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Abstract

The troposphere affects electromagnetic signal propagation causing signal path bending

and the alteration of the electromagnetic wave velocity. Tropospheric delay can introduce

a considerable error in satellite positioning if it is not properly estimated. The average

GPS signal delay in the zenith direction can vary from 1.8 m to 2.5 m depending on

meteorological conditions and site location. In this work, the spatial and temporal

variations of the zenith tropospheric delay (ZTD), zenith wet delay (ZWD) and precipitable

water(PW) over Ethiopia, are analyzed using ECMWF (European Centre for Medium-

Range Weather Forecast) ERA-interim pressure-level atmospheric data and compared

with ZTD time series for 5-year period from 2007-2011 measured at several GPS stations

from the Crustal Movement Observation Network of over Great Rift Valley regions of

Eastern Africa which are managed by UNAVCO (University NAVstar COnsortium).

A modified version of tropospheric delay correction model, SHAO-C used in China,

is assessed for its performance over Ethiopia. ZTD is modeled directly by a cosine

function together with an initial value and an amplitude at a reference height in each

grid, and the variation of ZTD along altitude, latitude and longitude is fitted with a

second order polynomials. The coefficients of the modified SHAO-C are generated using

the ECMWF ERA-Interim data at 0.75x0.75 degree latitude-longitude grid, featuring

regional characteristics in order to facilitate a wide range of navigation and other surveying

applications. The altitude is obtained from high resolution Digital Elevation Model

(DEM). The overall average bias ranges between -4.3 cm to -1 cm for ZTD, -3.42 cm

to -0.584 cm for ZWD and -1.12 cm to -0.34 cm for PW, and the RMSE is less than 4.5

cm. The results are assessed for fulfilling the requirements of most GNSS navigation or

positioning applications in terms of the tropospheric delay correction.
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Chapter 1

Introduction

The influence of atmosphere, in the form of delay on the propagation of electromagnetic

microwaves signals emitted from the Global Positioning System (GPS), is one of the main

accuracy limiting factor of positions determined by GPS. It is a serious error in GPS

measurements both through ray path bending and the modification of the electromagnetic

velocity.

Based on electromagnetic wave interaction the atmosphere is divided into two, ionosphere

and neutral atmosphere. Ionosphere is an electrically charged region of the earth’s

atmosphere, which starts from ∼50 km extends upto 1000 km above the surface of the

earth. The GPS signal delay occurrs due to total electron content (TEC) present in

the ionosphere[1]. While the neutral atmosphere is the non electrically charged region

of the earth’s atmosphere, which extends from the earths surface up to an altitude of

approximately 50km ( includes the troposphere and stratosphere), the effect is termed as

tropospheric delay, because most of the mass of neutral atmosphere is in the troposphere.

The tropospheric total delay can be split into two: hydrostatic delay (Dry delay), ZHD,

and non-Hydrostatic delay (Wet delay), ZWD. The hydrostatic delay, ZHD, is caused by

dry air, which accounts for about 90 percent of the total delay and typically around 2.3

m at the zenith[2]. While the non hydrostatic delay (wet zenith delay) is due to temporal

and spatial variability of water vapor, its non-hydrostatic counterpart is normally around

less than ∼0.4 m [3]. The tropospheric wet delay and water vapor are interdependent with

each other. Precipitable water vapor (PWV) is one of the most environmental parameters

that play a key role of the Earths atmosphere.

Recently, many neutral atmospheric delay model, such as UNB3m (University of New

Brunswick modified version) neutral atmospheric model, SHAO-C tropospheric model

were developed. The UNB3m neutral atmospheric model is a global model, which uses

1
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the Saastamoinen zenith delays with annual mean and amplitude for the temperature,

pressure, water vapor pressure, temperature lapse rate and water vapor pressure decline

rate are provided on the mean sea level. However, the SHAO-C tropospheric correction

model is a regional model over China’s area, which uses a numerical weather model

called ECMWF with the over all bias and RMSE of 2.0 and 4.5 cm, respectively[4]. It

is better and sufficient for most GNSS navigation or positioning applications in terms of

the tropospheric delay correction over the region compared to UNB3m.

In the recent past, a regional zenith troposphere delay model (neutral atmospheric delay

model) is not done over Ethiopia as well as in East Africa, but atmospheric precipitable

water from ground-based GPS measurements and ERA-Interim Reanalysis were analyzed

by Mengistu[6]. In this work, the feasibility and accuracy of the ECMWF data are assessed

for use in tropospheric delay correction. The ZTD correction model in Ethiopia and its

neighbors based on SHAO-C tropospheric correction model is intended for navigation and

positioning users with high accuracy requirements. The time resolution of the data is 6 h,

namely at 0, 6, 12, 18 UTC. The ERA-Interim pressure level meteorological data include

temperature, specific humidity and geopotential height. Further, we derived precipitable

water vapor by using zenith wet delay from the model , and the validation over the region

was good agreement with GPS measurement value.

The thesis is organized as follows. Chapter 2 presents the general overview and introduction

of GPS system. GPS observables are described and different errors affecting GPS observations

are discussed. These covers ephemeris errors, satellite clock errors, receiver errors, multi

path errors and errors due to atmospheric effects (the ionospheric and tropospheric range

delays), are introduced. Chapter 3 provides description of the GPS processing software

is known as GAMIT/GLOBK. It includes the general over view, data acquisition system

and data preparation for the GAMIT software. This chapter also presents how to estimate

and extracte estimates of a zenith delay and precipitable water using GAMIT. Chapter

4 presents the structure and physics of the troposphere, the tropospheric effect on GPS

signal when electromagnetic wave propagates in the neutral atmosphere with the refractive

index, and the revision of some significant number of troposphere delay models that

reported in the scientific literature in the last few decades. Chapter 5 describes the

algorithm and methodology of data extraction system from ECMWF ERA-Interim for use

in SHAO-C tropospheric delay model over Ethiopia and its neighbors. The tropospheric

path delay is defined in terms of refractive index mathematically and fitted harmonically

with its dependency of spatial and temporal variations for the GPS signals (electromagnetic
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wave signals). The model function parameters (coefficients) are defined and established,

in addition the precipitable water vapor (PWV) is also defined in terms of zenith wet

delay and mean temperature. Chapter 6 gives results and discussion. The tropospheric

zenith total delay characteristics are analyzed using GPS measurements from different

GPS stations over Ethiopia and its surrounding. The model parameters are assessed

and mapped over the region. The model zenith total delay, wet delay and the derived

precipitable water validation is also discussed by comparing with the GPS measurement.

Finally Chapter 7 gives conclusions.

1.1 Objective

The main objectives of this thesis is :

1. To develop and test a tropospheric propagation delay model over Ethiopia, for

featuring regional characteristics

2. To analyze the accuracy and adaptability of a regional GPS zenith troposphere error

correction models over Ethiopia in order to facilitate a wide range of navigation and

positioning applications in and around Ethiopia.

1.2 Scope and limitation

Due to time constraints and lack of continuous GPS observations, the following bounds

are defined:

1. For the whole days of each year of data from Ethiopian GPS receiver stations center

of the years 2007, 2008, 2009, 2010, and 2011 are processed. Data is chosen in the

same period of the year to minimize the unknown impact of seasonality on the GPS

results, thus reducing aliasing problems in the incipient time series.

2. Only GPS zenith delay and Precipitable Water were used for validation of the model

precision and compression purpose.

3. Lack of real-time continuous meteorological data to quantify the state of the atmosphere



Chapter 2

Global Positioning System

2.1 Overview of GPS System

The Global Positioning System (GPS) is a satellite-based navigation system for accurate

and instantaneous position determination and timing. The primary objective of GPS was

to meet the needs of the US military and national security, in regards to positioning and

timing, on a 24 hour per day basis all around the world and under all weather conditions

[7]. The present constellation (up to January, 2013) consists of nominally 32 satellites

and provides global coverage with four to eight satellites simultaneously observed above

15o elevation. GPS has also become the primary radio positioning navigation system

for civilian users in many aspects of everyday life. It is used for navigation in cellular

telephones, cars, boats, and airplanes, for precise positioning in surveying, monitoring

structures and the crust of the Earth, and for transferring precise time for banking

transactions and a myriad of other scientific applications.

The two currently available global navigation satellite systems (GNSS) are the Russian

Federation Global Navigation Satellite System (GLONASS) and the United States system,

NAVSTAR (Navigation System with Timing and Ranging) Global Positioning System

(GPS) [7].

The US NAVSTAR Global Positioning System (GPS) [7] was first conceived when the

US Department of Defense approved its basic architecture in 1973. The system was

declared fully operational in 1995 [7] and since that time, only minor improvements and

maintenance have kept the system in excellent reliable working condition.

GPS navigation and position determination is based on measuring the distance from the

user to known locations of the GPS satellites as they orbit. It is possible to determine three

4
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coordinates of users positions (latitude, longitude, and altitude) as well as GPS receiver

clock time offset using range measurements to four satellites. This increased accuracy

allows the distance between the GPS receiver and GPS satellites to be determined with

centimeter accuracy such that it is possible to estimate the atmospheric delay from GPS

measurements.

GPS technology requires the following three segments:

• space segment,

• control segment and

• user segment.

2.1.1 Space Segment

GPS satellite travel at approximately 7,000 miles per hour about 12,000 miles (20,200

km) above the earths surface. The orbital planes are inclined 55.6o with respect to the

equator[8].

The GPS satellites provide a platform for radio transmitters, computers, and various

Figure 2.1: The orbital configuration of GPS Stellites ( thaken from http :
//www.google.com/images?q = GPS + constellation&channel)

equipment used for positioning, timing, RF transmission and for a series of other military

projects. The satellites are equipped with solar panels for power supply, reaction wheels

for altitude control, and a propulsion system for orbit adjustments. The satellites transmit

at frequencies L1 at 1575.42MHz and L2 at 1227.60MHz modulated with two types of

codes and the navigation message. The codes are Precise Code (P-Code) and the Coarse
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Acquisition Code (C/A Code). The P-Code generated at the fundamental frequency

(i.e. 10.23 MHz) is available on both L1 and L2. The C/A Code modulated on only

the L1 frequency. The navigation message is generated at a low frequency of 50Hz and

is modulated on both L1 and L2 carrier frequencies[7]. It contains information on the

ephemerids of the satellites, GPS time, clock behaviour, and system status messages.

