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ABSTRACT 

 

Long baseline, carrier-phase differential GPS positioning in a coastal 

environment poses unique challenges. It is well known that differential GPS positioning 

results degrade as baseline length increases due to several sources of error, including the 

error introduced by differential troposphere. The effect of the troposphere on GPS has 

been extensively discussed by numerous researchers, either by comparing the resolution 

of global prediction models or by assessing the tropospheric delay directly on GPS 

measurements and results.  

The goal of this thesis is to examine methods for improving tropospheric delay 

estimation by using meteorological data. This includes the use of surface meteorological 

parameters in global prediction models and Numerical Weather Prediction model data in 

the estimation of the delay. For the tests presented in this thesis, the Saastamoinen global 

prediction model is used and NWP data are accessed from the Canadian Meteorological 

Centre’s regional model.  

Results are presented in the measurement and position domains. In the 

measurement domain, tropospheric delays modelled from the NWP model and global 

prediction model are compared with those from the IGS final zenith tropospheric delay 

product. In the position domain, the estimated delays are applied to kinematic GPS data 

sets and are evaluated based on short/ long baseline comparisons.  
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The test results show a significant improvement in the measurement domain with 

the use of NWP model data in the estimation of zenith tropospheric delay. This 

improvement does not appear to have positive effect on the position results.  
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1 INTRODUCTION 

 

Current and future modernization of the Global Positioning System (GPS) will 

result in the troposphere comprising an increasing proportion of the error budget in GPS 

positioning. This thesis examines the potential use of Numerical Weather Prediction 

(NWP) in the role of reducing the effect of errors due to the troposphere. 

 

 

1.1 Motivation 

 

The largest sources of error in differential carrier-phase GPS positioning are 

clock errors and the propagation of the GPS signal as it passes through the earth’s 

atmosphere. Clock errors can be effectively eliminated with double differencing. Errors 

associated with the atmosphere are not as easily dealt with. Atmospheric errors are also 

spatially correlated; therefore, with baselines of tens to hundreds of kilometres, these 

errors can have a significant effect on position accuracy.    

Position accuracies at the centimetre level may improve the feasibility and 

expand the use of GPS positioning in applications such as vertical control in the 

measurement and modeling of offshore tidal and other water level variations, offshore 

determinations of the geoid-ellipsoid separation, hydrographic and land based surveying 

and navigation, calibration of satellite sensors, and other activities at sea or on land. 
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In order to reach centimetre level accuracies for baselines exceeding ten 

kilometres, errors due to the atmosphere must be reduced. The use of dual frequency 

GPS data effectively eliminates the first order effects of the ionospheric portion of the 

delay. The tropospheric portion of the delay is dealt with mainly through the use of 

global prediction models and double differencing (Mendes, 1999). It has been proposed 

that several tactics could improve on the estimation of tropospheric delay and thus, 

overall position accuracy. Some of these tactics include improving existing global 

prediction models, the use of measured meteorological parameters in the existing 

models, estimating residual tropospheric delay, and the use of NWP model data in the 

estimation of the delay (Cove and Santos, 2004; Wells et al., 2004). 

This thesis is an investigation into the use of NWP model data for the estimation 

of tropospheric delay of the GPS signal as compared to using a global prediction model. 

Methods for extracting and using NWP model data for the estimation of tropospheric 

delay has been introduced by Vedel et al. (2001) and Gutman et al. (2003). Research by 

Jensen (2002c), Pany et al. (2001b), Bock and Doerflinger (2001), and Schueler et al. 

(2000) have shown tropospheric delay estimated with NWP model data may result in 

higher accuracy solutions for GPS positioning. Tsujii et al. (2001) and Jensen (2002c) 

have shown that the use of NWP model data may also improve kinematic ambiguity 

resolution.  

Recently, there has been interest in broadcasting tropospheric corrections for 

wide area DGPS services. It has been proposed that the corrections could be generated 

with NWP model data. Research has been performed to investigate the feasibility and 
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value of using NWP derived tropospheric error estimation for this purpose (Bisnath et 

al., 2004a; Jupp et al., 2003). 

In this thesis, we look at using various strategies for improving the estimation of 

tropospheric delay with the goal of improving solutions for long baseline positioning. 

The results of using NWP model data to estimate tropospheric delay and its effect on the 

position solution will be presented. 

 

 

1.2 Research Objectives 

 

With the planned modernization of the GPS infrastructure and signals, much 

future research into improving positioning for long baseline application will be focused 

on the troposphere. It has been shown that the use of 3-dimensional NWP model data is 

useful in modeling the effects of the troposphere on the GPS signal.  

The main objective of this research is to introduce the reader to the potential use 

of NWP in the estimation of tropospheric delay for GPS positioning. This goal is divided 

into three distinct parts: how NWP model data is used in the estimation of the delay, the 

results of using NWP model data in the measurement domain, and the results of using 

the NWP generated delays in the position domain.  
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1.3 Thesis Outline 

 

Chapter 2 The first part of the thesis is intended to provide the reader with a general 

overview of differential carrier-phase GPS positioning. The chapter will emphasize 

issues relevant to the positioning test performed in Chapter 5, in particular, the role of 

inter-frequency linear combinations in obtaining an optimal positioning result.   

 

Chapter 3 A description of the neutral atmosphere and an explanation of the basic 

theory of the effect of the neutral atmosphere on the GPS signal, referred to as 

tropospheric delay, and how the effect is modeled for GPS positioning. The 

Saastamoinen global prediction model and the Niell mapping function are introduced. 

 

Chapter 4 An introduction to Numerical Weather Prediction and its potential role in 

GPS positioning. The NWP model used in the tests presented in Chapter 5 is described 

in detail along with the equations required to calculate tropospheric delay from the 

model. 

 

Chapter 5 A presentation of the data and results used to test the use of NWP model data 

for GPS positioning. The test data is part of a research project with the goal of extending 

the range and improving the accuracy of marine post-processed kinematic GPS 

positioning. Testing of the use of NWP model data for the estimation of tropospheric 

delay takes place in the measurement and position domains.  
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Chapter 6 The final chapter of the thesis offers some concluding remarks and 

recommendations for future research efforts on the topic. 

 

Appendix A Coordinates of GPS stations in ITRF and NAD83 (CSRS). 

Appendix B Description of the process for determining station barometric pressure for 

use in the estimation of tropospheric delay with NWP model data.  

Appendix C The expression for determining normal gravity. 

Appendix D Description of the SINEX_TRO format. 

Appendix E Detailed graphs of the temperature, relative humidity, and pressure at GPS 

stations UNB1, CGSJ, DRHS, and BOAT for the test evaluation periods. 

Appendix F Daily results for measurement domain tests. 

Appendix G Zenith total delays at station CGSJ. 

Appendix H Histogram plots of differences in total zenith delay. 
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2 REVIEW OF CARRIER-PHASE DIFFERENTIAL GPS 

POSITIONING 

 

Originally designed by the United States Department of Defence for military use, 

GPS has also become the primary radio positioning navigation system for civilian users. 

GPS signals are transmitted on carriers at two frequencies, L1 at 1575.42 MHz and L2 at 

1227.60 MHz. The carriers are modulated by pseudorandom noise codes, a C/A code 

and P code, in order to provide GPS receivers with satellite clock readings. On the L1 

frequency the C/A code is emitted at 1.023 MHz every millisecond and the P code is 

emitted at 10.23 MHz every 266.4 days. The L2 frequency only carries a P code. A 

navigation message containing information about the satellite’s orbit parameters and 

clock corrections is sent every 30 seconds at a frequency of 50 Hz (Misra and Enge, 

2001).  

The GPS system provides two types of measurements for positioning: code-

phase and carrier-phase measurements. Code-phase measurements are instantaneous and 

provide range measurements from satellite to receiver. The measurement is made by the 

apparent transit time of the signal between the satellite and receiver. Carrier-phase 

measurements are made by comparing the received carrier phase to the phase of a 

sinusoidal signal generated by the receiver clock. This provides a precise measurement 

of the change in the satellite to receiver range over time and an estimate of the 

instantaneous rate (Misra and Enge, 2001). For precise positioning applications, 

including those included in this thesis, the carrier-phase measurement is used.  
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The following sections are focused on introducing the carrier-phase observation 

equation, identifying sources of error relevant to long baseline positioning, i.e., tens to 

hundreds of kilometers, and identifying mitigation strategies for dealing with them 

including double differencing and the use of inter-frequency linear combinations. 

Comprehensive sources on the subject of carrier-phase positioning can be found, for 

example, in Misra and Enge (2001) and Wells et al. (1986).   

 

 

2.1 Carrier Phase Observable Equation 

 

GPS positioning at the centimetre and millimetre level require the use of the 

carrier-phase measurement. The carrier phase observable equation for GPS, in units of 

length, is expressed (Wells et al., 1986) as: 

 

( ) ελρρϕ +++−⋅+−⋅++= mptropion dddNdTdtcd  ,     (2.1) 

 

where φ is the carrier-phase observation, ρ is the geometric distance between the satellite 

and receiver positions, dρ is the effect of ephemeris errors, c is the speed of light, dt is 

the satellite clock error, dT is the receiver clock error, λ is the carrier-phase wavelength, 

N is the integer ambiguity, dion is the ionospheric delay, dtrop is the tropospheric delay, 

dmp  is the multipath effect, and ε  is the observation noise. The basic observable is the 

difference between the Doppler-shifted carrier signal transmitted by the satellite and that 
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of the receiver’s internal oscillator. The signal is made up of some finite number of full 

cycles and a left over fraction of a cycle. The inherent problem of measuring carrier 

phase is that each cycle is exactly the same. This means that the actual integer number of 

cycles in the signal between the receiver and satellite is unknown or ambiguous. In order 

to estimate the integer number, the receiver measures the fractional phase; a processing 

technique called ambiguity resolution to determine the integer value (Misra and Enge, 

2001). 

