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ABSTRACT  
 
We have continued in our effort to investigate the use of 
Numerical Weather Prediction (NWP) models in GPS 
positioning, in an attempt to obtain better prediction of 
tropospheric delay. We have expanded our previous work 
on deriving zenith path delays from the Canadian GEM 
NWP model to obtain slant path delays, via ray-tracing in 
the three-dimensional NWP grids. We have developed an 
algorithm for this purpose. We have tested our approach 
in the ranging domain, comparing it to slant delays given 
by the UNB3 model and to zenith hydrostatic delays 
given by the Saastamoinen model with surface pressure 
measurements. We have also tested it in the position 
domain, using real GPS data from the Princess of Acadia 
Project, in a combination of short- and long-baseline 
solutions. Even though preliminary, our results indicate 
that (i) there is no advantage in ray-tracing for elevation 
angles greater than 30º, and (ii) NWP is equivalent to 
UNB3 for decimetre-level positioning. Further 
comparisons are needed to assess the performance of the 
GEM NWP model at higher precision levels. 
 
INTRODUCTION 
 
GPS radio signals are refracted when they propagate 
through the Earth’s neutral atmosphere. Timings 
(rangings) of GPS signals are delayed (increased) 
compared to what would be measured if the signals were 
propagating in a vacuum. In other words, the distance 
measured with GPS signals propagating through the 
neutral atmosphere (the bulk of which is the troposphere 
but also includes the stratosphere) is always greater than 
the geometrical distance between satellite’s and receiver’s 
antennas. 
 
Those delays range from 2.3 m at zenith to approximately 
26 m at 5º-elevation angle (Seeber, 2003). They introduce 
non-negligible errors in the estimates derived from GPS 
observations and must be taken into account in precise 
applications. 



The neutral atmosphere propagation delays are better 
analyzed separating them in two components, a 
hydrostatic one (also called dry) hτ and a non-hydrostatic 
one (also called wet) nhτ  (Langley, 1996): 

.nhh τττ +=  
The hydrostatic delay accounts for approximately 90% of 
the total delay and is fortunately highly predictable from 
surface pressure measurements. The non-hydrostatic 
component is function of humidity, hence highly variable 
and harder to predict. 
 
Most of currently used prediction models are a compound 
model, made of (i) a zenith delay prediction model and 
(ii) a mapping function. (i) is usually based on limited 
lookup tables to get the weather parameters at a given 
position. (ii) maps the delay at zenith to lower elevation 
angles. To name but a few, we cite (i) Saastamoinen (as 
given by Davis et al., 1985), (ii) Niell’s mapping function 
(Niell, 1996), and UNB3 (Collins and Langley, 1999) as a 
compound model.  
  
Due to the prediction capability of current models, it has 
been recommended that, for precision applications, only 
the hydrostatic component be predicted and that the non-
hydrostatic component (actually its mapping to zenith) be 
estimated as an unknown parameter in the adjustment of 
GPS observations (McCarthy and Petit, 2004). 
 
One possibly better model for humidity and hence non-
hydrostatic delay is that of Numerical Weather Prediction 
(NWP) models (Pany et al., 2001; Jensen, 2002). Global 
and regional NWP models are produced daily by many 
meteorological agencies throughout the world, mainly for 
weather forecasting purposes. That possibility is based on 
the fact that NWP models, especially the regional ones, 
have a much higher resolution than the lookup tables on 
which the current prediction models are based. 
 
As part of an ongoing investigation to integrate NWP 
models in GPS processing at UNB (Cove et al., 2004; 
Cove, 2005), we calculated slant-path delays from a NWP 
model and started to test them both in the range domain 
and in the position domain.  
 
The testing in the position domain was done as part of the 
Princess of Acadia project, which we describe in the next 
section. In the following section we summarize how we 
calculated slant-path delays from a NWP model, and in 
the two remaining sections we describe the test and 
comparisons done and analyze the results. We close this 
paper with conclusions and an indication of current and 
future goals in this investigation. 
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PRINCESS OF ACADIA PROJECT 
 
The Princess of Acadia Project consists of a range of 
activities, which started with a data collection campaign 
around the Bay of Fundy, located between the Canadian 
Provinces of New Brunswick and Nova Scotia, in Eastern 
Canada. Data from a network of GPS receivers, 
meteorological stations and tide gauges were collected for 
a period of over one year (from November 2004 to 
December 2004). The long-term data collection allows the 
data to cover different seasons and distinct passing of 
weather fronts.  
 
A receiver was also set up on board the ferry Princess of 
Acadia, which connects the cities of St. John, New 
Brunswick, and Digby, Nova Scotia, as many as 3 times a 
day. The Bay of Fundy was a very convenient choice due 
to its proximity to UNB but most importantly due to the 
fact that it possesses tides of high amplitude, providing an 
additional vertical dynamics to the project.  
 
