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Abstract

Water vapour variability on the atmosphere playsracial role on its dynamic processes, being
difficult to quantify. The GNSS atmospheric proéegshas been developed in the past years provid-
ing integrated water vapour estimates. These iatedrprofiles lack a vertical discretization of the
atmospheric processes. Reconstruction of the githtobservation in the satellite line of view @l

to study the troposphere heterogeneity. 3D tomddcagoftware was developed to model the tropo-
sphere dynamics throughout these GPS measurerde@8ISS network available in an area of 60
km? in Lisbon (Portugal) composed by 9 receivers wsedufor the software testing, and preliminary
4D tomography solutions were obtained. Radiosondasurements were compared to validate the
tomographic inversion solution. This study aims gopreliminary characterization of the 3D water
vapour field over this region, which will help tesist the investigation of severe weather episodes.
Key words: GNSS meteorology, GNSS tomography, water vagmecipitable water vapour, Lisbon.

Estudio experimental de tomografia GNSS en LisBaat(gal)
Resumen
La variabilidad de vapor de agua en la atmoésfeggguun papel crucial en sus procesos dinamicos,
siendo dificil de cuantificar. El proceso atmosfériGNSS se ha desarrollado en los Ultimos afios
proporcionando estimaciones de vapor de agua adegrEstos perfiles integrados carecen de una
discretizacion vertical de los procesos atmosférita reconstruccion de la observacion en la liteea
vista del satélite permite estudiar la heterogeatkide la troposfera. Se ha desarrollado un software
para modelar la dinamica de la troposfera medisnagidas GPS. Se utiliz6 una red GNSS disponible
en una zona de 60 Kren Lisboa (Portugal) compuesta por 9 receptoreselahequeo de software y
se obtuvieron soluciones preliminares de tomogiifiaSe compararon con mediciones de radioson-
da para validar la solucién. Este estudio tienecaolnjetivo la caracterizacion preliminar del campo
de vapor de agua en esta region que ayudarda evelstigacion de episodios meteoroldgicos severos.
Palabras clave: Meteorologia y tomografia GNSS, vapor de agua, vdp@gua precipitable, Lisboa.

Summary: Introduction. 1. Tomography. 2ZTomography preliminary results. 3. Conclusion and
Future work. Acknowledgements. References.
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Introduction

Water vapour variability on the atmosphere playsriacial role on its dynamic
processes, being difficult to quantify. Its highrigdility in the atmospheric proc-
esses triggers the moisture motions transportwitd@ range of scales in space and
time, influencing the evolution of meteorologicahgmomena and the current
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weather state. The GNSS techniques, in partichlaiGPS has proved its capacity
for sensing the water vapour variability, providingeasurements of integrated
water vapour (IWV) along a column of atmospherevaba station with the same
accuracy as other classical meteorological observanethods like radiosonde,

radiometer, lidar or radar (Bevis et al., 1992;gbmeing et al., 1998; Champollion et
al., 2009). At present, the capability of the GNi&&hnique to estimate the total
column of water vapour from a common receiver idely accepted for meteoro-

logical studies (Lutz et al., 2010; Manning et 8012) and usually estimated in
GPS routine analyses, more recently together wstharizontal gradients of tropo-

spheric path delay to account for its isotropiciatéwns, along with the equation

solving residual observables containing small aphesic contributions (Hirahara,

2000; Champollion et al., 2009; Bender et al., 204dn Baelen et al., 2011).

