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Abstract. Using GPS satellites signals, we can study dif-
ferent processes and coupling mechanisms that can help us
understand the physical conditions in the lower atmosphere,
which might lead or act as proxies for severe weather events
such as extreme storms and flooding. GPS signals received
by ground stations are multi-purpose and can also provide
estimates of tropospheric zenith delays, which can be con-
verted into accurate integrated water vapor (IWV) observa-
tions using collocated pressure and temperature measure-
ments on the ground. Here, we present for the first time
the use of Israel’s dense regional GPS network for extract-
ing tropospheric zenith path delays combined with near-real-
time Meteosat-10 water vapor (WV) and surface tempera-
ture pixel intensity values (7.3 and 10.8 µm channels, respec-
tively) in order to assess whether it is possible to obtain ab-
solute IWV (kg m−2) distribution. The results show good
agreement between the absolute values obtained from our tri-
angulation strategy based solely on GPS zenith total delays
(ZTD) and Meteosat-10 surface temperature data compared
with available radiosonde IWV absolute values. The pre-
sented strategy can provide high temporal and special IWV
resolution, which is needed as part of the accurate and com-
prehensive observation data integrated in modern data assim-
ilation systems and is required for increasing the accuracy of
regional numerical weather prediction systems forecast.

1 Introduction

Water vapor (WV) is a greenhouse gas, which can lead to
global warming. It repetitively cycles through evaporation
and condensation phases, transporting heat energy around the
Earth and between the surface and the atmosphere (Solomon
et al., 2010). WV in the atmosphere allows short wave-
length radiation from the sun to propagate through the at-
mosphere, but it traps the long wavelength radiation emitted
by the Earth’s surface (van Vleck, 1947). This trapped ra-
diation causes temperatures to increase. As the temperatures
increase, the air can sustain a larger amount of WV, thus mag-
nifying the greenhouse effect (Duan et al., 1996). Since WV
is the most variable component of the troposphere, investiga-
tion of its distribution and motion is of great importance in
meteorology and climatology (Soden et al., 2004). Although
it plays a key role in determining climate sensitivity, our cur-
rent ability to constantly monitor changes in WV at high
spatial resolution is insufficient (Kley et al., 2000; Wang et
al., 2016). Above the tropical oceans where long-term mi-
crowave satellite measurements are obtainable, atmospheric
reanalysis products indicate WV patterns that are different
from the satellite data from 1988 to 2012, and most climate
models indicate significantly larger WV trends than the satel-
lite observations (Flato et al., 2013), probably due to differ-
ent parameterizations of internal climate variability in mod-
els and observation. Above land, it is even more challeng-
ing, where large errors in radiosonde humidity data (which
are currently main source of observations) degrade many of
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Figure 1. Israel’s GPS network. The network is maintained by the
Survey of Israel (MAPI) and consist of 24 permanent geodetic GPS
receivers.

the reanalysis and observational products (Dai et al., 2011,
2013).

There are several approaches for estimating the amount of
WV in the troposphere. The most common ones utilize ra-
diosondes (Kley et al., 2000; Soden et al., 2004; Miloshevich
et al., 2006), different techniques of GPS meteorology (Bevis
et al., 1992, 1994; Duan et al., 1996; Ware and Alber, 1997;
Hagemann and Bengtsson, 2003; Vedel et al., 2004; Heise
et al., 2009; Guerova et al., 2013; Hordyniec et al., 2015) or
measurements from remote sensing satellites (Velden et al.,
1997; Cresswell et al., 1999; Jiang et al., 2012). Radioson-
des offer an essential component of the global observing sys-
tem due to their extended lifetime and broad geographic cov-
erage (Kley et al., 2000). Radiosondes have long been the
main observing platform for monitoring tropospheric WV
and are still widely used to provide WV profiles both for field
campaigns and as part of national observing networks (So-
den et al., 2004). Radiosondes observations have the advan-
tage of delivering high vertical resolution acquisition under
clear and cloudy conditions as well as having long historical
records (Soden and Lanzante, 1997). However, substantial
spatial and temporal discontinuities, frequently related to dif-
ferences in radiosondes instrumentation, have also been well
documented (Elliott and Gaffen, 1991; Soden and Lanzante,

Figure 2. Distribution of IWV above GPS station HRMN during 25
May 2015.

