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Abstract We present an assessment of a GPS receiver

operational network to produce accurate integrated pre-

cipitable water vapour (IPWV) during a two-week field

experiment carried out in Central Italy around the city of

Rome, where different instruments were operative. This

experimental activity provided an excellent opportunity to

compare the GPS products with independent measurements

provided by ground-based and space-based sensors and to

evaluate their quality in terms of absolute accuracy of

IPWV, analyzing also the spatial scale of GPS estimates.

For instance, the assimilation into Numerical Weather

Prediction models of IPWV provided by a GPS network or

its exploitation in space geodesy applications to correct

tropospheric effects requires an accuracy in the order of

0.1 cm to be ascribed to IPWV observations. In this work,

we assessed that the accuracy for GPS IPWV estimates is

0.07 cm. Moreover, this experiment has pointed out

strengths and limitations of an operational network for the

water vapor estimation, such as a proper receiver distri-

bution to achieve the desired spatial resolution and a cov-

erage of GPS stations in both flat and mountains regions.

Keywords GPS network � Tropospheric delay �
Integrated water vapor � Data integration � Tropospheric

corrections

Introduction

Water vapor is one of the most variable atmospheric con-

stituents, fundamental in the transfer of energy in the

atmosphere. Water vapor continually cycles through

evaporation and condensation, transporting heat energy

around the earth and between the surface and the atmo-

sphere, contributing to the greenhouse effect (Harries

1997). Improving knowledge of the water vapor field is

needed for many atmospheric applications and for micro-

wave propagation studies, and the knowledge of its distri-

bution is fundamental to set good initial conditions in

numerical weather forecast (Kuo et al. 1993; Nakamura

et al. 2004).

In addition, water vapor fluctuations are a major error

source in ranging measurements through the earth’s

atmosphere and therefore the principal limiting factor in

space geodesy applications such as Global Positioning

System (GPS) (Solheim et al. 1999), very long baseline

interferometry (Treuhaft and Lanyi 1987), satellite altim-

etry (Desportes et al. 2007), and interferometric synthetic

aperture radar (InSAR) (Hanssen 2001; Li et al. 2006; Onn

and Zebker 2006; Rocca 2007). In fact, the high spatial and
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temporal variability of water vapor is the principal factor

introducing an unknown path delay in the electromagnetic

signal and phase shift.

Several techniques are well established to derive the

vertically integrated precipitable water vapor (IPWV), in

particular using ground-based microwave radiometers

(MWRs), radiosonde observations (RAOBs), and network

of GPS receivers (Westwater 1993; Basili et al. 2001;

Basili et al. 2006; Memmo et al. 2005). Water vapor can be

also measured from space (Bonafoni et al. 2011), thanks to

its influence on atmospheric emission and absorption in the

infrared and microwave spectral ranges at specific resonant

frequencies.

GPS ground receivers can provide valuable information

on water vapor, considering that a fairly dense network is

available in many part of the world, providing a quite

cheap and reliable source of information. Many investi-

gations have been carried out in this respect devoted to

developing processing techniques (Bevis et al. 1994; Wolfe

and Gutman 2000; Morland and Matzler 2007; de Haan

et al. 2009; Ortiz de Galisteo et al. 2010), to validate the

results through comparison with independent sources

(Basili et al. 2001), and to exploit the final product. For

instance, zenith total delay (ZTD) or IPWV data from a GPS

ground-based network can be assimilated into numerical

weather prediction (NWP) models (Pacione et al. 2001). They

can be also integrated with additional sources of IPWV to

produce two-dimensional fields throughout statistical inter-

polation techniques (Basili et al. 2004).

The generation of a reliable IPWV product from a GPS

network requires, however, to properly process the raw

data and to acquire ancillary information on the atmo-

sphere. The resulting product must be carefully character-

ized in order to be used. For instance, the assimilation into

NWP models of ZTD or directly of IPWV observed by a

GPS network requires an accurate characterization of the

error to be ascribed to those observations (Faccani and

Ferretti 2005; Ferretti and Faccani 2005). Exploiting the

GPS data into statistical interpolation or spatial down-

scaling techniques require knowing not only the error but

also the characteristic spatial scale to which the GPS IPWV

data are provided, or in other words the horizontal reso-

lution to be associated with the final GPS map.

