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Abstract: The technical success and availability of numerical algorithms have promoted the implementation of
tomography to atmospheric sciences. The principal specific character in initial constraints, data collection and
assimilation methods, obtaining the final numerical results and interpretation of these makes the continuation
of the success story for GPS-tomography very challenging. Numerical simulation is the most time- and
money efficient way to study different processes connected with tropospheric water vapour tomography. This
paper gives a short overview of some mathematical methods for detection, monitoring and modeling of
tropospheric water vapour. The possible mathematical approach to constructing a virtual ground-based sensors
(GPS-receivers) network for a real geographical location and discretisation of the troposphere, also some
aspects of raw data filtering and analysis are described. The outcome of tomographical modeling of the
troposphere might to be applied to improve the results of large scale numerical weather prediction models. The
questions of voxel geometry and methods of data processing are expected to be key questions in constructing
an effective GPS-receiver network for water vapour tomography.
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1 Introduction exact dense constellation of signal transmitters and

The GNSS (Global Satellite Navigation System) receivers and full control of the movement of the
with known realisations such as GPS, GLONASS test body. In the case of the troposphere one cannot
and the forthcoming GALILEO has become a part ~ control movements in the environment and the
of everyday life. The GPS-signal for positioning is transmitter/receiver (GPS-satellite /GPS- receiver)
particularly used to obtain information on the  constellation is variable and sparse. Even if the
concentration of tropospheric water vapour as one of ~ Positions of - the  GPS-satellites are known in
the most important of greenhouse gases and a carrier ~ Principal the real position is affected by orbital
of latent heat in the atmosphere. Data about the perturbations and the availability of precise orbits
distribution of water vapour also supports numerical ~ from the IGS-service is delayed. The new signal
weather prediction (NWP) models. Related large-  transmitters (the forthcoming GALILEO) and new
scale experiments and monitoring have been frequencies will help to provide spatially more dense
launched in Japan (GEONET), US (SuomiNet), information from the atmosphere and to improve
Europe (E-GVAP), etc. signal processing.
Tomographic methods have been developed to get

a 3D distribution of water vapour in the troposphere 2 \Water vapour tomography — How
([5],[10],[13],[20]). The work on improvement and does it work?

efficiency of tomographic methods, depending on GPS signals propagating from GPS satellites to

experimental setup and mathematical algorithms is receivers on the ground are affected by the
an area of interest and a subject of investigations for atmosphere. The scheme of the receivers and

many research groups. . satellites network is shown on the Figure 1. The 1-

The basic differences between medical and band receivers need to be supported by 2-band
tropospheric tomography consist of the initial setup receivers (GPS3 on Fig. 1) to get information on
of measurements and the behaviour and nature of ionospheric refraction as described below.
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water vapour in the atmosphere can play a role of
unwanted noise and from another hand, can be used
as useful information for tomographic model and
potentially as complimentary data input to NWP.
One product of the tomography model can be an
archive of IPW data at the site of measurements to
detect climatological trends and their impact on
nature. Climate change has a direct impact on
vegetation [4].

Figure 1. GPS receivers network.

Atmospheric refraction induces slant delays in
individual rays propagating from GPS satellites to
ground-based receivers. Slant delay is expressed by
the excess path length of GPS radio signals along
their propagation path between a GPS satellite and a
ground-based receiver. The ionosphere has a
dispersive effect on GPS-frequencies (L1=1575.42
MHz, L2=1227.60 MHz), while the troposphere has
a norj-dispersive effect on the GPS-signal. This
allows the ionospheric effects to be removed by a
linear combination of dual frequency measurements
([16],[18],[35]), the tropospheric impact cannot be
determined by using 2-frequency techniques.

In general, the effect of both the ionosphere and
troposphere can be measured by the additional
delays of signal propagation on the receiver-satellite
path. Due to atmospheric refraction the signal path is
not the shortest straight line between receiver and
satellite, but a form of curve (Fig. 3).

On the path to the receiver, different components
of a GPS-signal will arrive at the antenna at a
different instant of time. lonospheric refraction
causes a delay of the information package
(modulated on the carrier signal) and the advance of
the carrier phase. The physical reason for this is that
the wave group- and phase speed depend on the
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refraction index of the environment. The analysis,
determination and elimination of ionospheric effects
are beyond the scope of this article. A more detailed
description can be found from ([16],[18],[35]).
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Figure 2. Getting the needed meteorological
information from GPS navigation data.