 

 

2.2 Sources of Error 

 

Several sources of error limit position accuracy in GPS positioning. Most errors 

can be substantially reduced or effectively eliminated through the use of specialized 

equipment, and/or processing techniques. In the case of differential positioning errors 

and biases due to orbit errors, clocks, and the atmosphere are substantially reduced 

through double differencing (see Section 2.3). Further improvements to biases due to 

orbit errors can be achieved through post-processing with precise ephemeredes. 

Multipath can be minimized with the use of multipath resistant equipment such as 

choke-ring antennas (Wells et al., 1986).  

The errors due to the atmosphere are large in magnitude and must be 

substantially reduced in order to achieve precise positioning results. The ionosphere is a 

dispersive medium for GPS frequencies so the signal delay due to passing through this 
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layer of the atmosphere can be almost completely eliminated with dual-frequency 

processing in most cases. The troposphere is a non-dispersive medium at these 

frequencies so the error must be reduced with the use of global prediction models (Wells 

et al., 1986). This method, however, is not always effective and differential troposphere 

remains as the most significant source of error for long baseline positioning. A reduction 

in the magnitude of this error may be possible through improved modelling of the 

neutral atmosphere. A more detailed discussion of the effect of the troposphere on GPS 

signals can be found in Chapter 3. 

 

 

2.3 Double Differencing 

 

Differential positioning is the determination of a position in latitude, longitude, 

and height relative to a known position. This requires the use of two GPS receivers 

taking measurements during a common time interval. Simultaneous observations allow 

for the observation equations to be differenced. This can reduce the effect of some 

common biases and errors such as: satellite orbit biases, clock biases, and atmospheric 

delays. The amount the orbit and atmospheric biases are reduced is largely dependent on 

the baseline distance that separates the two receivers as the troposphere and ionosphere 

can vary greatly over large distances (Misra and Enge, 2001). 

In relative GPS positioning a series of differenced equations can result in an 

improved position solution by diminishing or eliminating many of the sources of error 
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and bias that appear in the GPS observable equation. A between receiver single 

difference is the difference between the phase equation for a receiver at one location and 

a satellite and the corresponding phase equation for a second receiver at another location 

and the same satellite. The single difference equation is expressed (Wells et al., 1986) 

as: 

 

ελρρϕ ∆+∆+∆+∆−∆⋅+∆⋅+∆+∆=∆ mptropiom dddNdTcd  ,    (2.2) 

 

where ∆ represents the difference between two. This effectively eliminates the satellite 

clock error, dt, and reduces the error associated with orbit and some of the atmospheric 

delay.  

A double difference is the subtraction of one single differenced phase equation 

from another at the same epoch and can be expressed (Wells et al., 1986) as: 

 

ελρϕ ∆∇+∆∇+∆∇+∆∇−∆∇⋅+∆∇=∆∇ mptropion dddN   ,     (2.3) 

 

where ∇∆ represents the operator for double differencing. The receiver clock error, dT, 

is effectively eliminated. The biases and errors associated with the orbit and atmosphere 

will each be reduced from the original values but the amount of the reduction is baseline 

distance dependent. All sources of error within the equation must be effectively 

eliminated, reduced, modelled, or solved before the integer ambiguity can be resolved. 
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2.4 Inter-frequency Linear Combinations 

 

Inter-frequency data combinations are employed in processing in order to obtain 

an optimum position solution. These are designed to minimize the biases that affect 

longer baseline positioning and/ or to facilitate the resolution of integer ambiguity.  

The general form of all inter-frequency linear combinations (Misra and Enge, 

2001) is expressed as: 

 

21 LLL mn ϕϕϕ +=  ,          (2.4) 

 

where n and m are arbitrary numbers. The three most widely used combinations are the 

narrow-lane (ϕLN), wide-lane (ϕLW), and ionospheric delay-free (ϕLIF) combinations 

obtained by assigning the appropriate value to n and m, as: 

 

21 LLLN ϕϕϕ +=  ,          (2.5) 

21 LLLW ϕϕϕ −=  ,          (2.6) 

2
2

1
1 L

L

L
LLIF f

f ϕϕϕ 







−=  ,         (2.7) 
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where n =1 and m = 1 in the narrow-lane combination, n =1 and m = -1 in the wide-lane 

combination, and n = 1 and m = 







−

2

1

L

L

f
f  in the ionospheric delay-free combination 

(Misra and Enge, 2001).  

The narrow-lane combination is used primarily to achieve high accuracy results 

in short baseline applications. This is possible due to the short wavelength, 10.7 

centimetres, and consequently low noise generated by the combination. The short 

wavelength, however, does result in some difficulties in ambiguity resolution due to the 

narrow window the wavelength provides. 

In medium and long baseline positioning, the wide-lane and ionospheric delay- 

free combinations are used to improve position accuracy. In this case, medium range is 

defined as anything between 10 to 100 kilometres and long range as anything between 

100 kilometres and thousands of kilometres. The wide-lane combination aids in the 

resolution of the integer ambiguity by increasing the wavelength of carrier. This 

increases the opportunity of resolving the integer ambiguity, but with the trade off of a 

higher noise level. For the carrier-phase based positions to achieve millimetre accuracies 

the integer ambiguity must be solved using some kind of ambiguity resolution technique, 

otherwise only centimetre and decimetre level accuracies will be reached (Han, 1997). 

Typically, the ability to resolve the integer ambiguity is only valid for baselines less than 

10 to 15 kilometres. The chances of incorrectly solving the integer ambiguity would be 

too great beyond that range (Santos et al., 2000). The ionospheric delay-free 

combination is appropriate for longer baseline cases as it minimizes the effect of the 
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ionosphere, often the most significant source of error as baseline length increases, with 

the elimination of the first order ionospheric effects. In times of high ionospheric 

activity, remaining higher order ionospheric effects may result in significant residual 

error in long baseline positioning (Jensen, 2002c). The downfall of this combination is 

that the integer nature of the ambiguities is destroyed making it significantly noisier than  

the pseudorange measurements at L1 and L2 (Misra and Enge, 2001).   
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3 MODELLING THE TROPOSPHERE 

 

The GPS signals experience a change in speed and direction as they pass through 

the atmosphere from the satellite to the receiver. Of the approximate 20000 to 26000 

kilometre journey the signal travels, only the last 5percent of the path will be through the 

earth’s atmosphere. In the remaining 95percent the signal can be considered to travel 

through a vacuum with a constant speed. The portion of the earth’s atmosphere affecting 

the GPS signal is made up of the ionosphere and the neutral atmosphere. As discussed in 

Chapter 2, the refraction affecting the signal as it passes through the ionosphere can be 

effectively eliminated during processing with the use of dual frequency signals (Wells et 

al., 1986). The effect of the neutral atmosphere on GPS signals cannot be completely 

removed during processing, except for short baselines, and remains a significant source 

of error for medium and long baseline positioning.  

This chapter offers a description of the neutral atmosphere and how the delay due 

to the neutral atmosphere, referred to as tropospheric delay, can be modelled. This 

chapter primarily presents material relevant to the tests presented in Chapter 5; a 

comprehensive discussion on modelling the neutral atmosphere can be found in Mendes 

(1999). 
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3.1 The Neutral Atmosphere 

 

The neutral atmosphere refers to the non-ionized portion of the atmosphere made 

up of the lower part of the stratosphere and the troposphere. The troposphere makes up 

the lower portion of the neutral atmosphere, extending from the earth’s surface up to an 

altitude of approximately 16 kilometres at the equator and 8 kilometres at the poles. The 

actual upper boundary of the troposphere, or the tropopause, is dependent on factors of 

latitude, season and changes in surface pressure. The stratosphere extends upwards from 

the tropopause to approximately 50 kilometres in altitude. Even though gradually 

decreasing quantities of dry gases can extend several hundred kilometres in altitude, all 

of the water vapour and the bulk of the dry gases are found in the troposphere. The 

density of the dry gases and water vapour in the atmosphere determines the extent the 

signal is refracted or delayed. Accordingly, the refraction of the GPS signal as it passes 

through the entire neutral atmosphere is referred to as tropospheric delay (Misra and 

Enge, 2001; Barry and Chorley, 1998).  

The speed of propagation of GPS signals through the neutral atmosphere is lower 

than in free space. Consequently, the tropospheric delay causes the distance travelled by 

the signal to be longer than the actual geometric distance between satellite and receiver. 

Since the medium is non-dispersive, the measurements at all GPS signal frequencies for 

code and carrier experience the same delay (Misra and Enge, 2001). 

The effect of the tropospheric delay on the GPS signal is modelled with the use 

of the equation for refractivity in the form of a global prediction model. These models 
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use surface meteorological parameters, such as temperature, pressure and relative 

humidity, and station specific information, such as height and latitude of the receiver, to 

estimate the magnitude of the tropospheric delay. Researchers have found the use of 3 

dimensional meteorological data, such as provided by NWP models, to be a more 

effective method for estimating tropospheric delay than with surface meteorological data 

in global prediction models (Vedel, et al., 2001; Jensen, 2002c; Gutman et al., 2003). 

 

 

3.2 Modelling Zenith Tropospheric Delay 

 

Water vapour and dry gases found in the neutral atmosphere affect the 

propagation of the GPS signal. Typically, the hydrostatic component of the delay in the 

zenith direction is in the range of 2.3-2.6 metres and represents about 90 percent of the 

total delay. As found by Mendes (1999), the hydrostatic component of the delay can be 

modeled to sub-millimetre accuracy with the use of prediction models such as 

Saastamoinen (1973). The highly variable non-hydrostatic delay, however, can only be 

estimated with predictive models to an accuracy of a few centimetres in the zenith 

direction. Further error is introduced when the zenith delay is mapped to the elevation 

angle of the satellite with the use of a mapping function such as, e.g., Niell (1996).  