In this respect, the European Space Agency (ESA)

funded a project aiming to investigate the possibility to

acquire information on integrated water vapor and related

electromagnetic path delay with accuracy and resolution

(both spatial and temporal) suitable to correct the errors in

spaceborne synthetic aperture radar (SAR) interferograms.

The project (Mitigation of Electromagnetic Transmission

errors induced by Atmospheric Water Vapor Effects:

METAWAVE) aimed to develop InSAR corrections for

tropospheric effects at local and regional scale. This was a

very challenging task considering that the interferometry from

SAR has spatial resolution in the order of few tens of meters

and accuracy in range variation in the order of centimeters or

even millimeters using multipass techniques.

We present the work carried as part of the META-

WAVE project to asses a GPS receiver operational network

to produce accurate IPWV information. The METAWAVE

project has represented an excellent test bed to optimize the

strategies to process the GPS raw data and to acquire all the

necessary ancillary information, pointing out the limita-

tions of an operational network and suggesting possible

strategies to overcome these limitations. For example, the

distribution of GPS stations from flat to mountainous areas

or the effects induced by their finite mutual distance are

aspects to be taken into account.

Specifically, an experimental activity was performed in

the area of Rome consisting of the acquisition of data from

different ground-based and spaceborne sensors. Such an

experiment provided an opportunity to compare the GPS

products with independent data sets and to characterize

their quality and usability in terms not only of absolute

accuracy of IPWV but also of horizontal spatial scale. The

absolute accuracy was assessed by comparisons at a spe-

cific GPS station with respect to radio soundings and a

collocated ground-based microwave radiometer. Also, the

quality of some Earth Observation (EO) products was

investigated using the IPWV values retrieved from the GPS

network. Then, the spatial scale of the GPS derived prod-

ucts was compared to other systems by using the semi-

variogram statistical tool.

The description of the GPS network and data processing

is presented in Sect. ‘‘GPS network description and data

processing’’. Comparisons of GPS IPWV with different

ground-based and satellite-based cases are discussed in

Sect. ‘‘Validation of IPWV’’. Section ‘‘Water vapor spatial

characterization’’ describes the water vapor spatial char-

acterization obtained from the GPS network, also compares

it with other source of information from satellite data.

Conclusions are given in Sect. ‘‘Conclusions’’.

GPS network description and data processing

In the context of the METAWAVE project, a water vapor

intensive observation period (WVIOP) field experiment

was carried out in Central Italy around the city of Rome (20

September–3 October, 2008), where different instruments

were operative (Cimini et al. 2012). In particular, a local

RESNAP (REte Sperimentale regionale di stazioni per-

manenti GPS per la NAvigazione e il Posizionamento)-

GPS network of 11 stations managed by the Sapienza

University of Rome was considered, as shown in Fig. 1.

This experimental activity was an excellent chance to
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evaluate the accuracy and the spatial characteristics of

IPWV retrieved from the GPS receivers performing com-

parisons with independent measurements provided by

ground- and space-based sensors.

The use of ground-based GPS receivers for IPWV

estimation is a well-established technique (Bevis et al.

1994; Rocken et al. 1995; Wolfe and Gutman 2000; Basili

et al. 2001). It is based on measurements of the tropo-

spheric delay affecting the GPS signals during their prop-

agation from the GPS satellites to the receivers on ground.

We will refer to the zenith total delay (ZTD) that is the

excess path length due to the signal travel through the

troposphere at zenith. The dispersive ionospheric effect is

removed by a linear combination of dual frequency data

(Klobuchar and Kunches 2001).