In the GPS processing software the integrated siperic wet delay value on
the zenith is determined (Bevis et al., 1992; Hoet¢ al., 2000). This integrated
profile relates to a measurement of the total arh@firwater vapour but lacks a
vertical discretization of the atmospheric process®t allowing to identify where
the water vapour is located in its tropospheridifg@Bastin et al., 2007; Bender et
al.,, 2011). Taking advantage from the continuouglywing GNSS station avail-
ability, processing the data from local and derstgvarks increases the number of
information traveling the local troposphere andvmtes an opportunity for estimat-
ing the total amount of water vapour related to tefactivity in space and its
temporal behaviour. (Gradinarsky et al., 2002; Bast al., 2007; Bender et al.,
2011). The inverse theory of reconstruction of ai@2ge from ray path integrated
values, defining tomography, is based on the aaiiins already used for health
purposes in the medicine field and for Earth imteseismic reconstruction studies
on geophysics field (Gradinarsky et al., 2002; Cpaltion et al., 2005; Rohm and
Bosy, 2009). The GNSS tomographic formulation azetessfully be applied to the
local refractivity distribution in the tropospheabove a dense network of stations
(Hirahara, 2000; Champollion et al., 2005), prow@li3D information about the
state of the atmosphere at a current period, espedn resolving the vertical
distribution of the water vapour (Flores et al.0@Q0Troller et al., 2006).

Several campaigns and studies in the past years deady proven that tomo-
graphy can yield a good spatial and temporal remtason of the troposphere
horizontal and vertical structures, providing betieformation for quantifying
atmospheric phenomena (Flores et al., 2000; Hiegh2000; Champollion et al.,
2005; Troller et al., 2006; Bastin et al., 2007;a€ipollion et al., 2009). Other
measuring sensors like radiosondes provide a pahstwnding of the atmosphere,
representing very local meteorological magnitudderés et al., 2001), and oppo-
site to the GNSS tomography that is capable ofisgrits state globally and con-
tinuously throughout the signals crossing the aphese (Flores et al., 2000).
Although the GNSS tomographic technique has linaitest, especially the necessity
of a dense distribution of stations to provide @édaset of observations in a con-
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fined area to avoid a negative impact of the ngismthe solution reconstruction of
the water vapour images (Champollion et al., 2dBénder et al., 2011; Rohm,
2013; Shangguan et al., 2013).

A GNSS permanent network was available over an afe80 knf in Lisbon
(Portugal) composed by 9 receivers collecting adatatinuously. 3D tomographic
GNSS software was developed to model the troposptigmamics throughout the
GPS measurements of slant path wet delay (SWD).r@tiesonde station within
the area is also available in order to validate tdmographic inversion solution.
This study aims for a preliminary characterizatidrthe 4D water vapour field over
this region, leading to further future investigatiaf meteorological phenomenon.

1. Tomography

1.1 GNSS Tomography formulation

To retrieve the 3D water vapour density struct@rajiscretization of the tropo-
sphere on the study area has to be performed, viherespatially divided into a
finite number of boxes or cells (usually called gtsx(Flores et al., 2000)) where it
is assumed a constant value inside each (Florak,e2000; Troller et al., 2006;
Bender et al., 2011). The grid model itself is egnted by an arbitrary number of
cells that is dependent from its horizontal andivar geometrical resolution (Hira-
hara, 2000; Troller et al., 2002). During a ded&ahme period, each pair of station
receiver and satellite generates an equation foh single instant, based on the
reconstructed GNSS original slant ray path, whiakgls a distance inside each cell
(Hirahara, 2000; Flores et al., 2000; Gradinarskgple 2002). Thus, through the
application of mapping functions to reconstruct skent path wet delay observation
and partially model its ray bending, the latter ba@nnegligible (Flores et al., 2001)
reducing the system of equations problem to a g&@raklinear approach (Cham-
pollion et al., 2005). A diagram of this procedigeeproduced in Figure 1.
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Fig. 1. Schematic representation of a 3D GNSS teapigc grid. 2 GPS stations ray tracing
3 satellites. Red bold lines represent SWD raysnexihe grid model laterally.
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Delimiting the troposphere above an area with sdwerceivers into cells and
assuming a constant value, results in a discredizaif the space model (Flores et
al., 2000). Then the integral slant path of the GN&t delay can be expressed by
the summation of cells along the slant ray path (Hirahara, 200@yreéd et al.,
2001). The length of each sub path traversing eatiFig. 1) can be represented
on a design matriXd, that can be related to each unknown wet refrigagtisell
represented by a vectwrand the slant wet path delay observabte Lswp follow-
ing the equation model in the form (Flores et2000; Flores et al., 2001):

