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SUMMARY

Tropospheric water vapour is the main limiting factor in using GPS to determine crustal
deformation at highest accuracy. On the other hand, it is an important variable to monitor
meteorological and climatic processes. This paper discusses both aspects: the modelling of
tropospheric water vapour using meteorological data as well as the determination of the inte-
grated amount of water vapour and its spatiotemporal variation using GPS data. Switzerland
has been chosen as experiment area. The Swiss continuous GPS (CGPS) network AGNES is
used as a reference network, which represents a realistic scenario for GPS-based water vapour
determination. Data of the Swiss numerical weather model aLMo are used for systematic
comparison and validation.

For the first aspect, integrated tropospheric wet refractivity values are determined from me-
teorological measurements and compared with GPS path delays. An overall agreement of 1 cm
of zenith wet path delay was achieved. For the second aspect a tomographic approach has been
developed. A total of 6720 GPS-determined profiles are compared with data of the numerical
weather model and radio soundings. The results are statistically evaluated and systematically
compared with each other. A correlation between the accuracy and the weather situation was
found. Overall, an agreement of 5—7 ppm (refractivity unit) was obtained compared to aLMo.

The use of GPS-determined path delays from a permanent GPS network is the recom-
mended method to correct GPS measurements. In all other cases, the two methods presented
(COITROPA, COMEDIE) are a feasible alternative to determine path delays accurately. Fur-
thermore, GPS is a convenient application to determine the amount of water vapour in the
troposphere. It is demonstrated that the vertical distribution of water vapour can be deduced
by applying the tomographic approach.
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called GPS tomography is under investigation (e.g. Troller et al.

1 INTRODUCTION 2002). It is applied to an operational dense permanent GPS net-

Climate change has become of major concern for the future, facing
the planet’s environment and its population. In this context, water
vapour plays a crucial role. It is the most variable parameter of
the major constituents of the atmosphere, both in space and time.
It is involved in many processes and chemical reactions such as
the greenhouse effect, the decomposition of the ozone layer, the
distribution of air pollution and acid rain.

The tropospheric water vapour causes a delay in the arrival of
microwave signals propagating through the atmosphere. This effect
is one of the main limiting factors and has to be corrected for accurate
GPS positioning.

On the other hand, the total amount of water vapour in the at-
mosphere can be successfully determined using satellite navigation
systems such as GPS (e.g. Bevis et al. 1992). To account for the 4-
D distribution of water vapour in the atmosphere, a new technique
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work. Accuracies of the total amount of water vapour and its spatial
and temporal distribution are discussed.

The next generation of numerical weather prediction models re-
quires precise 3-D information of the water vapour distribution with
a high temporal resolution. In regions with a high density GPS
network—such as the Swiss AGNES network—GPS can be an im-
portant data source for the numerical weather prediction.

2 AREA OF INVESTIGATION
AND DATA SOURCES

Switzerland has been chosen as area of investigation. It is specially
suited because of the topographic varieties from flat to mountain-
ous alpine areas. Moreover, the Swiss National GPS permanent
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Figure 1. GPS stations of the AGNES network in Switzerland operated by the Swiss Federal Office of Topography. The automated AGNES processing includes
the AGNES stations (triangles) as well as 20 EUREF stations and 23 stations from other networks (circle). The figure shows the stations in Switzerland only.

network AGNES (Automated GPS NEtwork of Switzerland) pro-
vides high-density data sets (Fig. 1). AGNES consists of 30 stations,
equally distributed over the entire Swiss territory. The altitudes range
from 329 to 3584 m. The data of all AGNES stations are automati-
cally processed at the Swiss Federal Office of Topography using the
Bernese GPS Software (Beutler ez al. 2001). Additionally, the data of
20 EUREF stations are used to enlarge the station network to achieve
accurate results (Brockmann & Troller 2002). Means of zenith total
delays are provided on an hourly basis.

Meteorological ground data of air pressure, temperature and hu-
midity are provided by the Automated Meteorological Network
ANETZ of the Swiss Meteorological Office. Hourly means of
pressure and ten-minutes-values of temperature and humidity are
available at 72 ground stations. The data are complemented with
radiosonde data of the Swiss radiosonde station Payerne and further
stations in the neighbourhood. Radiosondes are launched usually
twice a day, sometimes four times a day.