2.1.2 The Control Segment

The operational control systems contains a master control station, monitor stations, and

ground control stations. The master control station is located at Schriever Air Force

Base in Colorado Springs[7]. It collects the tracking data from five monitor stations

and calculates the satellite orbit and clock parameters. These results are then passed to

one of the three ground stations for eventual upload to the satellites. The five monitor

stations are equipped with precise cesium time standards and receivers that continuously

measure range data to determine the broadcast ephemerids as well as model the satellite

clocks. The ground stations mainly consist of ground antennas that receive the satellite

ephemerids and clock information and upload them to each GPS satellite. In general the

specific function of the control segment are to monitor the satellite orbit, to maintain GPS

time, to predict satellite ephemerids and clock parameters, to update satellite navigation

massages[7].

2.1.3 User Segment

The user segment consists of receiver technologies for computing local position/navigation

solutions, in addition to the receiver clock offset. The GPS satellite positions are computed

in the Earth centered Earth-fixed WGS-84 reference system, such that a users position

is referenced to the WGS-84 ellipsoid. The GPS receiver collects and processes signals

from the GPS satellites that are in view and then uses that information to determine and

display location, speed, time, and so forth [7].

2.2 GPS OBSERVABLES

There are three GPS measurements: code pseudo range, carrier phase, and Doppler

measurements. The code pseudo range is the time offset multiplied by the speed of
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light and it is biased by the lack of time synchronization between the clock in the GPS

satellite and the clock in the GPS receiver. It is based on observations of the time taken

for the GPS signal to travel from the satellite to the antenna and it is measured through

comparison of the received signal with a reference carrier generated in the receiver and

modulated with a copy of C/A-code, which is unique for each satellite and is known

as pseudo-random noise (PRN) code. The code pseudo range measurements contain a

number of errors. The equation for the pseudo range observable between receiver i and

satellite k is modeled as follows[1],[7] ,[9].

pki = ρki + dρki + Iki + T ki + cδtki + εki (2.2.1)

where pki , ρ
k
i , dρ

k
i , Ii

k, T ki , cδt
k
i are pseudo range, true range, the orbital error, ionospheric

delay, tropospheric delay, and clock bias respectively between satellite k and receiver i.

εki represent errors which come from pseudo range measurements and other multi path.

The carrier phase is the difference between the phase of the receiver carrier signal and

the carrier received from satellite at instant measurement. The phase measurements are

based on processing the reconstructed signal carriers. The received signal is demodulated

through correlation between the received signal and the PRN that is generated by the

receiver [1]. The measured phase consists of fractional component ϕ(to) and integral part

at an instant of reception to. The integral component is a number of whole wave cycles,

which is measured relatively to some initial lock-on value. The receiver measures the

fractional phase, and keeps track of the changes to the phase. It is more precise than the

pseudo range but the problem is that the receiver cannot distinguish one cycle of a carrier

from another. The initial phase is undetermined, or ambiguous, by an integer number of

cycles N . This unknown quantity is the cycle ambiguity. Carrier phase can be converted

into equivalent distance by similar expression as follows [1],[7] ,[9].:

Φk
i (t) = ρki − Iki + T ki + cδtki + λNk

i + λ(ϕi(to)− ϕk(to)) + εki (2.2.2)

Here, cycles phase Φk
i (t) is not delayed but advanced by Iki . Furthermore, λ is the

wavelength, ϕ(to) is the unknown fractional part of the phase near the satellite at reception,

and εk is noise.

The Doppler measurement is a measure of the instantaneous phase rate and the measurement

is made in the phase lock loop. It is not affected by cycle clips and does not have any
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phase ambiguity. Primarily it is used for velocity estimation and expressed as follows[9]:

d

dt
Φk
i (t) =

d

dt
ρki +

d

dt
(dρki ) + c

d

dt
(δtki )−

d

dt
Iki +

d

dt
T ki +

d

dt
εki (2.2.3)

where d
dt

Φk
i (t),

d
dt
ρki ,

d
dt

(dρki ),
d
dt
Iki ,

d
dt
T ki and

d
dt
εki are the measured Doppler, the geometric

range rate, the orbital error drift, clock error drift, the ionospheric delay drift, the

tropospheric delay drift, and the noise.

2.3 GPS ERRORS

All GPS measurements, be they pseudo range or carrier phase, are affected by biases

and errors which affect the accuracy of the position determination. The major error

sources of the GPS measurements are signal propagation errors due to the troposphere

and ionosphere effects, ephemeris errors, satellite clock errors, multi path and receiver

noise errors.

2.3.1 Ephemeris Errors

The orbit quality is considered to be one of the primary accuracy limiting factors in the

GPS measurements. Ephemeris errors occur when the GPS message does not transmit

the correct orbital parameters. The ephemeris information used to calculate the satellite

position is based on the observations from the monitor stations of the space segment.

The data is processed at the Master Control Station and the satellite navigation message

information is uploaded to every satellite. The ephemeris error is therefore the discrepancy

between the true position (and velocity) of the satellite and its broadcast ephemeris. This

grows from the time of upload by a monitor station until the next upload[10].

2.3.2 Satellite Clock Errors

Satellite clock errors arise from instabilities in the oscillators of the GPS satellites, such

that ranging errors are observed in users measurements. The satellite clock error can be

determined using the coefficients transmitted in the satellite navigation message. As all

observation made at an instant to a particular satellite, all GPS receivers are affected by

equal magnitude of the same satellite clock error, the principle of differential positioning

can be used to eliminate this error (or the satellite clock error may be estimated post
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mission using the precise clocks)[7],[10]. Precise clocks are computed with the precise/final

orbits.

2.3.3 Receiver Clock Errors

GPS receivers are equipped with inexpensive quartz crystal oscillators with low accuracy.

The offset between receiver clock time and GPS Time is the receiver clock error which

affect all satellite receiver ranges measured at a particular epoch. Double differencing can

be used to eliminate this error[10].

2.3.4 Multi path

Multi path is the result of GPS signals arriving at an antenna from more than one

direction due to signal reflection or diffraction at various objects. Multi path effects

are propagation errors arising from interference of the direct signal by reflected signals

from water, metallic surfaces, and nearby buildings. The combined direct and reflected

signals will give rise to incorrect pseudo range observation. Errors which arise as a result

of multi path cannot be reduced by the technique of Differential GPS or DGPS, since

they depend on the local reflection geometry near each receiver antenna. The multi path

effects can be minimized by choosing the site of observation with minimum obstructions

and reflecting surfaces nearby. Using a ground plane antenna or choke ring can minimize

the multi path effects[10].

2.3.5 Ionospheric Effects

The ionosphere is [11]characterized by the presence of free electrons and positively charged

atoms and molecules called ions. This is a result of the gas molecules being excited by

solar radiation. The total electron content (TEC) equals the number of free electrons

in the column of unit area along which the signal travels between the satellite and the

receiver. TEC varies as a function of latitude of the receiver, the season, the time of the

day the observation of the satellite signal is being made and the level of solar activity

at the time of observation. As the electromagnetic GPS signal propagate through the

medium, dispersion occurs and the free electrons delay the pseudo range and advance the

carrier phase by equal magnitude. The amount is directly proportional to the TEC and

inversely proportional to the carrier frequency. GPS frequency delays or advances can be
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up to 50 m for signals at the zenith to as much as 150 m for observations made at the

receivers horizon [12]. An effective procedure to deal with this error is to take advantage

of the frequency dependence of the ionospheric effect by using a dual-frequency receiver.

Measurements are made on both L1 and L2 frequency signals and combining them in a

linear form, the delay is eliminated since the impact on L1 and L2 is different.

2.3.6 Tropospheric Effects

The troposphere is neither ionized nor dispersive. GPS signals traveling through this

medium will experience delay that is a function of refractive index and altitude of the

receiver. Since propagation of GPS signal in this medium is frequency independent,

therefore this effect cannot be removed by combining observations made on L1 and L2

frequencies. Tropospheric effect is dependent on the atmospheric pressure, temperature,

and humidity. The tropospheric delay is generally split into hydrostatic and wet components.

The hydrostatic delay is due to the dry gases in the troposphere and the non dipole

component of water vapor refractivity and can be modeled accurately using surface

temperature and pressure[13]. However, the wet delay is caused by the presence of water

vapor and it exists up to 10 km from the surface of the Earth. Water vapor is highly

variable in space and time such that the wet delay cannot be modeled using surface

measurements very accurately. Detailed discussion of the physics of the troposphere and

the different troposphere models are given in Chapter 4.



Chapter 3

GAMIT/GLOBK GPS Processing
Software

3.1 Introduction

GAMIT/GLOBK is a sophisticated GPS analysis package developed at MIT, the Harvard-

Smithsonian Center for Astrophysics (CfA), and the Scripps Institution of Oceanography

(SIO) for estimating station coordinates and velocities, stochastic or functional representations

of post seismic deformation, atmospheric delays, satellite orbits, and Earth orientation

parameters. GAMIT Development started in late 1970s when MIT was building GPS

receivers. The Code derived from 1960-1970 Planetary ephemeris and VLBI software

and Ported to Unix in 1987. Start of IGS in 1992 prompted development of automatic

processing schemes[10]. The software is designed to run under any UNIX operating system

supporting X-Windows. For GPS processing, the critical information needed is range and

phase data from a receiver collecting data from multiple GPS satellites and information

about the orbits of the satellites (earth-fixed frame) and some information about clocks

in satellites. At the start of processing the analyst has available a preliminary set of

station coordinates (L-file), the broadcast ephemeris (E-file or RINEX navigation file)

for the satellites observed, an ensemble of phase and pseudo-range observations, and

auxiliary information available from the log sheets (tracking scenarios, antenna heights,

and meteorological data). In GAMIT, only crude clock information needed due to double-

differencing[10].

