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1. Introduction

Water vapor is considered as one of the most important 
greenhouse gases in the atmosphere of our planet. This 
parameter, that has a fast spatial and temporal variation, 
is a key factor in the study of the weather forecast and the 
climate system of the earth (Shi et al., 2015). In addition, the 
delay caused by the tropospheric water vapor is one of the 
most influential errors that can disturb the GNSS signals and 
limit the performance of these systems. The troposphere 
delay introduces a positioning error on the transmitted 
satellite signals from about 2.5 m at the zenith to over 20 m at 
a lower elevation angle below 15°. This delay which has been 
considered for a long time as a critical problem for precise 
GNSS applications, is now used as a key parameter in the 
estimation of the IWV distribution, which is defined as the 
total atmospheric water vapor contained in an area of 1 m2 

(Shi et al,. 2015; Zheng et al., 2018; Beldjilali & Benadda, 2016).

With the technological development of the GNSS systems 
in addition to many signals existing as open service for the 
GNSS users, various algorithms and methods have been 
developed to determine the IWV value using ground-based 
GNSS. Those algorithms used for monitoring the water vapor 
variation have experienced rapid development; actually, 
they can provide accurate estimates of IWV at high temporal 
resolution in any location and in all weather conditions. The 
studies presented in literature showed encouraging results 
concluded that the results obtained by the GNSS sensing 
have the same level of accuracy, with 2-mm root-mean-
square (RMS) (Bevis et al., 1992), as the traditional methods 
of sensing using Radiosonde measurements and microwave 
radiometers (Liu et al., 2010; Li et al., 2012b). Besides, the low 
cost and the portability of the GNSS base-ground make it an 
ideal method of atmospheric sensing especially in countries 
with limited technological resources.
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Nowadays, with the rapid deployment of the GNSS 
monitoring station, a remarkable improvement in the GNSS 
network has been established by the IGS, and this network 
can be used in several weather prediction applications. The 
IGS real-time service (RTS) was officially launched on April 1st, 
2013, and provides real-time products for GPS.

In this paper, we present an algorithm that uses the IGS 
data for the IWV estimation; precise IGS ephemeris and GPS 
correction models were used to calculate the ZTD values. The 
current accuracy level of precise GPS orbits from the IGS is 
sufficient to provide an estimation of ZTD with accuracy in 
the order of a few millimeters. In this work the zenith total 
delay calculated using a mapping function is the sum of 
Zenith Hydrostatic Delay and Zenith Wet Delay, the ZHD 
being estimated using one of the models developed as the 
Saastamoinen model (1972) or UNB3 model (University of 
New Brunswick tropospheric propagation delay model).

 In the end, the relation between the ZWD and IWV is used 
to estimate the IWV value (Liu et al., 2010; Yao & Zhao, 2016; 
Yuan et al., 2014).

2. IGS Data
The ZTD solutions are computed in different locations and 

times using our developed MATLAB program in the IGS data 
processing. The IGS stations used in this work are presented 
in Table 1.

Three types of RINEX files downloaded from IGS FTP 
service have been used in this work (Gurtner 2007):
•	 The first one is the navigation file (*. *n), which contains 

information about the satellite position (Orbital element), 
which helps to calculate the position and elevation of each 
satellite used by the mapping function to calculate the ZTD. 

•	 The second one is an observation file (*. *o), which 
contains pseudo-distance between each satellite and 

the station (receiver antenna). The distance calculated 
by each code transmitted by each satellite is used by our 
algorithm to calculate the positions of each station. The 
position of a fixed station is a variable because of the 
errors that influence on the GPS signals. 

•	 The third and last file is meteorological (*. *m); it 
contains the meteorological information (pressure, 
temperature, humidity) at the station level during the 
GPS measurement. It should be noted that not all IGS 
station contains meteorological information, for that we 
can use standard information, which provides accuracy 
similar to the one obtained from measured data. Also, we 
can use models to calculate these parameters in the sites 
based on near meteorological stations.