The ionospheric delay can be removed (in the case
of the model by adding supporting 2-band receivers
to the monitoring network and the interpolation of
the ionospheric constituents between grid points).

Molecules of tropospheric gases and hydrometeors
have a negative effect on signal propagation:
increasing the noise component in the GPS-receiver
and absorbing the signal. In most cases this
absorption is not a problem for GPS-networks.
Atmospheric attenuation at GPS frequencies is in the
order of 0.035 dB for a satellite at zenith and around
10 times more at low elevation angles. This
attenuation is mostly caused by oxygen. The effects
of water vapour, rain and nitrogen are negligible.
Even dense rainfall causes attenuation of less than
0.01 dB/km [24].

The delay caused by neutral atmosphere can be
separated into two components: a zenith hydrostatic
delay (“dry” component, ZHD) as a result of the
induced dipole moment and a zenith wet delay
(“wet” component, ZWD) due to the permanent
dipole moment of PW (Precipitable Water, water
molecule) and liquid water (LW) present in the
troposphere [27]. The wet component is spatially
and temporally variable, therefore the errors in
models for the wet component are larger than the
errors in the models for the “dry”.

3 Slant Total Delay model
Although as yet not so widely used, the tomographic
method based on Slant Total Delay (STD) [33] has
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several essential advantages compared to traditional
integrated precipitable water (IPW) estimation,
based on the Zenith Total Delay (ZTD) approach
[25]. For high-resolution NWP the benefit of using
STD comes from three main aspects: (i) the larger
volume of observations available, as there are
several satellites simultaneously visible and
tomographically usable from each point of
observation; (ii) STD-observations can contain
information on atmospheric anisotropy - the
gradiehts of temperature and humidity, while ZTD
observations assume isotropic atmosphere; (iii) ZTD
can be considered as a special case of STD, in other
words, ZTD is derived from raw measurements
along the slanted signal paths [9].

STD observations provide the potential for water
vapour tomography - to obtain the real 3D
distribution of tropospheric water for kilometric
scale modeling, but on the other hand, the procedure
for the production of STD observations is still in a
stage of evolution. It is not convincingly clear if the
accuracy of near real time STD observations is
adequate for the operational demands of NWP
systems. Due to the geometry of the slanted signal
paths, assimilation of STD is not as straightforward
as the assimilation of ZTD. Moreover, currently it is
not known how to properly account for the
complicated observation error correlations of STD
(I8L.I9D.

From the NWP point of view, ZTD is a desirable
observation since it is a linear function of IPW
above the GPS receiver [1]. IPW is directly related
to the model humidity variable and it is ideally
suited to the model geometry. The relative
complexity of usage of slanted signal paths and the
commpn practice of the NWP side has somehow
suppressed the usage of water vapour tomography at
an operational level. This gives all the more
challenges for future research and modeling.

In fact the GPS-tomographic network does not
need to be seen as an alternative to existing
meteorological systems but something
complimentary to it. GPS-based system can already
detect water vapour and local extreme
concentrations before any radar detection is
possible. In this sense the GPS-tomographic system
can serve as a warning system.

To study the methods and large-scale experimental
setups, simulation is the most time- and cost
effective way. The situation is modeled where
information on water vapour content surveillance is
obtained from ground-based GPS-receivers
supported by additional meteorological sensors.
Those can be considered as stand-alone proactive
agents with individual environment-dependent
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inputs and outputs. The IPW from fixed
geographical positions are obtained by using
GAMIT/GLOBK software [15] and used as links
between simulation and reality. Real data from fixed
points is essential for the calibration and evaluation
of the model.

Kalman Filtering (KF) (and its modifications) has
been investigated as a means to minimize noise in
the initial data.

4 The impact of the atmosphere
GPS signals propagating from GPS satellites to
ground-based receivers are affected by atmospheric
refraction. This induces slant delays which are
manifested by the excess path length of GPS radio
signals (Fig 3).

lonospheric refraction causes a delay of the
information package, modulated on the carrier signal
and the advance of carrier phase. The physical
reason for this is that the wave group- and phase
speed depend on the refraction index of the
environment.