The delay of the GPS signal as it passes through the neutral atmosphere can be 

expressed as the sum of the hydrostatic (Nh) or ‘dry’ and non-hydrostatic (Nw) or ‘wet’ 

refractivities, due to the effects of dry gases and water vapour, respectively. 
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wh NNN +=  ,           (3.1) 

 

The zenith total delay (ztd) of the signal is determined by integrating the 

refractivity along the signal path (dl) as: 

 

∫ ∫+= − dlNdlNztd wh
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where refractivity, N, is expressed as (Thayer, 1974): 
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where k1, k2, and k3 are refractivity constants in Kelvin millibars-1 (for k1 and k2) and 

Kelvin2 millibars-1 (for k3), Pd is the partial pressure of dry gases in millibars, e is the 

partial pressure of water vapour in millibars, T is the temperature in Kelvin (K), Zh is the 

compressibility factor for dry air and Zw is the compressibility factor for water vapour.  

The tropospheric delay from GPS signals can be estimated in several ways: by 

determining the zenith tropospheric delay by applying a global prediction model, by ray 

tracing through the atmosphere on a path that approximates that of the signal, or by 

some other method such as integrating through a NWP model. Although, ray tracing 

provides a better estimate of the delay (Mendes, 1999; Jensen, 2002b) only the global 
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prediction model and NWP methods will be investigated further. This can be justified as 

the improvements found by ray tracing are significant only at lower elevation angles, 

such below 10 degrees; a satellite elevation angle mask of 10 degrees will be used in all 

tests presented in Chapter 5 of this thesis. For a comprehensive review of mapping 

functions and ray tracing see Mendes (1999) and for comparisons of results for mapping 

functions and ray tracing see Jensen (2002b), Vedel et al. (2001), or Pany et al. (2001a). 

Alternatively, water vapour in the atmosphere can be measured directly with a 

water vapour radiometer or derived from a network of GPS stations, such as SuomiNet. 

SuomiNet is a global network of GPS stations equipped with meterological sensors to 

generate near real-time estimates of precipitable water vapor in the atmosphere. Direct 

and GPS derived water vapour measurements are used to improve moisture observations 

to support weather forecasting, climate monitoring, and research. For more information 

on SuomiNet or similar programs such as the GPS-Met Observing Systems Branch in 

the Forecast System Laboratory (FSL) at the National Oceanic and Atmospheric 

Administration (NOAA) see http://www.suominet.ucar.edu/ and 

http://www.gpsmet.noaa.gov/jsp/index.jsp, respectively. 

 

 

3.2.1 Global Prediction Models 

 

A variety of global tropospheric delay prediction models exist; each of these 

varies in how water vapour and temperature changes with altitude (Misra and Enge, 
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2001). One of the more common and best performing of the prediction models is 

Saastamoinen (Mendes, 1999).  

The Saastamoinen model (1973) is based on refractivity derived using the gas 

laws. The hydrostatic (zhd) and wet (zwd) components of the delay in the zenith 

direction are expressed as: 

 

( )Phzhd 00028.02cos0026.01002277.0 ++= φ  ,                   (3.4)  

e
T

zwd 





 += 05.01255002277.0  ,                       (3.5) 

 

where φ is the latitude of the receiver in radians, h is the orthometric height of the 

receiver in kilometres, P is atmospheric pressure in millibars, T is temperature in Kelvin, 

and e is partial pressure of water vapour in millibars.  

Mendes (1999) finds that the total error in the zenith direction for the 

Saastamoinen model is on average 0.2 millimetres for the dry component and about 30 

millimetres for the wet component of the prediction model. These total error statistics 

are based on comparisons to ray traced values from 50 radiosonde stations worldwide. 

The Saastamoinen global prediction model is used in all tests presented in Chapter 5. 

 

 

 

 

19



3.2.2 Mapping Functions 

 

The zenith total delay experienced by the GPS signal can be mapped to the 

elevation angle between the satellite and receiver with a mapping function. Depending 

on the mapping function used, the wet and dry components can be incorporated together 

or treated separately.  

In its simplest form, a mapping function for both wet and dry components can be 

expressed as:  

 

E
Em

sin
1)( =  ,         (3.6) 

 

where E is the elevation angle between the satellite and receiver. This model, however, 

assumes a flat earth and does not provide a good approximation for low elevations. More 

complex models are based on a truncated form of continued fraction with empirically 

determined constants and variables related to the latitude, height, time and surface 

meteorological parameters at the receiver location (Misra and Enge, 2001). 

One of the best performing mapping function is the one attributed to Niell (1996) 

referred to as the Neill (New) mapping Function (NMF). This model is based on 

temporal fluctuations of the bulk of the atmosphere and requires receiver station height 

and latitude parameters, but does not require specific meteorological data (Mendes, 

1999). The NMF is recommended by the International Earth Rotation Service 
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(McCarthy and Petit, 2003) for use in the absence of accurate meteorological data at the 

receiver site.  See Mendes (1999) for the complete expression of the NMF. 

The path length of the GPS signal increases as elevation angle decreases. 

Correspondingly, the delay experienced by the signal increases with elevation angle 

making the residual error in the estimation of the delay more significant at low elevation 

angles. As a typical example, a 5 centimetre residual error in tropospheric delay at zenith 

would become a 50 centimetre error at an elevation angle of 5 degrees (Misra and Enge, 

2001).  The magnitude of the delay at low elevation angles demonstrates the need to 

employ an effective mapping function. 
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4 NUMERICAL WEATHER PREDICTION FOR GPS 

POSITIONING 

 

Researchers have found the use of NWP model data to be a way of estimating 

tropospheric delay with a higher accuracy than global prediction models. It has been 

found that the use of regional NWP model in the estimation of zenith troposheric delay 

gives accuracies in the range of 10 to 20 millimetres as compared to radiosonde data and 

GPS derived delays (Shueller et al., 2000; Bock and Doerflinger, 2000; Pany et al., 

2001a; Vedel, et al., 2001; Jensen, 2002b; Bisnath et al., 2004a; Cove et al., 2004). 

The following sections will present general information about NWP models, 

specific information about the NWP model produced by the Canadian Meteorological 

Centre (CMC), and a review of how the refractivity equation presented in Section 3.2 

can be used to determine tropospheric delay through a NWP model. 

 

 

4.1 Introduction to Numerical Weather Prediction 

 

Numerical Weather Prediction models are a three dimensional representation of 

the atmosphere structured as a series of pressure levels covering a grid area. Numerical 

Weather Prediction is based on the principle that if the present state of the atmosphere 

and the laws that govern the atmosphere are known then the evolution of the atmosphere 

can be forecasted into the future. This procedure is limited by several factors. Firstly, 
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errors in the assumed state of the present atmosphere will propagate and amplify in the 

forecast. Secondly, errors exist in how the theoretical laws that govern the behaviour of 

the atmosphere are modelled and applied. Particularly relevant to the estimation of 

tropospheric delay are errors in the modelling of water vapour  (Pany et al, 2001a). 

Finally, the model is limited by grid resolution. A larger scale model, i.e., smaller grids 

size, will better represent smaller events and phenomenon (Hess, 1979; Canadian 

Meteorological Centre, 2002). 

During a process referred to as assimilation, the model is updated periodically 

with quality controlled meteorological data collected globally from a variety of sources 

including, but not limited to: meteorological observations at the earth’s surface and in 

the air column by sensors such as radiosondes, meteorological stations mounted on 

platforms such as aircraft, vessels, and buoys, and networks of ground based 

meteorological and GPS stations. An interpolation scheme must be used to integrate the 

irregularly spaced observed data into the gridded area covered by the NWP model  

(Canadian Meteorological Centre, 2002). 

Research in the area of using NWP model data for the estimation of tropospheric 

delay has been done primarily using NWP models produced in Europe and in the United 

States. Some work has been undertaken to prove legitimacy and usefulness of this 

approach but little comprehensive work on the subject has been published thus far. The 

research presented in Chapter 5 is focused on the use of the Canadian NWP model. 

 

 

23



4.2 GEM NWP Regional Model Description 

 

The Global Environmental Multiscale (GEM) is the NWP model produced by the 

CMC. Global and Regional operational runs of model are produced daily and 

disseminated to the public via the World Wide Web. The global model covers the entire 

globe and is used for long-range weather forecasting. The regional model is applicable 

only for short-range weather forecasting in North America. Only the data accessed from 

the regional run of the GEM model was used for this research.  

The Regional operational model produces an analysis and 48 hour forecast twice 

daily at 00 Z and 12 Z. Figure 4.1 provides a schematic of the assimilation cycle that 

each global and regional operational run undergoes in order to produce an analysis and 

forecast.  Each of the Regional model runs begins as a trial field based on the Global 

model run followed by an analysis “spin-up” cycle where observed data is fed into the 

model to produce a regional analysis and a 6 hour forecast in a process called 

assimilation. Upon completion of the 12 hour spin up cycle, the regional operational 

model run is produced with an analysis for time T and a 48 forecast. The forecast is 

produced in 1 hour increments but is only made available to the public in 3 hour 

increments (Canadian Meteorological Centre, 2002; Laroche, 1998; Hogue et al., 1998).   
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Figure 4.1 Global and Regional data assimilation cycles at the Canadian Meteorological 

Centre for the GEM model (from Laroche, 1998). 

 

The Regional GEM model is based on a non-uniform grid with a resolution of 15 

kilometres, upgraded on 18 May 2004 from a 24 kilometre grid, at the central core. As 

seen in Figure 4.2, the dataset covers a 501 x 399 Polar-Stereographic grid that covers 

most of North America and adjacent waters.  
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Figure 4.2 Regional grid covering North America and adjacent waters. (From Canadian 

Meteorological Center, 2002). 

 

The grid is comprised of 28 levels stacked vertically (at pressure levels 50, 100, 150, 

175, 200, 225, 250, 275, 300, 350, 400, 450, 500, 550, 600, 650, 700, 750, 800, 850, 

875, 900, 925, 950, 970, 985, 1000, and 1015 millibars) extending from an equi-

potential representation of the earth’s surface to a virtual altitude of 30 kilometres. The 

regional model contains 30 meteorological variables including parameters such as wind 

speed, temperature, and relative humidity (Canadian Meteorological Centre, 2002).  

