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Application of a simultaneous iterations reconstruction technique

for a 3-D water vapor tomography system
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Abstract: The simultaneous iterations reconstruction technique ( SIRT) is one of several reconstruction algo-

rithms of the ART family. It is used widely in tomography because of its convenience in dealing with large

sparse matrices. Its theoretical background and iteration model are discussed at the beginning of this paper.

Then, the implementation of the SIRT to reconstruct the three-dimensional distribution of water vapor by simu-

lation is discussed. The results show that the SIRT can function effectively in water vapor tomography, obtain

rapid convergence, and be implemented more easily than inversion.
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1 Introduction

The signals transmitted from Global Navigation Satellite
Systems (GNSS) lo receivers usually involve path de-
lays when they cross the troposphere due to neutral at-
mosphere refraction. Recently, much research on the
tomographic reconstruction of tropospheric water vapor
using signal delays has been carried out, and the re-
sults have heen used for short-term weather forecasting
and disaster monitoring. Due to variations in the at-
mosphere, particularly the uncertainty in the spatial
distribution of water vapor, the development of high-
precision positioning is limited, though GNSS tomo-
graphy can provide good estimates of the distribution of
water vapor, which should benefit atmospheric correc-
tion in navigation and positioning.

However, water vapor tomography is affected by
observational conditions. The method of solving normal

equations can be generally summarized by the following
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three aspects.

1) In an ideal situation, there is at least one station
in each grid cell observed from the horizontal plane.
The inversion of a normal equation can be performed
directly. However, it is difficult to satisfy this situation
using the existing GNSS network.

2) The distribution of slant paths is inhomogeneous
in the atmosphere because of the bad geometry of the
GNSS network, which eventually leads to a cluster of
slant delays in some grid cells. Then, the singular val-

! computes the eigenval-

ue decomposition technique ™
ues of the system and identifies the null space of the
solution, characterized by zero eigenvalues. The inver-
sion of the overdetermined part can be performed di-
rectly 1%,

3) The constraint equations not only provide infor-
mation but also stabilize the normal equation. However,
the variety of observations increases the difficulty of
least-square inversion and prior weighting., The Kalman
filter algorithm ! can circumvent these limitations [ ;
however, the initial value of the state vector and the
variance-covariance matrix are difficult to determine.

In recent years, the algebraic reconsiruetion tech-

nique has been continually used in tomographic recon-
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struction, This method provides fast algorithms that
lead to stable resulis without many iterations 1. The
simultaneous iterative reconstruction technique ( SIRT)
is one such method. Tt has been increasingly applied in
ionospheric tomographic reconstruction due to its con-
venience of use ("1, The SIRT is not the same type of
iteration method as the ART, which estimates a correc-
tion for each grid cell and adds this term to the preced-
ing value. The SIRT evaluates only one correction term
for each grid cell that considers all observations. The
correction lerm is therefore independent on the order of
the constant vector. In this way, the efficiency and
precision are both improved. This study focuses mainly
on the application of the SIRT in troposphere tomo-
graphy to reduce the computation time and increase the
efficiency of near-real weather forecasting and disaster

monitoring.

2 The theory of water vapor tomo-
graphy

It is assumed that the distribution of water vapor in
each grid cell is homogeneous during a short period.
When a GPS signal crosses the atmosphere, it is cut
into several lines by supposed grid cells in the atmos-

phere; thus, the observation equation ! can be de-
scribed by
28, %, = SwD (1)
The matrix form is
AX =SWV (2)

where A is the coefficient matrix with all intercepts
crossing the grid cells, X is the unknown parameter
vector that represents water vapor, and SWV is a con-
stant vector whose components represent the total water
vapor along a slant path. Due to the large number of
grid cells and the nonuniform distribution of observa-
tions, some grid cells will not be covered. To resolve
this problem, horizontal and vertical constraint equa-
tions are introduced. The tomography model is as fol-

lows:

Vol. 4
SWVY (A A,
0 4 A,

where H and V are the horizontal and vertical coeffi-

cients, respectively.

3 The simultaneous iterative recon-
struction technique

The SIRT is, in some ways, an improvement of the
ART. It evaluates only one correction term for each
grid cell that considers all observations. The correction
term is therefore independent of the order of the con-

stant vector °'"', The iteration can be described by

n
k
m swy, — Zag.xj
B+l _ K j=1
X =%+ z{;\a,}-—n

H 22
a;

i=1

(4)

where x is the water vapor parameter, m is the row
number of observation functions, n is the column num-
ber and also the number of parameters, a; indicates the
factor in row i and column j of the coefficient mairix,
swv represents the observation data, and A is the relax-
ation parameter.

SIRT algorithms require several iterations to reach
convergence. Usually, the criteria are defined to be
small in number, which allows for the optimal termina-
tion of the iteration. Another way is based on the crite-
rion \SWVO — AX*| = min , which is satisfied by com-
puting SWV using equation (3). However, this criteri-
on is difficult to realize for water vapor tomography by
the pattern of convergence described above. In this
study, we iniroduced the variance of Mean difference
and root-mean square as the termination criteria. Be-
cause each procedure can obtain increasingly accurate
results with the increase in the number of iterations if it
is convergent, the algorithm will terminate after a small
number of iterations ( £ < 107 ).