11
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3.2 Automatic Processing with GAMIT/GLOBK

GAMIT is composed of distinct programs which perform the major functions of preparing

the data for processing (makexp and makex ), generating reference orbits for the satellites

(arc), computing residual observations (o-cs) and Modeling phase and partial derivative

generation (model), GPS data cleaning and cycle slip repair (autcln), and performing

a least-squares analysis (solve) and also minor functions of preparing are Yaw table

generation for GPS satellites, Ocean tide loading coefficient generation (Explicit site values

and interpolation of gridded values). Estimation of satellite and ground receiver clock

models and display of phase residuals[10]. Although the modules can be run individually,

they are tied together through the data flow, particularly file-naming conventions, in such

a way that most processing is best done with shell scripts and a sequence of batch files

set up a driver module (fixdrv) for modeling, editing, and estimation. Though the data

editing is almost always performed automatically, the solution residuals can be displayed

or plotted so that problematic data can be identified (cview)[10]..

Likewise, GLOBK operates through distinct programs, which can be invoked with a single

command or run separately. The primary functions are to combine quasi observations

either GAMIT/GLOBK h-files or the internationally accepted SINEX format from multiple

networks and/or epochs (glred or globk), and to impose on this solution a reference frame

appropriate to the scientific objective (glorg). A glred is used to read data from one day

at a time for generating time series, while globk is for stacking multiple epochs to obtain

a mean position and/or velocity.

The full sequence of steps to take you from phase data to time series is accomplished with

two shell scripts: sh−gamit looks for raw or RINEX data over a range of days and invokes

the GAMIT programs to produce constrained and loose estimates of coordinates together

with sky plots of phase data as a record of the processing; sh−glred uses the GAMIT

results to produce time series of day-to-day repeatability or a combined h-file that may

be further combined with those from other epochs to estimate station velocities[10]..

3.2.1 Setup

1. The first step in running the scripts is to create an experiment directory.

2. Being on an experiment directory create working directory with a subdirectory of

years.

3. Being on a year directory create a table link form ˜gg/tables˜by typing a comand
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sh−setup and copy rinex, brdc and igs files.

4. On table directory edit the files sites.defaults, sittbl., sestbl., processes.default,

copy a file itrf08.apr from Chandelers MIT and creat a new station information

from step 3 rinex files.

5. Finally, go to year directory by using an authomatical sh−gamit command run and

processed the data.

3.2.2 Data Acquisition

The data is downloaded from the web site UNAVCO and uncompressed. The navigation

data is discarded and precise ephemerids data is downloaded from Scripps Orbit and

Permanent Array Center (SOPAC) data archives. The three IGS stations of ADIS,

MAL2 and BHR1 or BHR2 tie to almost all Ethiopian GPS receiver stations are chosen.

These Ethiopian GPS receiver stations are included by Crustal Movement Observation

Network of Over Great Rift Valley region and managed by UNAVCO. Observation data

in compressed Hatanaka format for each doy of these IGS points are also downloaded

from SOPAC, UNAVCO, and CDDIS. SOPAC converts all RINEX observation files to

the Hatanaka (”d file”) format. RINEX files more than 60 days old are available in

Hatanaka format only, so all the observation files have to be converted to RINEX format

since GAMIT can only read observation and navigation files in RINEX format. This is

done by using c-shell script with the name crx2rnx which comes with GAMIT software

package. In the subsequent sections, we will describe in detailed all input files required

for GAMIT processing.

3.2.3 Data Preparation for GAMIT Processing

Before processing GPS data using GAMIT, it is necessary to understand some of its file

naming conventions. This assures a unique definition for each experiment, facilitates data

file manage ment, and allows for ease of interactive processing and troubleshooting. First

the information should be organized into sessions, defined as the spans during which all

the stations tracks simultaneously the phase of two or more satellites. The main files

needed for a single session processing are the RINEX observation and navigation files,

station coordinates in the form of an L-file, receiver and antenna information for each site

( file station.info), satellite list and scenario (file session.info), control files for the analysis

( sittbl. and sestbl.) and G- and T-files from external ephemerids. Similarly, links to the
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following global files are needed:

• nutations (nutabl.),

• lunar and solar ephemerides (soltab. and luntab.),

• geodetic datums (gdetic.dat),

• leap seconds (leap.sec),

• spacecraft, receiver, and antenna characteristics (svnav.dat, antmod.dat, rcvant.dat),

• Earth rotation (pole., ut1.) and

• ocean tides (stations.oct and grid.oct).

3.2.4 RINEX observation and navigation files

The RINEX observation data file (in appendix of [7]) contains the L1 and L2 carrier beat

phases and pseudo- ranges, signal amplitudes, initial station coordinates and antenna

offsets, start and stop times, and the identification of the satellites tracked in each receiver

channel. The RINEX observation file name or format is seems like siteday0.yyo, forexampe

adis0040.11o, which implies data from ADIS station on the day 4 of year 2011[10]. An

example is given in Appendix A.4

The navigation (Broadcast Ephemeris) file consists of one or more ”blocks” of orbital data

as recorded by the receiver from the satellites’ transmissions. For convenience we have not

introduced a new format for these data; rather, they may be either in RINEX navigation

file format (preferred) or in FICA format as defined by GESAR Block 9 for the TI 4100.

An example, with an ephemeris block for only one satellite, is given in Appendix A.3.

3.2.5 Creating the station information file

All of the receiver and antenna information specific to a particular site occupation are

recorded in the station.info file, which is read by makexp, makex, and model[10]. The

values entered correspond to a single occupation, of either one day or a series of days.

Each of the data columns must be exactly the width shown and be separated by two

spaces. An example is shown in Appendix A.5.

3.2.6 Creating a scenario file

The scenario file (session.info) contains the start time, sampling interval, number of

observations, and satellites (PRN]s) to be used in generating the X-files for each day.

It does not correspond to the time-dependent scenarios used to program some receiver

software, but rather includes all the satellites that you want to use in the analysis generally
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all available from any receiver since you can delete satellites later on in the processing.

A session.info file is usually generated by a script called sh gamit using command line

arguments for the span and reading a navigation file to obtain the satellites. It can also

be generated automatically to a specific experiment by the program sh makexp using the

input start/stop time and the satellites available on the navigation file[10].

3.3 Estimating a zenith delay parameter Using GAMIT

GAMIT incorporates a weighted least-squares algorithm to estimate the relative positions

of a set of stations, orbital and Earth-rotation parameters, zenith delays, and phase

ambiguities by fitting to doubly differenced phase observations. Since the functional

(mathematical) model relating the observations and parameters is non-linear, GAMIT

produces two solutions, the first to obtain coordinates within a few decimeters, and

the second to obtain the final estimates. The GAMIT solution is not usually used

directly to obtain the final estimates of station positions from a survey. Rather, GAMIT

is used to produce estimates and an associated covariance matrix of station positions

and (optionally) orbital and Earth-rotation parameters which are then input to GLOBK

to estimate positions and velocities[10]. In order not to bias the combination, GAMIT

generates the solution used by GLOBK with only loose constraints on the parameters,

defining the reference frame only at the GLOBK stage by imposing constraints on station

coordinates. Since phase ambiguities must be resolved (if possible) in the phase processing,

however, GAMIT generates several intermediate solutions with user defined constraints

before loosening the constraints for its final solution[10].

GAMIT allows estimation of corrections to the zenith delay. The partial derivative of

phase or pseudo range with respect to the zenith delay parameter is simply the mapping

function, approximately equal to the co-secant of the elevation angle of the satellite as

viewed from the stations[10].

GAMIT implemented atmospheric propagation delay in the following manner[10]:

STD(El) = ZHD ∗mh(El) + ZWDmw(El)

where El is the elevation angle of the satellite, ZHD is the dry (hydrostatic) zenith delay,

ZWD is the wet zenith delay, mh is the ”mapping function” for the dry delay and mw

is the mapping function for the wet delay. Both the hydrostatic zenith delay( ZHD)

and the wet zenith delay (ZWD) use a Saastamoinen model. A mapping function is a

mathematical model for the elevation dependence of the respective delays. The mapping
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functions (for both the dry and the wet terms) are approximately equal to the cosecant

of elevation, but there are significant deviations from this ”co-secant law” due both to

the curvature of the earth and the curvature of the path of the GPS signal propagating

through the atmosphere [10].

For GAMIT the model for zenith delay can take the form of a single parameter for each

station and session, or a piecewise linear function of zenith-delay over the session. In

the latter case, the tabular points of the function can be constrained using a first-order

Gauss-Markov process. Controls for estimation of zenith delay are input via the sestbl.

and/or sittbl. See the sestbl. inputs, adopted as common to all stations in Appendix A.1.

3.3.1 Estimating gradients

The effects of azimuthal asymmetry in the atmospheric delay are not included in model

but may be estimated in solve. The coded partials imply a model of the form[10]:

ATDEL(EL,AZ) = GRADNS∗AZMAP (EL)∗cos(AZ)+GRADEW∗AZMAP (EL)∗sin(AZ)

where EL is the elevation angle, AZ the azimuth, and AZMAP the mapping function for

gradients, given by[10]:

AZMAP = 1./(sin(EL) ∗ tan(EL) + C)

and C is a constant equal to 0.003[10]. Since the gradient parameters, GRADNS and

GRADEW have small and non-intuitive values near the zenith (i.e., for AZMAP = 1 ),

we rescale them to represent the difference between the the north (or east) and south (or

west) delay at 10 degrees elevation[10].

3.3.2 Extracting estimates of ZTDs and precipitable water

The utility metutil, invoked by sh−metutil allows to extract the zenith delay estimates

from the solve o-file under each day of year directory, apply corrections for the hydrostatic

delay, and convert the residual wet delay to precipitable water. The source of the

hydrostatic corrections can be the pressure values input to model as apriori. In the

first instance, the command line has the following form[10]:

sh−metutil − foexpta.021− zzadis8.021

An example of meteorological output are given in Appendix B.



Chapter 4

TROPOSPHERIC DELAY MODEL

4.1 INTRODUCTION

Now a day, there are several types of common troposphere delay correction models

that have been reported in the scientific literature, such as Saastamoinen, Hopfield,

Chao model, Egnos models, UNB3m (University of New Brunswick modified) model,

EGNOS(European Geostationary Navigation Overlay Service) model.