Furthermore, data of the operational, high resolution numerical
weather model aLMo (aLpine Model) of MeteoSwiss are used.
aLMo is the Swiss implementation of the non-hydrostatic local
weather model called COSMO (COnsortium of SMall-scale MOd-
elling) (Doms & Schittler 2003). aLMo consists of 385 x 325 grid
points with a horizontal grid spacing of around 7 km. Forty-five
levels are used in the vertical. Two 72 hr forecasts are calculated
daily, however, for the investigations in this study, only the data of
the assimilation cycles are used which represent the best possible
state of the atmosphere as viewed by aLMo.

The days of 2002 November 3-9, have been used as investigation
period because rapid weather changes occurred during this period.
After heavy rainfall in the morning of November 3, bright intervals
interrupted the rainfall in the afternoon. During the next two days,
wetair reached Switzerland continuously and caused further rainfall.
Only the southern part of Switzerland was sunny. On November 6,

continental dry air predominated and lead to a sunny day in the
whole country. On the next day, wet air arrived and caused rainfall
in the afternoon in the northern part of Switzerland. A belt of high
pressure allowed sunshine on November 8 and in the morning of
November 9. Further rainfall occurred on the same afternoon.

3 ZENITH WET PATH DELAYS

The determination of zenith wet path delays is important, both to
correct for the tropospheric error in GPS measurements and to mon-
itor the variation of the total water vapour amount in the troposphere
on a continuous basis.

In the first part of this study, five different ways of determining
zenith wet path delays have been analysed:

Saastamoinen: The classical approach of determining path de-
lays is to use standard models like Saastamoinen (1972) which are
parametrized by ground meteorological data only. Usually, such
an approach works well if standard atmospheric conditions apply:
exponential decrease of pressure and water vapour pressure with
altitude and a linear decrease of temperature with altitude up to the
tropopause.

COMEDIE: The state of the atmosphere (pressure, tempera-
ture, water vapour pressure) is modelled in space and time using
a collocation approach. The software package COMEDIE (COllo-
cation of MEteorological Data for Interpolation and Estimation of
tropospheric path delays) was developed at our institute. It allows
to process any spatially and temporally distributed meteorological
measurements (see Appendix A, e.g. Troller et al. 2000; Troller
2004). In the subsequent evaluations, ground meteorological data
of the ANETZ network are introduced and radiosonde data of sev-
eral launches in and around Switzerland. Path delays along arbitrary
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ray paths are obtained by integrating the collocated refractivity on
the path.

alLMo: Vertical profiles of meteorological data are available from
numerical weather models such as aLMo. Wet path delays can be
determined by integrating the refractivity along the profile.

AGNES: Zenith path delays can be determined with high accu-
racy by GPS (Beutler ef al. 2001) at the stations of the continuous
GPS network AGNES.

COITROPA: With the increasing number of permanent GPS sta-
tions in the recent years, a new approach to model the path delay
has become applicable. GPS-derived zenith path delays are used as
input data, to interpolate zenith path delays spatially and temporally.
The software package COITROPA (COllocation and Interpolation
of TROpospheric PAth delays) was developed. Similar to COME-
DIE, COITROPA is based on a 4-D collocation in space and time
(see Appendix B, e.g. Troller 2004).

Comparisons of the different zenith path delay determinations
are performed at the locations of the 30 AGNES stations during
1 week. A generally good agreement of the various methods was
reached at all AGNES stations during the investigation period. The
plots of the stations STGA (St. Gallen) and DAVO (Davos) are given
in Fig. 2. STGA is located in the Swiss pre-alpine area (altitude
754 m), DAVO in the alpine area (altitude 1646 m). It is clearly
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seen that the wet path delays are strongly dependent on the weather
situation. The interruption of heavy rainfall on November 3, lead to
arapid decrease of the wet path delay. Further rainfall on November
7 and 9 caused a new increase of wet path delay at these respective
time periods.

