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ABSTRACT 
 
This work deals with an innovative implementation of tomographic techniques for the three dimensional reconstruction 
of water vapour in atmosphere. The main observables for this technique are the wet delay measurements collected by 
small networks of GPS receivers. Using simulated data (based on climatological atmospheric models plus Gaussian 
noise) and considering a final reconstruction of a 4x4x10 voxels grid characterizing a tropospheric volume with about 1 
km vertical and horizontal resolution, a maximum relative error on wet refractivity varying from -2% to 6% has been 
computed. An assessment of the sensitivity to the seasonal variations of the wet refractivity distribution has also been 
carried out. Finally, this technique has also been applied to GPS observables simulated using radio soundings data 
collected over Cyprus island during a VOLTAIRE event (see www.voltaireproject.org for more details about the 
Voltaire project). In this case the results are good only if atmospheric limb soundings (obtainable by means of radio 
occultation measurements collected by a GPS receiver carried on a LEO satellite) can also be taken into account. 

 
1. INTRODUCTION 
 
GPS signals, commonly processed for navigation purposes, can also be used to characterize the media where they 
propagate. For example, compensating for the ionosphere and for the satellites and receiver’s clock errors, the neutral 
atmospheric delay accumulated by the signal along its propagation path can be computed if the position of the GPS 
receiver is known. Measurements of surface temperature and pressure can be used to evaluate the “dry”  (i.e. 
hydrostatic) part of this atmospheric delay. The remaining “wet”  atmospheric delay contains direct informations on the 
wet atmospheric refractivity, which is strictly correlated with the water vapour density. In order to remotely sense the 
water vapour using ground-based GPS receivers, two techniques are normally used. The first one is based on the direct 
extraction of the so-called Integrated Water Vapour (IWV) from the wet part of the observed atmospheric delay [1]. The 
second approach deals with the three-dimensional reconstruction of water vapour density, applying tomographic 
techniques to wet delay measurements collected by a network of GPS receivers. In this context, the tomography has 
been up to now applied to assess the water vapour distribution over surfaces varying from 100 to 1000 km2, from the 
ground to 10 ¸  15 km in altitude. These retrievals are obtained using networks of 10 to 20 GPS receivers, on a volume 
grid with a resolution which depends on the topology of the network (see [2¸ 4]). Two different classes of algorithms 
can be applied to achieve the result. The iterative reconstruction techniques (for example the Algebraic –, the 
Multiplicative Algebraic – or the Simultaneous Iterative –Reconstruction Techniques, respectively called ART, MART 
and SIRT) which need a good first guess atmospheric model in order to converge to the solution, and the Generalized 
Inversion which is a “one-step”  algorithm and does not need a first guess.  
This work deals with an innovative implementation of such tomographic techniques. We propose an algorithm that 
accomplish the reconstruction in two consecutive steps. The first one allows the retrieval of a “ raw” three-dimensional 
wet refractivity distribution, directly from the phase delay GPS observables. This tomographic pre-processing step 
achieves the result through the constrained inversion (using the Singular Value Decomposition) of the Tikonov-
regularized data kernel matrix. This matrix models the phase delay observations given the voxel (i.e. volume pixel) 
discretization of the tropospheric shell interested by the GPS signals propagation. This solution belongs to the 
Generalized Inversion typology (it is reached in one-step and without a first guess). Although the resolution obtainable 
with this pre-processing step is quite coarse (the interested tropospheric volume has been divided into 2x2x10 voxels), 
this result is used as a first guess for the algebraic technique used in the second phase of the proposed reconstruction 
algorithm. In particular we have applied the SIRT technique to obtain the distribution of wet refractivity on a final 
tropospheric volume of 4x4x10 voxels.  
In order to validate this approach we have supposed to distribute 17 GPS receivers on a 20 x 30 km2 area placed inside 
the Susa’s Valley, a mountainous region of the north-western part of Italy. The phase delay observations have been 
computed considering 30 minutes of GPS orbital positions, simulated using the Satellite Tool Kit (STK®) software. 
These simulations are carried out using both the mid-latitude wet refractivity derived from the CIRA86aQ_UoG [5] 
atmospheric model and the wet refractivity derived by radio sounding data above Cyprus Island. An horizontal gradient 
has also been superimposed to the derived refractivity profiles both in latitude and in longitude. In Sect. 2 some details 
about the forward simulations and the reconstruction technique are given. The main results obtained are shown in Sect. 