Also produced by the CMC are high-resolution runs of the GEM model with a 10 

kilometre grid spacing. This version of the model has a finer resolution grid and 
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additional vertical layers but, is not yet available to the public and was, therefore, not 

used in the tests presented in Chapter 5. Further information on the global, regional, or 

high resolution versions of the GEM model can be accessed on the Environment Canada 

website at http://www.weatheroffice.ec.gc.ca. 

 

 

4.3 Modelling Tropospheric Delay with NWP Data 

 

Tropospheric delays can be obtained directly by integrating the refractivity along 

the path of the GPS signal through the neutral atmosphere to obtain a slant delay or by 

integrating vertically to obtain a zenith delay. The equation for refractivity, N, given in 

Equation 3.3, can be expressed in terms of height as: 
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where Rd is the gas constant for dry air, ρ is the mass density, ∈ is the ratio between the 

gas constant for dry air and the gas constant for water vapour, and q is the specific 

humidity in kilograms / kilograms. 

To express the delay in terms of pressure rather than height one must introduce 

the hydrostatic equation (Wallace and Hobbs, 1977): 
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gdhp ρδ −=  ,                        (4.2) 

 

where g is gravity in metres / second2. The final expression of total zenith tropospheric 

delay is given (Vedel et al., 2001; Jensen, 2002a) as:  
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The temperature (T), pressure (P) and specific humidity (q) parameters are extracted 

from the NWP model and a total zenith delay (ztd) is calculated at each pressure level. A 

prediction model is used to estimate the delay for the atmosphere above the top pressure 

level. The expression of the delay in terms of pressure rather than height is appropriate 

with use of NWP data since the modelled atmosphere is divided into pressure levels. 
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5 TESTING NUMERICAL WEATHER PREDICTION FOR GPS 

POSITIONING 

 

The use of NWP model data in the estimation of tropospheric delay was tested 

for a network of GPS stations in the Bay of Fundy on the east coast of Canada. The 

delays obtained from the NWP process were compared to delays produced by the IGS 

and delays obtained with the use of a global prediction model. Tests were performed in 

the measurement and position domains.  

The test area in the Bay of Fundy provides highly variable weather conditions in 

a coastal environment with a number of GPS reference stations and meteorological 

stations in the vicinity. The GPS and meteorological data were collected on a regularly 

scheduled ferry route between Saint John, New Brunswick, and Digby, Nova Scotia. 

The data exhibit a great deal of spatial and temporal diversity. GPS and meteorological 

data were collected near the ferry terminals at each end of the route and on the ferry. 

Data from other continuously operating reference stations (for example the International 

GPS Service (IGS) station UNB1) were also collected.  The data collection began in 

October 2003 and was terminated in December 2004.  

Results show a significant improvement in the use of NWP model data for the 

estimation of zenith tropospheric delay in the measurement domain over the 

Saastamoinen global prediction model. This improvement in the measurement domain 

however, does not translate into an improvement in the position domain.  

 

 

29



5.1 Test Data Description 

 

All test data was collected in the eastern coast of Canada, in and around the Bay 

of Fundy, in the provinces of New Brunswick and Nova Scotia. This locale was chosen 

for its representation of a marine environment, availability of a vessel to act as a roving 

platform, and the distribution of reference station in the area. The data were collected 

and archived for use in a wide variety of research activities; only a subset of the data 

collected was used in this thesis. 

The GPS stations were established on either side of the Bay of Fundy where a 

ferry, also equipped as a roving GPS station (BOAT), makes daily crossings across the 

bay. The two base stations were established near the ferry terminals in St. John (CGSJ) 

and Digby (DRHS). A total of three other permanent stations already in operation by 

other organizations were also used. One station is an International GPS Service (IGS) 

station UNB1 operated by the University of New Brunswick in Fredericton, New 

Brunswick. The two additional stations are Canadian Active Control System (CACS) 

stations FRED and HLFX, located in Fredericton and Halifax, Nova Scotia, respectively, 

operated by the Geodetic Survey Division of Natural Resources Canada (NRCan).  

Figure 5.1 shows the relative location of all stations including approximate relative 

distances between the reference stations.  
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Figure 5.1 Test area in the Bay of Fundy on the East coast of Canada. 

 

The rover receiver was operated on board the ferry The Princess of Acadia operated by 

Bay Ferries Ltd. 

Four distinct time periods were chosen to represent weather conditions in the test 

area. Each period tested consisted of at least four consecutive days with data beginning 

at hour 0 UTC on the first day and ending on hour 24 UTC on the last. Measurement 

domain results are based on the entire test period while; position domain results are 

based on selected time series varying from one hour to three hours during the test 

periods. The time series selected for the position domain tests represent times when the 

roving receiver on the ferry was in dock at the ferry terminal in Digby. This provided a 

74 kilometre baseline between CGSJ in Saint John and the ferry and a short (less than 5 

kilometres) baseline between DRHS in Digby and the ferry docked at the ferry terminal. 
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The data used for this thesis have been collected as part of a project aimed at the 

advancement of the science of modelling microwave tropospheric delay over marine 

areas. The project is funded by the Office of Naval Research (ONR) and is operated by 

the University of New Brunswick and the University of Southern Mississippi. 

Additional partners include the Canadian Coast Guard (CCG), the Canadian 

Meteorological Centre (CMC), Geodetic Survey Division (GSD) at Natural Resources 

Canada (NRCan), National Oceanic and Atmospheric Administration (NOAA), and the 

Canadian Hydrographic Service (CHS). Detailed project descriptions and early findings 

are presented in Cove and Santos (2004b), Bisnath et al. (2004b), Santos et al. (2004), 

and Wells et al. (2004). 

 Several sources of scientific data were used in the tests presented in Section 5.2. 

A brief description of the sources of data including GPS data, surface meteorological 

data, and NWP data is presented in the following sections. 

 

 

5.1.1 GPS Data 

 

GPS data from the network of reference stations and the roving platform aboard 

the Princess of Acadia ferry were collected and archived over a one year period. Data 

from all station were collected at 1 Hertz, excepting UNB1 with a data rate of 30 

seconds. Equipment at CGSJ, DRHS and BOAT stations consisted of Novatel OEM4 
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GPS receivers with 600 series antennas and Campbell Scientific meteorological stations. 

The GPS data were stored on an on-site computer.  

Equipment at the UNB1 station consists of a JPS LEGACY receiver with a 

JPSREGANT_DD_E antenna logging at a rate of 30 seconds. Equipment at FRED and 

HLFX stations consists of AOA BENCHMARK ACT receivers with Dorne Margolin 

AOAD/M_T antennas. Coordinates for reference stations are given in ITRF and NAD83 

(CSRS) in Appendix A. 

 

 

5.1.2 Surface Meteorological Data 

 

Meteorological data was collected and archived for GPS stations CGSJ, DRHS, 

and BOAT. These sites were equipped with Campbell Scientific meteorological stations 

with CR10X data loggers, relative humidity and temperature probe, and a barometric 

pressure sensor. Detailed specifications, as per the manufacturer under ideal 

circumstances (Campbell Scientific, 2005), for each probe is presented in Table 5.1. 

Table 5.1 Meteorological sensor data for stations CGSJ, DRHS, and BOAT.  

Parameter Manufacturer Model Range Accuracy 
Temperature VAISALA HMP45C -39.2 to +60 °C ±  0.2 °C 
Relative Humidity VAISALA HMP45C 0.8 to 100% ± 1% RH 
Barometric Pressure VAISALA CS105 600 to 1060 mbar ± 0.5 mbar 
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Temperature is recorded in degrees Celsius (°C), relative humidity as a percent (%), and 

barometric pressure in millibars (mbar). The relative humidity and temperature probe, 

located in a protective radiation shield, was programmed to make a measurement every 

15 seconds. The average temperature and relative humidity measurement over a 10 

minute period was recorded to the data logger. Barometric pressure was measured and 

logged once per hour.  

All other GPS reference station sites also have meteorological data available. 

UNB1 station is located in close proximity to SuomiNet station UNB2 in Fredericton. A 

Paroscientific MET3A instrument measures temperature, relative humidity, and pressure 

data for SuomiNet station sites. Detailed specifications, as per the manufacturer under 

ideal circumstances (ParoScientific, Inc., 2004), for meteorological sensors used in the 

SuomiNet network is presented in Table 5.2. 

Table 5.2 Meteorological sensor data for station UNB1.  

Parameter Manufacturer Model Range Accuracy 
Temperature ParoScientific Met3a -50 to +60 °C ±  0.1 °C 
Relative Humidity ParoScientific Met3a 0 to 100% ± 2% RH 
Barometric Pressure ParoScientific Met3a 620 to 1100 mbar ± 0.08 mbar 
 

Each parameter is logged every 3 minutes.  

Meteorological data is logged directly at CACS stations HLFX and FRED.  

Detailed specifications, as per the manufacturer under ideal circumstances (Casey, 

2005), for meteorological sensors used at CACS stations are presented in Table 5.3. 
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Table 5.3 Meteorological sensor data for CACS stations FRED and HLFX.  

Parameter Manufacturer Model Range Accuracy 
Temperature OMEGA YSI 44212 ± 50.0 °C ±  0.2 °C 
Relative Humidity VAISALA HMP45A 0.8 to 100% ± 1% RH 
Pressure VAISALA PTB100A 805 to 1055 mbar ± 0.3 mbar 
 

No meteorological data from HLFX or FRED was archived for the purposes of this 

research project but is available from the administrators of the CACS program. 

 

 

5.1.3 GEM Regional Model Data 

 

The GEM regional model generated by the CMC was used to test the validity 

NWP data for the modeling of zenith tropospheric delay of the GPS signal. In the tests, 

analysis and forecast model data was accessed. Although forecast data for up to 48 hours 

from the model initiation time was available, only 12 hours of forecast data was used. 

This cut-off was chosen so that only the most recent forecast data would be employed in 

the model. The meteorological parameters of temperature, specific humidity, 

geopotential height, and pressure at mean sea level were extracted from the model to 

determine tropospheric delay.   