The excellent fit of the COITROPA solution with GPS-derived
data (AGNES) within 1 cm is clearly visible. The data of the nu-
merical weather model aLMo fits almost equally well. Also the
COMEDIE solution fits to the AGNES data. However, COMEDIE
isunable to reproduce short-time variations. This can be attributed to
the simplified functional models. The Saastamoinen solution shows
large discrepancies on November 3, 6 and 9. These discrepancies
appear because the Saastamoinen model is a relatively simple model
in which a standard atmosphere is used based on ground meteoro-
logical measurements.

Furthermore, it has to be considered that the same data source is
used to determine the AGNES and COITROPA solutions. The other
three solutions stem from another (at least partially the same) data
origin. Measurement errors are present and influence the statistical
comparisons as well.

The deviations of all data series with respect to the AGNES so-
lution are statistically evaluated. Fig. 3 shows the rms values of the
deviations at the AGNES stations versus altitude. COITROPA fits
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Figure 2. Zenith wet delay at AGNES station STGA and DAVO. The plot at STGA represents a typical situation for a station in the for-alpine area, DAVO in

the alpine area.
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Figure 3. Statistical evaluation of COITROPA, aLMo, COMEDIE and Saastamoinen with respect to AGNES. The plot shows the rms vs. station height. While
the rms values stay approximately constant in the COITROPA and alLMo solutions, COMEDIE and specially the Saastamoinen solution become less accurate

with decreasing altitude.
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Figure 4. 3-D view of the tomographic voxel model above the Swiss territory. The figure shows the core voxel model of 6 x 3 voxels per layer, and layers up
to 5000 m altitude. The open voxels, added at the horizontal boundaries of each layer, as well as the two uppermost layers (5000-8000 m, 8000—15 000 m) are
not shown. The GPS stations of the AGNES network are shown as prisms (length of prism according to their station altitude). Radiosondes are launched at the

station Payerne.

the AGNES data most accurately with a mean rms of 7 mm. A cor-
relation of the COITROPA solution with the altitude is not seen. To
obtain accurate COITROPA data, it is primarily necessary to have a
regular GPS network for the interpolation.

The rms of the alLMo solution is independent of the altitude as
well. A mean rms of 9 mm was reached in this study. Keeping in
mind that the aLMo data are interpolated from a regular grid, the
rms consists of the error of the original aL Mo model and the error of
the interpolation. The rms of the COMEDIE solution shows a small
decrease with the altitude. A mean rms of 13 mm was reached. This
can be attributed to the simplified modelling of the temperature and
the water vapour pressure. The Saastamoinen solution has a mean
rms of 23 mm. A decrease of the rms with altitude is clearly seen.

This effect correlates with the decrease of the total amount of wet
path delay with altitude.

4 WATER VAPOUR PROFILES

4.1 Method of GPS tomography

To resolve the spatial structure of the water vapour distribution in
the atmosphere, the method of tomography is applied. The atmo-
sphere is divided into a 3-D voxel model, each voxel i with a con-
stant refractivity N;. Ellipsoidal boundary surfaces of the layers ac-
count for the Earth’s curvature. The wet slant path delay AZD of the
© 2006 The Authors, GJI, 167, 509-520
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Figure 5. Cross section of the square root of cofactors at latitude 46.75°.
The two top layers are not shown on the plots. (a) represents the solution
AWATOS correlation, (b) AWATOS AGNES and (c) AWATOS ANETZ.
If a priori refractivity is introduced, the accuracy is locally increased
significantly.

microwave signal from the GPS satellite to the receiver is discretized
following the voxel model.

wet

satellite
A% =10° / Nds =103 " N;As;, )

eceiver

As; represents the length of the ray in voxel i. The ray bending effect
can be ignored, as an elevation cut-off angle of 10 degrees is applied
(Mendes 1999).

A tomographic software package called AWATOS (Atmospheric
WAter vapour TOmography Software) has been developed (Kruse
2001; Troller ef al. 2002). In the current approach, the main type of
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Figure 6. The contour map shows the a priori precision of the three solutions
in ppm (refractivity unit, interval 0.05 ppm). (a) represents the solution
AWATOS correlation, (b) AWATOS AGNES and (c) AWATOS ANETZ.

observations are GPS double-difference path delays from the GPS
processing (Troller 2004). Thus, the satellite and receiver clock
errors are pre-eliminated. A detailed description of the double-
difference approach is given in Appendix C.
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Figure 7. A posteriori standard deviation of unit weight of the tomographic solutions during the investigation period.