3. In particular the mean relative reconstruction errors are evaluated both for the CIRA86aQ_UoG and the Cyprus wet 
atmosphere retrievals. Moreover, the sensitivity of the reconstruction to the seasonal wet refractivity variations is also 
assessed. 
 
2. THE RECONSTRUCTION TECHNIQUE  
 
Forward Problem 
 
In order to validate the proposed approach to the tomographic reconstruction of water vapour fields above small GPS 
receivers networks, we have used the wet atmospheric phase delays simulated for a given satellites/receivers geometry 
and for a given atmospheric model. Considering the generic j-trajectory connecting one receiver and one GPS satellite 
in the reference geometry, the wet phase delay DF j observable can be computed using: 
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In (1) we have supposed to identify the atmospheric volume above the receivers network with a 3D grid defined by N 
voxels (the variable i varies from 1 to N), each of them is characterized by a refractive index ni (the subscript wet means 
that only the wet component of the refractive index is considered). Lji is the length of the j-trajectory inside the i-voxel 
while ej is the measurement error term, which is simulated as a Gaussian noise with a given standard deviation s .  
 
Inversion 
 
Given the experimental geometry and given a reference time interval for which the GPS positions are available, j = 1 ¸  
M different trajectories connecting all the receivers with all the satellites can be identified. The following system of 
equations (1) can then be defined: 
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The left term DDDDFFFF  + eeee is the dataset vector, simulated for a given atmospheric model, the L matrix (the data kernel 
matrix) can be easily evaluated for the experimental geometry and the nwet is the unknown vector (the model 
parameters) to be retrieved by the reconstruction technique we are going to describe.  
Our tomographic approach is based on two different steps. The first one, the so-called tomographic pre-processing step, 
is used to identify a “good”  first guess for the second one, which is based on a standard iterative algebraic 
reconstruction technique. 
Generalized Inversion 
The tomographic pre-processing is based on the constrained generalized inversion of the “mixed-determined”  problem 
identified by (2) under the constraint nwet > 0 [6]. The inversion is carried out evaluating the Singular Value 
Decomposition (SVD) of the Tikonov-regularized version of the data kernel matrix L. In order to make the SVD 
effective, the resolution of the atmospheric volume obtained after this pre-processing step has not to be too high. The 
distribution of wet refractivities obtained in output is given as a first guess to the second tomographic reconstruction 
step, which is based on the Algebraic Reconstruction Techniques (ARTs). 
Algebraic Reconstructions 
These iterative techniques, which belong to the projection methods, are based on the application of some kind of 
corrections to the model parameters (the unknowns) defined inside each voxel crossed by at least one ray. These 
corrections are proportional to the residuals ( )���Ln +-k

wet , where k
wetn  is the unknowns vector obtained at the 

generic k-iteration. The kind of the algebraic reconstruction is defined by the way these corrections are computed. In 
particular, the best results we have observed are those obtained considering the Simultaneous Iterative Reconstruction 
Technique (SIRT). Given the generic j-trajectory and the generic i-voxel (crossed by that trajectory), the SIRT-based 
correction applicable to the k

wetin ,  wet refractivity value after the k-iteration is computed using the following expression: 
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(l  is a constant relaxation parameter which value is included between 0.5 and 1.4).  
After all the trajectories connecting each receiver with each satellite have been analyzed, a mean correction value can be 
computed for each unknown. The new SIRT-estimate of the wet refractive index inside the generic i-voxel is then 
obtained multiplying the mean correction value obtained for that voxel for the wet refractive index evaluated at the 
previous iteration. This technique has been used to reconstruct a better resolution wet refractivity field distribution, 
starting from the first guess obtained after the pre-processing step. 