GEM global model data output is made available to the public via the World 

Wide Web in GRIB format. GEM regional model data output is only made by special 

agreement with the CMC. This is a globally accepted file data format for the distribution 
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of gridded meteorological data, such as NWP model output. The World Meteorological 

Organization has issued 3 editions of the standard. The most current edition is GRIB 

Edition 2, which is in the process of being phased into use in Europe and the United 

States. The CMC currently employs GRIB Edition 1, which remains an official standard 

into the foreseeable future. The GRIB format allows users to access numerical data 

directly from weather models for post processing and visualization purposes (Canadian 

Meteorological Centre, 2002). 

Data in GRIB format can be decoded using freely available software such as 

wgrib developed by the National Oceanic and Atmospheric Agency and the National 

Weather Service. Once the data is decoded, visualization, data extraction, and data 

format manipulation software such as the Center for Ocean-Land-Atmosphere Studies’ 

Grid Analysis and Display System (GRADS) can be employed. These software products 

and supporting documentation can be downloaded at 

http://www.cpc.ncep.noaa.gov/products/wesley/wgrib.html and 

http://grads.iges.org/grads/ , respectively. The decoded GRIB data is also in a format 

accessible by the user in any programming language or programming tool. The programs 

developed for this research project are presented in Section 5.2.1.1. 
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5.2 Test Data Analysis and Results 

 

The test results presented in the following sections compare the use of a global 

prediction model and NWP model data in the modeling of zenith tropospheric delay in 

the measurement and position domains. In the measurement domain, tests were 

performed on IGS reference station UNB1. Results found using the global prediction 

model and the NWP model data were compared to GPS derived total troposheric delay 

values generated by the IGS. In the position domain, tests were performed on the 

position solution results for the roving GPS receiver on the ferry. The varying distance 

between each reference station and the ferry is repeated for each crossing. This allows 

for sampling under similar geometry, but with widely varying atmospheric conditions.  

Control for the ferry crossing data comes from long / short baseline solution 

comparisons.  

Results show that with the use of NWP model data a significant improvement 

can be found in the measurement domain. This improvement, however, does not appear 

to translate into the position domain in this application.  

 

 

5.2.1 Delays in the Measurement Domain 

 

Zenith tropspheric delay values were determined using the Saastamoinen global 

prediction model and GEM model data for GPS reference station UNB1. In the 
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Saastamoinen model, both measured and standard values for temperature, pressure, and 

relative humidity were used resulting in two delays. The GEM model data was used in 

an estimation model (see Section 4.3). These calculated delays are compared to GPS 

derived delays from the IGS final zenith tropospheric delay product in SINEX_TRO 

format as described in Appendix D. Table 5.4 contains the name and description of each 

delay shown in the measurement domain comparison results.  

Table 5.4 Description of data and models used in tests. 

IGS GPS derived delays from IGS final troposphere zenith path delay product 
GEM Delay estimated from CMC GEM regional model 

SAAS Delays predicted with Saastamoinen model using time series of surface 
meteorological parameters 

SAAS std Delays predicted with Saastamoinen model using standard surface meteorological 
parameters 

 

In this case, standard meteorological parameters are considered to be 20 degrees Celsius, 

1013.25 millibars pressure, and 50 percent relative humidity.  

 

 

5.2.1.1 Implementation 

 

A program was written to estimate zenith tropospheric delay from GEM model 

data. As shown in Table 5.5, along with files containing temperature, specific humidity, 

pressure, and geo-potential height data extracted from GEM model data, input values of 

latitude, ellipsoidal height, and geoid-ellipsoid separation values are required for the 

station to be evaluated.  
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Table 5.5 Tropospheric delay estimation program input. 

Program Input 
File A Surface Pressure, Temperature, Geo-Potential Height, Specific Humidity 

extracted from GEM model 
File B Temperature, Specific Humidity, and GeoPotential Height for pressure levels 

1015 to 50 millibars 
File C List of pressure levels 1015 to 50 millibars 
Station Data Station Latitude, Ellipsoidal Height, and Geoid-ellipsoid separation (N) 
 

The program generates output of total, wet, and dry zenith tropospheric delay for a 

single station at a specific time. 

The process begins with the determination of barometric pressure at the 

evaluation station. Barometric pressure at station height cannot be extracted directly 

from the NWP model since the model is structured as a series of pressure levels. The 

pressure levels are based on geo-potential height not geometric height. The barometric 

pressure at the station is estimated based on the surface values of pressure and geo-

potential height from the GEM model, as found in File A, and the orthometric height of 

the station. The process for determining pressure at the station height can be found in 

Appendix B. 

Once the barometric pressure at the station has been determined, the estimation 

of the zenith tropospheric delay from the station to the upper limit of the GEM model 

can proceed. As part of the delay estimation process, normal gravity is determined at 

each pressure level beginning with gravity at station height. The expression for 

determining normal gravity, along with a list of parameter values used in the equation, 

can be found in Appendix C.  
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As presented in Section 4.3, the expression for the estimation of total zenith 

tropospheric delay is expressed as: 
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In equation 4.3, the values for temperature and specific humidity are accessed from File 

B as taken directly from the GEM model. Refractivity constants from Smith and 

Weintraub (1953) (as listed in Table 5.6) and values for the mean specific gas constant 

for dry air, Rd, and water vapour, Rw , (as listed in Table 5.7) from Mendes (1999) are 

used.  

Table 5.6 Refractivity constants from Smith and Weintraub (1953). 

k1 k2 k3 
77.61 ± 0.01 K mbar-1 72 ± 9 K mbar-1 3.739 ± 0.02 K2 mbar-1 

 

According to Rueger (2002), alternative determinations of the refractivity constants may 

be more appropriate in geodetic applications. 

Table 5.7 Constants for the specific gas content for dry air and water vapour from Mendes 

(1999). 

Rd Rw 
287.06 ± 0.01 J kg-1 K-1 461.525 ± 0.003 J kg-1 K-1 
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A new value for gravity is calculated at each step based on the geometric height of the 

pressure level. 

The total zenith delay is the sum of the delay calculated at the latitude and 

longitude of the GPS receiver station through each of the 28 layers of the GEM model. 

The contribution to the total delay above the upper limits of the model was calculated 

using Saastamoinen global prediction model (see Equations 3.4 and 3.5). The 

contribution from the atmosphere above the upper pressure level constitutes only a small 

portion of the total delay, for example, approximately 5 percent of the dry portion of the 

delay and less than 0.01 percent of the wet delay. The lower limit of the calculated delay 

is defined by the height of the GPS receiver.  

For the tests presented in the next section, a total zenith delay was calculated at 

every three hours, as limited by the forecast interval of the GEM model, and a cubic 

spline algorithm was used to generate an hourly result for comparison purposes. 

 

 

5.2.1.2 Results 

 

The results of the zenith tropospheric delay comparison are shown in terms of 

zenith total delay. The error has been determined as the difference between the predicted 

or estimated delay when compared to GPS derived delays from the IGS final 

tropospheric zenith path delay product.  
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Total zenith delay values at individual stations are generated based on a weighted 

least squares estimate of zenith delay through the neutral atmosphere for a global 

network of IGS reference stations (Gendt and Bevis, 1999). The final product is 

estimated for every two hours and has an estimated accuracy of 4 millimetres, though; 

accuracies may vary at individual stations (Gendt, 1999). Weekly files in SINEX_TRO 

format are available for download at http://igscb.jpl.nasa.gov/components/prods.html. 

Refer to Appendix D for more information on the SINEX_TRO format. See Bevis et al. 

(1992) for more information on how zenith wet delay, and thereby integrated water 

vapour, can be estimated from GPS observations. 

Statistics have been generated for four periods representative of weather 

conditions in the winter, spring, summer, and fall. Each period contains variations in 

temperature, relative humidity, and pressure typical of the season. Detailed graphs of the 

temperature, relative humidity, and pressure at GPS stations for the evaluation periods 

can be found in Appendix E.  Delay differences generated for each test period at station 

UNB1 can also be seen in histogram format in Appendix H. 

The first evaluation period is day 48 to 51 year 2004 from hour 0 UTC February 

17 to hour 24 UTC February 20, 2004. During this period, the weather conditions varied 

from –17 to 3 degrees Celsius with relative humidity and atmospheric pressure varying 

with the passing of a storm front. The zenith tropospheric total delay values for this 

period are shown in Figure 5.2. 
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Figure 5.2 Zenith total tropospheric delay values determined for days 48 to 51 at GPS 

reference station UNB1. 

 

The one sigma Root Mean Square (RMS) error of the difference between the IGS delays 

minus the GEM delays is 11.8 millimetres over the four day period. The RMS error at 

one sigma of the IGS delays minus the Saastamoinen with measured and standard 

meteorological parameters are 17.4 and 87.8 millimetres respectively. The IGS, GEM, 

and SAAS delays agree well throughout the period. The standard atmospheric values 

used in the SAASstd delay are clearly not indicative of the conditions. The relatively 

small total delay values are indicative of the low temperatures, and thereby low water 

vapour pressure, typically found in the winter season at these latitudes.  
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The second evaluation period is day 144 to 149 in year 2004 from hour 0 UTC 

May 23 to hour 24 UTC May 28, 2004. During this period, the weather conditions 

averaged slightly above zero degree Celsius temperatures with relative humidity 

remaining above 50 percent. The zenith tropospheric total delay values for this period 

are shown in Figure 5.3. 

 

 

Figure 5.3 Zenith total tropospheric delay values determined for days 144 to 149 at GPS 

reference station UNB1. 

 

The one sigma RMS error of the differences between the estimation model with the 

GEM data and the GPS derived delays from the IGS are 13.9 millimetres over the six 

day period. The RMS error results for the Saastamoinen prediction model with measured 
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and standard meteorological parameters were 48.8 and 28.8 millimetres, respectively.  

Here we see a bias in the SAAS delays with respect to the IGS and GEM values 

throughout most of the evaluation period. It is not clear why the Saastamoinen model 

displays this degree of inaccuracy with the measured meteorological parameters. It is 

also interesting to note how well the SAASstd delays represent the average conditions 

during this period. 