Lowp =107° [ N,.ds = Layp() =Z;a(i.).x() = y= Ax (1)

The matrix coefficients(i,j) are the subsections of thelant path distance in
thej grid cell. The vectox represents the unknowns for each constant wetatafr
ity N value to be determined. The refractivity retrietiedbughout the troposphere
medium is mainly influenced by the water vapourdignvariability (Flores et al.,
2000; Van Baelen et al., 2011). This system of 8gna represents a particular
inverse problem where the main challenge is thergien of the design matrix.
This matrix represents a linear operator that cotsnthe slant path observations
providing the length distribution of SWD throughttee model parameters, forming
a linear combination of the grid cells unknownsofEk et al., 2000; Bastin et al.,
2007; Van Baelen et al., 2011; Rohm, 2013). Thienasion of the unknown water
vapour content is obtained with the matrix invemsioperation throughout the
defined grid and hence this can be done by solthegliinear system of equations
throughout a least-squares approach (Troller e2802; Rohm and Bosy, 2011).
The limited geometry of the GNSS observations wit fully populate the grid
resolution, hence resulting in several cells nossed or intersected by any obser-
vation (Bender and Raabe, 2007). Therefore withatial conditions or additional
constraints, the problem becomes locally undetezthiffrlores et al., 2000; Troller
et al., 2006; Champollion et al., 2005), resultingan ill-conditioned or ill-posed
problem (Gradinarsky et al.; Rohm and Bosy, 206hd&r et al., 2011).

To solve the former the discrete inverse theorynidation is usually employed,
based on a usual damped least squares method popskismic tomography that
minimises equation 1 (left) (Menke, 2012). Hirah§2800) adds horizontal and
vertical constraints into the system of equatidtieres et al. (2000) uses a similar
technique but on the inversion applies the singuddme decomposition (SVD) and
Kalman filtering. This filter allows to adapt thgstem sensibility to slow or rapid
spatial variations on the water vapour state (Cladliop et al., 2009). Other au-
thors developed similar software with slightly difént approaches, but in general
following the above formulation (Troller et al., @ Champollion et al., 2005;
Rohm and Bosy 2009; Notarpietro et al. 2011; Pegteal., 2011). Other method-
ologies for surpassing this issue were applied witbcess, using interactive alge-
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braic reconstruction techniques, being particuladgful for resolving large number
of data input and extensive grid cell configuratiBender et al., 2011).

1.2 GPS framework

In order to retrieve the slant path wet delay inploservations for the tomography
model, a GPS data processing has to be performetisl work scope the data was
processed using GAMIT\GLOBK software (v10.5) (Hegiet al., 2010) in daily
double-difference sessions, tightly constraining ¢tations to the ITRF08 reference
frame, adding several International GNSS Servi€&S]l stations and using IGS
precise final orbits. A second step is performely ounning GAMIT with a set of
configurations oriented on the enhancement of thespheric parameters, fixing
the precise coordinates estimated in the first atepapplying a time overlap win-
dow strategy (Haase et al., 2003) of 4 processasgisns of 12 hours each day,
extracting the middle 6 hours. The final parametetained is defined as Zenith
Total Delay (ZTD) and results from the sum of thwe integral components, Zenith
Hydrostatic Delay (ZHD) and Zenith Wet Delay (ZWDJTD is determined
through a mean of all sets of slant path obsemataf delay from each station to
all observed satellites in its horizon at a singkgant. Thus it represents a volume
on the troposphere resembling a cone extent (Chiéimpet al., 2005; Benevides
et al.,, 2013) and is calculated using the aforermeetl mapping functions. A 7°
cut-off was fixed together with the VMF1 mappingqétions (Boehm et al., 2006).
ZTD is parameterized as a stochastic function tiariaof the ZHD using Gauss-
Markov process with a power density function intégped between temporal nodes.
For this work ZTD are generated each 15 minute. 4slDsually calculated with
precision from climatological data or precise scefgpressure measurements and is
subtracted from the ZTD obtained from the solvidigh® GPS normal equations,
and then ultimately the ZWD is calculated (Treggnend Herring, 2006). For
more information on the GPS processing issues boeld consult Benevides et al.
(2013). The time varying atmospheric charactesstibserved from each ground-
based GPS receiver can be transformed throughearlismpirical relationship
implying only an integrated weighted mean tempeeatf the atmospherdi);
Precipitable Water Vapour (PWV). Following Bevisagt (1992), ZWD delays are
converted in PWV using a constant fackodepending on water vapour empirical
constants and ohnm