In this chapter, we present a general overview of the structure of the troposphere, the

effect of neutral atmosphere on electromagnetic wave with the tropospheric refractive

index, and we review a very significant number of troposphere delay models reported in

the scientific literature in the last few decades.

4.2 TROPOSPHERE AND ITS STRUCTURE

The atmosphere of the earth is categorized into different layers according to their physical

properties and influences on to the electromagnetic waves. Based on the electromagnetic

wave, the atmosphere is splited in to the neutral atmosphere and the ionosphere.

The ionosphere is the upper part of the atmosphere, which is responsible for the absorption

and reflection of radio waves at low frequencies (generally below 25 MHz)[1] where solar

radiation (predominately by ultra-violet radiation) results in ionization and diversity that

varies as a function of the time of day. It is characterized by its free, neutral, and charged

particles. Molecules and atoms in the upper atmosphere are ionized by absorbing radiation

energy from the Sun. Free electrons and ions in the ionosphere are also attributed to ion

exchange between the ionosphere and the plasma sphere above it[11]. While the neutral

17
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Figure 4.1: Vertical structure layer of the atmosphere.

atmosphere refers to the non-ionized portion of the atmosphere, which comprises of the

troposphere and the stratosphere and it extends from the earths surface to about 50 km

height. The troposphere makes up the lower portion of the neutral atmosphere, extending

from the earths surface upto an altitude of approximately 16 kilometers at the equator

and 8 kilometers at the poles. The stratosphere extends upwards from the tropopause to

approximately 50 kilometers in altitude. The neutral atmosphere consists of a combination

of several gases such as N2 ( 78.09 %), O2 (20.95 %), Ar ( 0.95 %) [1].

4.3 TROPOSPHERIC EFFECTS ON GPS SIGNAL

AND REFRACTIVITY

4.3.1 Electromagnetic Wave Propagation in the Troposphere

Satellite navigation and positioning relies on electromagnetic waves, whose characteristics

are described by Maxwells equations. Oscillating electric or magnetic forces generate the

waves. The duality of electromagnetic waves manifests itself in the combined propagation

of an electric field and a magnetic field[14]. An oscillating electric field causes a magnetic

field through magnetic flux. In homogeneous, isotropic, and stationary media, which are

media that do not show any spatial or temporal variations of their physical properties,

the electric field vector E and the magnetic field vector B are orthogonal to each other

and also orthogonal to the propagation direction of the electromagnetic wave[1].

The speed of propagation of an electromagnetic wave may be considered to be constant
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and equal to the speed of light in free space, c. However, because of many constituents of

air molecules, the neutral atmosphere is inhomogeneous medium and totally different from

free space. It changes in the speed and in direction of electromagnetic signal propagation

in the medium.

The electromagnetic field are described by Maxwell’s equations[14]

∇ ·D = ρ (4.3.1)

∇ ·B = 0 (4.3.2)

∇× E +
∂

∂t
B = 0 (4.3.3)

∇×H = J +
∂D

∂t
(4.3.4)

where E is the electric field, D = εoE + P is the electric displacement field, εo is the

permittivity of vacuum, ρ is the charge density and P is the polarization. B is the

magnetic field described by the magnetic induction, the magnetic field H = 1
µoB
−M , the

magnetization M and permeability of free space µo, J is the current density vector. In

the neutral atmosphere the magnetization M , the charge density ρ and current densityJ

vanish[15]. The interaction of electromagnetic field with propagation medium is caused

only by the electric field E which polarizes the air molecules[15],[16]. This process is

described by the dielectric susceptibility η define a relationship between a molecular

polarization P and applied electric field E[14]:

P = ηE (4.3.5)

When electromagnetic wave interact with neutral atmosphere or tropospheric constituents,

molecules get polarized due to charged particles (electrons and protons). Molecular

polarization yields non-vanishing refractivity for all types (wet and dry) of molecules and is

caused by the electrical field which shifts the negatively charged elevation cloud with in the

molecule and produces an induced dipole moment P for each single molecule[3],[15] ,[16].

From equation (3.3.5) we define the linear relationship between displacement electric field

and electric field[14]:

D = εoE + P = εoE + ηE = εoE(1 +
η

εo
) (4.3.6)

D = εεoE (4.3.7)
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where ε = 1 + η
εo

is the dielectric permittivity.

The curl of Equation number (4.3.3) will give as

∇×
(

(∇× E) +
∂B

∂t

)
= 0

⇒ ∇× (∇× E) +
∂

∂t
(∇×B) = 0

⇒ ∇(∇ · E)−∇2E +
∂

∂t
(∇×B) = 0 (4.3.8)

Now for free space(ρ = 0, J = 0) substituting equation number (4.3.4) into the above

equation number (4.3.8) will give a general solutions of Maxwells equation as linear

combinations of single-frequency solutions:

∇2E − µoεo
∂2E

∂t2
= 0 (4.3.9)

and in similar manner

∇2B − µoε0
∂2B

∂t2
= 0 (4.3.10)

Thus, to separate the space and time dependence in Maxwell’s equation we assume that

all fields have a space and time dependence:

E(r, t) = Eoe
i[n(r)k·r−ωt] (4.3.11)

B(r, t) = Boe
i[n(r)k·r−ωt] (4.3.12)

where the ω = 2πf is the angular frequency, k is a vector normal to the wave front

magnitude equales to 2π
λ

. The value of n(r) represents the refractive index at the point

r(x,y,z). In free space, the speed of propagation of electromagnetic waves is given by[14]

c =
1

√
εoµo

(4.3.13)

where c is a constant and called speed of light (˜3×108ms−1), However, when electromagnetic

wave propagate through different medium, such as air and water vapors, they no longer

propagate at c, but at slower velocity that is related to the permittivity, ε, and magnetic

inductive capacity, µ of the medium. The velocity of an electromagnetic wave in medium

other than a vacuum is given by

v =
1
√
εµ

(4.3.14)

where the magnetic permeability µ is approximately 1 for air.
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4.3.2 Refractive Index And Refractivity in the Troposphere

The change in velocity of propagation changes and delay of the signal transit time and,

therefore, delay of the apparent range of satellite, which is the basic measurement from

GPS. Radio signal propagating in the Earth’s environment are reflected by the ground,

buildings, and surface of water, as much as light is reflected. The atmosphere changes

the velocity (speed and direction ) of propagation of radio signal. This phenomenon is

referred to as refraction. Refraction describes the change of propagation direction when

a wavefront passes from one to the other medium. When radio signals propagate through

the atmosphere, they are delayed due to the different refractivity indexes of each layer

of the atmosphere. The atmosphere has a significant effect on the propagation of a GPS

signal. According to Snell’s law, the sine of the angle of incidence, βi, and the sine of the

angle of refraction, βr, define a constant ratio[17].

Figure 4.2: Reflection and refraction of an electromagnetic wave

sinβi
sinβr

=
n2

n1

= constant (4.3.15)

The refractive index ni of medium is defined as the ratio of the speed of propagation of an

electromagnetic wave in vacuum (which is a universal constant), c, to the phase velocity

vi of propagation in the medium :

ni =
c

vi
(4.3.16)

Snells law, thus, can be written in the form

n1v2 = n2v2 = c (4.3.17)

Starting from the top, the signals first passe through the ionosphere, where due to the

existence of free electrons (presence of ionized gas molecules) ionospheric delay occurred
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and the refractive index is smaller than unity. When the signal reaches the neutral

atmosphere, which is composed of different atmospheric gases (temperature, pressure,

humidity, ...) tropospheric delay occurrs for refractive index is greater than unity. The

refractive index is related to the density of molecules and their polarization. The density

of atmosphere generally decreases exponentially with height from sea level to the top of

atmosphere. However, the rate at which density varies with height is modified by the

presence of inversion layers, since density depends on pressure and temperature[1].

Molecules which have a non-vanishing permanent electric dipole moment, like water

molecule, show an additional effect. The electric field tends to line up the permanent

dipole moment of the molecules, which are distributed due to thermal motion if no field

is applied[1]. The water vapor molecules in atmosphere are polar in nature possessing

permanent dipole moment[16]. Each polar molecule represents a dipole. In the absence

of electric force, such as that induced by propagating microwaves from GPS signal causes

the dipole field to align, and add constructively to the net electric force acting on each

molecules[1],[3]. The electric force acting on each molecule is the sum of the external

electric force and the electric force produced by each of the polar molecules[1]. Gradients

of water vapor molecules act to bend a propagating electromagnetic wave, much as a

prism bends visible lights[3],[16].

In the troposphere, the refractive index is influenced by temperature, pressure and water

vapor. The refractive index, n, expressed as in terms of temperature, T, the partial

pressure of dry air, Pd, and water vapor pressure, Pw, is discussed by Battan [18] and

Doviak and Zrnic [19] and given by

n = 1 + (k1
PH
T

+ k2
Pw
T

+ k3
Pw
T 2

)10−6 (4.3.18)

where k1 = 77.604 K
Pa
, k2 = 64.79 K

Pa
, k3 = 377600.0K

2

Pa
. The refractive index of a neutral

atmosphere of moist air is different from unity because its constituents suffer polarization

induced by the electromagnetic field of the radio signals[2]. A permanent dipole moment

of water vapor molecules induced polarization and produces an orientation effect, which

contributes significantly to the variations of the refractive index. The dry constituents

have no permanent dipole moment, but their molecules are displaced under the influence

of the electromagnetic field and a dipole moment is generated[1]. As the electromagnetic

waves in the atmosphere propagate just slightly slower than in a vacuum, refractive index
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is more conveniently expressed by another quantity, refractivty, N , as [7]

N = (n− 1)106 (4.3.19)

Now substituting equation (4.3.18) in to the equation ( 4.3.9) we have

N = k1
Pd
T

+ k2
Pw
T

+ k3
Pw
T 2

(4.3.20)

The refractive index can be expressed as the sum of the hydrostatic or dry and non-

hydrostatic or wet refractivities:

N = NH +NW

where NH = k1
Pd
T

is the hydrostatic or dry and Nw = k2
Pw
T

+k3
Pw
T 2 is non-hydrostatic or wet

refractivities. These two components have different effects on the propagation of the GPS

signal. The hydrostatic component contributes to approximately 90 percent of the total

tropospheric delay. It can be modeled pretty accurately by using surface meteorological

parameters[20]. The wet component is much more difficult to model efficiently, as the

variation of water vapor in the atmosphere varies greatly with time and location.