In the GPS positioning, two parameters are used to 
describe the quality of the results obtained: the precision 
and the accuracy. The precision is defined as the difference 
between the estimated and the true position. The accuracy 
can be explained as the closeness degree of the positions 
calculated to their mean in a static point. The GPS receivers’ 
accuracies are generally estimated using the Root Mean 
Square (RMS) radial error statistic (Van Diggelen, 1998). 
According to the linear model of the position estimation 
and the characteristic of the errors, the RMS statistic error is 
related to the positional covariance matrix, the Root Mean 
Square Error (RMSE) is given by Sanz Subirana et al. (2013) :

	 	  (1)

	 	 (2)

	 	 (3)

σ2 is the variance and G is the geometry matrix. This equation 
for the RMS states that the trace of the matrix (GT G)–1 is a 
scalar factor of the RMS σ and this matrix can be written as 
(Sanz Subirana et al., 2013):

Table 1. Used station position

Station City Country Lat Lng Alt

ANKR Ankara Turkey 39.88 32.75 974.8

CEBR Cebreros Spain 40.45 -4.36 775.8

GENO Genova Italy 44.41 08.92 137.0

ISTA Istanbul Turkey 41.10 29.01 147.2

M0SE Roma Italy 41.89 12.49 120.6

MEDI Mediciana Italy 44.51 11.64 050.0

MELI Melilla Spain 35.28 -2.95 093.0

NICO Nicosia Cyprus 35.14 33.39 155.0

NOT1 Noto Italy 36.87 14.98 126.2

ORID Ohrid Macedonia 41.12 20.79 773.0

REDU Redu Belgium 50.00 05.14 369.9

WTZS Koetzting Germany 49.14 12.87 663.4
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	 	 (4)

The variance (σ) of each position (x, y, z, t) can be 

predicted from the corresponding variances on the diagonal 

of the covariance matrix. The diagonal elements of matrix P∆x 

(σxx, σyy, σzz, σtt) represent the formal error of the estimated 

components vector (Sanz Subirana et al., 2013):

	 	

(5)

3. Proposed Algorithm

Figure 1 gives a detailed description of the proposed 
algorithm used to estimate the integrated water vapor from 
the IGS database.

Table 2. Description of material installed on each station 

GNSS receiver Meteor Sensors model

Station Receiver Type Antenna Humidity Pressure Temp

ANKR LEICA GR30 LEIAR10 MP408A APS 9215 MP408A-T4

CEBR SEPT POLARX4 SEPCHOKE_MC N N N

GENO TRIMBLE 4700 TRM29659.00 N N N

ISTA LEICA GR25 LEIAR25.R4 WXT520 WXT520 WXT520

M0SE LEICA GR25 LEIAR25.R4 WXT520 WXT520 WXT520

MEDI LEICA GR10 LEIAR20 N N N

MELI LEICA GR10 LEIAR25.R4 N N N

NICO LEICA GR25 LEIAR25.R4 MP408A APS 9215 MP408A-T4

NOT1 LEICA GR30 LEIAR20 N N N

ORID LEICA GRX1200 LEIAT504GG MP408A APS 9215 MP408A-T4

REDU SEPTPOLARX4 SEPCHOKE_MC N N N

WTZS SEPTPOLARX4TR LEIAR25.R3 MP 400A DIGIQ 809 L 0-100

Table 3. Used station RMS and Bias

Winter Spring Summer Autumn

Station RMS (cm) Bias (m) RMS (cm) Bias (m) RMS (cm) Bias (m) RMS (cm) Bias (m)