1997; Free and Durre, 2002). Furthermore, there are still
national observing networks (i.e., the Israel Meteorological
Service, or IMS) which conduct upper-air measurements to
characterize the temporal behavior of the lower atmosphere
from a single permanent sounding site (Dayan and Rodnizki,
1999). This makes it almost impossible to precisely detect
the horizontal boundaries between moist and dry air, espe-
cially when most radiosondes are launched at 12 h intervals
that deliver limited temporal resolution (Moore et al., 2015).

When electromagnetic signals travel through the tropo-
sphere, they are delayed and therefore slowed down. The
amount of delay depends mainly on the pressure, tempera-
ture and WV content, which vary significantly both in space
and time (Reuveni et al., 2015). Geophysicists and geodesists
have developed methods for estimating the degree to which
signals propagating from GPS satellites to ground-based
GPS receivers are delayed by atmospheric WV (Wdowinski
and Eriksson, 2009). This delay is parameterized in terms of
a time-varying zenith wet delay (ZWD) that is recovered by
stochastic filtering of the GPS data (Bevis et al., 1992, 1994;
Duan et al., 1996). Currently, GNSS meteorology can pro-
vide continuous remote monitoring with high temporal and
spatial resolution of the WV in the troposphere as long as
the pressure and temperature are measured at the observation
sites. However, systematic errors under 0.5 mm are still intro-
duced into WV estimations and, when using pressure inter-
polation procedure, biases > 0.5 and 1 hPa standard deviation
are introduced into the system (Hordyniec et al., 2015). Fur-
thermore, the GPS integrated water vapor (IWV) estimations
are generally validated by comparison either with radiosonde
data (Moore et al., 2015), ECMWF IWV estimates (Heise et
al., 2009) or water vapor radiometer (WVR) data (Shangguan
et al., 2015), thus allowing us to obtain reasonable initial
conditions data for creating new numerical models of zenith
total delay (ZTD) and IWV for meteorological applications
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Figure 3. Comparison between IWV (kg m−2) extracted from IMS
radiosonde and GPS data (based on the ZTD and ZHD values from
the VMF1 grid every 6 h) for approximately 240 days during the
year 2015. The correlation shows good agreement (R2

= 0.97) be-
tween the two data sets. GPS IWV values were estimated from
ZWD and IMS surface temperature measurements. Mean and RMS
values for the differences between the two data sets are 0.32 and
1.34 kg m−2, respectively.

(Sadeghi and Mashhadi-Hossainali, 2014; Dembelov et al.,
2015; Calori et al., 2016). In addition, reprocessed GNSS
ZTD and IWV data can also be used for assessing the ac-
curacy of near-real-time ZTD network products (such as the
European Meteorological Services EIG EUMETNET-GNSS
WV program, E-GVAP) assimilated in operational numerical
weather prediction systems as well as validation of IWV data
from radiosonde observations (Bock et al., 2015).

Satellite observations of reflected infrared (IR) radiation in
the WV absorption bands can also provide a unique source
of information on tropospheric WV (Soden and Lanzante,
1997). Within the thermal IR domain, the European geo-
stationary Meteosat satellites are capable of almost continu-
ously monitoring (every 15 min with Meteosat-10), while ob-
serving the Earth in the atmospheric window (8.7–13.4 µm)
and WV absorption frequency bands (6.2 and 7.3 µm). The
Meteosat WV channels are mainly used in operational me-
teorology to detect the development of upper-tropospheric
WV structures and carry signatures of the atmospheric condi-
tions (Hanssen et al., 2001). Because of the strong absorption
by WV at these wavelengths, the observed brightness tem-
peratures usually originate from tropospheric layers above
3 km (de Haan et al., 2004). Therefore, quantitative estima-
tion is limited to upper-tropospheric WV (Bréon et al., 2000).
The spatial resolution at the satellite point corresponds to
5× 5 km2 for the IR and WV channels. The Meteosat IR
and WV channel observations are taken in the engineering
quantity “count” mode and have to be converted into equiv-
alent physical “radiance” units (Schmetz et al., 1997). The
calibration is accomplished by linking the observed clear sky
WV pixel values to a calculated radiance at the top of the

