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Abstract. This paper is an evaluation of the atmospheric water vapor remote sensing by GPS signals. The integrated water vapor (/WV) is calculated based
on the measurement of the tropospheric zenith total delay (Z7D) effects on the microwave signals emitted by GPS satellites. The methodology proposed
in this work is based on the combination of the global navigation satellite system (GNSS) observations and navigation data from the international GNSS
service (1GS) products with meteorological data, measured at the stations level, to calculate the ZTD delay and estimate the integrated water vapor value.
This work was carried out using data records from12 IGS stations distributed in seven countries in the four seasons of the year. The obtained results are
compared with the values generated by Radiosonde measurement and MODIS satellite images level 2 (Water Vapor data product). In more than 90% of
cases, the difference between the GPS and Radiosonde solutions is less than 3 mm with a monthly RMS less than 1.6 and a correlation of about 95%. The
comparison between the GPS and MODIS shows that in more than 65 % of the time, the difference between the two solutions is less than 4 mm with a
monthly RMS less than 2.3, and the correlation is about 73%.
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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
(Shietal,.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).

2.1GS 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
inTable 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 (*. *0), 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) :

RMS,, =.[trace(P,, ) M
P, =c*(G G)ﬁ1 2)
RMS,, =c trace[(GT G)q (3)

o2is the variance and G is the geometry matrix. This equation
for the RMS states that the trace of the matrix (GT G)-' is a
scalar factor of the RMS o and this matrix can be written as
(Sanz Subirana et al., 2013):

Table 1. Used station position

Station (€14 Country

Lat Lng Alt

CEBR 045 7758
STA 410 201 1412

ML Meddm |y | wMs 1500
NGO 5.4 339 1550
| O O | Meedona | a1 2079 7730

WTZS Koetzting Germany

49.14 12.87 663.4
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Table 2. Description of material installed on each station

GNSS receiver Meteor Sensors model
Station Receiver Type Antenna Humidity Pressure Temp

AR | LEICAGR30 LEIAR1O MP408A APS 9215 MP408A-T4
GENo TRIVBLE 4700 WSSO | N N N
MosE LEICA GR25 LEIAR25 R4 WXT520 WXTS520 WXT520

Ml LECA GR10 eARSRE | N N N

NoT" LECA GR30 eo | N | N ] N
REDU | SEPTROLARM SPOEMC_ | N N N

The variance (o) of each position (x, y, z, t) can be
predicted from the corresponding variances on the diagonal 3. PROPOSED ALGORITHM
of the covariance matrix. The diagonal elements of matrix Py, Figure 1 gives a detailed description of the proposed
(Oxxs Oyys Oz Oy) represent the formal error of the estimated  algorithm used to estimate the integrated water vapor from

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

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)

Mot | o | s | o | Amm | o | 148 | 0 | 1
R | 0% | e | 0w | amsy | om0 | e | 010 | 15
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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).

International GNSS Service
FTP Service

]

Meteorology Parameters
(T £ RH)

Rinex Files
(*.%0, *.*n, * *m)

]

Zenith Total Delay
ZTD=f{Lat, Alt, M, T, P, RH)

I !

Satellites elevations Zenith Hydrostatic Delay
(z) ZHD = f (Lat, Alt, P)

I 1

Station Location Zenith Wet Delay
(Lat, Lon, Alt) ZWD = ZTD - ZHD

] ]

Mapping Function integrated watervapor
M =f(Lat, Alt, z) IWv=Q*zZwD

Fig. 1. Algorithm used to estimate /W

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):

ZTD=ct=10"[N(h)dh 6)
0

where cis the speed of lightin vacuum tis 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):

N= kl[%jzdu kz(%jzv1 + k{%jzv1 )

P4 is the partial pressure of dry air (in hPa), P, is the partial
pressure of water vapor (in hPa), T is the total atmospheric

temperature (in degrees Kelvin) Zg ' is the inverse
compressibility factors for dry air and Z, is the inverse
compressibility factors for water vapor (Klein Baltink et al.,
2002; Essen, 1953) . The constants k;, k; and k3 are presented
by Thayer (1974):

ky=(77.64+£0.014) KhPa-!

k;=(64.79£0.080) hPa’

k3 =(3.776 + 0.004)105K2hPa-"

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:

N=kp+ k2L+ k=%
Z,T Z,T

p is the total mass density of the atmosphere.

p
8

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) :

N=7760 1373 10"‘i2 9
T T
Pis 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:

ZTD=ZHD-m, (z)+ ZWD-m, (z) (11

where m,(2) is hydrostatic mapping is function and m,(2)
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 ¢ (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).

m(z)= T+ ¢ (12)
sinz+ ———
sinz +

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

=[1.2320 + 0.0130 cos¢ — 0.0209H + 0.00215(T; - 10)]10-3
=[3.1612-0.1600 cos¢p — 0.0331H + 0.00206(T; - 10)]10-3
=[71.244 - 4.2930 cosp - 0.1490H + 0.00210(T - 10)]10-34

@ is the site latitude in degrees. H is the station elevation
in Km. T; 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 P, only (Namaoui et al,, 2017):

ZHD=10"° LA (13)

Im
R4 is the gas constant of dry air. g, 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):
2.2779P.,

1 0.00266c0s2¢-0.00028H

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=Q2zVD (16)

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

(h)

3~ €
Q~ 106{ ( +kﬂ a7
’ T,
[ p.(h)dn "
R, is the gas constant for water vapor: R, = 461.51 JKg-'K-'.
p, is the absolute humidity in kg/m3

(14)

The constant k', is calculated using the following equation:
. M
k, =k, ——* (18)
Md
where M,, is the molar mass of water vapor and My is the
molar mass of dry air, the constant k', is equal to 22 KhPa-".