In order to estimate ZTD from the GPS receivers, the

Bernese software package (Beutler et al. 2007) was sed. In

particular, 14 independent daily sessions were processed

from September 20 to October 3, 2008, using data from 22

stations, that is, 11 stations of the experimental local

RESNAP-GPS network and 11 IGS stations, as shown in

Fig. 1. The network adjustment was carried out in the

IGS05 reference frame. IGS station coordinates were esti-

mated by linear interpolation of the weekly estimated

coordinates in the proceeding 52 weeks and distributed by

IGS in sinex format. Stochastic constraints were applied on

IGS station coordinates with realistic variances of 2 mm

for horizontal components and 4 mm for the height com-

ponent. The use of IGS stations, hundreds of kilometers

away from the experimental area, prevented also problems

of high tropospheric parameter correlation for small net-

work sites.

Then, the temporal resolution of ZTD products required

for a useful network employment in the WVIOP experi-

ment was investigated. Concerning the site-specific tropo-

sphere parameters, in standard geodetic applications, a time

resolution of 1 or 2 h is considered reasonable (Beutler

et al. 2007). In order to compare the GPS measurements

with other sensor data with shorter parameter time interval,

such as in the WVIOP experiment, a better sampling was

attempted; namely two ZTD estimations were carried out

with an interval of 15 and 30 min, respectively. Shorter

intervals were not taken into account to avoid estimating

variations of the tropospheric parameters over intervals of a

few minutes in length which would not be significant for

the estimation of the formal root mean square (RMS) of the

parameter themselves.

Water vapor retrieval from ZTD

The retrieval algorithm to estimate IPWV from the zenith

total delay is based on the decomposition of ZTD into two

components: the zenith hydrostatic delay (ZHD) that is

mainly dependent on the dry air gasses in the atmosphere

and accounts for approximately 90 % of the delay, and the

zenith wet delay (ZWD) that depends entirely on the

moisture content of the atmosphere.

Therefore, the ZWD is given by:

ZWD ¼ ZTD� ZHD ð1Þ

Applying the well-known Saastamoinen model (Saastamoinen

1972) to accurate surface pressure measurements, we can

predict the ZHD with high accuracy and compute the ZWD

using (1). Then, it is possible to convert the ZWD values into

IPWV ones by using the following relationship:

IPWV ¼ P � ZWD ð2Þ

where factor G is dependent upon various physical con-

stants and on the weighted mean temperature of the

atmosphere (Davis et al. 1985; Askne and Nordius 1987).

The transformation of ZWD into IPWV assumes that the

wet path delay is entirely due to water vapor and that liquid

water and ice do not contribute significantly to it (Duan

et al. 1996). In our study, we have estimated the factor G by

a regression analysis using more than 6000 samples of

ZWD and IPWV analysis data from the European Centre of

Meteorological Weather Forecasting (ECMWF) around the

area of Rome during September and October 2008, with

Fig. 1 Experimental setup during the METAWAVE WVIOP in

September–October 2008. Red triangles are the IGS stations used as

reference. The black zoom box shows the location of the RESNAP

permanent stations (green triangles), and the red box (lat 41.3–42.5

N; lon 11.6–13.2 E) contains the stations exploited in the META-

WAVE project
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such an accuracy that an error less than 1 % is introduced

during the computation of IPWV.

Concerning the prediction of ZHD with Saastamoinen

model, we have collected the air pressures corresponding in

time and space to the ZTD data set of the GPS network

from the closest meteorological stations available in

www.wunderground.com. When a height difference

between the meteorological station and the GPS one is

present, station pressure was interpolated to the GPS sta-

tion height using the hydrostatic relationship (Wallace and

Hobbs 1977) depending on the pressure at the sea level and

on the surface temperature provided by the selected

meteorological stations.

Validation of IPWV

A first assessment of IPWV estimates during the WVIOP

was obtained at the site of Rome from the ground-based

microwave radiometer (MWR) located at the Department

of Information Engineering of the SAPienza university of

Rome (DIESAP) and from the M0SE GPS permanent

station located in near proximity to the MWR (Cimini et al.