4.4 Revision of Tropospheric Delay Model

4.4.1 Saastamoinen model

Saastamoinen model[20] is given as a function of latitude, altitude, satellite elevation,

temperature, and water vapor pressure of the station. The refractivity can alternatively

be deduced from gas laws. The hydrostatic (ZHD) and wet (ZWD) components of the

delay in the zenith direction are expressed as:

ZHD = 0.002277(1 + 0.0026cos2ϕ+ 0.00028h)Po

ZWD = 0.002277

(
1255

T
+ 0.05

)
Pw

where P0 is the surface pressure in millibars, T0 is the surface temperature in Kelvin,

pw is partial pressure of water vapor in millibars , ϕ is the latitude of the receiver in

radians, and h is the altitude above ellipsoid surface. The hydrostatic delay model may
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be expressed simply as a function of measured surface pressure. In Saastamoinen models

the total tropospheric zenith delay expressed in meters as[5],[20]

ZTD = 0.002277×
[Po + (0.05 + 1255

To+273.15
)Pw]

f(ϕ, h)

where

Pw = rh× 6 : 11× 10[ 7.5To
To+273.15

]

f(ϕ, h) = 1− 0.00266cos2ϕ− 0.00028h

and rh is the relative humidity. A numerical assessment using parameters of a standard

atmosphere at sea level (p = 1013.25 millibar, T = 273.16 kelvin, and Pw=0 millibar)

results in a tropospheric zenith delay of about 2.3 m [1].

4.4.2 Hopfield model

Hopfield model is given as using[1],[21] a representation of the dry refractivity as a function

of the height h above the surface by

NH(h) = NH,o

[
hH − h
hH

]4
under the assumption of a polytropic layer with thickness

hH = 40136 + 148.72(T − 273.16) [m]

Here, the hydrostatic tropospheric path delay can be solved as integral of the dry refractivty

along the vertical direction and if the curvature of the signal path is neglected:

ZHD = 10−6NH,o

∫ hH

0

[
hH − h
hH

]4
dh

where the lower limit h = 0 corresponds to an observation site on the surface of the

earth and where the constant denominator has been extracted. After integration, the dry

portion of the tropospheric zenith delay is given by

ZWD = 10−6NH,o
1

h4H

[
− 1

5
(hH − h)5

∣∣∣∣hH
0

]

=
10−6

5
NH,ohH
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For wet portion, Hopfield model assumes the same functional model for both the wet and

dry components. Thus,

Nw(h) = Nw,o

[
hw − h
hw

]4
where the mean value hw = 11000m is used. Sometimes other values such as hw = 12

000 m have been proposed by Bernhard [1] . Now in similar manner as in the above steps

integration, the wet portion of the tropospheric zenith delay is

ZTDw =
10−6

5
Nw,ohw

Therefore, the total tropospheric zenith delay is given by:

ZTD = ZHD + ZWD =
10−6

5
[NH,ohH +Nw,ohw]

4.4.3 Chao model

In 1971, Chao derived a zenith wet delay model based upon the application of the

hydrostatic law to the water vapor, and the ideal gas law [Chao, 1971a][22]. As these

assumptions lead to unreasonable results when compared against radiosonde data. Chao

replaced the ideal gas law equation of state by the adiabatic law:

Pw = kβρβw

where k is Boltzmann constant, ρ is the specific heat ratio (∼ 1.3 for water vapor).The

followng expression [Chao,1973][23] for wet delay:

ZWD = 4.70× 102P
1.23
wo

T 2
o

+ 1.71× 106P
1.46
wo

T 3
o

α

where α is the temperature lapse rate. This model is not very sensitive to the temperature

lapse rate and the use of a mean value of α (e.g. 0.0065Kkm−1 ).

4.4.4 Ifadis model

Ifadis (1986) developed empirical model for the zenith wet delay based on the fact that

there is a linear correlation between the zenith wet delay and the surface meteorological

parameters [24]. The zenith wet delay model is given by the following expression:

ZWD = 0.00554− 0.880× 10−4(Ps − 1000.0) + 0.272× 10−4Pws + 2.771

[
Pwo
To

]
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4.4.5 Berman Model

The Berman model (1976) [25] is based on the existence of a strong correlation between

the ratios of the wet and zenith hydrostatic delays and the corresponding refractivities:

ZWD

ZHD
= K ×

[
Nw

NH

]
where K is a constant and is determined with empirical values. The zenith wet delay

model can be expressed by the following expression:

ZWD = 10.946

[
Pws
Ts

]
4.4.6 UNB Neutral Atmosphere Models

The UNB neutral atmosphere models [26] computes the hydrostatic and wet zenith delays

according to Saastamoinen model prediction of the meteorological parameters with annual

mean and amplitude for temperature, pressure and relative humidity. In this model,

the pressure, temperature, water vapor pressure, temperature lapse rate β, water vapor

pressure decline rate λ, and the average value of these five meteorological parameters are

provided on the mean sea level for each latitude band.

The zenith delays can be computed according to [26]

ZHD =
10−6k1R

gm
· Po ·

[
1− βh

To

] g
Rβ

and

ZWD = 10−6R
(Tmk

′
2 + k3)

gmλ
′ − βR

· Pwo
To
·
[
1− βh

To

]λ′g
Rβ
−1

where To, Po, Pwo are the surface temperature, pressure, and water vapor pressure respectively.

And h is the orthometric height in m, R is the gas constant for dry air (287.054Jkg−1K−1),

gm is the acceleration of gravity at the atmospheric column and can be computed from

gm = 9.784(1− 2.66× 10−3cos(2ϕ)2.8× 10−7h)

where Tm is the mean temperature of water vapor in K and can be computed from

Tm = T

[
1− βR

gmλ
′

]
λ

′
= λ+ 1



Chapter 5

Methodology

5.1 Adaption of SHAO-C Tropospheric Delay Model

over Ethiopia

Troposphere delay modeling is important for the accuracy of navigation and positioning

applications of GPS signal in the neutral atmosphere. Precise GPS applications are

complicated by atmospheric effects. The effect of gravity causes the atmosphere to be

generally more dense and moist at lower altitudes than at higher ones. Though the effect is

small, it causes a significant bending of the propagated signal path under many conditions.

Signal propagation in the Earths atmosphere can be very complicated depending upon

the signal frequency and the environment. The GPS signal travels a distance ranges that

from about 20,000km when satellite over head to about 26,000km when it is rising or

setting. All but the final 5 percent of the signal travel can be regarded as in vacuum or

free space[7].

As we mention in chapter three the refractive index within the neutral atmosphere plays

an important role in the propagation of radio waves. The tropospheric delay is due to the

excess path delay and the bending effects in the neutral atmosphere of the radio signal.

The refractive index of the troposphere is greater than unity causing an excess delay

of the signal, and the change in the refractive index with height causes the bending of

the signal[17]. On other hand, the continuous variation of the refractive index causes a

deviation of its trajectory from a straight line.

In free space, the actual time along the direct signal path[7]:

τ =
1

c

∫
dh (5.1.1)

27
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On the other hand, for a given refractive index profile variation along the propagation

path of signal (along the electromagnetic path of signal ), the real time of signal is defined

as

τ ′ =
1

c

∫
n(h)dh (5.1.2)

where n(h) is the refractive index along the signal propagation path, and dh is a differential

element of length along the ray path. Thus, the change of real time with actual time is

described as

∆τ =
1

c

∫
(n− 1)dh (5.1.3)

The zenith tropospheric delay is directly proportional to the refractive index or refractivity

and can be expressed as a function of atmospheric temperature, pressure and humidity.

The tropospheric delay can be computed through the integration along the signal path

through the troposphere, or as the difference between the electromagnetic path length

and the geometric path length using following expression[7],[17]:

ZTD = c∆τ =

∫
path

(n− 1)dh (5.1.4)

5.2 Algorithm and Methodology

The weather model used for this study is provided by the ECMWF. The ECMWF model is

a global model and consists of a general circulation model and a data assimilation system

[27]. For this thesis we used analysis field of the surface pressure Ps, the geopotential at

the Earth’s surface , Φ, the temperature, T , and the specific humidity q.

These field are extract for each grid cell of latitude, λi, and longitude, φj, for the period

under study. The ERA-Interim data covering 3o − 17oN and 33ob − 48o E at horizontal

resolution of 0.75 degree and temporal resolution of 6 hrs is used in this study. The

refractivity, N, can be calculated for each grid cell and pressure level hk as

Nk(λi, φj, hk) = k1
(P (λi, φj, hk)− Pw(λi, φj, hk))

T (λi, φj, hk)
+ k2

Pw(λi, φj, hk)

T (λi, φj, hk)
+ k3

pw(λi, φj, hk)

T 2(λi, φj, hk)

where (5.2.1)

Pw(λi, φj, hk) =
q(λi, φj, hk) ∗ P (λi, φj, hk)

0.622

following equation (4.20).

The variable P represents air pressure in pascal (Pa), T is the temperature in Kelvin
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(K) and Pw is the partial pressure of water vapor in pascal (Pa) and N represent the

refractivity.

The reference height (surface reference height) is obtained from high resolution digital

elevation model (DEM). From equation (5.1.4) the troposphere zenith delay of the integration

part can be discretized as follows[4],[5]:

ZTD = 10−6
∫ htop

hbot

Ndh = 10−6
l∑

k=0

Nk∆hk (5.2.2)

where l is the total vertical layer of troposphere and k is index of the layer.

When the troposphere is in hydrostatic equilibrium, the thickens height ∆hk is given

as[17]

gρdh+ dP = 0

and the delay is

ZTD(λ, φ, h, t) =
10−6

gρ

∫ hbot

htop

NdP =
1

gρ

l∑
k=0

Nk∆Pk (5.2.3)

where ρ is the density of troposphere.