atmosphere as determined by radiative transfer calculations
using temperature and humidity profiles from radiosondes.
This could lead to bias errors of up to 5 %, which corre-
sponds to approximately 1 K in brightness temperature. Fur-
thermore, the temperature values derived from Meteosat are
an indication of reflected long-wave radiation rather than the
true value of ambient air temperature, and they therefore also
need to be adjusted (Cresswell et al., 1999). Nevertheless,
the main advantage of using satellite data such as from Me-
teosat is the ability to obtain WV and surface temperature
distribution on regional or global scale (Roca et al., 1997).
However, because the abundance of WV is highest near the
Earth’s surface, where relatively high temperature and pres-
sure permit the air to contain more WV, it is not possible
to make one unique parameterization of WV channel bright-
ness temperatures into IWV (Hanssen et al., 2001). In ad-
dition, retrieval of total WV from observations in the ther-
mal IR split-window channels at 10.8 and 12.0 µm of the
Meteosat Second Generation-Spinning Enhanced Visible and
Infrared Imager (MSG-SEVIRI) over varying surface tem-
peratures requires a nonlinear approach in order to make it
applicable to the full range of global atmospheric conditions
(Schroedter-Homscheidt et al., 2008). Recently, it has been
shown that convective rainfall rate (CRR) can be derived us-
ing the 10.8 and 6.2 µm MSG-SEVIRI from the algorithm
developed within the Satellite Application Facility with Sup-
port to Nowcasting and Very Short-Range Forecasting (NWC
SAF), but it still needs to be calibrated using matrices gener-
ated from both SEVIRI and radar data (Ivančan-Picek et al.,
2014).

Here, we investigate whether it is possible to obtain abso-
lute IWV (kg m−2) distribution using GPS ZTD estimations
combined with near-real-time Meteosat-10 WV and surface
temperature pixel intensity values. We argue that using GPS
meteorology coupled with Meteosat surface temperature and
WV interpolated data can produce adequate results for WV
estimation for Israel for periods when the descending air in
the subsidence inversion is rather dry and the absorption (and
emission) of radiation is low (i.e., the air is relatively trans-
parent and allow radiation from lower (warmer) layers to
contribute to the signal, which results in high apparent bright-
ness temperatures). We present our results for estimating WV
content around Israel and the Middle East area using different
techniques, comparing their validity and choosing the best
strategy for estimating WV distribution.

2 Technical approach and methodology

In this paper we calibrate Meteosat WV pixel values for
Israel using IWV obtained from all available GPS stations
around Israel (Fig. 1). First, we estimate IWV values above
each GPS station using the Jet Propulsion Laboratory’s (JPL)
GIPSY-OASIS precise point positioning (PPP) software and
tropospheric products (Zumberge et al., 1997; Bertiger et al.,
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Figure 4. (a) Comparison between estimated IWV based on the ZTD and ZHD values from IMS pressure and temperature measurements and
radiosonde measurements for approximately 240 days during the year 2015. Mean and RMS values for the differences between the two data
sets are 1.062 and 1.663 kg m−2, respectively. (b) Comparison between estimated IWV based on the ZTD and ZHD values from the VMF1
grid every six and radiosonde measurements. Mean and RMS values for the differences between the two data sets are 0.32 and 1.34 kg m−2,
respectively.

Figure 5. Comparison between Meteosat-10 and IMS temperature
measurements. The red line represents a linear fit (R2

= 0.69) for
the temperatures values obtained from Meteosat-10 and IMS. The
blue line represents the area where both data sets are completely
equal. Mean and RMS values are 6.62 and 10.75 K, respectively.

2010; Reuveni et al., 2012, 2014, 2015). The IWV estimation
is based on tropospheric ZWD and gradient, tropospheric dry
delay and surface temperature values. Second, WV pixel val-
ues obtained from Meteosat-10 images are obtained for the
GPS stations’ location. Finally, a mathematical dependency
is found between the two data sets, which allows transforma-
tion of the entire Meteosat-10 WV pixel values to absolute
WV values.

2.1 IWV estimation from GPS

The GPS data retrieved from the SOPAC archive (http://
sopac.ucsd.edu/) are from stations of the Survey of Israel
(MAPI) GPS network (Fig. 1). The GPS data were pro-
cessed separately for each day using the JPL GIPSY-OASIS
PPP software and products. A 7◦ minimum elevation cut-
off for the satellite observations was applied along with the
Vienna Mapping Function 1 (VMF1; Boehm et al., 2006).
Zenith hydrostatic delay (ZHD) values from the VMF1 grid
were used every 6 h. The GIPSY-OASIS software applied in
this study considers the tropospheric zenith delay and gradi-
ents as stochastic parameters to enable time-varying behav-
ior. Stochastically time-varying parameters are assumed to be
constant within each time step, but they may change from one
time step to another. After a measurement has been processed
(and the parameter estimation had been updated), a time up-
date is executed, adding process noise to the parameter un-
certainties in order to simulate unmodeled or mismodeled ef-
fects (Reuveni et al., 2012). The tropospheric zenith wet de-
lay and the gradient parameters are allowed to vary within
5.0e− 8 km/