The number of traversing rays per voxel depends on the geometry
defined by the distribution of the ground GPS stations as well as the
satellite constellation and on the resolution of the voxel model. Usu-
ally, only a part of the voxel refractivities are sufficiently determined
and the other part is underdetermined. The whole equation system
is mixed-determined (Menke 1989), and the inversion may become
singular.

The singular value decomposition (SVD) is able to diagnose and
separate the underdetermined part in a way, that the overdetermined
part of the equation system can be solved (Press ef al. 1994). How-
ever, simulations show that the solution of the overdetermined part
still remains very weak, yielding an unacceptable low accuracy
(Troller 2004).

In the following, additional voxel -constraints (pseudo-
observations) are used to stabilize the system of equations. Two
types of constraints are applied:

(i) Refractivity information obtained from independent sources
can be used to constrain certain voxels. It is generally accepted,
that the amount of water vapour is nearly zero above 5000 m alti-
tude. Therefore, this a priori information is used to constrain the
uppermost voxel layer. Furthermore, ground meteorological mea-
surements can provide a priori information.

(ii) Voxels are mutually coupled to limit the variation in refractiv-
ity of neighbouring voxels (intervoxel constraints). The weighting
of the individual neighbouring voxels is derived from a covariance
function. To allow steep refractivity gradients, only direct neigh-
bouring voxels are correlated (see Appendix D for a detailed de-
scription).

4.2 Experimental set-up and a priori analysis

A voxel model above the Swiss territory was designed according
to the station density of the GPS network. It consists of 6 x 3 core
voxels in the horizontal dimension and 16 layers up to 15 000 m. The
thickness of the layers vary from 300 m in the lower troposphere to
several thousand metres in the stratosphere (Fig. 4). At the horizontal
boundaries in each layer, open voxels are added, which reach ad
infinitum. Thus, all the rays do pass completely inside the model.

The following evaluation contains three solutions, differing in the
use of the constraints (the ideal weighting of the constraints for each
solution has been determined heuristically):

AWATOS correlation: The solution contains intervoxel con-
straints between all voxels. The constraints are down-weighted
compared to the double-difference observations by a factor of 502
(regularization factor = 53t=).

AWATOS AGNES: In addition to the intervoxel constraints,
AWATOS AGNES contains a priori refractivity data, measured
at each location of the AGNES station. This solution is based on
the concept, that only a small additional effort is necessary to
perform meteorological measurements at GPS stations. Like the
intervoxel constraints, the a priori meteorological constraints are
down-weighted by a factor of 50? compared to the observations.

AWATOS ANETZ: In this solution, one a priori refractivity
value for each voxel lower than 2000 m is introduced. The refractiv-
ity values are interpolated using the ANETZ data and COMEDIE.
The border value of 2000 m has been chosen, as COMEDIE is usu-
ally able to interpolate ANETZ data sufficiently accurately up to
this altitude. These constraints are down-weighted by a factor of
207 (regularization factor 755).

The a priori quality of the three solutions can be investigated
by evaluating the cofactor matrices, assessing the geometry and the
weighting of the measurements only. No measurements are taken
into account. The use of intervoxel constraints only (AWATOS cor-
relation), leads to a profile with a precision increasing with height
(Fig. 5). The introduction of a priori refractivity values increases
the precision of the respective voxel significantly. The voxels with
a priori refractivity in Fig. 5 are evident. Furthermore, the whole
equation system is strengthened and the precision of the whole voxel
model is increased.

To evaluate the a priori quality of the three solutions in the in-
vestigation area, the precision of each profile has been calculated
by averaging the square root of the cofactor values of the asso-
ciated voxels. Due to the high density GPS network, no signifi-
cant precision difference is visible in different parts of Switzer-
land (Fig. 6). However, the precision in the alpine area is usually
somewhat lower. The solution AWATOS ANETZ has a significantly
smaller precision outside of Switzerland because of missing ANETZ
stations.