Here the functional relationship describing vertical variation (altitude variation) in the

total zenith delay, is given using a direct second order polynomial fitting, expressed as

ZTD(λ, φ, h, t) = ZTD(λ, φ, ho, t))+

[
∂ZTD(λ, φ, h, t)

∂h

∣∣∣∣
ho

(h−ho)+
∂2ZTD

∂h2

∣∣∣∣
ho

(h−ho)2
]

(5.2.4)

where ho and h are the reference height and the users height, respectively.

This also can be rewritten as [4]

ZTD(λ, φ, h, t)) = ZTD(λ, φ, ho, t)) + a1(h− ho) + a2(h− ho)2 (5.2.5)

where

a1 =
∂ZTD

∂h
is the decreasing rate and

a2 =
∂2ZTD

∂h2
is acceleration rate of ZTD.

Based on the analysis of the temporal and spatial characteristics of ZTD, the zenith delay

at the surface can be estimated for desired day of year using harmonic function analysis
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as follows:

ZTD(λi, φj, hoij, t)) = ZTDmean(λi, φj, hoij)−

ZTDamp(λ, φ)cos[2π
(t− tmin)

365.25
] (5.2.6)

where the reference height hoij is the average surface height of each grid (obtained from

high resolution digital elevation model (DEM)) in km, ZTDmean(λ, φ, hoij) is the average

zenith delay on average height at each grid in meter, ∆ZTDamp(λ, φ) is the amplitude of

zenith delay on average height at each grid in meter. Finally the model defines the total

zenith delay as

ZTD(λi, φj, hoij, t)) = ZTDmean(λi, φj, hoij)− ZTDamp(λ, φ)cos[2π
(t− tmin)

365.25
]

+ a1(h− ho) + a2(h− ho)2 (5.2.7)

The precipitation water (PW) derived from Zenith wet delay is given by [6]:

PW = Π ∗ ZWD (5.2.8)

where Π is a dimensionless conversion factor

Π =
106

ρvRv(
k3
Tm

+ k2 − Rd
Rv
k1)

where ρv is density of water vapor, Rv is specific gas constant of water vapor, Rd is specific

gas constants of dry air and Tm is the mean temperature. The mean temperature Tm is well

approximated by surface temperature measurements using the empirical formula[2],[10] as

follows:

Tm ≈ 70.2 + 0.72Ts

where Ts is surface temperature in Kelvin.



Chapter 6

RESULT AND DISCUSION

This chapter presents the final results of the modified SHAO-C tropospheric delay correction

model for Ethiopia and its neighbors of ZTDs. To validate a tropospheric delay correction

model over Ethiopia regional characteristics, we discussed and compared the importance

of continuous time series of the measured ZTDs at several GPS stations from the Crustal

Movement Observation Network of over Great Rift Valley regions of Eastern Africa base

stations which are managed by UNAVCO (Figure 6.1). We analyzed the GPS data from

Figure 6.1: GPS stations over Ethiopia and its neighbors

years 2007 to2011. The GAMIT software was used to process the GPS data, which

parameterizes ZTD as a stochastic variation from the Vienna Mapping Function 1 (VMF1)

31
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model and the ZTDs are calculated at a 2 hours interval for each station with piecewise

linear interpolation (PWL).

6.1 Characteristics of ZTD Over Ethiopia

The GPS ZTD time series have been analyzed for 5 years for the majority of the 15

sites of the network. Figure 5.2 indicates that the time series of ZTDs exhibit the well

known annual signal, which can be described by a cosine function. Clearly the ZTD

depends on the altitude. In low land stations (such as Asab (ASAB), Semera (DASM))

the magnitude of ZTD is much higher compared to that of high land station (such as

Robe (ROBE), Addis Ababa (ADIS)). On the other hand, from Table 5.1 the seasonal

ZTD shows an apparent variation with lower values in the winter and higher values in the

summer months, which reflects that in summer season due to strong moisture field (high

water vapor pressure) the ZTD magnitude is higher. The minimum mean annual average

value of ZTDs, ZTDmean, is 1.8491 at Addis Ababa (ADIS) station, and the maximum

is 2.5045 at Asab (ASAB) station. The mean annual amplitude variation of ZTD given

in equation (5.2.6)ranges from 0.03 m to 0.06 m depending on the site, with most sites

around 0.031 m to 0.036 m.

ZTDs very spatial mainly along altitude, though there is slight variation along both

latitude and longitude over Ethiopia. For instance, the magnitude of ZTD is greater

along the Rift Valley at Asab and Semera station.
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Figure 6.2: Time series of ZTDs over Addis Ababa (ADIS), Arba Minch (ARMI), Asab
(ASAB), Asmera (ASMA), Bahr Dar (BDAR), Robe (ROBE), Semera (DASM) and
Nazereth (NAZR) GPS receiver sites. There are data gaps of different lengths at most of
GPS stations.



34

Table 6.1: The seasonal mean value of ZTD and annual mean ZTD (in meter) at
Addis Ababa(ADIS), Arba Minch (ARMI), Asab (ASAB), Asmera (ASMA), Bahr Dara
(BDAR), Alemeya (DAMY), Semera (DASM) and Nazereth (NAZR) GPS stations
Site lat long Altit ZTD ZTD ZTD ZTD Amplitude Average

(deg) (deg) (m) (Spr) (Sum) (Aut) (Wint) (ZTDamp) (ZTDmean)
ADIS 8.970 38.740 2439.9 1.8433 1.8726 1.8440 1.8228 0.0313 1.8491
ARMI 6.022 37.561 1199.9 2.1993 2.2221 2.2167 2.1646 0.03676 2.2027
ASAB 13.063 42.654 8.96 2.5022 2.5261 2.4775 2.4954 0.0527 2.5045
ASMA 15.34 38.91 2321.9 1.8386 1.8822 1.8394 1.8186 0.0335 1.8540
BDAR 11.524 37.356 1793.9 2.0053 2.12653 2.0152 1.9692 0.0415 2.0272
DAMY 9.360 42.034 2042.4 1.9349 1.9754 1.9239 1.9126 0.0363 1.9414
DASM 11.779 41.09 418.34 2.3338 2.4179 2.3872 2.2691 0.0469 2.3721
NAZR 8.568 39.291 1722.6 2.0262 2.1577 2.0273 1.9856 0.0361 2.0326

6.2 Establishment of the Model Parameters

In this Section we determine the model coefficients, and analyze its temporal and spatial

characteristics over the region. The model parameter average value are determined at

each grid point by fitting equation (5.2.4) to observations. The model daily variations

parameter at each grid point of day of years also harmonically fitting equation (5.2.5) to

observations.

6.2.1 Determination of the Model coefficients

The following four parameters of model coefficients (the average zenith delay ZTDmean,

the amplitude zenith delay ZTDamp, the decreasing rate a1, and the accelerating rate

a2 except the average surface height ho) are derived from using a 6-hour interval ERA-

Interim pressure level atmospheric data. The altitude (the average surface height ho)

in each grid is obtained from high resolution digital elevation model (DEM) (Figure

6.3). The variation of the average ZTDmean (Figure 6.4) and ZWDmean (Figure 6.5) at

average height ho have inverse relationship with the average height ho (i.e in the central

and northern part of Ethiopia, which is the high land region, the magnitude of the delay

is small). The decreasing rates a1 (Figure 6.8, Figure 6.9 ) have the similar shape as the

average surface height ho, which reflects the decreasing variation of atmosphere density

with the increasing altitude.
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Figure 6.3: Average height ho in each grid of the model over Ethiopia and its neighbors.

Figure 6.4: Average ZTDmean in each
grid of the model over Ethiopia and the
its neighbors.

Figure 6.5: Average ZWDmean in each
grid of the model over Ethiopia and the
its neighbors.
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Figure 6.6: ZTD amplitude ZTDamp in
each grid of the model over Ethiopia
and its neighbours.

Figure 6.7: ZWD amplitude ZWDamp

in each grid of the model over Ethiopia
and its neighbours.

Figure 6.8: The ZTD decreasing rate a1
determined from the model during 26-
July,2010 - 06-August,2010 in summer
season over Ethiopia and its neighbors.

Figure 6.9: The ZWD decreasing rate
aw1 determined from the model during
26-July,2010 - 06-August,2010 in summer
season over Ethiopia and its neighbors.
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Figure 6.10: The ZTD accelerating rate
a2 determined from the model during 26-
July,2010 - 06-August,2010 in summer
season over Ethiopia and its neighbors.

Figure 6.11: The ZWD accelerating rate
aw2 determined from the model during
26-July,2010 - 06-August,2010 in summer
season over Ethiopia and its neighbors.

The mean variation of ZTDmean and ZWDmean ranges from 1.8 m to 2.5 m and

0.1 m to 0.22 m, respectively, over the region. The ZTD amplitude (Figures 5.6-5.7), and

decreasing and acceleration rate (Figures 5.10-5.11) also change along with the height

of each grid. Similarly, the mean annual amplitude variation of ZTDamp and ZWDamp

ranges from 0.02 m to 0.1 m over the region. Furthermore, the ZTDamp and the average

ZTDmean at average height ho have similar trend.

6.2.2 The Temporal and Spatial Characteristics of the Model
Coefficient

The results in Figures 6.12 - 6.15 illustrate the zenith total and wet delay time series

of the temporal and spatial variation of the decreasing rate and the acceleration rate

over Ethiopia and its neighbors for some selected location. The decreasing rate a1 and

acceleration a2 of ZTD, and decreasing rate aw1 and acceleration aw2 of ZWD are fitted at

a 6-hour interval using EAR-Interim pressure level data for each grid point for year 2010.

As shown the variation of decreasing and accelerating rate coefficient were occurred due

to daily and seasonal change of moisture field.

In Figures 6.16 - 6.17, we also examine the correlation coefficient a1 and a2 for

ZTDs, and aw1 and aw2 for ZWDs. The results shown here the correlation coefficient is

between 0 and 0.5 for a1, 0.5 and 1 for a2, -0.05 and 0.05 for aw1, and -0.1 and 0.1 for
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Figure 6.12: ZTD time series of the
decreasing rate a1 on some grid points
shownin the legend.

