which is also described in Appendix C. Then the latitude
and longitude are rotated to match the coordinate system used by HIRLAM. The
pressure, temperature and specific humidity for the given ray point is determined by
horizontal and vertical interpolation as described in Appendix C, the refractivity for
the point is finally determined using Equation (2.16), and the refractivity is returned
to ROSAP.

Note that a different expression for the refractivity is used for the slant delays
than for the zenith delays, because the error introduced by the ideal gas assumptions
used in Chapter 3 would be considerable for low elevation angles, where a larger part
of the signal path is going through the non-ideal moist air in the lower part of the
atmosphere.

A global atmospheric model has been implemented above HIRLAM in order to
account for the signal delay caused at altitudes above the NWP. The global atmo-
spheric model used is a modified version of the MSIS90 model developed by Hedin
(1991), and the code for the model was also made available by S. Syndergaard from
the University of Arizona.

The uncertainty of the ray tracer is in (Hggh et al., 1995) evaluated to be within 1
mm, given a perfectly continuous neutral atmosphere. When integrating through an
NWP the refractivity will not be perfectly continuous if there are local irregularities
in the NWP (S. Syndergaard, personal communication). The accuracy of the delay
determined by the ray tracer is thus more dependent on the accuracy and the conti-
nuity of the parameters in DMI-HIRLAM-E, than on the numerical resolution of the
ray tracer itself.

The ray tracer was tested on zenith delays for the GPS stations ONSA and BORA,
and the ray traced zenith delays corresponded to the zenith delays determined in
Chapter 4 to within 4-7 mm. Mapping this zenith difference down to a 5° elevation
angle, gives 4-8 cm, which is an indication of the type of accuracy that can be
obtained with a ray tracer. A thorough verification of the accuracy of the slant
delays determined with the ray tracer has, however, not been carried out.

5.2 Ray 'Tracing Versus Mapping Functions

As described in Chapter 2, the NMF mapping function (Niell, 1996) is recommended
when no meteorological data is available. If meteorological observations are avail-
able, the Ifadis (Ifadis, 1986) and MTT (Herring, 1992) mapping functions are rec-
ommended.

In this section some tests are described that have been carried out with the purpose
of estimating the “critical” elevation angle, i.e. the elevation angle where the mapping
functions become too unreliable and the use of a ray tracer is a better alternative.

The three mapping functions mentioned above were implemented, and the hydro-
static and wet mapping factors were applied to the hydrostatic and wet zenith delays
determined using DMI-HIRLAM-E and the programme ZTDPOINT, used in Chapter
4.

Figure 5.1 shows the signal delay determined using the three mapping functions
for the BORA GPS station. Meteorological surface parameters for the Ifadis and
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MTT mapping functions were determined by interpolation in DMI-HIRLAM-E.

Tropospheric delay for station BORA. Sept.5, 2000, at 01:00 UTC
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Figure 5.1: Signal delay for various mapping functions and ray tracer.

5.2.1 Comparison of slant delays

For carrier-phase based GPS positioning, an elevation mask of 10°-15° is often used
in order to eliminate some of the noisy low elevation signals. A higher elevation
angle is used for static applications and a lower elevation angle is used for kinematic
applications where the increased amount of data is more important than the noise
level, since the position accuracy under any circumstances will be lower than for static
applications. The noise for the low elevation signals is mainly caused by multipath
and residual tropospheric effects. If a better “model” of the tropospheric delay is
available, it will be possible to include more of the satellite signals received at lower
elevation angles in the positioning process. In the following, satellite signals received
down to a 5° elevation angle are therefore considered.

In Figure 5.2 the tropospheric delay estimated by DMI-HIRLAM-E zenith delays
and the three mapping functions are plotted again, this time only for elevation angles
of 5°, 7°,10°, 15° and 20°.

Also plotted in Figure 5.2 are the delays estimated with the ray tracer. The ray
tracer was used for satellite signals received from East, South and West of station
BORA at the different elevation angles, whereby it is possible to analyze the difference
in delay caused by the asymmetric atmospheric properties around the antenna.

For this data set, the variation in signal delay with varying azimuth is only a few
mm for 15°, but up to 1.2 meters for the 5° elevation angle, which is, however, within
the difference between the mapping functions. The delay determined East of the
station at 20° is marked by the ray tracer as being inaccurate, and this is most likely
caused by discontinuities in HIRLAM.

The same procedure was carried out using HIRLAM data, ray tracing and mapping
functions for station ONSA. This station is located at a lower altitude than BORA,
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Tropospherlc delay for station BORA Sept 5, 2000 at 01 00 UTC
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Figure 5.2: Tropospheric delays determined with mapping functions and ray
tracer at three different azimuths for station BORA.

so the signal delays are larger. Furthermore station ONSA is located right on the
coast.

Troposphenc delay for station ONSA Sept 5, 2000 at 01 00 UTC
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Figure 5.3: Tropospheric delays determined with mapping functions and ray
tracer at three different azimuths for station ONSA.

Figure 5.3 shows the slant delays for station ONSA. In this plot there is also
an outlier, and again it is being flagged by the ray tracer, most likely because of
irregularities in DMI-HIRLAM-E. In this situation it is a signal from the West that is
causing problems. The ONSA station is located on the Swedish coast of the Kattegat
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Sea (see Figure 4.1), and for signals acquired from the West the last part of the signal
path is over water. There are no meteorological observations from the Kattegat Sea
in HIRLAM, and it is anticipated that the accuracy of HIRLAM is slightly degraded
over the sea because of the lack of surface observations.

Table 5.1 shows the RMS of the differences between signal delays determined using
the ray tracer, in the East, South and West directions, and the mapping functions for
the two stations. In order to directly compare the results for the different elevation
angles, the RMS values of the differences have been mapped to the zenith by mul-
tiplying with sin(elv). The two outliers are not included in the RMS values in the
table.

RMS of difference mapped to zenith
Elevation =~ NMF Ifadis MTT

20° 0.014m 0.007m 0.008 m

15° 0.019m 0.009m 0.021 m

10° 0.047m 0.022m 0.037 m

7° 0.071m 0.034 m 0.093 m

5° 0.207m 0.144 m 0.100 m

Table 5.1: RMS of difference in signal delays (mapping function minus ray
tracer) mapped to the zenith.

All three mapping functions are defined to be used down to elevation angles below
5°, but at these low elevation angles the variability in the water vapor content limits
the performance of the mapping functions, and there is a significant variation in the
results obtained with the various mapping functions for elevation angles below 10°.

For the results given at 7°, the RMS for both the NMF and the MTT mapping
functions are close to one decimeter. Errors of this size, corresponding to about half
a wavelength for the L1 and L2 frequencies, are considerable even though most of
the error will be eliminated when the tropospheric modelling is followed by double
differencing. These tests indicate that the use of a ray tracer, compared to using a
mapping function, might be beneficial for elevation angles of 10° and lower. Further
tests will be necessary, however, in order to evaluate the influence that the ray tracer
has on GPS positions.