GPS-satellite .
Actual sighal path through

the refractive atmosphere

¥

GPS-receiver

The shortest georﬁetrlc
path

Figure 3. The signal path through the atmosphere.

The delay caused by neutral atmosphere can be
separated into two components: a zenith hydrostatic
delay (“dry” component, ZHD) as a result of the
induced dipole moment and a zenith wet delay
(“wet” component, ZWD) due to the permanent
dipole moment of Precipitable Water and liquid
water present in the troposphere [27]. The wet
component is spatially and temporally variable,
therefore the errors in models for the wet component
are larger than the errors in models for the “dry”.
STD is induced both by dry air and water vapour.
Slant dry delay can be estimated from surface
pressure measurements or from numerical weather
models [6]. Slant wet delay (SWD) can be estimated
as the difference between total slant delay and slant
dry delay.

Tropospheric delay can be expressed as follows
[16]:
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AP _ 10—6! N P ds ' (1)

where N"® =10°(n—1) is often called a
refraction and n(s) denotes the atmospheric
refraction index on the signal path. Integration is
performed over the total path in the troposphere.

Dividing the delay due to the tropospheric
refraction into two components (dry and wet), the
total delay can be expressed as

A =10 [N§*ds +10° [N™ds.  (2)

This kind of dividing into components comes from
practical considerations. The dry component of
tropospheric delay is quite precisely described by
different mathematical models (for example the
models of Hopfield, Niell, Saastamoinen and others)
[23]. Prediction and modeling of the wet component
is complicated. The problem comes from the lack of
measurement data and the instability of the
troposphere (tropospheric turbulence).

Tropospheric refraction is often explained by
empiric equations [16]:

ropo ~ p ropo = e = e
thi,op =Cl?’ N\:v,op =C2?+C3T—2, 3)
where €, =77.64 K-mb™, T,=-12.96
K-mb™ and C,=3.718-10° K?-mb™, pis

atmospheric pressure in mb, T is temperature in
K and e is the partial pressure of water vapour.
C,,C,,C, are empiric constants. The results can be

improved by measuring real meteorological data at
the observation site. This should be a goal for any
meteorological GPS-network, but usually meteo-
data is interpolated from a point of measurement in
an adjacent area. The measured data is entered into
some of the known refractivity models. It is possible
to get an estimate for the dry component of
tropospheric delay <1mm if the pressure at the
ground surface is measured with a precision of
0.3mb [7], but the wet component varies from
some millimeters to 40 mm, depending on the
latitude.

The amount of integrated water in the
atmosphere in the zenith direction above the GPS-
antenna is equivalent to the height of a column of
liquid water. In a similar manner the slant water
(SW) is defined, as the length of an equivalent
column of liquid water on the ray path between
GPS-receiver i and satellite m. SW."is the

Integrated Slant Water (ISW) vapour divided by the
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density p of liquid water SW." = ISW." / p, where
saty,
ISW" = [ p,ds

rec;

(4)

The ratio of SW to the Slant Water vapour Delay
(SWD) is often known as a non-dimensional
conversion factor IT, expressed as

IT=SW," /SWD;". Here SWD,"can be derived

from the STD measurements described in [9]. The
IPW and SW can be easily found, as IPW=IT-ZWD
and SW= II.SWD (assuming the atmosphere is
isotropic).

IT = const, depends on real environmental
parameters [2], mostly on the mean temperature of

the atmosphere, T, defined in ([27],[32]).

Water-vapour-weighted ~ atmospheric  mean
temperature, T, , is a key parameter in the retrieval

of atmospheric precipitable water (PW) from
ground-based GPS measurements of ZPD/SPD, as
the accuracy of the GPS derived PW is proportional

to the accuracy of T, . The RMS (root mean square)

error of GPS-derived PW ranges from smaller than 2
mm in North America to 3.7 mm in Japan. An

uncertainty of 5 K in T corresponds to 1.6-2.1%

uncertainty in PW. T_ has also temporal and spatial

variations, described in [32].