IWV = PWV = x(Tm).ZWD )

Tmwas estimated for the Lisbon region climate asmeal function of the surface
temperature through parameters calibrated withlyearies of radiosondes obser-
vations. PWV can be expressed in mm or equivalghtfkmore commonly associ-
ated with the IWV nomenclature (Brenot et al., 20hd represents the measure-
ment of water if all of its columnar content woutthndensate. Wherefore it
represents the total quantity of water vapour almstation expressed as the height
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of an equivalent column of liquid water (Tregoniegal., 1998). Slant integrated
water vapour (SIWV) can be estimated with the same¢hodology applied to the
transition of the ZWD to PWV (Champollion et alQd5).

2. Tomography preliminary results

In this experiment a GNSS permanent network wagabla over an area of 60 Km
within Lisbon and around its vicinity, composed ®yreceivers with a regional
distribution that can be observed on Figure 2. Tdeation of the regional ra-
diosonde station, near Lisbon centre, can alsdoberued. The digital terrain model
shows the elevations with a crescent value propmatito a brighter tone, where the
lower station (PACO) has 75 m and the higher stafAfRRA) 409 m, representing
a terrain with some plain and mountain areas, rotdototally flat and hence suit-
able for GNSS tomographic inversion solutions (Eoet al., 2000, Champollion et
al., 2005; Van Baelen et al., 2011).
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Fig. 2. Location of the GNSS network, meteorolobarad radiosonde stations in the study
area, along with the 2D definition of the tomogriapdyrid; 5 cells in longitudinal and 6 on
latitudinal direction. Red lines represent the icaftcross section profiles of Figure 3.

A 3D geometrical grid was adjusted to the areardento run tests over the to-
mographic GNSS developed software. The GNSS gemaletonfiguration chosen
here is composed by a horizontal grid resolutiob o€lls on longitudinal direction
and 6 on the latitudinal direction (Fig. 2). Theanestation distance is found to be
45.5 km, which is 4 times larger than the approxédall kn grid size, although
almost all stations being situated near the ailitlin order to more easily cover the
vicinity grid cells with observations, minimizingrpty voxels. The vertical grid is
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composed by a variable sectioning of 18 layers with bottom starting at 500 m
altitude with a thinner separation of 250 m onldweer tropospheric region up to 2
km, increasing to 300 m up to 3 km, to 500 m u@ tom, and having a regular 1
km separation above this and until the top boundaygr of 10 km. A thinner
separation on the lower troposphere levels is delsirto model the water vapour
dynamics since the majority of the troposphericevatpour is present here. Hori-
zontal and vertical grid resolution was empiricadlgjusted in order to obtain a
feasible solution throughout the inversion of timpiement system.

Slant path wet delay observations are retrievedhi®eZWD GAMIT determina-
tion, using the mapping function formulation (Boekinal., 2006) implemented in
our software. At the 30 second GPS frequency et8WD for each GPS station
and satellite is determined from an interpolatelde@f the ZWD parameter, gath-
ering a strong number observations rate. Sinceamegraphy technique is highly
sensible to small variations on the input data,ttis preliminary study in order to
avoid the possibility of the solution being affettby extra noise artefacts, the
SWD are not converted into integrated SIWV measerégm Thus if one follows
equation 2 for this conversion it may induct eveorenassumptions to the tropo-
sphere state since a mean temperature profileeid. ukherefore SWD are intro-
duced directly as input observations in mm unitsitier GPS residuals nor atmos-
pheric gradients were introduced in the slant delagervations. Slant rays that
cross the lateral boundaries of the defined gridcainsidered but constrained with a
proportion given by the height of the vertical layehere the ray traverses the grid
frontier. Following Perler et al. 2011, an expomamegative function is applied to
the ratio between the height of the ray at thergxitayer and a scale factor that was
adjusted to be 2200 m, similar to a standard athmrgpprofile (Van Baelen et al.,
2011). The remaining slant rays are indirectly ¢@msed through the assumption
that on the top vertical layer the water vapourtennis none. The time interval for
obtaining a water vapour map is defined to be 30uieis, which is a reasonable
period where a high variation on the weather sisteot expected and a large
amount of SWD observations can be collected.