Figure 6.13: ZWD time series of the
decreasing rate aw1 some grid points
shown in the legend.

Figure 6.14: ZTD time series of the
acceleration rate a2 some grid points
shown in the legend.

Figure 6.15: ZWD time series of the
acceleration rate aw2 some grid points
shown in the legend.
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Figure 6.16: ZTD correlation coefficient
of the decreasing rate a1 (a) and
acceleration rate a2 (b) in 2010.

Figure 6.17: ZWD correlation
coefficient of the decreasing rate
aw1 (a) and acceleration rate aw2 (b)
in 2010.

aw2, which indicate that there is daily and seasonal change of both the decreasing rate

and accelerating rates.

6.3 Validation of the Model precision

In order to verify if the model implementation is truly realistic, a validation process is

very important. The validation of the model zenith total delay, zenith wet delay and

precipitable water values are performed based on GPS measurements. The GPS data

were processed from 2007 to 2011 to determine zenith total delay, zenith wet delays and

precipitable water using methods described in Section 6.1. The model zenith total delay

(model ZTD), the zenith wet delay (model ZWD ) and precipitable water (model derived

PW) and its coefficients are interpolated to GPS station by using Shepard interpolation

in the nearest grid points.

6.3.1 Validation of Zenith Total Delays

The six stations were used for validation of zenith total delays. Stations are Addis Ababa,

Arba Minch, Asab, Bahr Dar, Nazerete and Robe. The forest green sequence represents
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Figure 6.18: Comparison ZTD time series at six GPS station with model and GPS
measured ZTD.
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the zenith total delays (ZTDs) from GPS measurements and the aqua line represents

zenith total delays from model measurements. For all station, as shown in Figure 6.18,

the model provides a better fit (good agreement) to the GPS measurements, especially

with superior performance in summer season than in winter season. This is because

the model decreasing and accelerating rate coefficients accounts for daily and seasonal

variations.

In Bahr Dar and Robe station the model overestimates the signal delays while in Addis

Ababa, Arba Minch, Asab and Nazerete the model tends to be near the middle of the

spread of GPS measurement of tropospheric zenith delays. However, the mean values

match the GPS measurement value for all stations. Figure 6.19-6.20 show the four different

days of ZTD hourly variation in year 2010 for Addis Ababa and Arba Minch, stations

determined using the model interpolation approach and GPS measurements. On one of

the day during dry season (date 25-Jan-2010) and wet season (date 25-Oct-2010) the

model overestimates the delays for all hours. However, in spring season ( date 20-Mar-

2010 ) the model underestimates delay, but closer between 16 and 18 hours (UT). On the

other hand, the model ZTDs is much closer to GPS measurement in summer season (date

31-July-2010).

Figure 6.21, shows the day of yearly ZTDs bias during 2007-2011 over Addis Ababa, Arba

Minch, Bahr Dar and Nazerete GPS stations. The bias between the model derived and

GPS measurement zenith total delays has a mean that varies in the range of -6.34 cm

to 3.16 cm over the years. The maximum bias for Addis Ababa, Arba Minch, Bahr Dar

and Nazerete GPS stations are 7.899, -13.5760, 16.740 and 17.744 cm, respectively at the

beginning of 2011. In general, the bias has more of a symmetric shape through the study

period.

Figure 6.22 shows that daily average ZTDs bias for the period 2007-2011 at Addis Ababa,

Arba Minch, Bahr Dar and Nazerete GPS stations. All The GPS stations exhibit negative

bias for most of the Observation periods except for Nazerete GPS station which exhibits

negative bias in the summer and mixed bias during the rest of the year.

Figure 6.23 (a)-(b) show average monthly ZTDs bias for GPS station at Arba Minch

and Nazerete between 2007-2011. The maximum bias at Arba Minch and Nazerete are
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Figure 6.19: Hourly comparison of zenith tropospheric delays estimated from model and the
final values produced by GPS for the station Addis Ababa (ADIS), Ethiopia.

Figure 6.20: Hourly comparison of zenith tropospheric delays estimated from model and the
final values produced by GPS for the station Arba Minch (ARMI), Ethiopia.
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Figure 6.21: Difference in ZTD with the model derived estimates and GPS measurement
between the day of year 2007 - 2011 at the GPS stations of Addis Ababa (ADIS), Arba
Minch (ARMI), Bahr Dar (BDAR) and Nazerete (NAZR), Ethiopia

Figure 6.22: Daily avarege ZTDs bias with the model estimates and GPS measurement
products between the ear 2007 - 2011 at the GPS stations Arba Minch (ARMI) and
Nazerete (NAZR), Ethiopia
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Figure 6.23: Monthly avarege bias in ZTDs with the model-derived estimates and GPS
measurement products between the ear 2007 - 2011 at the GPS stations Arba Minch
(ARMI) and Nazerete (NAZR), Ethiopia

-5.503 cm in July and -3.2255 cm in June, respectively, which indicate the model ZTDs

are biased towards wet for both stations. Tables 6.2 shows that for all the six stations,

the biases of the model are in the range of -7.1059 cm to 1.5755 cm, with the mean value

of -3.9963 cm. The maximum bias is at ASAB (ASAB is the least deep altitude or low

land areas and near to sea) in June. In general, all of the stations have average monthly

minimum and positive bias at winter season, and maximum and negative bias at summer

season, which reflects the model ZTDs are biased towards wet. Figure 6.22 (c)-(d) show

average monthly ZTDs RMSE for Arba Minch and Nazerete from 2007 to 2011. The

maximum RMSEs at Arba Minch and Nazerete are 6.8129 in December and 5.1632 in

March, respectively. Likewise, from Table 5.3, we can see that the RMSEs of model

ZTDs are in the range of 1.8833 cm to 9.5640 cm, with the mean value of 4.9265 cm. The

maximum is 9.5640 cm at ASAB station in March and the minimum bias of 1.8833 cm is

at Nazerete station in August.

Figures 5.23-6.24 illustrate the hourly difference between zenith total delays (ZTD) for
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Table 6.2: Average monthly bias Zenith total delays (ZTDs) of the model with GPS between
year 2007-2011 at each station, with the unit of cm.

Table 6.3: Average monthly RMSE Zenith total delays (ZTDs) of the model with GPS between
year 2007-2011 at each station, with the unit of cm.
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Figure 6.24: Hourly difference in ZTDs between the model estimates and GPS products
at the GPS station Addis Ababa (ADIS), Ethiopia.

Figure 6.25: Hourly difference in ZTDs between the model derived estimates and GPS
products at the GPS station Arba Minch (ARMI), Ethiopia.
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Table 6.4: Mean, standard deviation and RMS of the difference between GPS derived and
Model derived based zenith total delays (ZTDs).

selected day (hourly values) determined using the model estimate and GPS. The mean

difference between the model estimate and GPS based zenith total delays varies in the

range of -5.5910 cm (January 25th) and -0.19133 cm (July 31th) for Addis Ababa; and

-9.8790 cm (January 25th) and 0.2086 cm (March 31th) for Arba Minch. For the selected

winter day (January 25th) and Autumn season (October 25th) the bias is negative. However,

in spring season ( March 20th ) and in summer season (July 31th) the bias is positive except

at 16 and 18 hours (UT). The minimum RMSE were occurred on January 25 for both

station. A summary of yearly biases, monthly average biases and RMSEs, and hourly

biases and RMSEs statistics for the selected site are given in Table 5.2, Table 6.3 and

Table 6.4.

6.3.2 Validation of Zenith Wet Delays (ZWD)

Figure 6.26 shows the comparison of GPS derived ZWD and model estimate for the eight

station. The green sequence represents ZWD time series measured by GPS and the yellow
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one represents the ZWD time series estimatedby model. As clearly shown in Figure 6.26

the model zenith wet delays provides a more better fit to the GPS measurement for all

season compared with the model zenith total delays (Figure 6.18). This reflects the model

ZTD is hydrostatics (dry) biased. For instance, in Figure 6.25 at Bahr Dar and Robe the

model zenith wet delays tends to be near the middle of the spread of GPS measurement,

but in Figure 6.18 the model zenith total delays are slightly overestimated.

Figure 6.27 illustrates the bias of zenith wet delays between 2007-2011 at different station.

As seen, the bias has a mean that varies in the range between -3.0255 cm to 1.5984 cm.

The maximum bias is 22.6180 year 2011 at station Asab, but not in Asab there is also

maximum bias for the selected stations in year 2011. For all case of stations, the bias is

almost below zero and similar to bias ZTDs (Figure 6.21) are symmetric.

Figure 5.28 shows daily average of difference of ZWDs of the model estimates and GPS

measurement for 2007-2011 period at Addis Ababa, Arba Minch, Bahr Dar and Nazerete

GPS station. The daily mean bias varies in the range -3.42 cm to 0.584 cm. The basic

reason for the bias linked with the model wet decreasing rate a1w and accelerating rate

a2w.

Figure 6.29 and Table 6.5 shows that an average monthly ZWDs bias and RMSE . Here

both the bias and RMSE variations are very large. The reason for this is that water vapor

is highly variable with time and space, and the wet delays represent the real atmosphere

at a particular time only if tropospheric parameters are estimated at that given time

accurately. A maximum average monthly bias and RMSE were occurred at Asab -7.5071

and 8.2459; and Robe -8.6842 and 8.8901 in June, respectively. Similarly, all stations get

maximum bias and RMSE in June, July and August months, which is rainy season in

Ethiopia.