The third evaluation period is day 229 to 232 year 2004 from hour 0 UTC 

August 16 to hour 24 UTC August 19, 2004. The weather conditions during this period 

are typical with temperatures of approximately 10 degrees Celsius overnight and 30 

degrees Celsius daytime highs with relative humidity in the range of 50 to 100 percent. 

The zenith tropospheric total delay values for this period are shown in Figure 5.4.  
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Figure 5.4 Zenith total tropospheric delay values determined for days 229 to 232 at GPS 

reference station UNB1. 

 

The one sigma RMS error of the differences between the estimation model with the 

GEM data and the GPS derived delays from the IGS are 22.5 millimetres over the four 

day period. The RMS error results for the Saastamoinen prediction model with measured 

and standard meteorological parameters were 19.7 and 56.7 millimetres, respectively.  

The higher temperatures, and thereby higher water vapour pressure, result in larger delay 

values in the summer season. The IGS, GEM, and SAAS models agree well during this 

period. 

The fourth evaluation period is day 262 to 264 year 2004 from hour 0 UTC 

September 17 to hour 24 UTC September 20, 2004. During this period, the weather 
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conditions averaged 15 to 20 degrees Celsius with relative humidity generally varying 

between 80 and 100 percent. The zenith tropospheric total delay values for this period 

are shown in Figure 5.5.  

 

 

Figure 5.5 Zenith total tropospheric delay values determined for days 262 to 264 at GPS 

reference station UNB1. 

 

The one sigma RMS error of the differences between the estimation model with the 

GEM data and the GPS derived delays from the IGS are 22.1 millimetres over the four 

day period. The RMS error results for the Saastamoinen prediction model with measured 

and standard meteorological parameters were 45.0 and 56.9 millimetres, respectively.  
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Data assimilation for the GEM model results in an analysis rather than a forecast 

at 12 and 0 hours UTC each day. No obvious improvement is seen with the use of the 

analysis over the forecast values in the determination of the delay. This indicates that the 

12 hour forecast cycle may be sufficient to ensure an improved estimated delay 

throughout the day not just at or near the times of the analysis.  

The standard deviations, mean, and RMS error at one sigma level for all the 

modelled delays determined at UNB1 compared to GPS derived total tropospheric 

delays computed by the IGS are given in Tables 5.8. 

Table 5.8 Standard deviation, mean and RMS (in millimetres) of differences in zenith 

delays for station UNB1. IGS minus modelled delays. 

RMS Error in Estimation of zenith tropospheric delay (mm) 

IGS – NWP  IGS – SAAS IGS – SAAS std  

Day 

St.Dev. Mean RMS St.Dev. Mean RMS St.Dev. Mean RMS 

48-51 6.5 9.9 11.8 14.2 10.3 17.4 24.7 -84.3 87.8 

144-149 12.5 6.2 13.9 29.5 38.9 48.8 28.9 0.5 28.8 

229-232 18.1 13.5 22.5 19.8 0.7 19.7 25.6 50.7 56.7 

261-264 19.2 11.1 22.1 44.1 10.2 45.0 55.5 14.0 56.9 

 

The results show a consistent and significant improvement in estimated zenith total 

delay with the use of NWP model data. These results are consistent with previous 

findings from other researchers (Jensen, 2002c; Jupp et al., 2003; Bisnath et al., 2004). 

In only one case, days 229 to 232, the RMS error value for the Saastamoinen model with 
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measured meteorological parameters resulted in a lower value than the GEM model 

delay. This indicates that the GEM model delays are more reliable than those estimated 

with the Saastamoinen global tropopheric prediction model. Results divided by day can 

be seen in Appendix F.  Total delay comparisons during the test periods for station 

CGSJ can be seen in Appendix G. The tests in Section 5.2.2 will demonstrate whether a 

significant improvement can be obtained in the positioning results due to this 

improvement in the measurement domain. 

 

 

5.2.2 Effect of Delays in the Position Domain 

 

The GPS data files used for the positioning tests incorporate delays estimated 

using the GEM model (GEM), delays predicted with the Saastamoinen model with 

measured surface meteorological parameters (SAAS), and delays predicted with the 

Saastamoinen model using standard surface meteorological parameters (SAAS std). All 

processing was performed with DynaPos software provided by the XYZs of GPS. 

 

 

5.2.2.1 Implementation 

 

DynaPos is a GPS positioning software that was developed with real-time 

kinematic applications in mind.  It employs both real-time and playback processing 
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styles. Real-time capabilities are available when the software is used in conjunction with 

a GPS Receiver Interface Module (GRIM). The playback mode is actually an exact 

replica of events that would have occurred in real-time but played back in post-

processing. The following paragraphs will outline some of the other main features and 

capabilities available with the software. 

DynaPos uses a Kalman filter algorithm to process GPS data in order to solve for 

position. Remondi and Brown [2000] describes the Kalman filter algorithm used in 

DynaPos. Essentially, it is capable of forming pseudorange and carrier-phase double-

differences and carrier-phase triple differences. The user is free to set the parameters 

associated with the filter, such as code and carrier standard deviations, as required. It 

also allows for the user to define a reference solution in such a way that the Kalman 

filter can provide an error estimate. DynaPos processes L1 code, L1 carrier, L2 code, 

and L2 carrier data types in various data combinations. As can be seen in Table 5.9, each 

data combination is designed to provide an optimum solution for a particular positioning 

situation.  
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Table 5.9 Data combinations available for DynaPos processing. 

Data Combination Integer 
Fixing 

Purpose 

L1 Carrier Yes Calibration and Short Baselines 
L1 Code No Calibration and Short Baselines 
L2 Carrier No Calibration and Short Baselines 
L2 Code No Calibration and Short Baselines 
L1 Carrier & L1 Code Yes Short BLs & Quicker Convergence 
L2 Carrier & L2 Code No Short BLs & Quicker Convergence 
L1+L2 (narrow lane) Carrier Yes Short BLs, Accuracy, Integrity 
L1+L2 Code No Robust/ accurate mid-BL Positioning 
L1+L2 (narrow lane) Carrier & L1+L2 
Code 

Yes Short BL, Quick Start, Accuracy, 
Integrity 

Iono-free Carrier No Long BLs 
Iono-free Code No Long BLs 
Iono-free Carrier & Iono-free Code No Accuracy, Quick Start, for Long BLs 
Iono-free Carrier & L1+L2 Code No Accuracy for long BLs, Quick Start 
L1-L2 (wide lane) Carrier Yes Integer Monitoring & Fixing, Quick Start, 

Integrity 
L1-L2 (wide lane) Carrier & L1+L2 
Code 

Yes Integer Monitoring & Fixing, Integrity 

 

 

The user is free to switch between data combinations, as required during both the real 

time and playback processing modes. Integer ambiguity fixing capabilities are available 

for some data combinations and can also be turned on and off during processing. 

Windows are available during the real-time and playback sessions to monitor and 

interact with the processing. These include a baseline processing status window, integer 

ambiguity status window, data channel status window, engine processing status window, 

Kalman filtering pre-processing status window, Kalman filtering processing status 

window, error estimates and sigma plot window, real-time motion plot window, satellite 

visibility window, steering window, and heading display window. Figure 5.6 shows the 
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baseline processing status window, integer ambiguity status window, and the satellite 

visibility window during a playback session.  

 

 

Figure 5.6 Example of processing windows. 

DynaPos accepts GPS data in several formats. In real-time processing mode, each 

receiver is connected to a PC or laptop running the GRIM software. The GRIM accepts 

raw data from the receiver and then pipes it to DynaPos in an acceptable format. Raw 

data from Ashtech, Leica, Novatel and Trimble receivers is currently supported. Input 

data for the playback processing must be in RINEX or Ashtech B/E file formats.  

The processed results are available in three output formats: Remote Position files 

(X file), Remote Trajectory files (Y file), and DynaPos Debug files (Z file). Each of 

these files contains per epoch position solutions and associated standard deviations, as 
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well as associated ancillary data. The Remote Trajectory output file is optional and the 

Debug file can be adjusted to provide varying degrees of processing detail. All output 

files are in a convenient format that can be viewed with any text editor.  

Obtainable positioning accuracies are in the sub-centimetre or low centimetre 

level for short baselines (ambiguity fixed solution for baselines up to 10 kilometres), in 

the centimetre level for mid length baselines (baselines in the 10 to 40 kilometres range) 

and in the decimetre level for long baselines (baselines in the 40 to 100’s kilometres 

range). Solutions can be derived for baselines hundreds of kilometres long.   

DynaPos is a powerful GPS processing tool that can be used for both real-time 

and post-processing application. The overview presented in this Section was intended to 

be a general outline of some of the main features and was not meant to be inclusive of 

all the features and capabilities of the DynaPos software. The interested reader should 

refer to the DynaPos User’s Manual [The XYZs of GPS, 2001] for further details 

concerning the features discussed in this Section. 

All results shown in this report were processed using one of two data processing 

techniques, ionospheric delay-free carrier and code or integer ambiguity fixed narrow- 

lane, in the playback or post-processing mode. The ionospheric delay-free carrier and 

code processing mode is shown as it provides a relatively risk free solution that 

minimizes the effect of the errors associated with the ionosphere. This mode does not 

employ integer fixing and can result in an extended time for convergence (Cove and 

Santos, 2004). The narrow-lane integer fixed process allows the user to achieve both a 
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higher accuracy solution, as well as, specific goals such as quick convergence. All data 

was post-processed with a 10 degree elevation mask and precise orbits. 

The positioning tests were performed in such a way that any improvements in 

position solution should be directly related to the handling of the tropospheric delay. 

This was done by applying the hydrostatic and wet delays estimated from the methods 

described in Section 5.2.1 directly to the RINEX observation files for the GPS stations 

CGSJ and BOAT. The hourly delays were interpolated using a cubic spline algorithm to 

one second to match the one hertz GPS data. The Niell mapping function was applied to 

map the zenith delays to the appropriate elevation angle to generate slant delays. The 

slant delays were subtracted from the raw code and phase observations in the RINEX 

file. Each version of the modified RINEX files were then processed using the 

ionospheric delay free linear combination to generate long baseline kinematic solutions 

for BOAT station. Each long baseline solution was then evaluated with respect to a 

narrow-lane, fixed ambiguity short baseline solution between DRHS and BOAT. The 

Rinex files in processing the short baseline did not have estimated delays applied. It 

should be noted that applying the estimated delays to the RINEX files is not an ideal 

solution to this situation; ideally, the delays would be applied directly during processing. 