For practical troposphere monitoring (for real
reference data) the Trimble NetRS GPS-receiver
was used at 58°23'30" N, 26°41'41" E, with an
antenna height of 75.80 m above the reference
ellipsoid. The data has been captured from
December 2006 onwards. The data post-processing
is performed by GAMIT.

GAMIT-processing helps to obtain the real path

and delay of the signal from each satellite to the
receiver. The difference between real and
geometrical gives the initial information needed for
tropospheric water estimation. GAMIT software
uses the Global Mapping Function by default, as
developed by Boehm et al. [3] for atmospheric
delays calculation. In the absence of in situ
meteodata, the best choice of a priori pressure and
temperature for a site comes from the global
pressure and temperature (GPT) model [15].
In Figure 4 a 54 day period is represented by the
corresponding evolution of Integrated Precipitable
Water, temperature, relative humidity and air
pressure in Tartu.
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Figure 4: Pressure, relative humidity, precipitable
water and temperature in 06. Nov - 29. Dec. 2007.
Horizontal resolution 1 hr.

The presented results are un-smoothed. The short-
term evolution of relative humidity at ground level
and the IPW are quite unstable. It can be interpreted
as atmospheric turbulence, but the result also
contains all possible discrepancies at this stage.

5 Error management and numerical

filtering of the initial data

Although GPS-measurements are believed to be
extremely accurate for nearly every application, they
can exhibit significant errors depending on
environmental conditions and the technical setup of
experiments. From the modeling point of view and
for geodetic accuracies the results are mostly
affected by orbit errors and clocks drift.

Assimilation of the results into NWP models
needs accuracies of better than 2 mm of PWV
(Precipitable Water Vapour) within 1 h of data
collection [14]. For now-casting (often referred as
the forecasting of the weather in the 0-12 hrs
timeframe) the TOUGH project report [30]
recommends a time resolution of nearly real time
(NRT) GPS data as high as 2-4 observations/hour
with an update every hour, with a potential for faster
updates in the future.

The first obstacle for geodetic data processing is
related to the delayed availability of precise orbits of
GPS-satellites. For real- and near real time
applications only predicted or Ultra Rapid products
can be used. Improvement can be achieved by using
the sliding-window technique (e.g. [11]).

The orbits errors are systematic (except on the
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occasions of Sun bursts), therefore they are easier to
handle. The receiver clock errors can be mostly
eliminated by the double-differencing method. The
systematic errors can be eliminated by combining
and comparing different data from observations.

Atmospheric  tomography (and the related
modeling) has additionally some specific sources of
errors, which are impossible to ignore. The first is
related to voxels (the meaning of the term is
presented later), not giving any information because
of not being intercepted by any signal ray. The
second is related to real data acquisition at the point
of measurement - sudden malfunction of some of the
sensors or loss of the data.

The first category of problems is expected to be
smoothed by Kalman Filtering (KF). KF and
smoothing have also been used in the GPS-
campaign at Onsala, described in [10]. The
successful exploitation of KF or its modifications
([171,129],[34]) is not always straightforward due to
limitations emanating from the receiver’s network
geometry. KF also needs observability and
controllability conditions to be satisfied [12],
otherwise the algorithm will not converge. One
possibility to overcome the geometry limitations is
by exploiting the Wet Refractivity Kalman Filter
[13].

The second category of errors is overcome by
using the paradigm of agents. In this concept each
node of the GPS-receivers network is considered to
be an autonomous proactive agent, with the main
task of capturing the data on GPS-observations and
3 additional meteo-parameters. Additionally, each
node (agent) is responsible on the data link to a
central data processing unit. If for example one
meteoparameter  (let’s say ground surface
temperature) is missing, then it can be requested
from adjacent agents, the result being interpolated
for the malfunctioning node and the “complete” data
sent to the central unit. This makes it technically
possible to distribute some operational tasks to the
agents in the nodes leaving the more computational
resources to the data processing unit.