ANKR 0.428 9.1364 0.351 8.6854 0.251 8.9696 0.323 9.5819

CEBR 0.231 1.0968 0.263 1.5692 0.295 1.6934 0.263 1.0712

GENO 0.499 2.0193 0.248 1.9651 0.286 2.0012 0.241 1.5852

ISTA 0.303 1.8687 0.200 1.6564 0.206 1.0617 0.290 1.6853

M0SE 3.254 2.356 5.985 3.4885 6.242 3.1205 5.086 3.4505

MEDI 0.234 1.8795 0.392 2.1933 0.148 2.1456 0.184 1.5412

MELI 0.213 1.1974 0.214 2.0839 0.270 2.1234 0.214 1.7183

NICO 0.268 3.2189 0.256 3.0133 0.211 2.2763 0.352 2.9412

NOT1 0.246 1.4751 0.249 1.7212 0.292 1.4348 0.190 1.7392

ORID 5.550 5.2535 5.436 5.1483 3.888 2.3493 4.460 2.9867

REDU 0.299 1.8722 0.292 2.1293 0.291 1.3636 0.190 1.3751

WTZS 0.300 1.7041 0.182 2.2368 0.181 1.1386 0.257 1.2603
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The Rinex files are used to calculate the location of each 
station (latitude, longitude, and altitude), the elevation of each 
satellite is also calculated from this information. The satellite 
elevation is the key parameter to calculate the mapping 
function used to estimate the tropospheric zenith delay. The 
zenith dry delay is computed with the Saastamoinen (1972) 
model, which is based on the meteorological parameters, and 
the zenith wet delay is the result of subtracting the ZHD from 
the ZTD. Finally, the integrated water vapor value is estimated 
from the ZWD value using a transformation parameter (Q).

Fig. 1. Algorithm used to estimate IWV

4. Methodology and Results
The GNSS microwave signals transmitted from the 

satellites to the receivers propagate through different 
layers of the atmosphere are affected by many phenomena 
as the tropospheric effect. In this part of the atmosphere, 
the straight-line path will be converted to a curved path; 
this effect is due to the variation of the refraction index in 
the layer, related to the atmospheric variable (pressure, 
temperature, and relative humidity). The modification in the 
type of path causes a delay in the reception level named 
tropospheric zenith total delay, which can express as the 
integrated refractivity along a vertical path through the 
neutral atmosphere. This extra path length is given by Liu et 
al. (2010) and Klein Baltink et al. (2002):

	 	 (6)

where c is the speed of light in vacuum τ is the delay measured 
in units of time and N(h) is the refractive index as a function 
of position (h) along the curved ray path. This refractivity of 
the atmosphere is a function of its temperature, pressure and 
water vapor pressure, it can be written also as (Boccolari et al., 
2002; Essen, 1953; Thayer, 1974):

	 	
(7)

Pd is the partial pressure of dry air (in hPa), Pv is the partial 
pressure of water vapor (in hPa), T is the total atmospheric 

temperature (in degrees Kelvin) Zd
–1 is the inverse 

compressibility factors for dry air and Zv
–1 is the inverse 

compressibility factors for water vapor (Klein Baltink et al., 
2002; Essen, 1953) . The constants k1, k2 and k3 are presented 
by Thayer (1974): 

k1 = (77.64 ± 0.014)	 KhPa–1

k2 = (64.79 ± 0.080)	 hPa–1

k3 = (3.776 ± 0.004)105	K2hPa–1

The uncertainties in the constant values used in this 
equation reduce the precision of the final result obtained; the 
refractivity has an error of 2% (Liu et al., 2010). The function 
of the refractive index can be also expressed by the following 
simplified equation:

	 	 (8)

ρ is the total mass density of the atmosphere.

There are several approximated versions of the equation 
for the estimation of the refractive index; among these 
equations we selected the following one (Kirchengast et al., 
2004) :

	 	 (9)

P is the total atmospheric pressure. 

This expression has an accuracy of 5% under normal 
atmospheric conditions (Kirchengast et al., 2004) .