4.3 Data analysis and error budget
The GPS measurements are prepared along with the a priori re-

fractivity values calculated, for the tomographic adjustment of the
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Figure 8. Wet refractivity profiles of three different tomographic solutions (AWATOS correlation, AWATOS AGNES, AWATOS ANETZ), a solution using
COMEDIE, a refractivity profile obtained by a radiosonde launch at station Payerne and data of the numerical weather model aLMo. Panel (a) shows a profile
with a rapid refractivity change at 1800 m altitude. Panel (b) shows an irregular decrease of the refractivity with height. Panel (c) shows a profile with a more

linear decrease of the refractivity in height.
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Figure 9. Time-series of the mean rms of all profiles compared to aLMo. Overall, the COMEDIE solution has the smallest rms, followed by the solution

AWATOS ANETZ.

equation system. The refractivity of each voxel is determined by
1 hr data assimilation. From each vertical column of the voxel model,
a vertical refractivity profile can be drawn. For a 1 week period at
a 1 hr resolution, 6720 vertical profiles can be extracted for quality
assessment. To inspect the precision of the hourly tomographic de-
termination, the a posteriori standard deviation of unit weight was
calculated (Fig. 7). A strong variation is visible. The highest values
are present on November 3, 6 and 9. It is assumed, that the state of
the atmosphere influences the precision.

The a posteriori standard deviation of each refractivity value and
subsequently each profile (mean of a refractivity column) is cal-
culated. Finally, the mean a posteriori standard deviations of all
profiles are determined. Values around 0.8 ppm (refractivity unit)
resulted for the AWATOS correlation and AWATOS AGNES solu-
tion and 0.6 ppm for the AWATOS ANETZ solution. The precision
for the core profiles is marginally higher than for the border profiles.

4.4 Profile evaluation and statistical comparison

The refractivity profiles of the tomographic solutions are compared
with independently generated profiles from:

aLMo Solution: Hourly profiles of the aLMo model of Me-
teoSwiss are directly used for comparison.

COMEDIE Solution: Using the ANETZ data and radiosondes,
COMEDIE allows to estimate the wet refractivity for each voxel.
The values are calculated with a sampling rate of 1 hr.

Radiosonde: Radiosondes are launched usually twice or four
times a day from the radiosonde station Payerne. A total of 22
launches have been carried out during the time of investigation.

The alLMo solution has been taken as reference for a statistical
analysis. For each profile, the deviations of the associated voxels to
alLMo have been evaluated. The degree of agreement of the individ-
ual profiles varies. The revealed rms are in the range of 5-10 ppm
with a few outliers reaching 20 ppm.

Fig. 8(c) shows a profile with a smooth decrease of the refrac-
tivity as a function of the height. All solutions match the aLMo
solution. An rms between 2.5 ppm (refractivity unit) for the solution

AWATOS ANETZ to 5.7 ppm (AWATOS correlation) is achieved.
Profile (a) reveals a rapid refractivity change at around 1800 m al-
titude. This behaviour cannot easily be represented by a covariance
function and, therefore, the reproduction requires reliable GPS mea-
surements. This holds true, in particular for the solution AWATOS
correlation that contains only double-difference observations and a
covariance function. All solutions fit the numerical weather model
determination well; an rms of 2.3 (AWATOS ANETZ) up to 3.4
ppm (AWATOS correlation) was obtained. GPS tomography has
the potential to estimate the 3-D water vapour refractivity in the
atmosphere. However, in profile (b), particularly the wet refractivity
of the solution AWATOS correlation is underestimated below an al-
titude of 1000 m. The rms increases to 4.9 ppm (AWATOS ANETZ)
and to 9.2 ppm (AWATOS correlation), respectively.

The COMEDIE solution is not independent from the aLMo so-
lution. In part, the same input data is introduced in both models.
However, in the higher troposphere, COMEDIE follows a standard
atmosphere model. If temperature inversions or other irregularities
are present, an offset to aLMo appears. The radiosonde profiles,
whose data are assimilated to the weather model as well, fit accu-
rately to aLMo most of the time on the order of 2-3 ppm. Rarely,
rapid refractivity changes that are recorded by the radiosondes are
not reproduced by aLMo.