This was not possible due to the use of commercial processing software where the 

source code would not be made available for the required modifications. 

It must be noted that no measures beyond double differencing and the use of the 

ionospheric delay free processing were applied to the observations in order to address 
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residual effects from the ionosphere or multipath. Residual effects from these error 

sources may continue to contribute to the error budget of the position solutions.  

 

 

5.2.2.2 Results 

 

Position domain tests were performed on selected time series from the test 

periods identified in the measurement domain tests shown in Section 5.2.1. These time 

series were selected based on several criteria, namely, the weather and the location of 

the ferry. The time series were meant to represent periods of weather that were highly 

correlated and highly de-correlated over the test area (i.e. during the passage of a 

weather front). In other words, times when the weather was the same over the test area 

and times when the weather varied greatly over the test area. This was done in order to 

show if the use of the NWP model data would be beneficial in situations were there is 

significant differential troposphere, little differential troposphere, in both cases, or not 

beneficial in any case. Substantial differential troposphere, such as during the passage of 

weather fronts, can be associated with degraded position results; therefore, this was of 

particular interest (Gregorius and Blewitt, 1998).  The second criterion was to choose 

times where the ferry was docked in Digby. This provided a kinematic data set, but does 

not add in the additional complication of not being able to achieve a high accuracy, fixed 

ambiguity solution, as the baseline between DRHS and BOAT never exceeds 5 

kilometres.   
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The statistics given in Table 5.10 are based on solution differences between the 

short baseline solution between DRHS and BOAT (approximate distance of 4 

kilometres) and the long baseline solution between CGSJ and BOAT (approximate 

distance of 74 kilometres).   

Table 5.10 Standard Deviation (m) for kinematic data sets. Short baseline solution minus 

long baseline solution. 

RMS error in position from ionospheric delay free solution compared to 
narrow lane fixed solution (in cm). 

NWP SAAS SAAS std 

Day Hour 
UTC 

Horizontal 
RMS 

Vertical 
RMS 

Horizontal 
RMS 

Vertical 
RMS 

Horizontal 
RMS 

Vertical 
RMS 

49 1800-2000 15.03 7.87 8.04 13.90 7.57 10.40 
51 1800-2000 6.32 14.90 4.68 17.10 5.22 12.50 
146 0700-1000 5.31 8.00 5.60 6.40 5.45 6.60 
148  0700-1000 10.28 6.00 9.00 7.90 10.32 7.00 
229  2245-2345 31.68 41.70 4.67 11.10 3.04 14.30 
230  0700-0800 17.36 22.70 20.46 11.90 19.56 13.80 
261  1500-1600 6.21 7.50 5.75 18.30 6.30 5.20 
263 1500-1600 12.62 19.70 12.42 14.20 12.79 19.80 
 

Time series on days 49, 146, 230, and 263 represent times where weather conditions, 

particularly barometric pressure, varied over the test area. The remaining time series, 51, 

148, 229, and 261, represent times where the weather conditions over the test area were 

well correlated. No significant improvements in positioning results are found in either 

case and, in fact, no one solution provides the best solution in all cases. The continuity in 

the position results using the different modeled delays could be attributed to a lack of 

significant differential troposphere. The reference stations CGSJ and BOAT do not 

differ greatly in height and the baseline is only 75 kilometres. If there were a great 

difference in the heights of the reference stations, longer baselines, or extremely 
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decorrelated weather over the test area the resulting differential troposphere may have 

resulted in a significant improvement in position solution using the GEM model delays 

(Jensen, 2002c). The inconsistency found on day 229 does may be due to the use of 

forecast data very late in the 12 hour forecast cycle. No significant discrepancy, 

however, appears in the measurement domain (see Figure 5.3) between the GEM and 

IGS delays at station UNB1 that would explain the large difference in RMS error found 

in the position domain during this time period. 

One can conclude that based on these position domain results, the Saastamoinen 

global prediction model with standard meteorological parameters is as effective or more 

effective than employing additional measures such as NWP model data or measured 

meteorological parameters. The improvement found in the measurement domain does 

not translate significantly into the position domain for this time series of data.  
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6 CONCLUSIONS AND RECOMMENDATIONS 

 

The modeling of tropospheric delay remains a significant source of error in 

differential GPS positioning. Several methods for improving the estimation of the delay 

have been proposed, including the use of Numerical Weather Prediction models. 

The objective of this thesis was to investigate the use of a NWP model in the 

modelling of zenith tropospheric delay. Zenith delays estimated with NWP model data 

were compared to delays computed with a global prediction model in the measurement 

and position domains. A significant improvement was found in the measurement domain 

with the use of NWP model data over a global prediction model in the estimation of 

tropospheric delay for the GPS reference station UNB1. This improvement did not 

translate into an improvement in the position domain for a 75 kilometre baseline 

between the roving GPS station BOAT and reference station CGSJ. 

In the measurement domain, zenith total tropospheric delays were estimated from 

Regional GEM NWP model data and the Saastamoinen global prediction model, with 

measured and standard atmospheric parameters, for four distinct time periods over one 

year. The delays were compared to GPS derived final zenith path delay product 

produced by the IGS for GPS reference station UNB1. The results show significant 

improvement in zenith tropospheric delay estimation with use of NWP model data. The 

delays estimated with GEM model data were found to agree with the IGS delays with a 

RMS error in the range of 11.8 to 22.5 millimetres. This is an improvement on the 

delays estimated with Saastamoinen global prediction model both with the use of 
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measured and standard atmospheric parameters. The resulting delays for the prediction 

model with measured and standard parameters as compared to the IGS delays had a 

RMS error in the range of 17.4 to 48.8 millimetres and 28.8 to 87.8 millimetres, 

respectively. The NWP model data consistently produced delay results that were 

superior to those produced with the Saastamoinen global prediction model. 

Tropospheric delays were then estimated for a network of GPS stations in and 

around the Bay of Fundy. The NWP and prediction model delays were applied to GPS 

data in order to evaluate the effect in the position domain. No apparent improvement 

was found with the use of NWP delays over the use of the traditional global prediction 

model. In fact, in one case on day 229 a significantly worse position solution was 

produced by the NWP model data. There was also no apparent improvement with use of 

surface meteorological data in the global tropospheric prediction model over the use of 

standard meteorological parameters. 

The lack of improvemnent in the position solution can perhaps be attributed to 

the homogeneity of weather conditions over area during the test periods resulting in a 

lack of differential troposphere between the stations. Additionally, the reference stations 

did not vary greatly in terms of height and the baseline evaluated may not have been 

sufficiently long to show any significant improvements in position error due to improved 

modeling of the tropospheric delay.  

Results in zenith delay estimation and positioning are promising but require 

further study. Improvements may be found in areas not investigated in this research 

 

59



including the impact on ambiguity resolution and network rather than single baseline 

applications. Suggestions for some future work are outlined below. 

Study in this area of research would benefit from the inclusion of longer 

baselines and more varied weather conditions. In this particular research project, the 

tests could be expanded to include stations in Fredericton and Halifax giving baseline 

distances up to 200 kilometres.  

Several other aspects of the research should be addressed in future work. One of 

these was how the estimated delays were applied to the GPS data. Ideally, the delays 

would be estimated during processing rather than applying them to the Rinex file prior 

to processing. This could be easily accomplished with the use of processing software 

with accessible code. Another useful exercise would be to ray trace through the NWP 

rather than determining the zenith delay in order to evaluate the potential benefits on low 

elevation angles. Finally, some researcher have found improvements can be found in 

ambiguity resolution with NWP model data.; it would be useful to evaluate whether this 

is the case with this data set. 

Research into the use of NWP models for GPS positioning is a relatively new 

area. Extensive testing in time, coverage, and weather conditions is required in order to 

fully explore the potential of the use of NWP in this application. This thesis represents 

an initial investigation into the use of the Canadian Regional GEM model for GPS 

positioning. 
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APPENDIX A - Coordinates of GPS stations in ITRF and NAD83 

(CSRS) 

Table A.1 ITRF station coordinates (in degrees – minutes - seconds and metres). 

Station Latitude Longitude Height (m) 
UNB1 45-57-00.7525 66-38-30.1359 22.8469 
CGSJ 45-16-17.5436 66-03-46.6853 4.568 
DRHS 44-37-13.7901 65-45-34.9658 37.469 
FRED 45-56-0.6237 66-39-35.5646 94.84 
HLFX 44-41-0.7765 63-36-40.6031 3.11 
 

Table A.2 NAD83 station coordinates (in degrees/ minutes/ seconds and metres). 

Station Latitude Longitude Height 
UNB1 45-57-0.7145 66-38-30.1376 23.9659 
CGSJ 45-16-17.5082 66-03-46.6831 5.710 
DRHS 44-37-13.7550 65-45-34.9643 38.633 
FRED 45-56-00.5889 66-39-35.5646 95.96 
HLFX 44-41-00.7422 63-36-40.6073 4.28 
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APPENDIX B – Description of the process for determining station 

barometric pressure for use in the estimation of tropospheric delay 

with NWP model data 

 

A process is used to determine station barometric pressure from surface NWP model 

data (Gutman et al., 2003). NWP models are based on pressure rather than height. In 

order to determine zenith total delay from the NWP model, one must first determine 

pressure at the station height. This can be performed with surface pressure and 

geopotential height data contained in the NWP model and the orthometric height of the 

station. The pressure at mean sea level, or Altimeter Setting (AS), at a station location 

can be expressed as: 

 

 ,     B.1 
255.551903.0

1 )*10*313.1( HsfcPsfcT −+=

  

86429.33*1TAS = ,        B.2 

 

where Psfc is the pressure at the earth’s surface in inches, Hsfc is the geopotential height 

of the earth’s surface in feet, and the pressure at mean sea level is in millibars. The 

pressure at the station, or Psta, can then be determined with the following expression: 

 

86429.33*))*10*313.1(( 255.5/151903.0/1
1 HstaTPsta −−= ,   B.3 
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where Hsta is the height of the orthometric station in feet and the pressure at the station 

is in millibars. 