The ray tracer is computationally demanding, and for implementational purposes
it might be more beneficial to assume that the satellite signal follows a straight line
path through the NWP. The slant signal delay can be determined by integrating
the refractivity along the geometric signal path, and even though the ray bending
is ignored by this approach, the results might be better than using the mapping
functions. This is because the variability in the atmospheric conditions, given in the
NWP around the GPS antenna, would be represented by the varying refractivity
along the signal path. This has, however, not been tested.
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PERSPECTIVES

With this chapter the work described in the previous three chapters is put into a
larger perspective. First by discussing some implementational issues, and then by
considering the relevance of this work in relation to the planned improvement of the
GPS system and the future European Galileo system.

6.1 Implementational Considerations

The tests carried out in Chapter 4 are not clearly showing that numerical weather
predictions can improve GPS positioning. Some of the results are positive, but more
research is necessary in order to conclude whether or not there are operational benefits
with the method. Some implementational considerations are given below, since the
test scenario used for this thesis has proven not to be the ideal approach to deal with
NWPs.

6.1.1 Post—processing software

For the tests carried out using the GPSurvey software the data was corrected exter-
nally for the tropospheric delay. It is anticipated, however, that it would be fairly
simple to implement the method in a post—processing software for either static or
kinematic positioning. The zenith delays derived from an NWP can be generated
separately for instance on a hourly basis, and be made available by a meteorological
organization. These zenith delays can then be introduced into the post processing
process where the software normally uses a global tropospheric delay model. This
approach is similar to the procedure for using precise orbits, which are introduced as
separate data files read by the program.

At the point in the positioning process where the tropospheric correction is applied
the zenith delays can be read from the external files. Then slant delays can be derived
using a mapping function and the elevation angle of the signal, which is already
determined by the processing software. This would only require the addition of a
small subroutine to the software package.

The processing software could also be set up to determine the zenith delays if the
entire NWPs are made available. This would, however, require more comprehensive
changes to the software, and also increase the processing time and the disk space
requirements, since weather fields are voluminous.

A more advanced solution is to implement a ray tracer in the software and let
this function determine the signal delay for each satellite and epoch in time. The
results in Chapter 5 indicate that this will only be necessary for signals received
below a 10° elevation angle. Implementing a ray tracer will increase the processing
time considerably and this might not be beneficial from a user perspective.

7
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Conclusively, the procedure with zenith delays given in data files seems like the
most straightforward solution, and it would be eased if a standard data format was
developed for the purpose.

6.1.2 Network RTK

Implementing NWPs in connection with network RTK would also be fairly straight-
forward, at least with respect to processing of data from the reference stations.

As also described above zenith delays can be made available as 1-hour predictions
by a meteorological organization. These can be incorporated into the ambiguity
resolution process for the reference network. The reference stations would all be
connected to a processing center, and this center could automatically acquire both
zenith delays and predicted orbits via the internet, and then use these files in the
ambiguity resolution process.

Introducing NWPs for the actual correction generation process might be more
complicated, and it is probably more beneficial to estimate a tropospheric correction
based on the data from the reference stations as suggested by Zhang and Lachapelle
(2001).

However, the NWPs can be used as a basis for determining coefficients for a local
or regional continuos tropospheric model. This model could be developed based on
climate data, and depending on the construction of the model, any coefficients can be
estimated on an hourly basis in the processing center, based on NWPs provided by a
meteorological organization. Such a model could include modelling of the horizontal
gradients for a given rover site, where the gradients are estimated based on the NWP.
It could also include a measure of the temporal variation of the zenith delay based
on knowledge about movements of, for instance, low pressure systems as given by the
NWP.

The model could then be used to determine tropospheric delays for the location of
the roving GPS receiver, and the delay could be transmitted to the rover along with
the other RTK corrections, assuming that some suitable data transmission format is
available for the purpose.

Distribution of the corrections to the roving receiver is not discussed in this thesis.
The subject is being treated by the RTCM subcommittee working with developing the
new RTCM format as mentioned in Chapter 1. See for instance Euler et al. (2001).
The subject has also be treated by for instance Fotopoulos (2000) and Raquet and
Lachapelle (2001).

6.2 Modernized GPS

With the purpose of making GPS positioning and timing more accurate and robust,
and also in order to make the system more resistant to radio interference and jamming,
a GPS modernization plan was launched by the US White House in 1998.

The first step in the modernization process was taken in May 2000 when Selective
Availability, degradation of information in the navigation message, was deactivated.

The next step will be the implementation of a civil C/A code on the L2 frequency,
whereby the L2 signal can be used for civil code—based positioning. Also, the new
code on L2 will improve the use of carrier—phase observations from L2 since the noisy
codeless or semi-codeless techniques can be replaced by a direct code—correlation
tracking technique as is being used for tracking the L1 carrier today.
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More reliable phase observations on L2 will improve handling of the ionosphere
within the positioning process, since the ionosphere—free linear combination of the
observables can be used with more confidence. As discussed in Chapter 2, the effects
of scintillation will also be minimized. The new civil code on L2 will, however, be
most beneficial for code based positioning since it will be possible to perform civil
dual frequency code—based positioning.

The next step in the GPS modernization plan is a new civil frequency which is now
referred to as L5, and this is where the major improvements for carrier—phase based
positioning are expected. With an extra frequency a new range of linear combinations
of the phase observations can be generated. One example is the L2-L5 wide lane
observable that, with the planned center frequency for L5 of 1176.45 MHz, will give
a wavelength of 5.8 meters. It will be fairly easy to solve the wide lane ambiguities
with such a long wavelength. Afterwards this can be used for easier resolution of the
traditional L1-L2 wide lane ambiguities, and thereby finally the process of solving the
L1 ambiguities is improved. The procedure for using L5 for L1 ambiguity resolution
is described by Misra and Enge (2001).

Also, the addition of the L5 frequency opens up new ionosphere—free linear combi-
nations that are expected to improve GPS positioning accuracy (Odijk et al., 2002).

The last part of the modernization plan affecting civil GPS positioning is an update
of the procedures in the GPS control segment. This will result in better quality of
the broadcast orbits and clock corrections, and this upgrade runs parallel with the
other modernization efforts.

The present time schedule for the civil parts of the GPS modernization plan, as
given by Misra and Enge (2001) and Shaw et al. (2000), is the following:

e 2003: the first satellites transmitting C/A code on L2 will be launched.
e 2005: the first satellites transmitting on the L5 frequency will be launched.
e 2010: C/A code transmitted from all satellites on both L1 and L2.

e 2015: Full modernized constellation with the L5 signal transmitted from all
satellites.

When complete, the system will not only provide a better accuracy for civil GPS
users, but the new signal will also be transmitted with a higher signal power, reducing
the risk of interference and jamming. Furthermore, if one of the three frequencies is
lost by interference or jamming, the other two signals will still be available and can
be used for positioning.