Fig. 9 shows the mean rms of all profiles at a specific time point
during the investigation. It is clearly seen, that the rms of the solu-
tion AWATOS ANETZ is generally smaller than that of the other
solutions. However, a correlation between the different tomographic
solutions is obvious and three outlier regions are found. Comparing
with the prevailing weather situation, the outlier in the morning of
November 3 can be explained with the humidity change due to heavy
rain in the morning and bright intervals in the afternoon. The outlier
period of November 6 corresponds to a rapid decrease of humidity.
Finally, the outlier of November 9 in the morning coincides with the
change from sunny weather in the morning to rain in the afternoon.
In contrast to the tomographic solutions, the rms of the COME-
DIE time-series does not show the same behaviour or the same
outliers.

© 2006 The Authors, GJI, 167, 509-520
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Figure 10. Mean of the profile rms of AWATOS correlation (a), AWATOS
ANETZ (b) and COMEDIE (c) compared to aLMo. The figure shows contour
maps with an interval of 1 ppm (refractivity unit), whereas each second
interval is labelled.
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Table 1. Correlation of stochastic parameters and variances for the colloca-
tion of pressure p, temperature 7 and water vapour pressure e. The variability
of water vapour with height has to be taken into account with the choice of
smaller correlation lengths in spatial as well as in temporal dimension. Ab-
breviations: o ¢: a priori standard deviation of the signal; o o(noise): a priori
standard deviation of the noise; Axg, Ayg, Azg, Ato: correlation length of
the individual components; z: scaling height.

oo Axg Ayo Azg Atg z0 o o(noise)
[hPa]or [°C]  [km] [km] [km] [h] [km] [hPa]or[°C]
P 0.5 200 200 1 6 3 0.5
T 0.7 200 200 1 6 3 0.5
e 0.6 50 50 0.2 2 4 0.5

Table 2. Correlation parameters and variances used to interpolate path de-
lays with COITROPA. The parameters apply to a GPS network density of
around 10 stations per 100 - 100 km? and path delay intervals of 1-2 hr. Ab-
breviations: o o: a priori standard deviation of the signal; Axg, Ayg, Az,
Atg: correlation lengths of the individual components; o o(noise): formal
error of the GPS-derived path delay.

oo Axg Ayo Azg At o o(noise)
[m] [km] [km] [km] [h] [m]
0.01 100 100 1 6 D

) The o g(noise) is given by the GPS processing.

The mean rms of all profiles (Fig. 9) was compared to the a
posteriori standard deviation of unit weight (Fig. 7). The strongest
correlation is obtained with the solution AWATOS correlation
(R?* = 0.27). Only a slight correlation was achieved with the so-
lution AWATOS AGNES (R? = 0.10). Considering this fact, it is
assumed that the outliers on November 3, 6 and 9 on both types of
data are caused by the meteorological variation in the troposphere
during that period.

To quantify the accuracy of the profiles at different locations, the
mean of the profile rms for all time points was determined. Fig. 10
shows a contour map of the mean rms of each profile compared to
the alLMo data. Obviously, the highest rms is present for the north-
western most profiles. For the solution AWATOS correlation, the
accuracy is varying in Switzerland whereas it is approximately con-
stant for the solution AWATOS ANETZ. The COMEDIE solution
behaves completely different. The rms is dependent on the number
of ANETZ stations in the profile area.

5 CONCLUSION

This contribution deals with the determination of water vapour using
a CGPS network geometry as it is available in Switzerland. Accu-
rate GPS-derived path delays are obtained from the Swiss AGNES
network. The delays are determined to correct for the tropospheric
effect on GPS measurements as well as to derive the integrated
amount of water vapour in the troposphere. To account for zenith
path delays between the GPS stations, the use of the software pack-
age COITROPA has turned out to be feasible. In the case of lack of
GPS data, reasonable accurate zenith path delays can be obtained by
using meteorological data. The application of aLMo data provides a
higher precision than the COMEDIE method, however, the latter is
much less complex. The study revealed that both COITROPA and
aLMo provide zenith wet path delays that fit better than 1 cm with
the GPS-derived values.
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A major challenge is to determine the spatial and temporal varia-
tion of water vapour. GPS-derived vertical profiles of water vapour in
a high spatial and temporal resolution are obtained by applying a to-
mographic approach. This method has been successfully performed
with the CGPS network AGNES. An analysis of the network de-
sign allows us to check the suitability of the GPS network and the
geometry of the satellite’s constellation. Furthermore, the influence
of constraints is investigated. The use of a priori refractivity and
intervoxel constraints is reasonable for the area of Switzerland. It is
shown that the precision increases with the amount of voxels cou-
pled with an a priori refractivity. A total of 6720 GPS-determined
vertical refractivity profiles have been compared with data of the
numerical weather model aLMo. An rms of around 5-8 ppm (re-
fractivity unit) was achieved.