 
 
 
 
 
 
 
 
 
 
 

Fig. 1 – Geographical (left) and altitude (right) distribution of the GPS network taken as reference. 

 
3. RESULTS 
 
The receivers network geometry taken as reference for the application of the technique has been chosen considering the 
real orography of the Susa’s Valley, the western part of the Italian Piedmont region. We have supposed to place 17 GPS 
receivers on a 20x30 km2 area (Fig. 1 shows the geographical and altitude distribution of these receivers). The GPS 
satellites positions have been evaluated using the Satellite Tool Kit (STK®) software, for a 30 minutes time interval (at 
1/30 Hz sample rate) starting from 06:00 UTC of March 14th 2004. During this time frame three satellites were 
simultaneously seen by all the receivers. The atmospheric model used to simulate the GPS observables is the 
CIRA86aQ_UoG model developed at the University of Graz [5]. In particular we have used the wet refractivity derived 
by the 45° latitude model evaluated for the March month, superimposing to it an horizontal gradient in both the 
directions. Moreover, the GPS observables are also simulated supposing to place the same GPS network in the Cyprus 
Island, but using radio sounding data collected on March 3rd 2003 at 11:00 UTC (35.15° N, 33.40° E) during one rainy 
event included in the Voltaire data set. 
The forward simulation has been carried out to compute the wet phase delays considering a 24x24x10 voxel 
discretization (less than 1 km x 1 km horizontal resolutions and 1 km vertical resolution) of the wet refractivity fields 
above the network, defined both using the CIRA86aQ_UoG model (plus horizontal gradients) and using the Cyprus 
radio sounding data (plus horizontal gradients). Both the so-simulated wet phase delays dataset vectors DDDDFFFF  has then 
been “corrupted”  by the measurement errors, which are computed considering a Gaussian random realizations eeee with 5 
mm standard deviation (s). In order to increase the statistical significance of the retrievals, we have applied the 
reconstruction technique (both for the CIRA86aQ case and for the Cyprus case) to 100 different dataset vectors, 
obtained considering 100 different random realizations of the Gaussian error. The dataset vectors are then used in the 
tomographic pre-processing step, in order to retrieve a low resolution first guess wet refractivity fields (distributed on 
the same atmospheric volume but on a 2x2x10 voxels grid). The application of the SIRT technique to these first guesses 
allows the reconstruction of the wet refractivity fields on a 4x4x10 voxels grid. 
Fig. 2 shows the results obtained in terms of relative errors for the CIRA86aQ_UoG - 45° latitude March model 
reconstruction. Fig. 3a shows the results obtained considering the Cyprus wet atmosphere reconstruction. We can see 
that, while for the first case a –2% ± +6% mean relative error in the wet refractivity has been obtained inside the first 7 
km altitude, in the second case the results are not so good. These results can be however improved if radio occultation 
data (deriving by horizontal atmospheric soundings, one for each vertical resolution level) can be included in the 
Cyprus wet atmosphere reconstruction [details about GPS radio occultation soundings can be found in 7] (see Fig. 3b). 
In order to check for the sensitivity of the retrieval results to seasonal variations, we have then applied our 
reconstruction technique to simulated GPS observations obtained considering the same geometry (Susa’s Valley 
network and same three GPS satellites positions), but using all the monthly 45° CIRA86aQ_UoG models. Looking at 
Fig. 4 we can conclude that the technique is also able to retrieve the small seasonal-induced wet refractivity variations.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 – Left: mean (red) and standard deviation (green) of the relative wet refractivity error for each reconstructed voxel. Right: 
mean refractivity error profiles for a constant latitudinal cut of the reconstructed atmospheric volume. The tomographic technique has 
been applied to reconstruct the CIRA86aQ_UoG - 45° latitude March model. 
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Fig. 3 – Mean (red) and standard deviation (green) of the relative wet refractivity error for each reconstructed voxel of the Cyprus 
wet atmosphere. a) Left: using the reference geometry; b) Right: by adding the radio occultation soundings (horizontal rays) to the 
GPS observables (one for each vertical resolution level). 
 
