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[1] The observation of GPS slant delays from ground GPS networks can be used to
reconstruct spatially resolved humidity fields in the troposphere by means of tomographic
techniques. Tomography is always related to the solution of inverse problems which

are very sensitive to the quality of the input data. Prior to a tomographic reconstruction, it
is therefore necessary to quantify the information provided by a given set of GPS slant
delay data. This work describes the properties and the information content of more than

two million GPS slant delays taken in March 2006 by a continuously operating
German GPS network. The temporal and spatial distribution of the slant paths in the
atmosphere and their angular distribution in the local system of the GPS station is given.
These distributions depend on the satellite orbits and show some characteristic pattern.
The available information is estimated by investigating the distribution of intersection
points between the slant paths. From these data it is possible to identify regions that
are well covered by GPS slant paths and to evaluate the applicability of the existing
German GPS stations for continuous atmosphere sounding.
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1. Introduction

[2] Research activities in the field of climate change and
atmospheric processes increased in the last years. Efforts
have been made to get a deeper insight into the basic
processes and to refine the numerical weather models. An
essential condition for a better understanding of atmospheric
processes is the availability of spatially resolved observa-
tions. Especially the next generation of high-resolution
weather models requires highly resolved input data and
additional observations for the model validation.

[3] The upcoming methods of GPS meteorology [Bevis et
al., 1992; Businger et al., 1996; Ware et al., 1997] are very
promising to provide atmospheric humidity information on
the whole scale from local observations [Gendt et al., 2004]
to a global ground- and space-based monitoring [Heise et
al., 2006; Wickert et al., 2007, 2008, 2009]. Deficiencies
in the precipitation forecast lead to a special demand for
spatially resolved humidity observations on the scale of
regional numerical weather prediction models. The assim-
ilation of spatially resolved humidity fields or the GPS slant
delays leads to an improved internal state of the weather

"Helmholtz-Zentrum Potsdam, Deutsches GeoF orschungsZentrum,
Potsdam, Germany.
ZInstitut fiir Meteorologie, Universitit Leipzig, Leipzig, Germany.

Copyright 2009 by the American Geophysical Union.
0148-0227/09/2008JD011008$09.00

model which should result in better forecasts [Zus et al.,
2008]. Such temporally and spatially resolved fields can
be obtained from the GPS tomography which reconstructs
the spatial atmospheric structures from a large number of
GPS observations. Numerous field campaigns demonstrated
the great potential of this method [Seko et al., 2000; Ware et
al., 2000; Flores et al., 2001; Gradinarsky and Jarlemark,
2004] and a first nationwide GPS tomography system has
already been established in Switzerland [7roller et al.,
2006b]. Currently, several national GPS networks reach a
receiver density which is sufficient for first tomographic
studies.

[4] The basic GPS quantity required to obtain spatially
resolved information about the atmosphere is the slant total
delay (STD), i.e., the path delay of the GPS signal due to the
neutral atmosphere. The STD depends on the refractivity N
of the atmosphere as

STD =107° /S N(s)ds, (1)

where S is the curved raypath of the signal through the
atmosphere and N(s) is the refractivity (N = 10° (n — 1); n
refractive index of air) along this path [Bevis et al., 1992].
The refractivity depends on the pressure, the temperature and
the humidity. If it is possible to reconstruct the atmospheric
refractivity field N from the slant delays one can in principle
receive information about at least one of these quantities. To
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obtain the humidity information the slant wet delay (SWD)
due to the water vapor in the troposphere must be separated.
This is usually done by estimating the slant hydrostatic
delay (SHD), for example, with the Saastamoinen model
and assuming SWD = STD — SHD. Refraction of the GPS
signal in the atmosphere leads to bending angles up to 1° at
very low elevations and the raypath S is in general not a
straight line. The GPS radio occultation technique utilises
the ray bending to derive vertical profiles of several
atmospheric quantities [Kursinski et al., 1997]. In this work
only the spatial coverage of the atmosphere by the GPS
signal paths is considered. The small deviations of the real
curved path from a straight line, i.e., the ray bending, can be
neglected as only the geometric aspects are discussed.