Figure 1 shows the geographic location of the project, 
with indication of the stations used and their respective 
distances. The ferry travels the 74 km line between Digby 
(DRHS) and Saint John (CGSJ). These stations were 
implemented solely to serve the project. Other stations 
shown are Fredericton (FDRN) and Halifax (HLFX). The 
latter stations belong to the Canadian Active Control 
System, maintained by NRCan.  
 

 
Fig. 1: The Princess of Acadia Project location. 

 
A number of issues have been dealt with in this project, 
dealing with variability in positioning due to area 
coverage and due to weather fronts, issues related to 
seamless vertical datum and site dependent effects 
(Santos et al, 2004). 
 
The objectives of the Princess of Acadia Project, as 
proposed by Santos and Cove (2002), are to investigate: 
• Extension in long-range high-accuracy relative 

kinematic positioning. 
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• Effect of variability in weather conditions, especially 
for long baselines, in a marine environment. 

• Inter-connections among vertical reference systems, 
having the ferry as a “moving tide gauge”. 

• Local effects, such as multipath effect on base 
stations and on the rover receiver, and tidal effects 
such as body tides and ocean tidal loading, and how 
they impact relative kinematic positioning.  

 
As data collection is over we are moving ahead with 
analysis of the data in the light of the project objectives. 
The investigation on the use of Numerical Weather 
Prediction (NWP) model data is an attempt to obtain a 
better representation of the neutral atmosphere, to satisfy 
two of our project objectives: extend the range in high-
accuracy kinematic positioning with a more realistic 
representation of weather conditions affecting the 
observations.  
 
CALCULATION OF SLANT-PATH DELAYS 
FROM NWP MODELS 
 
We used the regional high-resolution version of the 
Global Environmental Multiscale NWP model, developed 
by the Meteorological Research Branch in partnership 
with the Canadian Meteorological Centre of Environment 
Canada (Côté et al, 1998). That model describes each 
weather parameter (e.g., temperature, humidity) as a 
three-dimensional gridded field. Those fields are made of 
28 isobaric levels at standard pressure values, and some 
fields have an additional ground surface level. Even 
though the regional model is run on a variable-step grid 
with a 15 km central core resolution, the fields are made 
available on a polar-stereographic horizontal grid with a 
15 km resolution at 60°N. All fields are available at 3-
hourly intervals. 
 
The delayτ is given by the line integral of refractivity N 
along the curved ray path, from the satellite to the 
receiver: 

,)(10 6 ∫−=
C

dN llτ  

where τ  is in metres. We approximated the curved ray 
path by a straight-line path, namely the direction between 
satellite and receiver, and evaluated that integral 
numerically. N is sampled at as many points as needed to 
fulfill the tolerance specified (e.g., 1 mm). A typical curve 
of refractivity versus distance from the receiver towards 
the satellite (with 0.1 mm tolerance) is shown in fig. 2. 
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ig. 2: Typical curve of refractivity versus slant distance, 
from receiver towards satellite. Elevation angle is 45º. 
Black dots represent points at which refractivity was 

sampled. 

he refractivity N at a given distance l  along the path is 
btained interpolating the weather parameters at the 
orresponding three-dimensional position in the NWP 
ridded fields. As the GEM NWP models goes up to 
pproximately 20 km in the vertical direction, we 
pplemented it with the COSPAR International 
eference Atmosphere (CIRA-86) model, described in 
leming et al. (1988). We used it for heights above the 
WP model and up to 50 km, over which we should not 

xpect delay due to the neutral atmosphere (Langley, 
005). 

he interpolated values for temperature T, pressure P, and 
ecific humidity s are applied, after proper conversion, in 
e following formula (Langley, 1996): 
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here ePPd −=  is the partial pressure for dry gases 
eeber, 2003) and )378.0622.0/( sspe +=  is the water 

apor pressure (Rocken et al., 2001). The compressibility 
ctors 1−

dZ  and 1−
wZ  were both set to one because “for 

pical conditions in the earth’s atmosphere, [they] depart 
om unity by less than 1 part in 103” (Langley, 1996). 
he terms 1K , 2K , and 3K  are empirically determined 
oefficients, whose values used in this paper are 76.6, 
4.8, and 510776.3 ×  respectively. 

 key step in the computation of the slant path delays is 
e transformation of coordinates from the integration 
ace ( )l  to the interpolation space ( )GHyx ,, , where yx,  
present horizontal coordinates in the polar-stereographic 

rojection and GH  is geopotential height. The 
ansformation to the horizontal components ( )yx,  is 



made of only well-known transformations (namely, 
cartesian geocentric to geodetic curvilinear to projected 
coordinates). The transformation to the vertical 
component ( )GH  is described in the Appendix A.  
 