Mean difference (mdif)

mdif =L 5. (swn® = stn) (5)
mi=1
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Root-mean square (rms)

1 m
rms = \/ 2 Cswof — swo — mdz:f)z (6)
m-1 i=1

The initial water vapor value in each grid cell can be
determined by as follows: 1) interpolate the meteoro-
logical elements; 2) use the standard meteorological
elements, which is not a very accurate method but is
easy to implement; 3) introduce a numerical forecas-
ting model (i.e. , NCEP/ECMWF/MMS5 ) , which can
provide data regarding pressure, temperature, humidity

etc. with high precision.

4 Numerical simulation experiment

4.1 Over view of experiment

A numerical simulation experiment based on the Shang-
hai GPS monitoring network was carried out to test and
verify the feasibility of water vapor tomography by the
SIRT algorithm. The study region sireiches across a
horizontal distance of 0. 6° and a vertical height of 10
km. Tt is divided into four parts along the east-west di-
rection and north-south direction, with 20 layers along
the vertical direction. The total number of grid cells
was 320, There are nine GPS stations homogeneously
distributed in the plane region (Fig. 1}. Data gathered
on September 13th UTC 00 : 00 — 00 : 30 from the
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Figure | The distribution of Shanghai GPS network

Shanghai GPS monitoring network were processed oper-
ationally; the main process can be divided into the fol-
lowing four steps.

1)} Coefficient matrix of observation equation. Sig-
nals from the GPS to receivers traverse the atmosphere
and produce intercepts in grid cells, which form the
coefficient mairix A.

2) Simulation observations. The European Centre
for Medium Range Weather Forecasts (ECMWF) pro-
vides meteorological elements of the global atmosphere,
such as pressure, temperature, specific humidity,
etc. , in a grid pattern. The simulated sww can be ob-
tained in two steps. First, the ECMWF elemenis are
interpolated along slant paths in the research region.
Second, swv, can be described as the integration of
pressure, temperature, and vapor pressure obtained
from the first step. In reality, observation is affected
by white noise; thus, we add some random errors to

swy, .
swy, = sww, + € (7)

3) Parameter of interest. The water vapor of the grid
cells is considered the parameter of interest, which
should be computed by equation (4). The initial val-
ues of the water vapor can be calculated using meteor-
ology files.

4) Owing to the inhomogeneous distribution of slant
ohservations, horizontal and vertical constraints are in-
troduced.

4,2 Algorithm experiment and analysis

The relaxation parameter is one of the key factors that
determines the convergence of the algorithm; there-
fore, the value should be chosen properly. In our stud-
y, an optimal search strategy was adopted using stop
criteria for which the mean difference ( MDIF) and
root-mean square ( RMS) would converge during itera-
tion. As figure 2 shows, the data range is fromQ to 1,
and the search step is 0. 01. When A is added t0 0. 12,
the iteration converges; meanwhile, MDIF and RMS
decrease and finally reach their minima. Otherwise,
the iteration diverges. In this case, the optimal value
of A is 0. 12. Afier determining the relaxation parame-

ter, the efficiency of the iteration should be analyzed.
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Figure 3 shows that the SIRT converges rapidly. The
convergence speed of MDIF is faster than that of RMS.
The former tends toward stability after 10 iterations,
while the latter requires 100 iterations. The stability
values for MDIF and RMS are 0. 09 mm and 1. 57 mm,
respectively.

To determine the tomography quality, we compared
the iterated water vapor with the ECMWF elements. A
satisfactory vertical profile of water vapor was obtained
from the SIRT algorithm, as shown in figure 4. The
figure 4 shows that the variation lrends of the two pro-
files are the same, with only a slight difference in val-
ues. Below a height of 5.5 km, the tomography values
are slightly lower than the ECMWF values, whereas a-
bove 5.5 km, the tomography values are slightly higher
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Figure 2 Quality of the reconstruction for different
values of the relaxation parameter
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Figure 3 Convergence of SIRT algorithm

Vol. 4
L i.egelid
16 —+— ECMWF |
—=— tomo

14}

Can

g 12

&

;cl 10+

2 8

3

E 6
Al
2_
%2 2 6 ® 10 1z 14 16 18 20

Layer

Figure 4 Vertical profile of tomography and
water vapor from ECMWF

than the ECMWF values. Figure 5 shows the tomo-
graphic reconstruction profile maps, which correspond
to the specified latitudes from west to east. The distri-
bution of water vapor is correctly expressed by the pro-
file maps. As shown, most of the vapor is clustered
within a height of 3 km from the ground, decreasing
with height. At a height of 10 km, the amount water
vapor is close to zero. Some defects are observed in the
profile map of B = 31.18°, which indicate that the
SIRT algorithm exhibits some deficiencies.

5 Conclusions

1) The relaxation parameter is the weight of correc-
tions. It is very important because it affects the effi-
ciency and quality of iteration. In this study, A
spanned from 0.01 to 0. 12, and the optimal value was
0.12.

2) The SIRT algorithm relies on an initial value. A
proper initial value can not only improve the iteration
efficiency but also produce an accurate result in the
case of inhomogeneous observation disiributions.

3) MDIF and RMS are considered to be the stop cri-
teria. They converge to small values after 100 itera-
tions. Because the SIRT uses a full correction strategy,
an excessive number of iterations will induce individual
deviations, although the results improve with the in-
ereasing number of iterations.

Overall, the tomography process is influenced by va-
rious factors. Moreover, the SIRT algorithm should be
improved in future studies.
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Figure 35 Tomoagraphic reconstruction profile maps
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