√
s (corresponds to about 3 mm in an hour) and

5.0e− 9 km/
√

s (corresponds to about 0.3 mm in an hour),
respectively. Once the ZWD value is obtained for a specific
time interval (i.e., 5 min) the IWV can be easily calculated
using the surface temperature (Bevis et al., 1992):

IWV= κZWD, (1)

where 1/κ = 10−6 (k3/Tm+ k2/Rv), k3 = 3.776 · 105K2

mbar−1k2 = 64.79mbar−1,Rv is the specific gas constant for
WV and Tm is the weighted mean temperature. Furthermore,
Tm might be simply approximated with
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Figure 6. Problematic satellite image pixels which fall near water
sources; the actual measured pixel value is averaged between the
ground and water temperatures. Dark areas represent water source
(low temperatures), while the light areas represent the surrounding
ground (high temperatures). The red point represents the location
for ground station surface temperature measurements. The actual
averaged pixel value is shown on the right.

Tm = 70.2+ 0.72Ts (2)

where Ts represents the surface temperature. For the GPS
IWV estimations, we used the nearest (< 10 km radius)
surface temperature values measured by the IMS to each
GPS site (http://www.ims.gov.il/IMSEng/All_tahazit/). Fig-
ure 2 represents the IWV values for GPS station HRMN
(33◦18′30′′ N, 35◦47′07′′ E) using the procedure described
above. In order to validate that the GPS IWV is accurate, we
compared against the absolute IWV values estimated from
IMS radiosonde data (Fig. 3), which is considered to be the
most accurate method for obtaining IWV observations. The
comparison between the two data sets shows a high corre-
lation coefficient (R2

= 0.97) for all available data during
2015 (approximately 240 days). Mean bias and RMS val-
ues between the two data sets are 0.32 and 1.34 mm, respec-
tively. Furthermore, in order to validate that the estimated
ZWD delays using ZTD and ZHD values from VMF1 are
reasonably accurate (both in terms of bias and error), we also
compared the estimated IWV based on the ZTD and ZHD
values obtained from IMS pressure and temperature obser-
vations (Fig. 4).

The closest GPS station to the radiosonde at Bet Dagan is
TELA station at Tel Aviv, situated 9 km from Bet Dagan. The
pressure data were taken from the IMS station at Bet Dagan
(because of the absence of the pressure measurements near
TELA station) and were adjusted accordantly using the rel-
ative height difference between Bet Dagan and GPS station
TELA. The temperature data were taken from the IMS sta-
tion at the exact location of GPS station TELA. Mean and
RMS values for the differences between the estimated IWV
based on the ZTD and ZHD values obtained from the IMS
pressure and temperature measurements and radiosonde data
are 1.062 and 1.66 mm, respectively, indicating that the esti-
mated IWV using ZHD values from the VMF1 grid every 6 h
has smaller bias and RMS errors.

While processing the entire Israeli GPS network we dis-
covered that precise temperature measurements for all the
GPS station location could not be fully obtained due to the

Figure 7. Comparison between IWV obtained using GPS ZWD
produced using Meteosat-10 surface temperatures (12 µm IR chan-
nel) and GPS ZWD produced using IMS measured temperatures.
The correlation between the two is very high (R2

= 0.99), indi-
cating that the extracted IWV has a stronger dependency on GPS
ZWD rather than the measured surface temperatures. Mean and
RMS value are 0.27 and 0.49 kg m−2, respectively.

fact that several IMS stations are outside our predefined GPS
surrounding area (< 10 km radius). Within a network of 24
permanent GPS stations, which are designated to deliver full
spatial coverage for a 20 000 km2 area, the surface temper-
ature data for each GPS location are critical for establish-
ing the mathematical dependency between GPS IWV and
Meteosat-10 WV data. One way to solve this problem is to
use the 10.8 µm Meteosat-10 IR channel to estimate the sur-
face temperature at the GPS station locations (Muller, 2010).
A comparison between the surface temperature estimation
from Meteosat-10 and IMS measurements is shown in Fig. 5.
The correlation between the two is moderate (R2