The US government has also started working on the GPS III project, which deals
with a redesign of the GPS system architecture including for instance new satellite
designs, a new satellite constellation and various augmentation opportunities. The
purpose of GPS III is to ensure that GPS meets the user needs and is competitive
within the next 30 years, and whatever is developed is expected to be implemented
beginning in 2010 (Shaw et al., 2000).

The advantages of a modernized GPS for high end users are thus primarily given by
more combination possibilities of the phase observables which will improve handling
of the ionosphere and ambiguity resolution. The troposphere is however still an
error source to consider in the positioning process, and even though the influence
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of the tropospheric error will be less important with the new linear combinations,
the troposphere still has to be treated separately by some kind of modelling. Here
NWPs, as well as continuous regional tropospheric delay models determined from
climate data, can be an option.

6.3 Galileo

On March 26, 2002 the European Council of Transport Ministers agreed on funding
the development phase of the Galileo system. Galileo will be a global satellite system
for positioning and navigation, developed and maintained by the European Union
and the European Space Agency.

Unlike GPS, Galileo will be a system under civil control, and the two systems
further differ by the introduction of user fees in connection with Galileo. Some Galileo
services will be free of charge, but other services, where a guarantee or a certain quality
is expected, will have to be paid for (EC, 2002a). It is also expected that the private
sector will play a role in financing Galileo at the later stages in the project, and public
participation is therefore expected to decrease gradually until 2015.

The present time schedule for Galileo as given by (EC, 2002a) is as follows:

e 2002-2005: Development and validation phase.
e 2006-2007: Deployment phase’.
e 2008— Commercial operation phase.

Funding has only been provided for the development and validation phase, so there
is no guarantee for an operational system in 2008.

The system design has not yet been finalized, but some initial investigations point
to a system with 30 satellites placed in orbits at an altitude of about 24000 km above
the surface of the Earth (EC, 2002b). Also, it looks like the orbits will have a higher
inclination angle than the GPS orbits, 57° or 60°, to ensure a reasonable coverage at
higher latitudes, for instance in Sweden and Finland.

Four frequency bands have been allocated for Galileo in the radio frequency spec-
trum and some considerations as how to use these frequencies are given by Benedicto
and Ludwig (2001). Navigation codes will be modulated onto the carriers, and some
of them might be encrypted for the services based on user fees. The signal structure
and transmission data rate will have the possibility of transmitting other information
as, for instance, digital maps or RTK corrections.

Presently there is much focus from both the European and American side on the
possible risk of interference between GPS and Galileo signals. On the positive side
there is also a lot of work going on already with the purpose of ensuring interoper-
ability of GPS and Galileo, and this is where the real advantages of Galileo will be
seen for the high end users.

With a well functioning and non-interfering interoperability of the two systems,
the user will be able to obtain signals from twice as many satellites as with GPS
or Galileo alone. This will greatly improve the positioning performance mainly in

!According to EC (2002b) the first Galileo satellite must be launched before February 13, 2006,
otherwise the right to use the frequencies, obtained for Galileo at the World Radio Communications
Conference in May 2000, will be lost.
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terms of reliability and accuracy. With more satellite signals available, the influence
of multipath and cycle slips will be reduced. Furthermore, with satellite signals
transmitted on more frequencies, more ionosphere—free and wide lane combinations
of the phase observables can be generated, and this will most likely improve high
accuracy positioning in both real-time and post—mission.

The proposed plans for Galileo contain no specific studies on new ways of handling
the tropospheric effect on the satellites signals. So, as mentioned above in connection
with modernized GPS, there will also be a need for handling the tropospheric delay
in the positioning process with Galileo. Again, regional tropospheric delay models
might offer improved performance as compared to global models, if developed for
instance for Europe.

But NWPs might also be a solution for Galileo, and since the system is under
development a lot of possibilities are still open. One solution could be to distribute
coefficients for a tropospheric delay model along with the broadcast information on
satellite orbits and clocks. An ionospheric model is distributed with the GPS naviga-
tion message today, so broadcasting a tropospheric model from the Galileo satellites is
not unreasonable. The tropospheric coefficients for such a model could be estimated
based on NWPs, and could thus be available every 6 or 12 hours just as the orbit
information today is uploaded to the GPS satellites every 12 hours.

Considering the combined GPS and Galileo case, the tropospheric error will be
less interesting. With more satellites in view, and thereby more signals available,
the improvements added by introducing better tropospheric modelling might be less
important. For instance, it will be possible to work consistently with a higher elevation
mask, since enough signals will be provided by satellites above say 20°. Hereby the
low elevation signals where the tropospheric effect is largest, and where an improved
tropospheric estimation process would have the largest influence, may be eliminated.
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CONCLUSIONS

The objective of this thesis work was to develop a method for dealing with the tro-
pospheric delay in connection with network RTK, giving a better positioning perfor-
mance than the traditional global tropospheric delay models.

The new method is based on the use of numerical weather predictions (NWPs)
for determining tropospheric zenith delays. These delays can then be introduced into

the positioning process, and several tests have been carried out in order to evaluate
the new NWP method.

Summary of test results

Initially the accuracy of the NWP zenith delays was estimated by a comparison
with zenith delays determined from GPS data. The verification showed that the
zenith delays were determined with an RMS of about 1.5 em, which was according
to expectations and better than the estimated accuracy of the Saastamoinen model,
which is known as the best global tropospheric delay model.

The tropospheric zenith delays were then used in several test scenarios in order
to investigate whether the new method would imply an improvement for the GPS
positioning process.

With the static tests an improvement in the position domain was obtained for 25 of
the 51 baselines processed, and for the kinematic tests an improvement in position was
obtained for 23 of the 51 processing sessions. Thus an improvement was obtained for
about 50% of the positions determined when using the NWP approach, as compared
to the Saastamoinen model. For the other half of the results, no improvement was
obtained.

With respect to network RTK, an improvement was seen in the number of obser-
vations necessary to solve the ambiguities within the network of reference stations.
The number of fixed ambiguities was reduced with the NWP approach compared to
using the Goad and Goodman model, but the following ambiguity check indicated
that more ambiguities were solved to the correct integer values when using the NWP
approach.

The misclosure analysis showed a slightly smaller residual noise level with the
NWP approach. The improvement was small, however, and seems to be so small that
it disappears within the other residual errors present in the data processing.

Conclusions

The new NWP approach for determining tropospheric zenith delays shows a consid-
erable improvement in the estimated accuracy of the zenith delays as compared to
zenith delays determined with the Saastamoinen model. High resolution NWPs, as
the DMI-HIRLAM-E used for test purposes in this thesis, are therefore a new and
very promising tool for the estimation of the tropospheric error in GPS positioning.
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84 7 CONCLUSIONS

NWPs have been tested for kinematic positioning and for network RTK; two types
of tests that have never previously been carried out. The test results show that the
method does have a potential especially with respect to the ambiguity resolution.

The results may, however, be influenced by the fact that the NWP method is
not applied in an optimal way, and more work is necessary, to conclude whether the
method can provide an improvement in the position domain. Several suggestions to
future work are given below.