Starting from the discrete inverse problem set dpyagion 1 (right) the damped
least square formulation for the GNSS tomographgblem is implemented here
through the following system of equations:

x=(AT.P.AY . (4T.P.y) X3

wherey is the SWD observationg,the refractivity or the water vapour field solu-
tion andP is the observations weighted matrix. To overcongegeometrical limita-

tion of the several empty cells that creates thposed problem we add to tie

matrix a spatial smoothing horizontal constrairdttheflects a weighted average
value of the cells vicinity. The weight was definggthe inverse distance of all the
vicinity cells in the same layer. Fixation of theptvertical boundary layer with a
null value is performed adding the constraint infation in a similar way, and as in
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the previous constraint zero values are addedgg ttector. The ZWD mean pro-
files are introduced also in the tomographic equesiystem as external information
with a discretization on th& matrix assuming the same negative exponentialydeca
with altitude used for the characterization of #héting rays that cross the grid
lateral boundaries. The corresponding observatixtor is fulfilled throughout a
spatial interpolation of the ZWD station valuediritj horizontal cells without
information, and each column of the grid modelgaadly scaled in altitude through
the previous defined negative exponential functiime SWD observations weight
represented by the diagonal elements of Rhenatrix are calculated with a 50%
ponderation between the original ZWD estimatedremdhe GPS processing and
the satellite elevation dependent error which isdu® model the station error on
GAMIT projecting the error along the ray path direc. A global parameter weight
is given to each one of the constraints by adjgseémpirically the values and
comparing the obtained solution to a radiosondélabla profile, which will be
shown below. For the top zero value constraintvilegght is unitary, contrasting
with the down-weighted horizontal mean constranth0.25 factor and the ZWD
input constraint that was adjusted to a 0.29 value.

Observing the geometrical grid configuration, temporal window for collect-
ing observations and the constraints added, theaxctemization of the tomographic
system in equation 4 is given by a number of unkmealues 5x6x18 (540) and a
set of 4000 to 5000 SWD input observations thateges the same amount of
equations. Furthermore, the number of additionalbéqns dependent of the hori-
zontal constraints is equal to the total numbecalfs, and the equations related to
the vertical and external constraints are equdl &aone more layer of cells (30).

On Figure 3 are presented a set of profile exampldabe tomography recon-
struction for a late September 2012 intense pritipn episode. The first and third
plot represent a West to East cross section praifitta South to North cross section
profile respectively in the grid data (Figure 2 texs) at the 12h of day 22, where
a mean PWYV value of 25 mm was observed and avelatstable weather is repro-
duced by the tomography values. Gradual incremketfitecoGPS signal led the PWV
to rise about 20 mm in only 12 hours culminatinghwihtense rainfall at the 2h of
day 23. The second and fourth graphs on Figur@@rréhe tomography retrieved
for this date where it is noticed a high incremeinthe water vapour content in all
the layers up to 3 km through all of its geographiextension. High temperature
observed in this case may have driven the warmhamdid air mass up in the
troposphere provoking strong precipitation withusation of the water vapour.
Several hours after the storm the PWV values deeréa about 15 mm and low
refractivity values on the 3D tomographic map dse aoticed (not shown).
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Fig. 3. West to east tomographic cross sectionilpréidr the 12h of 22/09/12 and 2h of
23/09/12, on the left, and the respective SoutNdah profiles on the right. Values are in
refractivity units (mm/km).