= 0.69),
and in most cases the bias between the two does not nor-
mally exceed 5 ◦C. However, temperature differences may
be higher when satellite image pixel falls near water sources
such as the Mediterranean Sea, Dead Sea, Gulf of Aqaba and
lake Kinneret, and the measured pixel value is averaged be-
tween the ground and water temperatures (Fig. 6). Averaging
the surrounding pixels values above a pre-determined thresh-
old can help reducing these temperature differences. For ex-
ample, we took the exact pixel, which corresponds to the ex-
act station location, and then averaged the square 3× 3 pixels
around the station. Each pixel of Meteosat-10 image covers
an area ranging from 3× 3 up to 11× 11 km2, depending on
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Figure 8. Simulation of IWV dependency on ZWD and tempera-
ture. We used 1 million random ZWD values along with two random
temperature values (one for the Meteosat and one for the IMS) rang-
ing from 273 to 330 K. The high correlation (R2

= 0.98), which is
obtained along with the RMS value 2.25 kg m−2, suggests that it is
possible to calculate IWV precisely enough using the correct ZWD
estimation with any temperature data, even when the difference be-
tween the absolute and measured temperature value is big.

the longitude and latitude. For Israel, each pixel covers an
area of approximately 5× 5 km2.

In spite of the moderate correlation (R2
= 0.69) between

surface temperatures obtained from the 10.8 µm Meteosat-10
IR channel and other available measured temperature sources
(on-site reading or IMS stations), Meteosat-10 surface tem-
perature values produce approximately similar WV absolute
values. Figure 7 represents the comparison between WV es-
timation using GPS ZWD derived using IMS surface tem-
peratures and GPS ZWD derived using Meteosat-10 sur-
face temperature. The correlation between the two is very
high (R2

= 0.99) and indicates that using GPS ZWD us-
ing Meteosat-10 surface temperatures for estimating IWV
can also reach accurate absolute IWV values. These results
suggest that the extracted IWV has a stronger dependency
on GPS ZWD rather than the measured surface temperature
(Bar-Sever et al., 1998). The IWV is a function of the tem-
perature (dependency κ(T )) and ZWD. The coefficient κ is a
weak function of temperature and the IWV depends on ZWD
linearly. Figure 8 represents the results for simulating the
IWV dependency on ZWD and temperature. We used ran-
dom values for ZWD ranging from 3 to 40 mm, and for each
value of the ZWD two random temperature values (one for
the Meteosat and one for the IMS) ranging from 273 to 330 K
were substituted to the coefficient k in Eq. (1). This simulates
the temperatures obtained from the two different sources.
Simulation using 1 million points also yields high correla-
tion (R2

= 0.98) with RMS value equal to 2.25 kg m−2. This
result implies that it is possible to calculate IWV precisely

Figure 9. (a) Conceptual geometry of the satellite slant and verti-
cal paths relative to the Earth’s surface. (b) Normalization function
(Eq. 1) for latitude and longitude dependency.

enough using the correct ZWD estimation with any tempera-
ture data, even when the difference between the absolute and
measured temperature value is relatively large.

2.2 WV estimation from Meteosat-10

For processing the raw Meteosat-10 data we used the Python
module Pytroll (http://www.pytroll.org/) to obtain images for
all satellite channels. For the temperature estimation we used
8 bit pictures of the 10.8 µm IR channel and for the WV es-
timation we used the 7.3 µm WV channel. Meteosat-10 WV
(6.2 and 7.3 µm) images represent the slant path between the
satellite and a specified point at the Earth’s surface (rather
than the vertical WV amount above the point). Therefore,
the satellite image pixel values should be normalized at each
point to obtain the vertical path (Fig. 9a). Under the assump-
tion that the descending air in the subsidence inversion is
rather dry, the absorption of radiation is low and the IWV is
distributed uniformly around the Earth (only for the purpose
of projecting correctly the slant to vertical absorption), we
can obtain a straightforward normalization function k (φ, λ),
which is longitude and latitude dependent:

Atmos. Meas. Tech., 10, 537–548, 2017 www.atmos-meas-tech.net/10/537/2017/
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Figure 10. Extracting the dependency between Meteosat-10 nor-
malized pixel values and GPS IWV absolute values (using surface
temperatures from IMS stations). The dependency was calculated
from 276 Meteosat-10 images and 22 GPS stations. The entire data
set can be divided into three main regions, which depend on the sta-
tion location, weather conditions (mainly clouds) and satellite posi-
tion. Region A corresponds to the state illustrated in Fig. 11a, and
region B corresponds to Fig. 11b. The green line represents the area
where both data sets are completely equal.

k = (L− l)/h (3)

where

l =
2(r +H)cosβ −

(
(2× (r +H)cosβ)2 − 4(H −h)(H +h+ 2r)