7.1 Future work

Most importantly, the method must be implemented directly into the processing
software, so that the tropospheric correction can be carried out as an integral part of
the positioning process, and not as an external process which was the case with the
tests carried out in this thesis.

Only a sparse amount of data has been used for these tests, and in order to
draw any final conclusions as to whether or not the method is feasible, tests must be
carried out using data from different seasons of the year and from different geographic
locations.

The success rate of the method is directly related to the accuracy of the numerical
weather model, and the method should therefore also be tested using NWPs with a
higher resolution, as for instance DMI-HIRLAM-D, which has a resolution of 0.05° x
0.05°.

Also, it would be interesting to test the method using data from days with more
atmospheric activity. With a higher activity level in the troposphere, it is expected
that the method would show more significant improvement, since the global delay
models do not model rapid temporal variations in the tropospheric delay very well.

It would also be interesting to test the method with GPS data collected during
high ionospheric activity. If the data is processed in a scenario where the higher
order ionospheric effects and the residual tropospheric errors are treated separately,
an improvement by introducing NWPs will most likely be found in the positioning
process.

Possibilities with the ray tracer have not been fully investigated in this thesis.
NWPs combined with a ray tracer can for instance be used to develop local or regional
mapping functions. These mapping functions could be parameterized with respect to
the predicted atmospheric conditions around the GPS antenna, e.g. the water vapor
content, whereby the isotropic assumption, normally used for mapping functions, can
be eliminated.

This can also be used in connection with network RTK, where the NWPs can be
used for developing tropospheric RTK corrections. Today this is carried out using
GPS data from reference stations, but if the GPS data is affected for instance by
multipath, these errors will propagate into the RTK corrections. Therefore a better
estimate for the tropospheric error over the area is expected when using an external
data set as NWPs.

As mentioned in the perspectives in Chapter 6, the troposphere will remain one
of the largest error sources after GPS has been modernized and when Galileo be-
comes operational. So there is still a need for more research focusing on improving
the methods for estimating the tropospheric delay for high accuracy satellite based
navigation and positioning.
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INDICES FOR IONOSPHERIC ACTIVITY

This appendix contains a description of the most commonly used indices for iono-
spheric activity, supplemented with examples showing the indices and plots of activity
from both calm days and for a day with a major ionospheric storm. The last part of
the appendix contains a description of selected forecast services.

The indices described provide a good general description of the global or regional
activity, but because of the high temporal and geographical variability of the iono-
spheric activity, it is always better to evaluate the activity at any given site by using
local geomagnetic data (Skone, 1998).

A.1 Ionospheric Indices

Magnetic storms and substorms can be characterized by the global Kp, Ap or DST
indices. These are all determined by the storm signatures that show up as variations
in the geomagnetic field when observed with magnetometers.

K and Kp index

A local K-index! is a 3-hour index for geomagnetic activity observed with a magne-
tometer. The index is a measure of the observations relative to "an estimated value
of the local quiet daily variation” (Campbell, 1997). Magnetic field strength is mea-
sured continuously, and the logarithmic K index is computed based on the difference
between the maximum and minimum observed field strength variations during the
3-hour interval.

The K-index vary from 0 (quiet) to 9 with indication of thirds by + and -. For
instance 3, 34, 4- , 4 .

The planetary or global K index, called the Kp index, is the mean standardized
K index from 13 observatories including Brorfelde in Denmark. The observatories
are distributed between 44° and 60° North or South, and all observatories are thus
located outside the auroral and equatorial regions. Furthermore there is a majority
of observatories on the Northern hemisphere (Campbell, 1997).

The Kp index can thus give a good indication of the total global variations in
geomagnetic activity throughout a day, but the Kp index cannot indicate where
the activity was going on. A high Kp number is normally caused by a high global
geomagnetic activity, and a low Kp number is caused by a low global activity. But
a medium number, e.g. Kp=6, can be caused by a medium global activity, or by a
high activity in some places and a low activity in other places.

NOAA has lately developed a new scale for the Kp-values for easier explanation
of the “size” of geomagnetic storms for “the public”. By the new scale a geomagnetic
storm activity is rated from G1-G5 corresponding to a minor, moderate, strong,

'K stands for Kennziffer, German for a logarithmic value (Campbell, 1997).
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severe, or extreme storm. A minor storm and extreme storm corresponds to the Kp
values of 5 and 9 respectively. The new scale is described by Poppe (2000) who also
gives the relations to the Kp values.

a and Ap index

The local a-index (denoted by a small a) ranges from 0 to 400 and represents the
logarithmic K-value converted to a linear scale. If the a-value is above 30 it is an
indication of a local storm activity. The a index is also a 3-hour index determined at
various observatories, and the planetary ap index is a mean of the a indices from the
13 observatories mentioned above.

The combined Ap-index (denoted by capital A) is determined once a day as a mean
of the eight 3-hour ap values. The Ap index is thus a daily index for geomagnetic
activity, whereas the Kp index is a 3-hour index for global geomagnetic activity.

A table with corresponding logarithmic Kp and linear Ap values is found in Camp-
bell (1997).

A “major "storm is defined by NOAA as a storm causing an Ap index higher than
40 (Skone, 1998).

Kp and Ap indices are available on the internet from NOAA
(ftp://ftp.ngdc.noaa.gov/stp/geomagnetic_data/indices/kp_ap/)

DST index

The Disturbed Storm Time (DST) index was adopted in 1964 and is based on obser-
vations from four magnetometer stations located close to the Equator and distributed
in longitude (Campbell, 1997). The DST is determined similarly to the Kp index,
but it is a 1 hour index and thus gives a better picture of the variability throughout
a day. The purpose of the DST is to indicate magnetic storm activity, and since the
observatories are all located close the Equator it is a good measure of the activities
in this region. The index is not equally appropriate for high latitudes and especially
not for the auroral region.

The PC index

In 1999 the International Association of Geomagnetism and Aeronomy officially
adopted a polar cap index called the PC-index. It is based on observations from
Qaanaq in Northern Greenland and Vostock in Antarctica. The PC-index for the
Northern hemisphere is available from the Danish Meteorological Institute with a 1
minute resolution since 1975, and the index is described in detail by Papitashvili et al.
(2001).

Other indices

Campbell (1997) mentions several other indices, for instance the Kn and Ks indices
which are variations of the Kp index, with a better representation of the activities in
the Northern and Southern hemisphere. An AE index has been developed to indicate
auroral activity based on data from observatories located within, or close to, the
auroral oval.

A.1.1 Some examples

This section contains some examples of how the indices can be used to indicate the
level of ionospheric activity. Data from April 6-7 2000 is used as an example of an
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active day, and data from September 5 and 14, 2000 is used as examples for quiet
days.

High ionospheric activity
A major geomagnetic storm took place around midnight UTC on April 6-
7, 2000. The storm caused clear northern lights over central Europe and
as far South as Florida. The event, which was caused by a coronal mass
ejection from the sun on April 4, is described by Langley (2000) and on
http://www.spaceweather.noaa.gov/stories/sw3.htm.