2012). Conventional surface meteorological instruments

were co-located with the microwave radiometer.

The radiometer is a portable dual-channel type, model

WVR-1100, manufactured by the Radiometrics Incorpo-

rated, Boulder, CO. The MWR operates at 23.8 GHz, near

the weak vapor resonant line, and at 31.4 GHz, within the

almost transparent window region where transmission is

controlled by liquid water. IPWV and liquid water content

can be retrieved from observations at these two frequencies

(Westwater, 1993). A specific calibration was applied to

the data collected during the experiment, in line with the

calibration methods suggested by Han and Westwater

(2000) and by Liljegren (2000).

A third-order polynomial regression algorithm was

specifically developed to estimate IPWV from observed

brightness temperatures TBS. The inversion algorithm was

developed by using a database of simulated downward TBS

computed from a large set of radiosoundings (5980 from

years 2002 to 2008) collected at the RAOB station of

Pratica di Mare, near Rome. Moreover, IPWV values at

different times were computed from water vapor profiles

measured by RAOB launched from DIESAP. During the

2-week WVIOP, the time resolutions for the IPWV data are

4 min for MWR, 30 min for GPS, while six radiosondes

were launched from DIESAP at times of Envisat satellite

overpasses of interest for the METAWAVE project. MWR

data during rainy conditions were discarded, since the

radiometer measurements are not reliable.

In Fig. 2, scatter plots of collocated and nearly simul-

taneous IPWV from the different sources are shown,

together with the main statistics. The top of Fig. 2 shows

the comparison of MWR and GPS IPWV estimates against

values obtained from radiosondes, adopting these last ones

as the standard reference for IPWV. MWR and GPS data

were averaged within 1-h windows centered at radiosonde

launch times, thus using about 15 data points for MWR and

2 for GPS per each radiosonde IPWV value. With respect

to RAOB, MWR, and GPS show a Root Mean Square

difference (RMS) of 0.10 and 0.16 cm, respectively, and

this difference is mainly driven by the higher IPWV values.

Note that these RMS differences inherently include the

uncertainties associated with radiosondes, whose nominal

value is about 5 %, that is, from 0.05 to 0.13 cm in the

range under consideration. The bottom of Fig. 2 shows the

comparison of IPWV obtained from GPS and MWR,

revealing an RMS of 0.10 cm. Assuming comparable

accuracy for MWR and GPS, we can conclude that the

accuracy for GPS IPWV estimates is 0.07 cm.

As a second step in the water vapor content validation,

IPWV maps from satellite observations at low (5 km),

medium (1 km), and high resolution (0.3 km) have been

compared and validated against IPWV estimated by the

GPS network in the red box of Fig. 1. We now assume the

IPWV estimation from the GPS network as the reference

ground-truth; therefore, shifting the aim to evaluating

IPWV estimates from satellite sensors. The sources of

IPWV maps are summarized in the following:

– MODIS: Observations from the moderate-resolution

imaging spectroradiometer (MODIS) onboard the

NASA TERRA satellite are used to estimate IPWV

maps. Two independent IPWV products are available

from MODIS Level 2 data, one relying on observations

at thermal infrared (IR), and the other on near infrared

(NIR) channels (Gao and Kaufman 2003). The hori-

zontal resolution is 5 km for the MODIS IPWV product

from IR, while 1 km for MODIS IPWV product from

NIR (http://modis.gsfc.nasa.gov/index.php).

– MERIS: IPWV maps are estimated from medium-

resolution imaging spectrometer (MERIS) observations

at NIR channels (Fischer and Bennartz 1997), using

Level 2 products. The horizontal resolution is 0.3 km

(http://envisat.esa.int/handbooks/meris/).

A statistical comparison of IPWV from the satellite

sources introduced above against IPWV estimated by the

GPS network is shown in Fig. 3. For each satellite passage

over the red box of Fig. 1, we considered the satellite clear-

sky pixels including the GPS receiver locations. The tem-

poral collocation is achieved selecting GPS data within the

30-min window including the time of satellite overpass.