Table 4. Seasonal ZTD variation (in meters) at 12 1GS station

Winter Spring Summer Autumn

Station mean mean mean mean

T P A RN

WU | 197 | 228 | a1 | 220 | a3 | 29 | 23 | an | 28 | a7 | 231 | a3
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Tw is the weighted mean temperature of the atmosphere
in Kelvin defined as (Davis et al., 1985):

[l

Ty=—F—""%— (19)

" [ e(h)
ot

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

Ty=0.72T,+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/m?2 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; Vasquez Becerra & Grejner-Brzezinska,
2013).

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

1 M, +M,
wv=—[md,= Z( ]p, p.;) (1)

m p, gm i=1
where M, is the mixing ratio, p; 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):

h,
Wv= [r,,(h)dh (22)
h,

where h; is the ground altitude and h, is the max altitude
of the atmospheric layer and p,,, is the water vapor mass
density at altitude h.

The value of h, 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 (Schiiler et al.,
2000; Hopfield, 1971).

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

1
P = RHEE (23)

v

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

Table 5. /WV variation (in Kg/m?) of the 12 stations in different seasons

Winter Spring Summer Autumn

Station mean Min mean mean mean

o s | s | ws | wa | @ | w5 | b3 | wa | 03 | we | e | m |
G0 | 19 | 301 | o1 | 32 | w4 | 27 | BT | 365 | 96 | 194 | W2 | 301
| Mot | 2 | #8 | tes | 17 | 364 | 22 | 32 | 39 | %3 | 190 | 01 | 09

| Non | a4 | 94 | 284 | 187 | 395 | 296 | 218 | 1 | 261 | 197 | 86 | %7 |
R | 70 | 28 | 156 | 12 | %2 | 87 | M8 | 59 | B0 | w4 | U5 | 05 |
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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 MOSE 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 0.4pum and
14.4um. 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 0.94pum. 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).

LIRE
16245
198727 /eeee
41.65
12.43
32.0
3.37
-5.25
-5.97
99.381
8.90©
14.50
29.50
44.20
1475.38

Station identifier:
Station number:
Observation time:
Station latitude:
Station longitude:
Station elevation:
Showalter index:
Lifted index:
LIFT computed using virtual temperature:
SWEAT index:
K index:
Cross totals index:
Vertical totals index:
Totals totals index:
Conwvective Available Potential Energy:
CAPE using virtual temperature: 1652.57
Convective Inhibition: -165.89
CINS using virtual temperature: -91.57
Equilibrum Level: 23e.26
Equilibrum Level using virtual temperature: 230.05
Level of Free Convection: 688.71
LFCT using wvirtual temperature: 794.93
Bulk Richardson Number: 111.12
124.47
292.18&
912.82
299.82
15.82
5750.00
31.62

Bulk Richardson Number using CAPV:

Temp [K] of the Lifted Condensation Level:
Pres [hPa] of the Lifted Condensation Level:
Mean mixed layer potential temperature:

Mean mixed layer mixing ratio:

1000 hPa to 500 hPa thickness:

Precipitable water [mm] for entire sounding:

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

MODIS Cannel

Wave length (pm)

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).

Poso _ o #(1)2 (24)
Pess
Poso and pggs are the atmospheric transmittances near 940
and 865nm. q,  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):
W
1 1
+
cos(6s) cos(Ov)

0, is the solar zenith angle, and 6, is the view zenith angle.

WV = (25)

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

Lsen(}“)stun (7\.)T(7n)p(7\.)+meh(?»)
\ is the wavelength, L, is the radiation measured by the
sensor, Ly, is the solar radiation above the atmosphere, T

is the total atmospheric transmittance and Ly, is the path
scattered radiance.

(26)

45 27199

W
UL e

e “F tooo g
18113 16140k, . LGk
450 LV

206 3
10%4 A7130

1735
1°220 LT6H

Fig. 2. Station information (LIRE 16245)
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MODIS image October 1, 2017 at 09:25 Water Vapor mm

50

45
=440
435
E 430
E o425

20

15
10
5

Fig. 3. The study region with the MODIS (resolution of 1x1 Km)

Water Vapor mm

Distance in Km
Distance in Km

Distance in Km

Correction Factor

20
19
18
17

16

Distance in Km

Fig. 4. Water Vapor distribution and the correction factor

For this paper we used our own MATLAB code to process
the MODIS data. Two files are used in this work, the MODO5_
L2 file that contains water vapor estimated by near-IR and
IR sensing and the MODO3 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 (MOSE 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 (MOSE, 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.
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Fig. 5. Daily /WV from GPS, Radiosonde and MODIS solution (October, MOSE, Rome)
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Fig. 6. Daily RMS variation between solutions (October, MOSE, Rome)
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Fig. 7. Scatter plot between solutions (October, MOSE, 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.

Geo-Eco-Marina 26/2020 165



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

8. CONCLUSION

Inthis paper, astudy 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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