Saastamoinen (1972) explained that the ZTD is composed 
by two different components, a hydrostatic or dry delay 
which represents the dominant part of the ZTD (caused by the 
effects of dry gas) and wet delay caused by the atmospheric 
water vapor which represent a small quantity (Takeiki et al., 
2010) :

	 ZTD = ZWD + ZHD	 (10)

The Zenith Total Delay along the zenith direction for 
a path depends on the elevation angle. The ZTD can be 
computed from the hydrostatic and the wet zenith delays by:

	 	 (11)

where mh(z) is hydrostatic mapping is function and mw(z) 
is the wet mapping function. Many models have been 
developed to estimate these functions (Takeiki et al., 
2010; Norazmi et al., 2015). The difference between these 
models is the number of the input parameters, especially 
the meteorological parameters; some functions use three 
parameters, including the surface temperature, pressure and 
relative humidity. Also, there are others functions that are 
based on pressure only. The last types of mapping functions 
are approximated functions that use climatological value of 
atmospheric parameters. In this work we used satellites with 
an elevation above 15°, because many studies in literature 
concluded that lower elevation angles may cause significant 
errors (Liu et al.,2010; Jin et al., 2014).
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In this work we used the Herring Mapping Function, 
developed in 1992, which is based on the Marini’s coefficients  
a, b, and c (Marini, 1972). These coefficients are calculated 
based on the location parameters (latitude and elevation), in 
addition to the surface temperature. The mapping function is 
inversely proportional to the elevation angle (z), as shown in 
equation (12) (Jin et al., 2014; Herring, 1992).

	 	

(12)

The coefficients a, b and c are calculated using the 
following equations (Marini, 1972) : 

a = [1.2320 + 0.0130 cosφ – 0.0209H + 0.00215(Ts – 10)]10–3

b = [3.1612 – 0.1600 cosφ – 0.0331H + 0.00206(Ts – 10)]10–3

c = [71.244 – 4.2930 cosφ – 0.1490H + 0.00210(Ts – 10)]10–34

φ is the site latitude in degrees. H is the station elevation 
in Km. Ts is the surface temperature.

The following table shows the 12 stations ZTD variation in 
the different seasons. The results were processed in MATLAB 
program using the Saastamoinen model and the Herring 
Mapping Function based on the satellites elevation (Table 4).

The value of the integrated water vapor is related to 
the wet delay. To estimate it, firstly the value of hydrostatic 
delay should be known, as the GPS data can deliver only the 
tropospheric zenith total delay. The next step is to calculate the 
ZHD value and the ZWD can then be computed by subtracting 
the ZHD from the observed ZTD. The zenith dry delay model in 
millimeters, due to the effects of dry gases can be calculated 
from surface pressure Ps only (Namaoui et al., 2017):

	 	 (13)

Rd is the gas constant of dry air. gm is the mean gravity. 
Using experimental observations, the ZHD developed by 
Saastamoinen in 1972 is given by Shi et al,. (2015) and 
Tregoning & Herring (2006):

	 	
(14)

With the precise pressure data Ps at the user location, the 
ZHD can be precisely calculated with up to 0.2 mm accuracy 
(Bevis et al., 1992). The next step is to estimate the ZWD:

	 ZWD = ZTD – ZHD	 (15)

Based on the Saastamoinen model (1972) and the 
parameters as described in figure 1, the zenith wet delay is 
calculated for each station. To estimate water vapor information 
from ZWD, the conversion constant must be calculated. This 
constant will be multiplied by the ZWD as (Shi et al., 2015):

	 IWV = Q ZVD	 (16)

IWV is defined as the water vapor quantity in unit of Kg/m2 
and Q is the transfer value and it is written as (Beldjilali & 
Benadda, 2016 ):

	 	

(17)

Rv is the gas constant for water vapor: Rv = 461.51 JKg–1K–1
 ; 

ρv is the absolute humidity in kg/m3

The constant k’2 is calculated using the following equation:

	 	
(18)

where Mw is the molar mass of water vapor and Md is the 
molar mass of dry air, the constant k’2 is equal to 22 KhPa–1.