Random measurement errors are also processed by
KF. KF addresses the general problem of trying to
estimate the state X of a discrete-time controlled
process that is governed by the linear equation on its
development from the time point k-1 to the instant k:

X, =AX, [ +W_,. (5)
Assume also that the measurement Z is expressed by
the state vector X:

Z, =HX, +v,. (6)
Here X and Z are the vectors of n- and m-
dimensional real Euclidean space respectively. The
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random variables w, and v, represent the process

and measurement of noise (respectively). They are
assumed to be independent of each other and auto-
independent, while, with normal probability
distributions. In practice, the process noise
covariance and measurement of noise covariance
matrices Q and R might change at each time step,
however here are assumed constant. The nxn
matrix A in the equation (5) relates theoretically to
the state at the previous time step k —1 to the state
at the current time step k , in the absence of either a
driving function or process noise. Note that in
practice A and H might change with each time step,
but here we assume those are constant matrices. The
mxn matrix H in the measurement equation (6)
relates the state to the measurement Z, .

Finding the best modification of KF is one of the
next challenges for modeling, as numerical precision
and stability is counterbalanced with computational
load, directly related to the applicability of the
monitoring concept and surveillance network.

One important aim in obtaining information about
water vapour distribution in the troposphere is to use
the results as input for large-scale NWP models. The
output introduced from GPS-tomography is the
concentrations of water vapour in every single
voxel. This means that observers have a set of
virtual humidity sensors covering the whole area
under consideration. These are on one hand moving
dynamically and for some parts of the troposphere
(for some voxels) may be interpolated, but also on
the other hand, do not need service and do not
disturb aviation. The obtained information used as
feedback for a better estimation of the state of
weather is made possible through KF.

6 GPS-receivers network and

discretization of the troposphere

The installation of the GPS-receivers network for
tropospheric tomography is modeled. Tomographic
methods to obtain the 3D distribution of
tropospheric water have been a subject for numerous
investigations ([5],[10],[13],[20]).

The initial idea comes from conventional
tomography, known in medicine. The information
on ray propagation (delaying or attenuation) in a
certain part of environment is obtained from
different angles and later the image of the
investigated constituents is reconstructed by
tomographic algorithms. In medicine the 3D image
is obtained by signals coming from all available
directions while in tropospheric tomography we get
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all the observations between the top layer and the
ground only. In the model situation the delay is
equivalent to the signal path (additional delay
corresponds to the prolongation of the path).

From the atmospheric point of view the GPS-
signal time delays and the contributions of
atmospheric water to the delays in every discrete
part of the troposphere (hereafter called voxel) are
under consideration. The discretization of the
troposphere into rectangular voxels is explained in
Figure 5. Different geometrical setups exist for
building the voxel system, but for the simulation
experiment a rectangular grid is chosen for
simplicity (assuming the monitoring area is
relatively small).

Figure 5. Ray paths from the satellites to a GPS-
receiver through rectangular voxels.

There is very little information available regarding
the voxel system. In general the geometry of the
tomographic system will stay weak. The situation is
improved a little when taking the Earth’s curvature
into account (Figure 6). The latter cannot be ignored
for large-scale tomography, for areas of some
hundreds of quadratic kilometers.

Figure 6. Curved voxels.

The voxel boundaries are constructed on a spherical
system of coordinates [26]. Orthogonal Earth-
centered coordinates (x,y,z) and spherical
coordinates (p,p,A) are mutually transformed by
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formulas X = p cose SinA ; y = p sing Sink ; z = p
COSA. .

Attempts to obtain improvement are also being
made with irregular grids [21]. Probably a “best
solution” for a geometrical setup does not exist.
Every local network should be studied and modeled
case by case. Surface relief also has to play an
important role. It would be ideal if the measurement
points could reside in every layer of the voxel
system. The Swiss AGNES network for example has
height differences ca 3000 m between the highest
and the lowest station, but even then only 2 stations
are situated above 2000m [28]. Unfortunately
natural height differences are not the case in Estonia
and other relatively flat areas.

Below we consider the rectangular voxel system.
Tropospheric water is mostly distributed in a layer
with a thickness of up to 7 — 10 km. The horizontal
resolution 10-40 km of the grid is usually taken in
similar experiments (station separations ~50 km or
less are recommended in the final report of the
TOUGH-project [29]). Similar grid-steps are used
also in other fields of atmospheric modeling [22,31].
Detecting water vapour takes into account all the
GPS-signal ray paths (where the signal has a high
enough quality) from the visible satellites into each
location of GPS-receivers. The maximum number of
ray paths is n-m, where n corresponds to the
number of satellites and m to the number of
receivers. Hereby it must be noticed that
n corresponds to a number of those satellites only
that can be technically used in the experiment
(having acceptable signal/noise ratio at a point of
observation). This means that ncan be smaller than
the number of visible satellites and additionally, the
number of usable ray paths can be reduced due to
technical conditions.