TESTING IN THE RANGE DOMAIN 
 
NWP compared to UNB3 as function of elevation 
angle  
 
We compared slant delays given by the NWP to slant 
delays given by the UNB3 prediction model. Figures 3a, 
3b, 3c show, respectively, the total, hydrostatic, and non-
hydrostatic NWP delay and their corresponding 
discrepancies w.r.t. UNB3. All values are for the IGS 
station UNB1, on May 20, 2005, 0h UTC, North azimuth. 
In that particular case, NWP slant delays were always 
smaller than UNB3 slant delays. We analyzed only 
elevation angles higher than 10º. The discrepancies at 
zenith in total, hydrostatic, and non-hydrostatic delay 
were -0.047 m, -0.013 m, -0.033 m, respectively. As 
expected, the discrepancies for the hydrostatic component 
were smaller than the discrepancies for the non-
hydrostatic component. 
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Fig. 3a: Hydrostatic delay. 
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Fig. 3b: Non-hydrostatic delay. 
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Fig. 3c: Total delay. 

Fig. 3: NWP predictions (dots) and respective 
discrepancies (crosses) w.r.t. UNB3 predictions. At 

station UNB1, on May 20, 2005. 
 
 
NWP compared to UNB3 and Saastamoinen at IGS 
stations – zenith hydrostatic delays 
 
A second comparison was performed with respect to 
zenith hydrostatic delays (ZHD). The justification for 
comparing ZHD is that they are highly predictable from 
surface pressure measurements.  
 
We used all IGS stations inside the GEM NWP extents, 
with meteorological data (RINEX MET files) on May 20, 
2005, 0h UTC, and with known values for their height 
above the ground (that information is required in our 
calculation of delays). The IGS codes of those stations are 
listed in table 1. 
 

Tab. 1: code of IGS stations used in the second 
comparison. 

1 ALGO 6 REYK 
2 CHUR 7 SCH2 
3 KUUJ 8 STJO 
4 PRDS 9 WHIT 
5 QAQ1 10 YELL 

 

We considered the values calculated with Saastamoinen 
model using the meteorological files (denoted Saas MET) 
as benchmark values. We compared also UNB3 and 
Saastamoinen using pressure taken from the NWP at the 
receiver (denoted Saas NWP). 
 

The result of this comparison is shown in figures 4a and 
4b. Figure 4a shows the actual values given by each one 
of the models. Figure 4b shows their differences with 
respect to Saas MET. These figures indicate that, even 
though there is a good overall agreement among the 



predictions, there are significant discrepancies (up to 6 cm 
at station # 9). 

 
It is interesting to note that the curves for NWP and Saas 
NWP are always close together. That indicates that our 
approach for calculating delays closely approximates the 
Saastamoinen model for the hydrostatic delay. 
 
It is interesting to note also that the only difference 
between Saas MET and Saas NWP is the value used for 
pressure at the receiver. The fact that those two curves are 
not close together indicates that we are not getting the 
correct value for pressure at the receiver. In future works 
we will investigate if that is due to a faulty transformation 
to vertical coordinates or due to mismodeling of the 
pressure field by the NWP model.  
 
A consequence of the two facts above is that once the 
separation between Saas NWP and Saas MET is 
corrected, the separation between NWP and Saas MET 
(benchmark) will be corrected too. 
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Fig.4a: Hydrostatic delay as predicted by a number of 

models, at IGS stations, on May 20, 2005. 
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Fig.4b: Discrepancy in hydrostatic delay with respect to 

Saas MET, at IGS stations, on May 20, 2005. 
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NWP slant delays compared to NWP zenith delays + 
Niell’s mapping function 
 
A third comparison was made, between NWP slant total 
delays and NWP zenith total delay mapped to lower 
elevation angles using Niell’s mapping function (Niell, 
1996). 
 
Even though each result is computed in a completely 
different manner, the discrepancy between the two is 
smaller than 1mm for elevations between 90º and 30º and 
smaller than 1 cm between 30º and 20º. Below 10º the 
discrepancy grows fast, reaching 2m at 1º and a 
singularity at 0º (not shown in the figure). 
 
The main practical conclusion of this result is that, for 
that particular occasion and considering a precision of 1 
mm, there is no advantage in calculating slant delays 
directly – calculating a single zenith delay and using it 
with a mapping function gives equivalent results and it is 
a lot faster to process. 
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Fig. 5: Total delay (dots) and discrepancy in total delay 

(crosses), NWP vs. NWP+NMF. 
 
TESTING IN THE POSITION DOMAIN 
 
The tests done in the position domain used data from the 
Princess of Acadia Project. We formed two baselines to 
the same rover receiver (installed on the ferry), one short 
(~4km) and one long (~74 km). In both baselines we 
constrained the static station and estimated the 
coordinates of the rover for each epoch. The short-
baseline solution was used as the reference solution, and 
the different long-baseline solutions were compared to it.  
 
The data sets were processed fixing ambiguities for the 
short-baseline and using the iono-free linear combination 
for the long-baseline. We used the software tool GrafNav, 
of WayPoint Consulting, version 7.6. 
 
We had three long-baseline solutions, which differed by 
the way we dealt with the troposphere: (i) uncorrected 
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