Table 4. Seasonal ZTD variation (in meters) at 12 IGS station

Winter Spring Summer Autumn 

Station min max mean Min max mean min max mean min max mean

ANKR 1.94 2.21 2.11 2.03 2.21 2.07 2.08 2.19 2.16 2.01 2.23 2.04

CEBR 2.06 2.31 2.15 2.08 2.27 2.20 2.06 2.25 2.15 2.05 2.30 2.18

GENO 2.10 2.42 2.32 2.29 2.63 2.47 2.28 2.54 2.41 2.21 2.56 2.42

ISTA 2.16 2.43 2.32 2.21 2.48 2.37 2.23 2.50 2.45 2.22 2.48 2.40

M0SE 2.06 2.25 2.15 2.25 2.54 2.31 2.28 2.45 2.38 2.19 2.41 2.25

MEDI 2.03 2.40 2.23 2.23 2.70 2.49 2.33 2.47 2.40 2.22 2.43 2.28

MELI 2.24 2.50 2.38 2.29 2.62 2.43 2.26 2.53 2.40 2.30 2.75 2.50

NICO 2.15 2.51 2.37 2.37 2.57 2.48 2.29 2.42 2.32 2.28 2.57 2.44

NOT1 2.19 2.60 2.38 2.19 2.60 2.40 2.25 2.49 2.33 2.21 2.48 2.35

ORID 1.91 2.19 2.09 2.02 2.26 2.12 2.03 2.26 2.17 2.05 2.23 2.16

REDU 1.97 2.28 2.14 2.20 2.34 2.29 2.23 2.34 2.28 2.17 2.31 2.23

WTZS 1.90 2.23 2.06 2.08 2.27 2.16 2.17 2.27 2.23 2.25 2.04 2.17
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TM is the weighted mean temperature of the atmosphere 
in Kelvin defined as (Davis et al., 1985):

	 	

(19)

where e(h) is the vapor pressure, T is the absolute temperature, 
and dh is the integral path. The relationship between surface 
temperature Ts and TM can be introduced through the linear 
regression function (Bevis et al.. 1992):

	 TM = 0.72 Ts + 70.2	 (20)

According to Table 5 it can be clearly seen that the 
stations in the coastal areas has a value of water vapor 
concentration much larger than the stations farther away 
from the Mediterranean (WTZS, REDU, ORID and ANKR). For 
example, the average winter IWV values in inland area is 
between 12 and 16 Kg/m2 while its values for stations in the 
coastal area are above 20 Kg/m2 and can reach 30 Kg/m2.

It should be also noted that generally for all stations, the 
winter season has the minimum values of the IWV compared 
to others times of the year. On the other hand, the seasons of 
spring and summer show the maximum levels of the water 
vapor.

5. Results Validation By Radiosonde

Radiosondes are equipped with instruments capable of 
measuring profiles of atmospheric temperature, pressure, and 
relative humidity, additionally to the wind parameters (speed 
and direction) at different altitudes along the flight path 
(Berezin et al., 2016). Using these parameters, Radiosondes 
provide a good way to measure the residual tropospheric 
delay and estimate the integrated water vapor in the 

atmosphere. However, these devices are relatively expensive 
and offer limited measurements, usually Radiosonde are 
launched twice a day with a 12-h interval at 00:00 and 12:00 
UTC (Ha et al., 2010; Vásquez Becerra & Grejner-Brzezinska, 
2013) .

The integrated water vapor amount is obtained as (Singh 
et al., 2014; Chrysoulakis & Cartalis, 2002) :

	 	
(21)

where Mr is the mixing ratio, pi the pressure at ith level of 
altitude.

According to literature it is possible also, to calculate 
the total amount of water vapor between two altitudes by 
integrating the measurements of the water vapor density 
between these two altitudes as (Realini et al., 2014): 

	 	
(22)

where h1 is the ground altitude and h2 is the max altitude 
of the atmospheric layer and ρwv is the water vapor mass 
density at altitude h.

The value of h2 is chosen in such a way as to measure the 
maximum quantity of water vapor contained in a shortest 
path.. It is proved that 95% of the total accumulated water 
vapor is found at altitudes below 10 km, above this altitude 
the water vapor content can be neglected (Schüler et al., 
2000; Hopfield, 1971). 