During the storm, GPS data was collected by KMS, National Survey and Cadastre
- Denmark with Trimble 4000ssi receivers, which use a codeless L2 carrier tracking
technique. The GPS data was collected with the purpose of positioning a number of
off shore oil rigs with respect to reference stations located inland in Denmark, and
the survey campaign thus included several long baselines of 2-300 km. During the
storm all observation on L.2 were unusable, and the lack of L2 data prevented the use
of linear combinations of the .1 and L2 observables, making it impossible to solve
ambiguities for the long baselines.

The Ap index for the two days were 82 and 74 respectively. The Kp indices from
NOAA are shown in Figure A.1.
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Figure A.1: Kp indices for April 5, 6, and 7, 2000. From go-
pher://sec.noaa.gov/.

The geomagnetic activity is shown in Figure A.2 by a magnetogram from the
Brorfelde Magnetic Observatory (BFE), which is located about 50 km West of Copen-
hagen.

The plot shows the observed magnetic field strength in nanotesla for the three
vector components (X, Y, Z) of the geomagnetic field during the two days. A
detailed description of the plot can be found on http://web.dmi.dk/fsweb/sol-
jord/projekter/geofys_obs/latest_mag_bfe.html.

The magnetogram from Brorfelde was generated using the INTERMAGNET ser-
vice on http://www.intermagnet.org/, where various magnetic data can be obtained
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from participating observatories. The data from Brorfelde was made available by the
Danish Meteorological Institute, which runs the magnetograph.
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Figure A.2: Magnetogram from Brorfelde for April 6-7, 2000. Derived from
http://ub.nmh.ac.uk/htbin/imagform

Figure A.3 shows the components of the IMF field strength in the solar—
magnetospheric reference system, for the same two days in April. When the Z com-
ponent is negative, the geomagnetic field will be disturbed as described in Chapter
2. When comparing this plot with the magnetogram from Brorfelde (Figure A.2), a
correlation between the strong southward IMF and a high level of geomagnetic ac-
tivity can be seen. Also note that the start of the geomagnetic disturbances in the
Brorfelde plot was delayed about 1 hour compared to the start of the variations in
the IMF field strength.

The plot showing the components of the IMF field was derived
from data from the WIND satellite given on http://eqsl.plasma.mpe-
garching.mpg.de/cdaweb /istp_public/.

Figure A.4 shows the DST index for the month of April 2000. A significant dip in
the curve shows the storm on April 6 and 7.

Finally, Figure A.5 shows the PC-index for the two days, and these plots indicate
that the storm indeed had a global impact. The storm is noticed by a sudden increase
in the PCN-index just after 17:00 hours UTC on April 6.

Low ionospheric activity
In Chapters 4 and 5, GPS data collected on September 5 and 14, 2000 was used for

testing the use of NWPs in GPS positioning. These two days were both characterized
by a low ionospheric activity.
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Figure A.3: IMF field strength in nanotesla, for April 6-7, 2000. From
http://eqsl.plasma.mpe-garching.mpg.de/cdaweb /istp_public/

Figure A.4: DST indices for the month of April 2000. From
http://swdcdb.kugi.kyoto-u.ac.jp/dstdir/

The Ap index for the two days was 7 and 4, respectively. The Kp indices from
NOAA are shown in Figures A.6 and A.7, and the indices range from 1 to 3 for the
two days.

The geomagnetic activity is shown by magnetograms from the Brorfelde Magnetic
Observatory (BFE) in Figures A.8 and A.9. Note the difference in the scale of the
plots when compared to the plot in Figure A.2. The max-min scale is given on
the right hand side of the plots. Furthermore the diurnal variation of a fairly quiet
geomagnetic day is seen in the plots.

Figures A.10 and A.11 show the components of the IMF field strength for the
same two days in September. The Z-component of the IMF is negative for parts of
the days, but the IMF field strength is very low compared to the strength shown in
Figure A.3. So even though there is some activity going on, the disturbances are not
powerful enough to cause a global impact on GPS signals.

The DST index for the month of September is given in Figure A.12, and it shows
a DST index of basically zero for both September 5 and 14, 2000.

Finally, the PC-index for the two days are given in Figures A.13 and A.14. Again
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Figure A.5: Northern Polar Cap index for April 6 and 7, 2000. From
http://web.dmi.dk/fsweb/projects/wdccl /pen/pen.html
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Figure A.6: Kp indices for September 5, 2000. From gopher://sec.noaa.gov/.

notice the difference in scale when compared to the plots from April 6 and 7, 2000.
The plots for the September days show that even in the polar regions some activity
is taking place, indicating the active nature of the geomagnetic field.
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Figure A.7: Kp indices for September 14, 2000. From gopher://sec.noaa.gov/.
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Figure A.8: Magnetogram from Brorfelde for September 5, 2000. From
http://www.intermagnet.org/

A.2 Ionospheric Forecasts and Warnings

A number of forecasts and warnings of ionospheric activities are available on the
internet, and they can be a very useful tool for GPS users when planning survey
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Figure A.9: Magnetogram from Brorfelde for September 14, 2000. From
http://www.intermagnet.org/

activities. RTK users may especially benefit from this if the ionosphere—free linear
combination of the L1 and L2 is not used by the RTK software in the equipment.

The following is a description of some of the forecasts and warnings available, but
several internet sites related to the subject exist, so this is not a complete listing.

The sun rotates with a period of 27 days, and 27-day sunspot predictions can thus
be generated. These are used by NOAA’s Space Environment Center for predicting
Ap and Kp indices, which can be found at http://www.sec.noaa.gov/nav/, along with
various forecasts and warnings relevant for navigation users.

NOAA also has a general alert web site, with information about the space weather
(http://www.sec.noaa.gov/alerts/index.html).

The current boundaries of the auroral zone are given on NOAA’s web site at
http://www.sel.noaa.gov/pmap/index.html, and an example is given in Figure A.15.
These plots are real-time images, and their usefulness for planning purposes is thus
limited.

Lund Space Weather Center in Sweden provides forecasts for a number of solar
events. Predictions of Kp indices and auroral activity are also given on their web site
at http://www.irfl.lu.se/HeliosHome /forecastpage.html

Warnings for geomagnetic activity and an “auroral alert” can be found on
http://www.ips.gov.au/asfc/current /index.html, along with listings of various cur-
rent conditions. The web site is maintained by IPS Radio and Space Services, a part
of the Department of Industry Science and Resources under the Australian govern-
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Figure A.10: IMF field strength in nanotesla, for September 5, 2000. From
http://eqsl.plasma.mpe-garching.mpg.de/cdaweb /istp_public/
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Figure A.11: IMF field strength in nanotesla, for September 14, 2000. From
http://eqsl.plasma.mpe-garching.mpg.de/cdaweb /istp_public/

ment. The auroral alerts provide “notification of times when aurora are more likely
to be seen at more Equatorial latitudes than is normal”. This means that the alerts
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Figure A.12: DST indices for the month of September 2000. From
http://swdcdb.kugi.kyoto-u.ac.jp/dstdir/
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Figure A.13: Northern Polar Cap index for September 5, 2000. From
http://web.dmi.dk/fsweb/projects/wdccl/pen/pen.html
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Figure A.14: Northern Polar Cap index for September 14, 2000. From
http://web.dmi.dk/fsweb/projects/wdccl/pen/pen.html

might actually not be useable for GPS observations within the auroral regions, since
“normal” auroral activity will not trigger a warning.
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Figure A.15: Location of the auroral zone in the Northern hemisphere on
May 16, 2002 at 13:52 UTC. Note that the “activity” is stronger on the night
side of the Earth (the left side in the plot), and that the oval is smallest in the
early afternoon hours. The red arrow points towards the noon meridian. The
plot is from http://www.sel.noaa.gov/pmap/index.html
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B

GPS STATIONS AND DATA QUALITY

This appendix contains information about the GPS stations and the quality of the
GPS data.