The bottom facet of the voxel is rectangular. The
parameters for construction of the voxel system are
the size of the horizontal grid (distance between the
receivers) and each vertical step (corresponding to a
number of layers in the model troposphere). The
bottom of the voxel system is a tangent plane at a
geographical point to the Earth as an ellipsoid. This
geographical point serves as the middle point of the
simulation area (middle of the virtual GPS-network).

Figure 7 demonstrates one of the simulated
situations with a certain constellation of satellites,
their positions related to the voxels. 144 voxels were
chosen for the simulation and placed on six
horizontal levels (24 voxels in each). The receivers
were placed into each voxel on the ground surface,
with a total number of 24. With 11 visible GPS-
satellites this gives a system of 264 equations for
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144 unknownes.

0 Side view

<0t Top view
>

15 — 25
1 ? g 8@ 2 o
. . ol
15
05 8 8 & g " Dc
o
] CI 1
& =
05 e e o2
2 3 : B o
1 & @ g @ i} &
8 05
TR LR A (R 2 40 1 23

< Back view

25 0.24

: 5 IREH IS ST SRR
15 & ‘,..‘ Same

; o o @O 0.22 s A "b.

o 021

05 - .

] @ 0.2 sy R
Bl ‘ ‘ : 0.19 ‘ :

42 0 2 4 0 50 1 150

i’

Figure 7. Positions of the satellites and
receivers over the area of simulated
experiment and the possible
prolongation of the path in voxels.

In the upper row and in the left hand image of the
lower row, circles with crosses denote the positions
of GPS-receivers, the square panels with a circle in
the middle denote the positions of satellites and the
squared dots denote the vertexes of voxels. The right
hand panel on the lower row explains the graphical
image of the solution of the model system (the
delays of signals in voxels).
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Figure 8. Hypothetical GPS
receivers network in Estonia.

The Figure 8 shows the possible GPS-receivers

network configuration in Estonia for real water
vapour monitoring in the area.
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7 The model

Each signal on the path between a receiver and the
satellite penetrates a certain number of voxels. Each
voxel (with water vapour) makes its individual
contribution to the total delay of the signal
corresponding to Eq. (3). The full path of the signal
is a sum of the paths in the intercepted voxels. The
model can be interpreted as a system of linear
equations

> x-s; =T, )
i=1 '

where j = 1,..., K, K is the total number of signal
paths from all visible satellites in the GPS-network
at a fixed instant in time, Vvis the total number of

voxels, s, ;is the length of the j™ ray in voxel i, the

X. are considered as weights of a voxel

I
corresponding to the slant path delay and interpreted
as indicators of the PW concentration. Interpretation
of the solution of the system of equations Egs. (8)
gives the distribution of water vapour by the voxels.
The differences between the geometrical shortest
path and the extra path, induced by tropospheric
water (depending on the temperature, humidity and
air pressure at the point of measurement), are

specified by the absolute termf, in an

underdetermined system of linear equations (Egs. 8).
Based on the precise trajectories of the satellites
(obtained from the 1GS-service) the ray path length
in each voxel is found, composing the system (Egs.
8).

The system is resolved by the Least Squares (LS)
method. It can be resolved also by Kalman Filter,
using the prediction and correction step alternately.
The model software has two main tasks — (i) to
construct the voxel system according to initial model
parameters with the handling of voxel related data
and (ii) the monitoring of the signal ray paths
through the voxels. Hereby it should be mentioned
that the model (also the GPS-receivers network)
obtains the slant delays directly from the GPS signal
phase observations, similar to the description in
[20].