 

 
 
 
 
 
 
 
 
 
 
Fig. 4 – Sensitivity of the tomographic reconstruction to the seasonal variability of the wet refractivity field defined by the 45° 
latitude CIRA86aQ_UoG models. Blue lines are the true refractivities, red lines are the reconstructed refractivities. 
 
4. CONCLUSION 
 
A new approach for the tomographic reconstruction of wet refractivity fields in atmosphere has been described. It can 
be applied to wet (phase-) delay measurements carried out using small networks of GPS receivers well distributed in 
space and altitude in the region of interest. This approach has been validated using GPS observables simulated for two 
different atmospheres: the 45° latitude March model of the CIRA86aQ_UoG atmospheres and a more realistic 
atmosphere deduced by radio sounding data collected above Cyprus Island (these data are related to a particular rainy 
event considered in the framework of the Voltaire project). The results, very good when the reconstructed CIRA86aQ 
wet refractivity has been compared with the true model, are not so good as far as the reconstruction of the “Cyprus”  
atmosphere is concerned. However they can definitely improved if GPS observables related to radio occultation data 
can also be taken into account. In the future we will extend this analysis in order to verify the effectiveness of the 
proposed technique for the reconstruction of more “particular”  atmospheres (i.e.: the tropical atmospheres).  
 
ACKNOWLEDGEMENTS  
This research was co-funded by the European Commission, as part of contract EVK2-CT-2002-00155 (VOLTAIRE). 

 
REFERENCES 
[1] M. Bevis et al., “GPS Meteorology: Remote Sensing of Atmospheric Water Vapor Using the Global Positioning System,”  J. of 

Geophys. Res., vol. 97, pp. 15787-15801, 1992. 
[2] P. Elosegui, J. L. Davis, L. P. Gradinarsky, G. Elgered, J. M. Johansson, D. A. Tahmoush, and A. Rius, “Sensing atmospheric 

structure using small scale space geodetic networks,”  Geophys. Res. Lett., Vol. 26, pp. 2445-2448, 1999. 
[3] A. Flores, G. Ruffini, and A. Rius, “4D tropospheric tomography using GPS slant wet delays,”  Ann. Geophys., Vol. 18, pp. 223-

234, 2000. 
[4] L. P. Gradinarsky, P. O. Jarlemark, and J. Johansson, “GPS tomography using the permanent network in Goteborg: simulations,”  

Proc. of IEEE Position and Navigation Symposium, pp. 128-133, Palm Spring, USA, 2002. 
[5] G. Kirchengast, J. Hafner, and W. Poetzi, The CIRA86aQ_UoG model: an extension of the CIRA-86 monthly tables including 

humidity tables and a Fortran95 global moist air climatology model, Tech. Rep. for ESA/ESTEC 8, 1999. 
[6] C. Lawson, and R. Hanson, Solving Least Squares Problems, Englewood Cliffs, NJ, Prentice-Hall, 1974. 
[7] R. Ware et al., “GPS Sounding of the Atmosphere from Low Earth Orbit: Preliminary Results,”  Bulletin of the American 

Meteorological Society, Vol. 77, pp. 19-38, 1996. 

0 1 2 3 4 5 6 7
-20

0

20

40

60

80

100

0 1 2 3 4 5 6 7
-30

-25

-20

-15

-10

-5

0

5

10

Altitude [km] Altitude [km] 

N
w

et
 r

el
at

iv
e 

er
ro

r 
[%

] 

N
w

et
 r

el
at

iv
e 

er
ro

r 
[%

] 

100×
-
true
wet

true
wet

retr
wet

N
NN  

100×
-
true
wet

true
wet

retr
wet

N
NN  

Jan Feb Mar Apr Maj Jun Jul Aug Sept Oct Nov Dec
0

10

20

30

40

50

60

month

N
w

et
 =

 (
n w

et
 -

 1
)*

10
6

0-1 km 
1-2 km 

2-3 km 

3-4 km 

4-5 km 
5-6 km 