From Fig. 3, the MERIS IPWV product shows the highest

correlation and the best accuracy, with RMS of 0.1 cm.

Note that the MODIS IR product has a much coarser
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resolution than MERIS, and thus, part of the larger RMS is

attributable to the variance of the IPWV field within a

5 9 5 km box. On the other hand, the MODIS NIR product

should show RMS in between values for MODIS IR and

MERIS, while it exceeds significantly both of them.

Therefore, in accordance with other investigators (Serpolla

et al. 2009), this analysis shows that the MODIS NIR

product should not be preferred for applications requiring

high accuracy. Conversely, assuming comparable accuracy

for MERIS and GPS, the analysis shows that the accuracy

for MERIS IPWV estimates is 0.07 cm. In conclusion, this

analysis showed the ability of GPS network to be used as a

reference for investigating the quality of EO IPWV

estimates.

Water vapor spatial characterization

As pointed out previously, the WVIOP experimental

activity allowed the comparison of GPS products with

independent measurements to assess the absolute accuracy

of IPWV, but also provided an opportunity to analyze the

spatial scale of the available GPS IPWV data. For instance,

applications devoted to exploit GPS network data into

statistical interpolation or spatial downscaling techniques

require knowing not only the error but also the horizontal

resolution associated with the field to be interpolated. This

experimental campaign highlighted usefulness and limita-

tions of an operational network: for example limitations

due to the spatial distribution of GPS stations on the

investigated area or the effects of their mutual distance.

The use of GPS networks for remote sensing applica-

tions that involve spatial studies of IPWV can be dealt with

in terms of two main aspects: the water vapor trend, that is,

the deterministic component, as a function of the terrain

Fig. 2 Scatter plots of IPWV from different sources. Number of

elements (N), average difference (AVG), standard deviation (STD),

root-mean-square difference (RMS), correlation coefficient (COR),

slope (SLP), and offset (INT) of a linear fit are included in the color-

coded text. N, SLP, and COR are dimensionless, while AVG, STD,

RMS, and INT are in cm. Top: MWR (blue dots) and GPS (red x) are

compared against RAOB, taken as reference. Bottom: GPS is

compared against MWR, taken as reference

Fig. 3 Scatter plots of IPWV from MODIS IR (red), MODIS NIR

(cyan), and MERIS NIR (magenta) at their original horizontal

resolution against IPWV from the GPS network. The statistics N,

AVG, STD, SLP, INT, RMS, and COR are as in Fig. 2
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height (h) and its spatial correlation through the analysis of

the residual stochastic component. These aspects are

essential to characterize the delay induced by IPWV to the

GPS signal.

This section discusses both the modeling efforts for the

deterministic and stochastic part of the wet component of

the tropospheric delay, and the results achieved from the

data collected during the experimental campaign of the

METAWAVE project. Spatial scale features obtained from

the available GPS network are then compared with other

sources of information from satellite data.

Theoretical aspects

To characterize the spatial correlation of IPWV and to

assess the ability of a GPS network to correctly reproduce

such characteristics we use variograms. They potentially

allows to directly include the spatial correlation informa-

tion into an interpolation algorithm. Under the hypothesis

of second order spatial stationarity, the semivariogram is

defined as follows (Wackernagel 1998),

cVð1Þ ¼
1

2
~V rþ 1ð Þ � ~VðrÞ
�
�

�
�
2

D E

ð3Þ

where cV indicates the semivariogram of integrated pre-

cipitable water vapor, V identifies each available source of

water vapor information (cm) and l (km) is the lag distance

vector between two points at position r and r ? l, whereas

the symbolism h�i stands for the average operator in the

spatial domain. To avoid to misrepresent the spatial fea-

tures of water vapor and to obey to the stationarity

hypothesis as much as possible, the trend of IPWV (namely
�V), that is the non-stationary component of the field which

is a function of the terrain height, has been removed from

each source of data at each instant. This leads to the

de-trended integrated precipitable water vapor, indicated

by the ‘‘wave’’ symbol over V.