The geometrical shortest paths (Figure 1) are
constructed from all satellites to all of the receivers
according to the satellite constellation at a certain
time instant. For each signal path the intercepted
voxels will be found with geometrical points of
ingoing and outgoing (to fix the shortest possible ray
path inside the voxel). These partial lengths are used
as coefficients in Egs. (8). Each ray will penetrate
only a minor part of voxels and the situation changes
with each time step.
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The simulation of monitoring consists of
generation of initial data for a certain mathematical
model and the data processing related to a specific
scenario. The synthetic data consists of the outputs
of GPS-receivers (including both (i) the data sent by
a satellite and (ii) the data generated by a receiver).

The first category represents mostly the positions
of the satellites, and the time parameters of atomic
clocks. This data is consisted in a GPS-satellite’s
navigation message and can also be obtained from
GPS Ground Control Stations or some public
databases via the internet. The second category
consists of data about the time instants the signal
was received (receiver time), carrier phase, the
position of satellites (from receivers point of view)
and some supporting information.

The simulation program, compiled on the basis of
the mathematical model, is responsible for the
generation of a situation that is as realistic as
possible. The model situation must be described by a
real geographical location and a real constellation of
GPS-satellites at a certain time instant. Based on this
information additional analysis is performed to find
suitable locations for GPS-receivers in the
monitoring network. The criterion is the solution of
Egs. (8) — the result must be realistic in a
meteorological sense.

The simulation helps to specify in which initial
conditions the system (Egs. 8) can be resolved and
when the result is reliable.

As a rule, the system of Egs. (8) has less equations
than unknowns (the number of signal rays is smaller
than the number of voxels). Depending on the
temporary constellation of GPS-satellites and
receivers in the ground-based network, the system
can be either unresolved or the solution is not
precise enough (unrealistic). The results are also
affected by the allocations of the receivers relative
to each-other, the number of receivers and
geographical position (regarding the constellation of
satellites). Depending on the abovementioned
reasons and the configuration of the voxel's system,
the system of linear equations (Egs. 8) can be over-,
under- or normally determined.

Based on the analysis of different initial conditions
and the solutions of model equations, it can be
concluded - that the more homogeneous the GPS-
receivers network is, the better the result. In fact, the
reality is not so simple regarding the installation of
the network — the sensors are installed in positions
considering the practical possibilities. Simulation
helps to find the best available spatial setup for the
receiver’s network.

For ideal conditions the GPS-receivers need an
open horizon and that is impossible to guarantee in
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reality (the nearby forests, high buildings, etc. mask
a certain part of the sky or initiate additional
inaccuracy in measurements).

The moisture level per each voxel can be derived by
interpreting the numeric solution of the model. In
the simulation package this is done by a stand-alone
module.

The amount of water vapour is found, using the
delays in ([7], [8], [21]) voxels and the conversion
factor IT. Information on all voxels gives a 3D
distribution of water vapour in the troposphere and
additionally IPW. The IPW can also be found from
real measurements and GAMIT-processing at a
certain point in the monitoring area (for the current
experiment the station at 58°23'30" N, 26°41'41" E).
This gives a possibility for validation of the model.
As a favorable by-product from GAMIT-processing,
the STD can be derived and compared to the total
delays calculated by the simulation model. The
temporal and geographical variation of II is
unknown, but using the estimated value around 0.15
satisfies the simulations at the current stage.

It is foreseen that the simulation will lead to the
practical monitoring of tropospheric water. Based on
the modeling results (the best geometry), the GPS-
receivers network can be installed with the
supporting meteorological sensors and data
communication devices. A quite independent task
will be the optimization of the communication
network and protocols for real-time (or near real-
time) application.

8 Conclusions

The modeling and simulation approach briefly
described above, is the initial phase in developing a
ground-based GPS-network for meteorological
purposes by the authors. Collaboration can be
foreseen with the Estonian Land Board and the
Estonian Meteorological and Hydrological Institute
in establishing the common monitoring network and
database, but also on international level.

The modeling environment works well for receiver-
network geometry analysis. The concept of agents
helps to model situations closer to reality and to
decentralize the data processing load. The future
effort is targeted on data filtering as it is not clear
what kind of KF will give the best result and how to
resolve the questions of poor voxel geometry in an
optimal way. These two topics will probably be the
key questions in constructing an effective GPS-
receiver network for water vapour tomography.
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