The results have shown that the CGPS network AGNES provides
valuable information for research in atmospheric and meteorolog-
ical sciences. Long-term time-series of the total amount of water
vapour with high spatial and temporal resolution can be provided
at relatively low cost. Moreover, the vertical resolution of water
vapour allows numerous additional insights, such as into global and
regional airflow and chemical processes in the atmosphere. GPS to-
mography has the potential to provide this data in 3-D spatial and
high temporal resolution.

The launch of the European satellite navigation system GALILEO
will roughly double the amount of satellites. It’s impact on the
tomographic technique remains to be investigated, but it can
be assumed that the precision will further increase. Further re-
search will focus on the improvement of the GPS-determined pro-
files and their reliability. The introduction of data of indepen-
dent measurement sensors such as radiometers or spectrometers
will be considered for improving the solution of the observation
equations.
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APPENDIX A: METEOROLOGICAL PATH DELAY MODELLING USING COMEDIE

COMEDIE allows a 4-D modelling of the meteorological parameters air pressure p, temperature 7 and water vapour pressure e in space and
time. It is based on the method of least-squares collocation (Moritz 1973), that is, the model is described by a functional and a stochastic
part. The functional models are selected based on approximated physical reality. Exponential functions are chosen for air pressure and water
vapour pressure. Linear segments are used for the temperature:

P20 = (po +a(r = X0) + by = y0) + elt = 1)) - exp ( -= ;{Z(’), (AD)
e(x, y, 2, 1) = (eg + a(x — x0) + b(y — o) + €(t — o)) - exp ( - ;[Z°), (A2)
T(X, y,z, Z) = (TO + )/Z) : (1 - S(Z - ZTropopause)) + a(x - xO) + b(y - yO) + C(t - tO) + Tl : S(Z - ZTropopause) (A3)
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where:
1 Z — ZTropopaus
S(Z — ZTropopause) = — [arctan <M):| + 05
0 w
S(z — ZTropopause) 18 used as a differentiable approximation of the Heavyside function with a step width w (unit: m). The observations are

represented by the left-hand sides of eqs (A1)—(A3)

p(x,y,z,t) : airpressure at point P(x, y, z) at time ¢
e(x,y,z,t) : water vapour pressure at point P(x, y, z) at time ¢
T(x,y,z,t) : temperature at point P(x, y, z) at time ¢

whereas the model parameters are being estimated (on the right-hand sides of eqs (A1)—(A3)):

Po - pressure at reference point Py(xo, Yo, zo) at time #o
ey water vapour pressure at reference point Py(xo, yo, zo) at time %,
Ty : temperature at reference point Py(xo, Vo, zo) at time 7
ZTropopause - height of the tropopause
a,b,c : coefficients of the horizontal and temporal gradients
H scale height
y temperature gradient with height
Ty temperature above the tropopause up to 20 km altitude

The reference coordinates x, yo and #, are calculated as means of all measurement points and times, except the height which is set to zy = 0.

The part not represented by the functional model, will be assigned to the stochastic model. It is decomposed into a signal and noise
according to the covariance function, which describes the weighting of the individual sampling points to each other. In the present case, an
anisotropic function has to be chosen to account for the topography. Furthermore, a damping factor is assigned to balance the high density of
meteorological measurements on ground and the poor density in the higher atmosphere:

2
&0

q)i'j = Xi—X 2 Yi—=Yj 2 Zi—Zj 2 ti—tj 2 zitz ’ (A4)
() + () + () + () ) o (- 50)
where:
®,; : covariance function
of : apriori variance of the signal
Xi Xj
% = )Z}i LX) = )Z/j . space and time vector of point i and j
i J
t; t;
Axg, Ay, Azg, Aty : correlation length of the individual components
zo @ scaling height

In Table 1, a set of correlation lengths and variances is presented, which are optimal for the subsequent investigations in Switzerland.