For he interested reader, the process for converting geometric heights to geopotential 

heights is described in Vedel (2000). 
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APPENDIX C – The expression for determination Normal Gravity 

  

Normal gravity should be evaluated at the GPS station and at each layer in the 

NWP model. The following are a list of the equation components and constants used to 

evaluate normal gravity in the program for determining zenith tropospheric delay as 

described in Section 5.2.1.1. 

Table C.1 List of equation values and constants used in the determination of normal 

gravity. 

Parameter Value Reference 
Ge 9.7803267715 Normal gravity at equator in m/ s2 
k 0.001931851353 Relation between normal gravity and ellipsoidal axis 
f 1/298.257222100883 Ellipsoidal flattening, GRS80 
e2 0.0066943800299 Ellipsoidal second eccentricity 
A1 3.0877*10^-6 Constant from series expansion to the order of f 
A2 0.00142 Constant from series expansion to the order of f 
A3 0.75*10^-12 Constant from series expansion to the order of f 
 

The expression for normal gravity (Torge, 1989) at the surface of the ellipsoid is 

expressed as: 

 

))(sin*2(1(
)))(sin*(1(*0

2

2

Lstae
LstakGeG

−

+
= ,       C.1 

 
Where Lsta is the latitude of the station in radians and the G0 is in metres / second2. The 
normal gravity at the station, G, is expressed as: 
 

22 *3)*)(sin*21(*10 HstaAHstaLstaAAGG +−−= ,    C.2 
 
where Hsta is the geometric height of the station and G is in metres / second2. 
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APPENDIX D – Description of the SINEX_TRO format 

 

 The Solution (Software/technique) INdependent EXchange (SINEX_TRO) 

format is used for the combination of tropospheric estimates product generated by the 

IGS. The product contains total zenith path transformed to precipitable water vapour for 

selected IGS stations. A complete description  of the SINEX_TRO format including an 

example of the Combination Product can be found at the Jet Propulsion Laboratory 

website at ftp://igscb.jpl.nasa.gov/pub/data/format/sinex_tropo.txt. 

 The file format is based on the SINEX format containing blocks that include 

file/reference, site/eccentricity, site/ID, site/antenna/site receiver, site/GPS_phase center. 

Additional blocks created to hold data and information specific to the troposphere 

estimates are trop/description, trop/sta_coordinates, and tro/solution blocks. 

 Files containing total zenith path delay parameters are submitted to IGS 

Analysis Centers for all participating global sites. A water vapour product can be 

generated for those sites with meteorological data available. Where meteorological data 

is not available only the zenith path delay product can be generated. 

 The files archived and available for download on the IGS website are in a 

weekly file with a separate file for each site. The files contaning only the zenith path 

delay product are named sssswwww.zpd and those also containing the water vapour 

product, referred to as the combination product, are named sssswwww.tro (where ssss 

refers to the station designation and wwww refers to the GPS week). 
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APPENDIX E - Detailed graphs of the temperature, relative humidity, 

and pressure at GPS stations UNB1, CGSJ, DRHS, and BOAT for the 

test evaluation periods 
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Figure E.1 Pressure, temperature, relative humidity, and water vapour pressure at GPS 

reference station UNB1 for days 48 to 51. 
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Figure E.2 Pressure, temperature, relative humidity, and water vapour pressure at GPS 

reference station UNB1 for days 144 to 149. 
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Figure E.3 Pressure, temperature, relative humidity, and water vapour pressure at GPS 

reference station UNB1 for days 229 to 232. 
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Figure E.4 Pressure, temperature, relative humidity, and water vapour pressure at GPS 

station UNB1 for days 261 to 264. 
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Figure E.5 Pressure, temperature, relative humidity, and water vapour pressure at GPS 

station CGSJ for days 48-51. 
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Figure E.6 Pressure, temperature, relative humidity, and water vapour pressure at GPS 

station CGSJ for days 144 to 149. 
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Figure E.7 Pressure, temperature, relative humidity, and water vapour pressure at GPS 

station CGSJ for days 229 to 232. 
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Figure E.8 Pressure, temperature, relative humidity, and water vapour pressure at GPS 

station CGSJ for days 261 to 264. 
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Figure E.9 Pressure, temperature, relative humidity, and water vapour pressure at GPS 

station DRHS for days 48 to 51. 
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Figure E.10 Pressure, temperature, relative humidity, and water vapour pressure at GPS 

station DRHS for days 144 to 149. 
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Figure E.11 Pressure, temperature, relative humidity, and water vapour pressure at GPS 

station DRHS for days 229 to 232. 
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Figure E.12 Pressure, temperature, relative humidity, and water vapour pressure at GPS 

station DRHS for days 261 to 264. 
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Figure E.13 Pressure, temperature, relative humidity, and water vapour pressure at GPS 

station BOAT for days 48 to 51. 
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Figure E.14 Pressure, temperature, relative humidity, and water vapour pressure at GPS 

station BOAT for days 144 to 149. 
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Figure E.15 Pressure, temperature, relative humidity, and water vapour pressure at GPS 

station BOAT for days 229 to 232. 
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Figure E.16 Pressure, temperature, relative humidity, and water vapour pressure at GPS 

station BOAT for days 261 to 264. 
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APPENDIX F - Daily results for measurement domain tests 

Table F.1 Standard deviation, mean and RMS (in millimetres) of differences in zenith 

delays for station UNB1. IGS minus model delays. 

RMS Error in Estimation of zenith tropospheric delay  
IGS – NWP (in mm) IGS – SAAS (in mm) IGS – SAAS std (in mm) 

Day 

St. Dev. Mean RMS St. Dev. Mean RMS St. Dev. Mean RMS 
48 4.5 5.0 6.6 26.9 -22 34.6 18.5 -45.5 48.3 
49 4.0 5.0 6.3 7.8 11.3 13.7 14.0 -65.6 67.0 
50 7.6 14.4 16.2 17.5 25.0 30.3 10.5 -93.4 94.0 
51 3.5 13.2 13.4 8.2 5.6 9.9 5.9 -120.7 118.4 
 

Table F.2 Standard deviation, mean and RMS (in millimetres) of differences in zenith 

delays for station UNB1. IGS minus model delays. 

RMS Error in Estimation of zenith tropospheric delay (m) 
IGS – NWP (in mm) IGS – SAAS (in mm) IGS – SAAS std (in mm) 

Day 

St. Dev. Mean RMS St. Dev. Mean RMS St. Dev. Mean RMS 
144 19.9 7.0 20.7 14.4 31.2 34.2 18.7 -15.3 23.9 
145 13.3 2.9 13.3 30.5 40.7 50.5 39.3 -4.8 38.8 
146 4.4 11.6 12.4 18.7 53.3 56.3 19.3 25.2 31.5 
147 8.5 8.2 11.7 23.2 56.6 60.9 24.0 3.5 23.8 
148 13.3 3.4 13.5 41.1 37.9 55.3 31.5 1.8 30.9 
149 8.0 4.5 9.0 19.0 13.0 22.7 18.8 -9.0 20.5 
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Table F.3 Standard deviation, mean and RMS (in millimetres) of differences in zenith 

delays for station UNB1. IGS minus model delays. 

RMS Error in Estimation of zenith tropospheric delay 
IGS – NWP (in mm) IGS – SAAS (in mm) IGS – SAAS std (in mm) 

Day 

St. Dev. Mean RMS St. Dev. Mean RMS St. Dev. Mean RMS 
229 26.2 4.3 26.1 13.0 4.5 13.5 13.2 54.5 56.0 
230 11.8 3.7 12.1 23.8 7.7 24.6 32.4 41.9 52.5 
231 11.2 17.8 21.0 16.7 -1.6 16.4 16.1 34.2 37.7 
232 9.3 27.1 28.1 12.8 10.1 16.2 19.8 73.8 75.0 

 

Table F.4 Standard deviation, mean and RMS (in millimetres) of differences in zenith 

delays for station UNB1. IGS minus model delays. 

RMS Error in Estimation of zenith tropospheric delay 
IGS – NWP (in mm) IGS – SAAS (in mm) IGS – SAAS std (in mm) 

Day 

St. Dev. Mean RMS St. Dev. Mean RMS St. Dev. Mean RMS 
261 23.0 7.0 23.6 32.7 6.9 32.8 24.1 60.6 65.0 
262 24.4 25.5 34.9 33.9 67.0 74.8 14.3 72.4 73.7 
263 9.4 6.9 11.5 12.7 -10.2 16.1 17.4 -29.0 33.6 
264 4.5 5.0 6.6 26.9 -22.2 34.6 18.5 -45.5 48.3 
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APPENDIX G - Zenith total delays at station CGSJ 
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Figure G.1 Zenith total delay values determined for days 48 to 51 at GPS station CGSJ. 

 

Figure G.2 Zenith total delay values determined for days 144 to 149 at GPS station CGSJ. 
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Figure G.3 Zenith total delay values determined for days 229 to 232 at GPS station CGSJ. 

 

Figure G.4 Zenith total delay values determined for days 261 to 264 at GPS station CGSJ. 
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APPENDIX H – Histogram plots of differences in total zenith delay. 
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Figure H.1 Histogram of differences in total zenith delay for days 48 to 51 at GPS station 

UNB1. 
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Figure H.2 Histogram of differences in total zenith delay for days 144 to 149 at GPS station 

UNB1. 
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Figure H.3 Histogram of differences in total zenith delay for days 229 to 232 at GPS station 

UNB1. 

 

 

97



 

Figure H.4 Histogram of differences in total zenith delay for days 262 to 264 at GPS station 

UNB1. 
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