ρwv is a function of the relative humidity and temperature, 
and it can be written as:

	 	 (23)

The integrated water vapor is proportional to the humidity 
value, the error in the IWV measurement depends on the 

Table 5. IWV variation (in Kg/m2) of the 12 stations in different seasons

Winter Spring Summer Autumn 

Station min max mean Min max mean min max mean min max mean

ANKR 5.8 19.8 14.8 10.4 22.3 18.5 13.3 18.8 17.3 09.6 20.9 11.3

CEBR 12.2 24.6 16.4 13.2 26.4 19.0 12.3 21.6 16.4 11.7 24.1 18.3

GENO 13.9 30.1 25.1 23.2 40.4 32.7 23.1 36.5 29.6 19.4 37.2 30.1

ISTA 16.9 30.4 25.0 16.4 33.2 27.6 20.7 34.2 31.7 20.1 33.3 29.3

M0SE 11.2 24.8 18.5 21.7 36.4 25.2 23.2 31.9 28.3 19.0 30.1 21.9

MEDI 10.2 28.9 20.2 20.6 44.4 33.9 25.5 32.5 29.5 20.3 30.9 23.1

MELI 21.1 34.2 28.1 23.5 40.6 31.0 22.5 35.9 29.2 24.2 46.7 34.2

NICO 16.5 34.4 27.3 27.5 38.1 33.5 23.7 30.5 25.4 23.4 37.9 31.2

NOT1 18.4 39.4 28.4 18.7 39.5 29.6 21.8 34.1 26.1 19.7 33.6 26.7

ORID 4.1 18.1 13.1 09.6 21.9 15.2 10.03 22.0 17.7 11.6 20.8 16.9

REDU 7.1 22.8 15.6 19.2 26.2 23.7 20.8 25.9 23.0 17.4 24.5 20.5

WTZS 3.9 20.7 12.3 13.3 23.2 17.7 17.8 23.1 20.9 11.5 21.9 17.9



163Geo-Eco-Marina 26/2020

Bilal Beldjilali, Salem Kahlouche﻿﻿﻿﻿﻿ – Assessment of atmospheric water vapor remote sensing using GPS signals  by Radiosonde and MODIS satellite images

precision of the humidity (RH) estimation along the path, 
generally the mean Radiosonde measurement error vary 
between 5% and 10 % of the real value (Berezin et al., 2016).

The data of the Radiosonde used in this work have been 
downloaded from the University of Wyoming website (http://
weather.uwyo.edu/upperair/sounding.html). In this paper 
they provide real values of the IWV, and are taken as reference 
value to validate the result of the IWV values calculated by 
our algorithm using GPS data.

Figure 2 gives information about the Radiosonde station 
used in this work to validate the IWV value obtained by the 
GPS signal measurement. This station located in Rome is near 
to the M0SE IGS station.

6. MODIS satellite Image

To remotely sense the earth Atmosphere, Ocean 
and Land, two Moderate Resolution Imaging Spectro-
radiometer (MODIS) instruments are implemented on the 
NASA’s (National Aeronautics and Space Administration) 
Earth Observation System. The Terra EOS AM-1 platform 
launched on December 18, 1999 and the Aqua EOS PM-1 
platform launched on May 4, 2002. They provide passively 
high radiometric sensitivity observation of electromagnetic 
radiation in 36 visible IR spectral bands between 0.4μm and 
14.4μm. The two instruments are in polar sun-synchronous 
orbit at an altitude of 705 km, and the swath width of the 
MODIS data for them is 2300 and 2330 km, respectively 
with a resolution in the IR of 1 x 1 km. To remotely sense the 
atmospheric water vapor both Terra and Aqua MODIS have 
one channel centered at 0.94μm. The advantage of using this 
wave length came from its strong water vapor absorption 
occurs (Gao et al., 2003  ; Gao & Li, 2008; Chang & Jin, 2013; 
Chang et al., 2014; Reis et al., 2015). 