The collocation method allows to interpolate each meteorological parameter individually, both, in space and time. Using the formula of
Essen & Froome (1951), the wet refractivity throughout the atmosphere can be determined. Finally, the refractivity is integrated along a ray
in zenith direction to get the corresponding path delay.

APPENDIX B: MODELLING OF GPS-DETERMINED PATH DELAYS

COITROPA uses GPS-determined zenith path delays along with the associated 3-D coordinates and the time information. A least-squares
collocation adjustment and interpolation is done similarly to COMEDIE. An exponential function is chosen as functional model:

AP (.. z,0) = (AP +ac —xo) + by = yo) +elt = 1)) -exp (= =), (B1)

The observation on the left-hand side of eq. (B1) is
APP(x,y,z,t) : zenith path delay at point P(x, y, z) at time ¢
whereas the model parameters are being estimated (on the right-hand side of eq. (B1)):

AP . zenith path delay at reference point Py(xo, yo, zo) at time 7
a,b,c : coefficients for the horizontal and temporal gradients
H : scale height

The reference coordinates (x, o) and the reference time #, are calculated as mean of all measurement points and times, except the height
which is set to zg = 0.

The covariance function for the stochastic modelling corresponds to the implementation in COMEDIE (A4), however, the damping factor
is omitted because of the lack of measurements in the higher atmospheric layers. Dedicated correlation lengths and variances for the AGNES
network are given in Table 2.
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APPENDIX C: APPROACH OF DOUBLE-DIFFERENCE PATH DELAYS

The GPS data are processed using the Bernese GPS Software (Beutler et al. 2001). For the steps that follow, the GPS-estimated zenith path
delays as well as the double-difference residuals are required. Furthermore, the information about which stations and satellites are used to
compose the double-differences must be available together with their respective time information.

First, the dry part of the zenith path delay has to be subtracted. The standard approach is to use some meteorological ground data of air
pressure, temperature and water vapour pressure. They can be interpolated to the location of the GPS stations. Subsequently, using the formula

of Saastamoinen (1972), the dry zenith path delay can be computed with sufficient accuracy.

The total GPS-estimated zenith path delay is reduced by the corresponding dry delay to obtain the zenith wet delay AFD p of station p. The

latter is mapped to the respective elevation angle el} (station p to satellite r) applying the same mapping function m(el) as used in the GPS

2D of the slant wet delays can now be formed (stations p,g, satellites ,s). Finally, the double-difference

2,PD,rs,
wet,pq *

processing. The double-difference Ay,
phase residual A? @7 is added. The following equation describes the reconstruction of the double-difference wet path delay A

AZPDrs _ (APD.r . APD,r) . (APD,S o APD,.v)

wet, pq wet,q wet, p wet,g wet, p (C 1 )
_ 2,PD,rs 2 S
= AL 4+ AT
where:
2,PD,rs r r
N = (AT, meely) = AIE, - meelr))
(C2)

— (AT, - mety) = AIE, - meels))

APPENDIX D: USE OF INTERVOXEL CONSTRAINTS

The intervoxel constraints limit the variation of the difference in the refractivity of neighbouring voxels. As a result, underdetermined voxels
are constrained to the mean of the neighbourhood and the refractivity at neighbouring voxels may be smoothed. To reduce the smoothing
effect, only the direct neighbouring voxels in each dimension are taken into account. The weighting of the individual neighbouring voxels is
derived from the following covariance function ®; ; which is dependent on the distance:

2
99

;= 2 2 29° (D)
Xj—X; Yi—Yy; zi—z;

) () (]

where:
o} : apriori variance of the signal

Xi Xj
=\v].5=1y : space vector of voxel centres i and j (D2)

Zj Zj

Axg, Ay, Azg : correlation lengths of the individual components

Finally, for each voxel, a pseudo-observation equation is introduced in the tomographic equation system. Furthermore, for each pseudo-
observation, a weight (regularization factor) with respect to the GPS double-difference observation has to be introduced in the covariance
matrix of the equation system.
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