In general, these figures and tables clearly show that the bias and RMSEs during

the summer months are larger than those of the winter months. The variability of

ZTDs , especially during summer season has come from the variability in ZWD. These

characteristics are correlated with the complex and variable summer weather in Ethiopia

and its neighbors.
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Figure 6.26: Time series comparison of the zenith wet delay (ZWD) with the model
estimates and GPS measurement products between the day of year 2007-2011 at the GPS
stations of Addis Ababa, Arba Minch, Asab, Asmera, Bahr Dar, Semera, Nazerete and
Robe, Ethiopia.
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Figure 6.27: Difference in ZWD with the model-derived estimates and GPS measurement
between the day of year 2007-2011 at the GPS stations ofAddis Ababa, Asab, Bahr Dar
and Nazerete, Ethiopia

Figure 6.28: Daily avarege bias in ZTDs with the model-derived estimates and GPS
measurement products between the year 2007 - 2011 at the GPS stations Addis Ababa,
Arba Minch, Bahr Dar and Nazerete, Ethiopia
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Figure 6.29: Monthly avarege (a) difference (b) RMSEs , in ZWD with the model-derived
estimates and GPS measurement products between the day of year 2007-2011 at the GPS
stations ofAddis Ababa, Arba Minch, Bahr Dar and Nazerete, Ethiopia

Table 6.5: Average monthly bias and RMSE between 2007-2011 at each station for model
derived with GPS derived based zenith wet delays (ZWDs), where the unit is cm.
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6.3.3 Validation of Precipitable Water (PW)

Precipitable water vapor (PW) is estimated from model based on zenith wet delays ZWDs.

Figure 6.30 describes the time series of PW which is obtained form GPS measurement and

model. The green sequence represents the precipitable water (PW) from GPS measurements

and the yellow line represents PW from model. The GPS measured PW time series are

computed using software (GAMIT) described in previous chapter, and the model PW

time series is derived form model zenith wet delays (ZWDs). As shown in the figures, the

PW time series has the same feature as ZTDs and ZWDs. In case of Asmera and Semera,

the model derived PW is overestimated, probably due to interpolation errors. However,

in the other stations the model derived PW fit well (good agreement) to the GPS PW

measurement.

Figure 6.31 illustrate the the yearly PW bias in PW of the model derived estimates

with respect GPS measurement during 2007-2011 at Addis Ababa, Asab, Bahr Dar and

Nazerete GPS stations. The bias is very small and almost below zero for all stations.

Moreover, PW bias has a mean that varies in the range of -1.52 cm to 0.584 cm. For all

cases the maximum bias of 4 cm occurred in 2011 winter season at Asab station. Similarly,

Bahr Dar and Nazerete have maximum PW bias of 3.12cm.

Figure 6.32 shows daily avarege PW bias of the model with respect to GPS measurement

for 2007-2011 at Addis Ababa, Arba Minch, Bahr Dar and Nazerete GPS stations. Again

similar to ZTDs and ZWDs through out the day of year, except winter season, the change

of bias is uniform.

In winter season almost all stations have positive daily bias, which indicates dry

bias in this season. The average daily PW bias has a mean that varies in the range of

-1.12 cm to -0.34 cm. The maximum daily bias is 2.3 (positive) at Bahr Dar station in

winter season.

Table 6.6 and Figure 6.33 show monthly average PW bias and RMSEs of the model

estimates with respect GPS measurement for 2007-2011 at of Addis Ababa, Arba Minch,

Bahr Dar and Nazerete GPS stations. All stations have positive bias in January, except

Robe. In summer season (June, July and August) the mean bias is maximum compared
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Figure 6.30: Time series comparison of precipitable water (PW) between the model
derived and GPS measurement products at the GPS stations of Addis Ababa, Arba
Minch, Asab, Asmera, Bahr Dar, Semera, Nazerete and Robe, Ethiopia.
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Figure 6.31: Difference in PW with the model-derived estimates and GPS measurement
products between the day of year 2007-2011 at the GPS stations of Addis Ababa, Asab,
Bahr Dar and Nazerete, Ethiopia

Figure 6.32: Daily avarege bias in PW with the model-derived estimates and GPS
measurement products between the year 2007-2011 at the GPS stations Addis Ababa,
Arba Minch, Bahr Dar and Nazerete, Ethiopia
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Figure 6.33: Monthly average (a) difference (b) RMSEs , in PW with the model-derived
estimates and GPS measurement products between the day of year 2007-2011 at the GPS
stations of Addis Ababa, Arba Minch, Bahr Dar and Nazerete, Ethiopia

Table 6.6: Average monthly bias and RMSE between 2007-2011 at each station for model
derived with GPS derived based precipitable water (PW), where the unit is cm.
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to other seasons. The maximum average monthly bias is -0.959 cm in June at station

Asab, and has variations in the range of -0.959 cm (in June at station Asab ) and 0.0075

cm (in June at Arba Minch. Similarly, the average monthly PW RMSE varies in the

ranges of 0.2628 cm in August at Bahr Dar and 1.374 cm in March at Asab. A summary

of monthly average biases and RMSEs statistics for the selected station are given in Table

6.6.



Chapter 7

Conclusion

In the modified SHAO-C model, the neutral atmospheric zenith delay is directly modeled

using ERA-Interim reanalysis with high resolution 0.75×0.75 latitude by longitude grid.

The performance of the model in reproducing the model zenith delay has been evaluated.

The model decreasing rates and accelerating rate coefficients show seasonal variation due

to different sources of moisture fields, and its correlation coefficient is in the range of 0

and 0.5 for ZTD a1, 0.5 and 1 for ZTD a2, -0.05 and 0.05 for ZWD aw1, and -0.1 and 0.1

for ZWD aw2. The mean ZTDmean and ZWDmean ranges from 1.8 m to 2.5 m and 0.1m

to 0.22m respectively over the region. However, the mean annual amplitude variation

ZTDamp and ZWDamp range from 0.02 m to 0.1 m over the region.

The comparision of the model zenith total delays, zenith wet delays and the derived PW

with corresponding GPS measurement shows very good agreement especially in summer

season. For most of the GPS stations, the average monthly bias and RMSE during 2007-

2011 in ZTD , ZWD and PW are less than 6.23 cm, 4.5cm and 0.97 cm, respectively.

Similarly, the mean daily bias in ZTD, ZWD and PW range from -4.3 cm to -2 cm, -3.42

cm to -0.584 cm and -1.12 cm to -0.34 cm respectively. The variability in ZTDs arises

from the variability of ZWD.

However the bias and RMSE values of the model ZTD, ZWD and PW are generally higher

in summer (high negative bias) than winter (small positive bias). Furthermore, RMSE

decreases as the altitude increases while its variation with latitude and longitude is not

very obvious over Ethiopia and its neighbor.

Therefore, the modified SHAO-C model is accurate enough and can be used to estimate

ZTD for navigation and positioning purpose as real-time tropospheric delay correction at

user height over Ethiopia.
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Appendix A

Metrological input for
GAMIT/GLOBK

A.1 sestbl.

A session control table (sestbl.) with only the required and commonly used entries for

meteorological file is shown below.

Zenith Delay Estimation = Y ; Yes/No (default No)

Interval zen = 2 ; 2 hrs = 13 knots/day (default is 1 ZD per day)

Zenith Constraints=0.50;zenith-delay a priori constraint in meters(default0.5)

Zenith Model = PWL ; PWL (piecewise linear)/CON (step)

Zenith Constraints=0.50;zenith-delay a priori constraint meters(default 0.5)

Zenith Variation =0.02 100. ;zenith-delay variation,tau in meters/sqrt(hr),hrs

(default.02 100.)

We Specify IntervalZen = 2 to get estimates at 2-hr intervals for a 24 hr session,

and PWL (Piecewise Linear) for Zenith Model will invoke a single parameter for the

zenith delay over the session or (representation includes tabular points on each end of

the observation span). The first value in Zenith Variation is the point to point variation

allowed, in units of meters and the second value is the correlation time (tau )in hours.

Setting tau long compared to the observation span results in a random walk process, which

is both reasonable and easy to interpret (and has the practical advantage of persistence

with large error bars for spans with few observations). The default value of 100. hrs

accomplishes this for 24-hr spans.

There is an additional entry in the sestbl.,

Tropospheric Constraints = NO; YES/NO

which invokes a spatial constraint on the zenith-delay parameters. This constraint can be

useful for tying together the zenith-delay adjustments for closely-spaced sites in a network.
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A.2 sittbl.

Different values for the zenith constraints can be invoked using station table (sittbl.)

entries, shown below:

SITE FIX --COORD.CONSTR.--

ALL NONE 100. 100. 100.

ADIS ADIS GPS NONE 0.050 0.050 0.05

BHR1 BHR1 GPS NONE 0.050 0.050 0.05

BHR2 BHR2 GPS NONE 0.050 0.050 0.05

MAL2 MAL2 GPS NONE 0.050 0.050 0.05

It is currently a requirement that the number of zenith delays in the session be the same

for all stations.

A.3 Broadcast Ephemeris

The sample of navigation (broadcast ephemeris) files, with an ephemeris block for only

one satellite entry, is given below:
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A.4 RINEX observation file

The sample of RINEX (Receiver INdependent EXchange) files entries are shown below.

A.5 Station info (station information)

An example for station info (station information) entries are given below: Where SITE

is the 4-character code for the observing site (monument), Station Name a 16-character

description (carried for documentation only), Session Start and Session Stop the start/stop

times for the entries, and Ant Ht the antenna height above the monument, HtCod

indicates what physical point on the antenna structure the height refers to and whether

it is a direct or slant height, and receiver type (either a 6-character GAMIT code or a

20-character RINEX-standard )and antenna (AntCod or Antenna Type) are indicate the

type of receiver and receiver antenna.



Appendix B

GAMIT/GLOBK Meteorological file
output

A meteorological files output of GAMIT/GLOBK are shown below. The first five columns

are illustrates time ( Year, day of year, hours, Minuit and second respectively). The

sixth, seventh, thirteenth and eighth columns are zenith total delay (ZTD), zenith wet

delay (ZWD), Zenith hydrostatics delay (ZHD) and standard division of the zenith total

delay in millimeters (mm) respectively. The ninth, tenth, eleventh, and twelve-th are

precipitable water vapor (PW) in millimeters (mm), standard division of precipitable

water vapor in millimeters (mm), pressure in hecto-Pascal (hPa) and temperature in

Kelvin (K). The last three columns (fourteenth, fifteenth, and sixteenth columns) are

atmospheric delay gradient parameters, which represents atmospheric gradient of north

south (NS), standard division gradient of north south and standard division gradient of

east west (EW) in millimeters (mm).
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