Table 6. The near IR cannel used in the water vapor remote sensing

MODIS Cannel Wave length (μm)

2 0.865

5 1.24

17 0.905

18 0.936

19 0.940

Water vapor can be derived using differentiating channels 
on and off absorption bands. In the case of MODIS satellite, to 
derive the atmospheric transmittances, two radiance channels 
with 865 and 940 nm wavelength are used (Gao & Li, 2008). 

	 	
(24)

ρ940 and ρ865 are the atmospheric transmittances near 940 
and 865nm. α, β are constant; W* is the derived total water 
vapor amount. The vertical column water vapor amount 
converted from W*, based on the solar and the observational 
geometries can be calculated using the following equation 
(Liu et al., 2006):

	 	

(25)

θs is the solar zenith angle, and θv is the view zenith angle.

The atmospheric transmittances can be calculated based 
on the Radiation measured at the sensor 

	 	 (26)

λ is the wavelength, Lsen is the radiation measured by the 
sensor, Lsun is the solar radiation above the atmosphere, T 
is the total atmospheric transmittance and Lpath is the path 
scattered radiance. 

Fig. 2. Station information (LIRE 16245)
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For this paper we used our own MATLAB code to process 
the MODIS data. Two files are used in this work, the MOD05_
L2 file that contains water vapor estimated by near-IR and 
IR sensing and the MOD03 file that contains geographical 
information.

7. Comparison

The radiosonde measurement and MODIS satellite are 
able to estimate the amount of atmospheric water vapor with 
high precision. These two instruments can be considered 
as ideal tools to analyze the accuracy of the temporal and 
spatial variation of the water vapor values delivered by the 
GPS stations. Figure 5 shows a comparison between the IWV 
values computed by our algorithm (GPS) and the values 

delivered from the Radiosonde (left panel) and the values 
delivered from MODIS satellite (right panel) 

According to figures 5 and 6, we can conclude that, for 
this station (M0SE Rome), the difference between the two 
solutions (GPS and Radiosonde) in the 94% of case is less 
than 3 mm; in some case the RMS can achieve 4 mm. The 
two solutions have a monthly RMS of 1.54 and a correlation 
of 95.37%. For the selected station (M0SE, Rome) the spatial 
variation of the water vapor is shown in figure 7.

To compare the MODIS water vapor values with the 
ones delivered by GPS we focus on the Rome IGS station 
(41.89, 12.49). The results show high correlation (73%) with 
differences smaller than 4 mm in 65% of time. 

Fig. 4. Water Vapor distribution and the correction factor

Fig. 3. The study region with the MODIS (resolution of 1×1 Km)
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Fig. 6. Daily RMS variation between solutions (October, M0SE, Rome)

Fig. 5. Daily IWV from GPS, Radiosonde and MODIS solution (October, M0SE, Rome)

Fig. 7. Scatter plot between solutions (October, M0SE, Rome)

The degradation in the correlation rate between MODIS and GPS is caused by the spatial resolution. The data from MODIS 
have resolution of 1x1Km while GPS resolution is 20x20 km.
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8. Conclusion

In this paper, a study on the IWV space and time variation 
was presented. Data from 12 IGS stations were used; the 
aim of using these stations is to assure the largest coverage 
of the Mediterranean area in the four seasons of the year. 
The relation between the integrated water vapor and the 
delay introduced on the GPS signals propagation were 
investigated. The relations between the IWV and the GPS 
signal delay established by the Saastamoinen model were 

compared to derived estimates obtained from Radiosondes 

and MODIS data. The results presented show that the IWV 

values obtained by the GPS solution is highly correlated 

with those obtained from Radiosonde measurements and 

MODIS data. The advantage of using GPS data is the higher 

temporal resolutions and spatial coverage compared to 

the other data sources, which allows for observations only 

twice a day, and in the case of Radiosondes, have limited 

spatial coverage.
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