B.1 GPS stations

A9
Adp ‘;h'.

Figure B.1: Location of the 14 GPS sites.

Figure B.1 shows the location of the GPS stations, and the station positions are
given in Table B.1. Both ellipsoidal and spherical latitudes are given in the table,
since both types of latitudes are used: ellipsoidal latitudes in connection with the
ray tracer, and spherical latitudes in connection with the zenith delays. The station
height above sea level, the orthometric height, is also given in the table.
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Station Location  Ellipsoidal Spherical Longitude Orthometric
Abbreviation Name Latitude  Latitude Height
ONSA Onsala 57.926° 57.220° 11.926° 9.218 m
NORR Norrkoping 58.590° 58.419° 16.246° 13.005 m
GOTE Goteborg 57.708° 57.534° 11.966° 21.053 m
MALM Malmo 55.601° 55.422° 13.030° 46.635 m
HELS Helsingborg  56.046° 55.868° 12.709° 55.370 m
BUDP Buddinge 55.739° 55.560° 12.500° 57.922 m
HASS Héssleholm 56.092° 55.914° 13.718° 78.513 m
SULD Suldrup 56.842° 56.665° 9.742° 82.219 m
SMID Smidstrup 55.641° 55.461° 9.559° 82.738 m
KARL Karlstad 59.444° 59.275° 13.506° 82.956 m

OSKA Oskarshamn  57.066° 56.890° 15.997° 119.436 m
VANE Vanersborg 58.693° 58.522° 12.035° 134.836 m
BORA Boras 57.715° 57.541° 12.891° 185.363 m
JONK Jonkoping 57.745° 57.572° 14.060° 227.428 m

Table B.1: Position information for the 14 Swedish and Danish GPS stations

B.2 GPS data quality

A quality assesment of the data was carried out using the TEQC software from
UNAVCO!. The results of the analyses from both days are given in Tables B.2 and
B.3. An elevation mask of 10° was used for the quality check.

In the tables, “hrs” is the observation time span, “# expt” indicates the expected
number of observations based on the knowledge of the satellite orbits and the ap-
proximate station position, “# have” is the actual number of observations, and “%”
is the actual number of observations in percent of what could be expected. For these
stations the percentage varies between 838% and 100%, indicating a “normal” amount
of data.

“mpl” and “mp2” are the mean multipath values for the L1 and L2 frequencies,
respectively. A higher value indicates a higher noise level in the data. The amount of
multipath is generally higher for the Swedish stations than for the Danish stations.

Finally, “o/slips” indicates the number of observations per cycle slip. Here, a
higher value indicates a low number of cycle slips and thus better data quality. These
values are related to the number of observations and the amount of multipath, and for
a few of the Swedish stations, where both a relatively low percentage of observations
are received and a high amount of multipath is observed, the number of observations
per cycle slip is relatively low. Overall, the noise level is of about the same size for
both days.

'UNAVCO is an American organisation that supports universities and other research institutions
in their use of GPS. UNAVCO is funded by the US National Science Foundation and NASA.
http://www.unavco.ucar.edu/
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Station hrs # expt # have % mpl mp2 o/slips

BORA 24.00 45747 45184 99 0.53 0.51 2824
GOTE 24.00 45807 45419 99 0.64 0.64 622
HASS 24.00 45218 45196 100 0.49 0.50 45196
HELS 24.00 53194 50917 96 0.56 0.61 342
JONK 24.00 53936 52563 97 0.44 0.49 1460
KARL 24.00 54523 49267 90 0.75 0.72 130
MALM 24.00 52950 52135 98 0.61 0.68 1159
NORR 24.00 54242 52793 97 0.59 0.63 476
ONSA 24.00 53794 50308 94 0.64 0.69 161
OSKA 24.00 53671 49471 92 0.63 0.62 283
VANE 24.00 54275 52663 97 0.64 0.85 908
BUDP 24.00 45081 44770 99 0.13 0.14 44770
SMID 24.00 45132 45126 100 0.10 0.12 2507
SULD 24.00 45497 45151 99 0.11 0.13 5644

Table B.2: TEQC results for September 5, 2000 data

Station hrs # expt # have % mpl mp2 o/slips

BORA 24.00 53975 47520 88 0.66 0.60 161
GOTE 24.00 53977 50389 93 0.77 0.75 201
HASS 24.00 53260 50281 94 0.62 0.60 250
HELS 24.00 53247 51314 96 0.57 0.60 828
JONK 24.00 53974 52143 97 042 0.47 815
KARL 24.00 54565 49360 90 0.78 0.71 131
MALM 24.00 52998 51995 98 0.60 0.66 1333
NORR 24.00 54268 52562 97 0.58 0.62 674
ONSA 24.00 53852 49501 92 0.69 0.73 90
OSKA 24.00 53697 49415 92 0.62 0.62 348
VANE 24.00 54327 52642 97 0.63 0.82 993
BUDP 24.00 45069 44551 99 0.12 0.14 44551
SMID 24.00 45132 44944 100 0.10 0.11 6421
SULD 24.00 45494 44873 99 0.11 0.13 2805

Table B.3: TEQC results for September 14, 2000 data
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C

NWP ZENITH DELAYS - IMPLEMENTATIONAL ISSUES

This appendix describes a number of considerations and tests carried out in relation
to the implementation of Equation (3.15), which is repeated below, and which has
been implemented in the programme ZTDPOINT.

Psyrface k P Psyrface R ]{j
st = 10—6/0 ! L+ 10—6/0 ! ?‘i<k2 ek + —3> %dp (1)

T
C.1 Height

Equation (C.1) is arranged as an integral with respect to pressure, which is convenient
since the vertical reference used in DMI-HIRLAM-E is pressure. However, knowledge
of the height is necessary in order to determine the gravity for a given layer in the
model.

The height is determined from the pressure. But the pressure is not given directly
in the NWP, but must be calculated from the surface pressure, which is given in the
model.