Radiosonde profiles launch near the Lisbon airpmrtused to validate our water
vapour field reconstruction with independent measwnts. This is done taking the
columnar values of all the voxels in the corresmaridrertical profile that match the
horizontal grid position in which the launchingtiia is located (Fig. 2). Values of
temperature, pressure and relative humidity andesatmospheric constants related
to Thayer (1974) refractivity formulation are uskdm the radiosonde data to
calculate in each pressure layer a estimative coabpato the tomography.
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Fig. 4. Radiosonde and tomography (x=3, y=3) pesfitomparison for the Oh day 23/09/12,
with values in refractivity units (mm/km).
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Hence, a comparison profile example can be coresidier Figure 4 where a ra-
diosonde profile launch at Oh of day 23 Septeml#r22is compared with the
correspondent tomography solution column (x=3,y3®)thal it is seen that the
tomography has overestimated values on the lowetdauntil 1250 m, and further
ahead from 5000 m to the top. Above 5000 m higlagiations on radiosonde data
with oscillations drawing larger spikes are notresgnted by the tomography. Due
to water vapour high variability mainly in the lowkevels, large deviations are
expected (Champollion et al., 2009). Although gaterthe tomography values
follow quite well the decrease revealed by the asoinde throughout the height
increment in the troposphere domain. When compaiiegtomography approxi-
mated vertical profile that encompasses the radisdaunch profile location one
should notice that the latter measurements ararntesteous and punctual over a
mean half hour that the sensor takes to reach dliblin high. Withal radiosonde
is affect by the wind, deflecting the vertical assien unpredictably (Champollion
et al., 2005). Moreover, we are comparing a vdriicanctual profile with a mean
columnar value from an 11 Kneell determined by the tomography. Therefore,
these characteristics have to be taken into acdouatcomparison between these
two techniques, especially when the troposphereier strong atmospheric per-
turbations (Shangguan et al., 2013).

GNSS tomographic solutions are affected by a sefiéimitations derived from
the technique, which have to be carefully considénrethe analysis. Special care
has to be taken in the global weight given to eewhstraint, particularly on the
horizontal mean overweight which may smooth outatams in the solution (Trol-
ler et al., 2002), or in the underweight which wilsult in false spatial variations
caused by the ill-posed condition. A better agredgnbetween the GNSS tomogra-
phy solution is usually obtained if the radiosomuefiles are assimilated as exter-
nal input to the system (Champollion et al., 20@BQviding an accurate vertical
structure (Van Baelen et al., 2011). However irs texperiment the goal was to
evaluate the GPS capability to reproduce the watpour variations alone, without
additional independent meteorological informati@ther fact that limits substan-
tially the vertical resolution is the sparser disition of the GPS stations causing a
not optimal geometrical coverage on the grid cglastin et al., 2007). Moreover
the input SWD observations have a higher inaccu(@hampollion et al., 2009)
despite the different weight given depending ondlawation angle. Rohm (2012)
guantified the SWD uncertainty applying the var@mropagation law and esti-
mated them varying from 10 to 50 mm depending eretevation angle.

A last example of the tomography in the Lisbon oegs introduced in Figure 5,
where it is presented for a 3 day period from 3@usi to 1 September 2011 a
PWV evolution for the IGPO station along with theunly rainfall registered in the
Geofisico station (Fig. 2), at the top, comparethuwhe same tomography vertical
profile used for radiosonde comparison which covbeslocations of the previous
stations, at the bottom. Analysing the PWV alone oan notice a strong 20 mm
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increment on the first day, and a similar increnregistered on the second day but
here with presence of precipitation. Observingubgical extra distribution infor-
mation of the water vapour densities provided lgytttmography it is shown on the
second day, specifically on the hours prior toititense rain (20h day 31 and 00h
day 1) that the water vapour is more concentratethe lower layers of the domain
up to 1500 m, comparing with the peak registerectday 30. Moreover, a more
pronounced and unstable water vapour behavioursézime registered on the day
where the precipitation occurs. Reconstruction iguatap seems affect by noisier
signal above the 5 km altitude, despite these niadmivalues being relative small
compared with the tropospheric content on the Igsicer layers.