[5] Each single path delay provides only one integral
value which corresponds to the refractivity distribution
along the raypath from the GPS satellite to the GPS station.
To obtain a spatially resolved refractivity field a large
number of path delays which cover large parts of the
atmosphere from a wide angular range must be combined.
Such a task where the internal state of a system has to be
reconstructed from external observations defines an inverse
problem. Inverse problems are very often underdetermined
and ill-posed. The solution, if any exists, may not be unique
and may not be stable; that is, very small variations in the
observations may lead to an entirely different reconstructed
state. The solution of such problems is usually referred to as
tomography. A large number of tomographic techniques
exists for different applications [Kak and Slaney, 1999;
Natterer, 2001]. The GPS tomography has to deal with the
special geometry given by a small number of GPS satellites in
their orbits and, compared with the volume of the tropo-
sphere, a rather small number of GPS ground stations. The
currently available GPS networks have not been designed for
meteorological applications and cannot provide a complete
data set for tomographic reconstructions, as, for example,
tomographs developed for medical applications or nonde-
structive material tests.

[6] The GPS tomography has always to solve an ill-posed
inverse problem with incomplete input data. The incom-
pleteness describes the fact that usually not the whole
volume, i.e., the troposphere, is covered by a sufficient
number of slant paths from a wide angular range. Recon-
struction techniques rely therefore on additional data or
model constraints to fill these gaps and to obtain a complete
3D field. The reconstruction shows in this case not only the
information from the GPS data but also features of the
tomographic technique and the extra information and con-
straints used. The spatial distribution and especially the
vertical profiles may, at least in some regions, be an
“artifact” of the specific reconstruction technique. There-
fore, it is important to investigate the information provided
by a given data set of slant delays prior to the reconstruction
and to evaluate the results of the tomography accordingly.

[7] The characteristics of the slant data derived from the
German GPS stations in March 2006 were investigated in
this work regarding future tomographic reconstructions. An
attempt was made to select some features of the GPS slant
data which are of high relevance for the spatial reconstruc-
tion of the humidity field and to quantify the information
contained in the data, continuing a preceding study which
was based on simulated slant data [Bender and Raabe,
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2007]. Some of the basic properties are the number of slant
data available at a certain time and the spatial distribution of
the slant paths in the troposphere, especially their frequency
distribution with respect to the azimuth and the elevation.
These results give a first impression of the spatial coverage.
The information is estimated by investigating the temporal
and spatial distribution of intersection points between dif-
ferent slant paths. The existence of intersections in a certain
region is a necessary condition to localise the information
and their distribution represents the available information in
a much more realistic way than the density of slant paths.
This study is mainly based on the geometrical properties
of the slant paths, i.e., a set of straight lines and their
intersections. The slant delay, i.e., the path delay due to the
wet atmosphere, has so far not been considered. All data
presented here were observed in the first 3 days of March
2006.

2. Characteristics of the Slant Data

[8] The GPS data were analyzed in near real time (NRT)
by the GFZ processing centre using the GFZ EPOS soft-
ware [Gendt et al., 1999a], which is based on a least squares
adjustment of undifferenced phase measurements and is also
applied by the International GNSS Service (IGS) Analysis
Centre at the GFZ [Gendt et al., 1999a, 1999b]. The analysis
uses hourly GPS data sampled with 30-s temporal resolution.
Owing to the steadily increasing number of sites an analysis
strategy was developed on the basis of the “Precise Point
Positioning” (PPP) method [Zumberge et al., 1997] with
processing of each site separately. This approach allows
the parallel processing of the data on different processors
and/or computers to guarantee in-time data processing under
varying conditions.

[9] There are several GPS network providers which
operate GPS stations in Germany. The most dense networks
belong to the German satellite positioning service (SAPOS)
and the Federal Agency for Cartography and Geodesy
(BKG), which operate in total more than 260 stations.
Additional GPS observations can be obtained from interna-
tional providers like IGS and the IAG Reference Frame
Sub-Commission for Europe (EUREF) and some stations
are operated by the GFZ itself. Although some stations are
used jointly by several services the total number of German
GPS stations exceeds 300. The GFZ collects most of these
data operationally and makes efforts to integrate them into
its NRT processing. In this work only the ~135 stations
are considered which were part of the NRT processing in
March 2006.

[10] The NRT GPS data processing results in tropospher-
ical products which are available from GFZ and are espe-
cially relevant for meteorological applications, i.e., the
integrated water vapor (IWV) and the STD. The IWV is
based on all data sampled by a given station in a given period.
All these data are combined to obtain the most reliable zenith
total delay (ZTD). The ZTD is closely related to the IWV and
the precipitable water vapor above the GPS station [Bevis et
al., 1994; Dick et al., 2001]. The STDs are processed in the
following way. Each STD represents a different view through
the atmosphere, i.e., the raypath from a GPS satellite to the
GPS receiver. The individual GPS observations are processed
separately and the path delay is determined from only one
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