It is worth noting as the spatial average operator in

Eq. (3) plays a crucial role in the interpretation of the resulting

variograms. Due to the high variability of the square dif-

ference in Eq. (3), an average of samples into given spatial

lag intervals should be done. Following what suggested

in Trauth (2006), Eq. (3) is practically implemented as

follows:

cV lnð Þ ¼
1

2N Dlnð Þ
XN Dlnð Þ

i¼1

~V rþ 1ð Þ � ~VðrÞ
�
�

�
�
2 ð4Þ

where NðDlnÞ is the number of pairs ~VðrÞand
~Vðrþ lÞwithin the lag interval Dln, Dln = [ln - Dl/2,

ln ? Dl/2] and ln = Dl(n - 0.5) with the integer n[ [1, Nt];

Dl and Nt are the spatial lag interval fixed a priori and the

total number of points in the variogram, respectively.

To characterize the deterministic component �V , the

spatial distribution of the GPS stations should guarantee an

adequate coverage of the target area spanning from flat to

mountainous areas. Thus, �V can be modeled with a

decreasing exponential function of the terrain height (h) as

done Basili et al. (2004) and Morland and Matzler (2007),

and reported here for convenience:

�VðhÞ ¼ k0 exp k1 � hð Þ ð5Þ

In (5), the regression parameters k0 and k1 usually depend

from geographical location and season.

Discussion of the results

In the case of the field campaign carried out in the Rome

area, the available GPS stations were positioned at heights

from about 100 m to 1 km. This allowed us to calculate the

IPWV against the height for several case studies as shown

by Fig. 4 in blue circles. In this figure, the IPWV trend

derived from MERIS satellite estimations under clear-sky

conditions and for pixels including the available GPS

receiver locations is shown by red diamonds. Superim-

posed to the IPWV estimations, an exponential model as in

(5) is applied to MERIS and GPS IPWV estimates, shown

in by the dotted red and shaded blue lines, respectively.

The regression coefficients k0 and k1 in (5) are listed on the

top of each panel for completeness. Even though a different

measurement principle and estimation procedure is applied

to derive the IPWV estimates from GPS and MERIS, a

good agreement between the two trends can be noted. It is

also important to note that the decreasing trend of IPWV

against h can considerably vary in time. Thus, given the

potential high temporal resolution of GPS estimates of

IPWV as opposed to MERIS acquisitions, with overpass

repetition of the order of 12 h, a well-distributed GPS

network can be very useful to characterize the variations of

the IPWV not only with respect to terrain height but also in

time.

After running (4) under the spatial isotropy hypothesis,

Fig. 5 shows the result of the variogram analysis, where

information from different satellite sensors are included

MERIS (5 acquisitions during September–October 2008)

and SAR acquisitions from the Advanced SAR (ASAR) in

two sub-domains D1 and D2 covering partially the red box

of Fig. 1 (40 and 26 acquisitions from 2002 to 2008 in the

domains D1 and D2, respectively) and from the RadarSat

(54 acquisitions from 2003 to 2007). From each satellite

sensor, the IPWV field over land has been made available

either as a delivered Level 2 product, such as MERIS, or

processing SAR data using proper retrieval algorithms. In

particular, the sequence of InSAR acquisitions was pro-

cessed using the permanent scatterer technique by the

Polytechnic University of Milan (Ferretti et al. 2001). For
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the GPS receivers, we considered data collected from

September 20 to October 4 for a total of 673 instants. In

Fig. 5, for each source of information, we computed the

spatial variogram (4) at each instant of time and then we

averaged over the available measurement instants. The lag

interval Dl and the total number of points in the variogram

Nt have been chosen, respectively, equal to 0.25 km and

161 for the SAR information, 2.5 km and 32 for MERIS

and equal to 5 km and 7 for GPS measurements. Since no

rules exist for the choice of Dl, the values above reasonably

reflect the spatial distance of the water vapor points for

each source of information. Also, the minimum lag dis-

tance for each variogram curve shown in the figure depends

by the minimum distance of the available measurement

point positions.