Pl and Precipitation, Station IGPO ,30/08/11-01/09/11
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Fig. 5. PWV time plot for the IGPO station compangith precipitation in Lisbon centre
meteorological station (top). Tomography hourly pesffor the Lisbon centre (x=3, y=3) in
the same time window (bottom), with values in refiraty units (mm/km).
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3. Conclusion and Futurework

The GNSS tomography technique application to thallsetale station network
available in the region of Lisbon was achieved ssstully being determined a set
of 4D preliminary maps that can describe water vapa@riability. Vertical cross
section profiles are retrieved with significantgospheric wet refractivity charac-
terization, and comparison with radiosonde proféé®wed good agreement be-
tween the vertical distributions. Vertical trandpof water vapour into close to
saturation height above the PBL is evidenced. Ndgfied by the 4D temporal
evolution of a tomography profile that the watepear density increases mainly in
the lower layers in the hours prior to an interesa event. Hence our approach can
provide unique high resolution additional spatiatlaemporal information, repre-
senting an unprecedented opportunity for a deepely ®f severe weather episodes.
The main drawback of the technique is the geonatlimitation of the SWD
observations coverage creating an ill-posed fortimriato the system solvability.
Consequently, imposition of constraints and intenparameters calibration are
necessary for the atmospheric reconstructions, lwhi@y induce errors on the
water vapour characterization. Additional informatis also vital for a meaningful
tropospheric reconstruction especially in the weattidirection. Nevertheless the
results on this paper show a feasible characteizaif the tropospheric water
vapour content mainly up to 5 km altitude.

A relevant number of future tasks can be approadbethe enhancing of the
GNSS tomography results. Implementing a Kalmarrfilh the time domain be-
tween consecutive map solutions can improve theigiom of the inversion and
smooth its sharper temporal variations (Hiraha@®902 Champollion et al., 2005).
Further tests are necessary to analyse the inoludithe GPS residuals and gradi-
ent components in the tomography since their impadhe solution is not clear to
benefit the solution or overcharge it with addiabrerror (Flores et al., 2000;
Champollion et al., 2005; Brenot et al., 2014) Cangon with 2D PWYV interpo-
lated maps are a good example for inspecting ttegalawater vapour anomalies
retrieval from the introduction of these residualagtities in the observations.
Densification of GNSS stations on a region, thramghthe planning of a field
campaign with temporarily installed receivers (Chaition et al., 2005) increases
the number of information traveling the local trepbere and thus the geometrical
coverage of the grid domain (Flores et al., 20P19yiding a better resolution and
precision on the 4D tomographic maps. AdditionalS®N\observations to the sys-
tem input should also bring benefits through a setwof observations in a different
view than the GPS satellites, such as the actu®NASS and the future Galileo
(Champollion et al., 2005; Bender et al., 2011he Bssimilation of external mete-
orological measurements to the system resolutikewise ground based radiome-
ters, LIDAR, solar spectrometers, or remote sensawjo occultation should im-
prove the GNSS tomography accuracy results (Chdmpolet al., 2009;
Notarpietro et al., 2011). Assimilation of the Gl&ta products in numerical
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weather prediction models (NWP) can benefit itedaisting capability (Flores et
al., 2001), especially in the additional informatiof water vapour vertical distribu-

tion provided by the GNSS tomography (Lutz et2010), and in the direct assimi-
lation of SWD data providing information on the sotropy of current state of the
troposphere (Bastin et al., 2007). If tomographwvailable in near real time it is
also a valid method for a quantitative analysishef NWP high resolution forecast
results (Champollion et al., 2005; Lutz et al., @0IMoreover, the wet refractivity

field maps from the tomography can be applied ewxdbmpensation of atmospheric
features present on several remote sensing dateasutnSAR or MODIS sensor
images.
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