The pressure, P, for any layer is determined using Equation (C.2), which was
provided by M. Sgrensen from the Danish Meteorological Institute:

P =b;+ (0% P,) (C.2)

b; is a so called vertical coordinate parameter for the layer 7, o; is the sigma scaling
factor described in Chapter 3, and P; is the pressure at the surface of the Earth.

When P has been determined for the relevant layer, the orthometric height can be
determined using expression (C.3) below as suggested by H. Vedel from the Danish
Meteorological Institute. The expression is derived from the equation of state, and
relates a change in the logarithmic value of pressure to a change in height:

[ Rt =g af an(p) = [ g an ©3)

R, is the gas constant, T is temperature, ¢ is specific humidity, ¢ is gravity, P is
pressure, and h is the height for any given layer in the NWP. P, and h; are pressure
and height respectively for the next layer in the model.

When the change in height is determined, it is added to the height determined for
the previous layer. With this implementation, determination of the height starts at
the surface of the Earth where the height is found as follows:

According to Vedel (2000) the surface geopotential, W, given in DMI-HIRLAM-E
is determined as:

W =h, g (C.4)
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where hg is the orthometric height at the Earths surface, given by a topographic
database, and gy is the approximate surface gravity value of 9.81 m/s? used for
generating HIRLAM. Since the surface geopotential is given in DMI-HIRLAM-E,
Equation (C.4) is used directly to calculate the orthometric height of the surface of
the topographic model. The accuracy of this height is not known, but it is directly
related to the (also unknown) accuracy of the topographical data that forms the basis
for the NWP model development.

The pressure at the surface of the Earth is given in DMI-HIRLAM-E. Using this
and Equation (C.3) makes it possible to determine the orthometric height at the
lowest layer of the NWP, and thus also for the rest of the layers.

C.2 Gravity

Gravity is determined using the expression for normal gravity given by Torge (1989).
The error introduced by using normal gravity instead of the gravity corresponding to
the total gravity potential is about 100 mGal or 0.001 m/s? in the Nordic area (A.
Olesen, KMS - the National Survey and Cadastre - Denmark, personal communica-
tion).

An error of this size introduces an error in the zenith total tropospheric delay of
about 0.2 mm or about 0.008%, and it is thus negligible.

C.3 Geoid Model

The positions of the GPS stations are given with heights above the ellipsoid, and since
the pressure given in DMI-HIRLAM-E is related to heights above sea level, a geoid
model was implemented in order to convert the ellipsoidal heights to orthometric
heights.

A special version of the EGM96 geoid model covering the same area as the reduced
DMI-HIRLAM-E was generated by A. Olesen, from KMS. The global EGM96 model
is described by Lemoine et al. (1996).

The geoid height for the GPS stations is then found by bi-linear interpolation
in the geoid model, using the interpolation routine described in Section C.5. The
orthometric height of the GPS station is finally determined by subtracting the geoid
height from the ellipsoidal height.

C.4 Conversion of Horizontal Coordinates

DMI-HIRLAM-E is generated on a rotated regular grid of spherical latitude and
longitude. The GPS station coordinates are given in ellipsoidal latitude and longitude
on the GRS80 reference ellipsoid, so in order to determine the zenith delay for a given
GPS station, its coordinates are converted to the rotated spherical reference. The
procedure is as follows:

Initially the ellipsoidal station coordinates are converted to cartesian (X,Y,Z) co-
ordinates, and then to spherical latitude and longitude on a sphere with the same
origo as the GRS80 ellipsoid, and with a radius the same size as the sphere used for
developing DMI-HIRLAM-E, i.e. a radius of 6367470.0 meters.

The spherical latitude and longitude are then rotated using a subroutine provided
by Martin Sgrensen, DMI, and the GPS station coordinates are now in concordance
with the horizontal reference used for HIRLAM.
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C.5 Horizontal Interpolation

In order to determine the zenith delay, the temperature and specific humidity must
be determined for the relevant ray point by horizontal interpolation in each layer of
the NWP. Both the Danish Meteorological Institute and Schueler (2001) are using
a bi-linear interpolation routine for this purpose, and this was also chosen as the
solution for this implementation. However, a bi-cubic spline interpolation was also
tested as described below.

Bi-linear interpolation

The bi-linear interpolation routine is implemented based on Press et al. (1997). The
interpolation technique is based on information from the four grid points surrounding
the location of the GPS station, and the interpolation is carried out using a distance
dependent weighting scheme, so that values in grid points close to the station are
given a higher weight.

No test has been carried out on the accuracy of the bi-linear interpolation routine,
but it was compared with the interpolation routine implemented in the GEOIP pro-
gramme which is a part of the GRAVSOFT package!. When used with the EGM96
geoid model, the two routines gave the exact same results for a number of geoid
heights determined with mm resolution.

Bi-cubic spline interpolation

In connection with implementation of the ray tracer, as described in Chapter 5, a
bi-cubic interpolation algorithm was tested.

Cubic spline interpolation is described by e.g. Ralston and Rabinowitz (1978),
and the function was implemented based on Press et al. (1997). When using bi-
cubic spline interpolation with the ray tracer for determining the delay in zenith for
station ONSA and BORA with the September 5, 01:00 UTC, DMI-HIRLAM-E field,
an improvement of 0.2 mm was found in the zenith delay.

The computation time is, however, increased when using the bi-cubic spline inter-
polation, because the spline routine reads considerably more data in the NWP files
in order to determine the second derivative of the grid point values. Computation
time is a big issue in connection with the ray tracer, and the bi-linear interpolation
routine was therefore implemented in both the ray tracer and the zenith delay codes,
and the routine was also used for interpolation in the geoid model.

Lagrange interpolation

In connection with the process of correcting the raw GPS data with the tropospheric
delay, as described in Chapter 4, knowledge about the signal elevation angle is nec-
essary in order to map the zenith delays to lower elevation angles. For this purpose
precise satellite orbits were used along with a Lagrange interpolation routine for
temporal interpolation of satellite positions, as recommended by Hofmann-Wellenhof
et al. (1992).

!1The GRAVSOFT package is a suite of programs for physical geodesy developed through the last
20 years by the Danish National Survey and Cadastre and the University of Copenhagen. The
software is being used by numerous groups all over the world, and has been throughoutly tested.
The GEOIP programme is a sub programme developed for interpolation in geoid models. The
GRAVSOFT software package is described for instance on http://www.gfy.ku.dk/cct/gravsoft.txt
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Langrangian interpolation is described by Ralston and Rabinowitz (1978) and the
function was implemented as recommended by Press et al. (1997). Interpolation is
necessary since the precise satellite positions are only given every 15 minutes, and
the data rate used here was 15 seconds.

Extrapolation

DMI-HIRLAM-E NWP covers an area that is larger than what is necessary in or-
der to model a GPS signal received down to a 5° elevation angle. Thus, horizontal
extrapolation has not been an issue in connection with this work.

C.6 Vertical Interpolation

A vertical interpolation / extrapolation routine is necessary because the height of the
GPS antenna (for zenith delays) or the ray point (for ray tracing) does not correspond
exactly to the height of any layer in HIRLAM. The temperature for any given height
is determined assuming a constant lapse rate atmosphere, where the temperature
changes as a linear function of height. The same assumption is used for specific
humidity.