As it can be seen from Fig. 5, the GPS seems to agree

quite well with SAR IPWV retrievals, even though the

SAR variograms span from low to higher spatial scales, as

opposed to GPS ones that can describe features only at

large scales. It is interesting to note as MERIS variogram

overhangs the other curves, especially at scales up to

20 km. The discrepancy between the semivariogram of

MERIS and GPS or InSAR could be ascribed to the dif-

ferent domain widths and to the different instants of mea-

surement acquisition, where a dissimilar variability of

water vapor was observed.

Fig. 4 Dependence of IPWV from GPS (blue circles) and MERIS

(red diamonds) as a function of the terrain height within the target

domain (DEM panel). The coefficients k0 (cm) and k1 (m-1) above

each panel indicate the intercept and slope rate of the exponential

function, respectively

Fig. 5 Characterization of the spatial correlation of IPWV for the red

box of Fig. 1 (land area): variograms from different data source as

indicated in the nested legend
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To quantify the degree of correlation of each source of

information, we adopted an exponential model and we

fitted it to each variogram of Fig. 5. The exponential model

is of the type: yV = a[1 - exp(l/b)]. The parameter b gives

an indication of the correlation distance of the variable V,

while a is the V variance. The values obtained for b (km)

are 2.9, 2.4, 2.8, 7.6, and 657 for ASAR D1, RSAT, ASAR

D2, MERIS, and GPS, respectively. The unrealistic value

for GPS is due to the fact that the exponential model is not

able to correctly describe the spatial features of GPS

variations. When the variogram does not show the char-

acteristic saturation at larger scales, it is only possible to

infer that the correlation distance exceeds the maximum lag

distance in the data.

Overall, this analysis points out as the considered GPS

network shows limitations in describing the spatial features

of IPWV at small scales. It is evident from Fig. 5 that

satellite sensors, due to their higher spatial resolution (0.3

and 0.1 km for MERIS and SAR, respectively), are able to

resolve more details of IPWV features. In fact, their vari-

ograms in Fig. 5 cover spatial scales from meters to dozens

of km with respect to the GPS variogram covering spatial

lags from about 15–40 km. This intrinsic limitation of the

GPS network could be partially overcome by properly

distributing the GPS stations and crowding them in some

prescribed regions. In pursuing this approach, flat and

mountains regions have to be adequately sampled to be

able to calculate both the deterministic and stochastic part

of IPWV with sufficient accuracy. However, the upper

limit for the GPS station density achievable in a given area

is restricted by the field of view of each GPS station which

tends to limit the useful mutual minimum distance among

stations, usually in the order of a few kilometers.

At a glance, Fig. 5 highlights that large scale variations

can be easily described by a GPS network but small spatial

scale features are difficult to assess using the GPS infor-

mation alone. Additional information like that retrieved

from satellites can play a role in describing small scale

IPWV variations even though the consistency of the water

vapor estimates from different sensors has to be carefully

evaluated. However, the good agreement between the GPS

and satellite sensor variograms through different spatial

scales is a promising result for future data integration

purposes.

Conclusions

The assessment of a GPS receiver operational network to

produce accurate and useful IPWV information during a

field experiment was performed in two ways. First, com-

paring the GPS products at a specific station with inde-

pendent measurements provided by a ground-based

microwave radiometer and radiosoundings, showing an

accuracy of GPS IPWV of 0.07 cm, then analyzing the

spatial scale of GPS estimates. Also, the IPWV values

retrieved from the GPS network were used to investigate

the quality of Earth Observation products.

Therefore, the experimental campaign highlighted use-

fulness and limitations of the operational network, sug-

gesting possible strategies to improve the benefits of the

GPS products in data integration techniques. For instance,

a proper receiver distribution to achieve the desired spatial

resolution should be recommended, together with coverage

of GPS stations in both flat and mountains regions.
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