Neither temperature nor specific humidity are linear functions of height, as the
plots in Figure C.1 show. But the approximation still works well, since it is only
used for interpolation between the layers in the NWP, and between each layer the
two parameters can be anticipated to change linearly.

The temperature or specific humidity lapse rate, «, is determined as:

oT 0q
T T%h YT T oh (€9)
0T is the change in temperature, 6h is the corresponding change in height, and dq is
the change in specific humidity.

The plots of P and log(P) in Figure C.1 indicate that the pressure is decreasing
exponentially with height, and by still assuming a constant lapse rate atmosphere,
the following exponential formula from Mendes (1999) can be used for interpolating
or extrapolating the pressure.

T)ﬁ (C.6)

P — p() <—

Ty

Py is pressure for the previous layer, T is temperature for the evaluation point, Ry

is the gas constant, ¢ is gravity for the evaluation point, and ay is the temperature
lapse rate determined by Equation (C.5).

Resolution of specific humidity

The specific humidity as plotted in Figure C.1 does not show a smooth behavior, but
rather a step like decrease with altitude. This is caused by the poor resolution of the
specific humidity within the GRIB format, where the specific humidity is only given
with one significant digit. When generating DMI-HIRLAM-E more significant digits
are used, but the resolution is lost when the data is fitted into this predefined data
format, which is approved by the World Meteorological Organization.

The low resolution of the water vapor measure might affect the tropospheric delays
based on the NWP, but no investigation has been made of this.
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Meteorological Parameters as Function of Height. Onsala, Sept. 5. 2000, 01:00 hours UTC

= 1500 T T T T I I
2 * HIRLAM NWP
s O US Standard atmosphere
o 10005% R
3
g 500 By . g
7]
0 (C
5} Ck
T 0 | | %O%\ * & ox o 1% o L s
0 5 10 15 20 25 30 35
12a T T T
= m%‘%b@ﬂ@%@e * HIRLAM NWP
Q) ® 0 O US standard atmosphere
Z10r Fokoex oy B
%] (OF™
<3
[ O %
o 81 O -
s} O
-
E.8)
6 1 1 1 1 1 1
0 5 10 15 20 25 30 35
_300 T T
g 4 * HIRLAM NWP
3 280 5‘%% O US Standard atmosphere []
@ 260 *b%*gé J
=]
£ 220 S ot o . * [} |
= 200 1 1 1 1 1 1
5 10 15 20 25 30 35
x10~°
o8
= ¥ * _HIRLAM NWP
<ol i
2 | %
h=]
€ 4 H ~
=}
I
o
= 2K B
(5}
Q Hfk kK K
@0 P P S & —
0 5 10 1 20 25 30 35

Ortometric Height (km)

Figure C.1: Vertical profiles of pressure, log(pressure), temperature, and spe-
cific humidity for station Onsala on September 5, 2000 at 00:01 UTC. The US
standard atmosphere values are added for comparison, green circles.

C.7 Contribution to Zenith Delay Above HIRLAM

The uppermost layer of DMI-HIRLAM-E has an altitude of about 30 km, but con-
tributions to the dry or hydrostatic delay are present up to an altitude of about 80
km. The top delay is determined using the following expression given by Vedel et al.

(2001):
k1 RaP, HQ(RdTl) +2(RdT1>2] (c.7)

g1 191 101

The subscript 1 indicates that the parameters are from the top layer of HIRLAM
(called layer 1 within the modelling process). 7 is the distance from the center of the
Earth to the top layer.

Another solution is to use the Saastamoinen model for hydrostatic delay for de-
termining the contribution to the delay from atop HIRLAM. This approach is for
instance used by Schueler (2001). In the thesis work the approach was also tested for
the GPS sites ONSA and BORA, and the Saastamoinen model showed a decrease of
0.07 mm (corresponding to 0.003%) in the hydrostatic delay when used instead of the
Vedel model.

The difference between the Saastamoinen and Vedel models is thus negligible, and
the Vedel approach was chosen in order to maintain consistency with the rest of the

Topdelay =
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zenith delay estimation procedure.

C.8 Spherical or Ellipsoidal Pressure Shells

DMI-HIRLAM-E is generated from dynamic meteorological models based on a spher-
ically shaped Earth with a radius of 6367470.0 meters. The different layers of the
NWP are thus spherically shaped pressure shells layered above the sphere.

Since the shape of the Earth is more ellipsoidal than spherical, a test was made
in which the entire NWP was converted to an ellipsoidal model, turning the pressure
shells into ellipsoidally shaped shells. The GRS80 ellipsoid was used for the test, and
it is characterized by (Torge, 1991):

e Semi major axis = 6378137.0 meters

e Flattening = 1 / 298.25722

Zenith delays were then determined for all 14 stations for 8 different epochs in
time throughout September 5, 2000. The zenith total delay decreased with a value
of 0.04-0.05 mm (or 0.002%) as compared to the situation where the spherical model
was used.

Zenith delays are determined along the normal line of the sphere or the ellip-
soid, and in this situation the difference between using the spherically or ellipsoidally
shaped pressure shells is negligible. The shape of the shells is expected to have a more
significant influence when working with signals received at lower elevation angles, as
in connection with the ray tracer. This was, unfortunately, never tested in connection
with the ray tracer.

C.9 Analysis Versus Prediction

For DMI-HIRLAM-E data assimilation is carried out twice daily, at midnight and
noon UTC, and a new analysis field is generated based on the new data. Within the
given data set, these analyses form the basis for 1 to 12 hour predictions.

The plot in Figure C.2 shows the zenith total delays at noon on September 5,
2000. The zenith delays are determined for the 14 GPS stations using both the 12-
hour prediction based on the midnight data assimilation, and the new analysis based
on the data assimilation at noon.

Statistics of the differences between zenith delays determined using the prediction
and the analysis are given in Table C.1.

Mean  Std. Dev. RMS
0.000m 0.007m 0.007 m

Table C.1: Mean, standard deviation, and RMS of the difference between
DMI-HIRLAM-E analysis and 12 hour prediction at noon on September 5,
2000.

Table C.1 shows a very good quality of the 12 hour predictions, and this indicates
that a 12 hour prediction can be used without problems for estimating zenith delays.
This is also in line with the results given by Yang et al. (1999) as mentioned in
Chapter 3.
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ZTD from analysis and prediction field at noon Sept. 5. 2000
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Figure C.2: Zenith total delay determined using analysis and prediction data
for all stations.

In the plot the stations are ordered according to station height, and since the wet
part of the delay is the most difficult to predict, a larger difference between prediction
and analysis was expected for the stations at lower altitudes. This is not clearly seen
from the plot, partly because the difference in altitude between the highest and the
lowest station is relatively small, about 220 meter, and partly because the quality of
the 12 hour prediction is high. For all tests described in this thesis the noon analysis
has been used, rather than the 12 hour prediction.
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