)1/2

2
(4)

L=
(
(r +h)2+ r2

− 2rH cosα
)1/2

(5)

α = a cos(cosφ cosλ) (6)

β = sin
(
r sinα
L

)
(7)

where φ and λ are the latitude and longitude, respectively,
H is the height of the geostationary orbit (H = 35 786 km),
h is the height of the troposphere (h= 10 km) and r is the
Earth’s radius (r = 6371 km). The term in Eq. (3) depends
strongly on the ratio between the tropospheric height and the
distance from the point at the surface to the satellite. In our
estimations, we assume the troposphere height is equal to
10 km. The troposphere extends upwards above the bound-
ary layer and ranges in height from an average of 9 km at
the poles to 17 km at the Equator. Consequently, for regional
areas this height might be calculated more precisely using
regional neutral atmosphere models or in situ observations
that take into account horizontal inhomogeneities and other
local factors (such as winds, air flows and convection). The
dependency of the function given in Eq. (3) on latitude and
longitude is shown in Fig. 9b.

Figure 11. Two options of mutual location of clouds, GPS station
and satellite. (a) Estimated GPS IWV values are taken from station
at clear sky conditions but with a line of sight (from the satellite to
the station) which crosses the clouds. In this case the temperatures
obtained from the Meteosat-10 images are more than 5 K cooler
relative to the IMS ground measurements. (b) Estimated GPS IWV
values are taken from stations at cloudy conditions but with a line
of sight which does not cross the clouds. In this case the estimated
Meteosat-10 temperatures are approximately equal to the IMS tem-
peratures but the estimated IWVs are lower than the actual values.

Figure 12. Filtered dependency between Meteosat-10 normalized
pixel values and GPS IWV absolute values. The data plotted are the
remaining C region (Fig. 10) measurement points.

Once all Meteosat-10 WV image pixels are normalized,
we can then extract the mathematical dependency between
the satellite pixel values and absolute IWV values obtained
from GPS ZTD and surface temperature values. The depen-
dency between the satellite normalized pixel values and GPS
IWV is shown in Fig. 10. The dependency was calculated
from 276 Meteosat-10 images and 22 GPS stations. Further-
more, the distribution of entire data set can be divided to three
main regions, which depend on the station location, weather
conditions (mainly cloudy) and satellite position. Region A
consists of estimated GPS IWV values taken from a GPS sta-
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Figure 13. Example for regional WV Distribution maps above Israel (left) and for the entire Middle East region (right) constructed
from Meteosat-10 7.3 µm channel for 21 August 2015 at 12:00. Necessary surface temperatures were obtained from (a) IMS stations or
(b) Meteosat-10 10.8 µm IR channel. Mean and RMS differences between (a) and (b) are 0.07 and 1.36 kg m−2, respectively.

tion at clear sky conditions but with a line of sight (from the
satellite to the station) that intersects the clouds (Fig. 11a).
In this case, the temperatures obtained from the Meteosat-
10 images are more than 5 K cooler relative to the IMS
ground measurements and can be removed (Cresswell et al.,
1999). Region B represents estimated GPS IWV values taken
from stations in cloudy conditions but with a line of sight
that does not intersect the clouds (Fig. 11b). In this situation
the estimated Meteosat-10 temperatures are approximately
equal to the IMS temperatures, but the estimated IWVs are
lower than the actual values and can also be removed. Based
on Fig. 10 we suggest removing every point under the line
count= 2 · IWV (the green line indicated in Fig. 10). The re-
sult of this procedure leaves us only with region C (Fig. 12).

Using the least squares method (or any linear fitted poly-
nomial function) we can obtain the relation between GPS
IWV and the normalized Meteosat-10 pixel values:

IWV= 0.640× pix+ 17.522, (8)

where IWV is the GPS IWV and pix is the satellite normal-
ized image pixel value.

3 Results

Using the dependency in Eq. (8) we can translate the en-
tire image pixel values into absolute WV values to obtain
regional-scale distribution of IWV (Fig. 13). Thus, based on
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Figure 14. Triangulation of IWV above Israel for 21 August 2015.
Red dots represent all available GPS stations (16 in number) that
were accounted for.

the dependency of Meteosat-10 image pixel values on GPS
IWV absolute values, we are able to construct regional maps
of WV distribution using only Meteosat-10 images. An ex-
ample for a regional WV distribution map of the surround-
ing Israel and Middle East region, which was produced us-
ing the data from Meteosat-10 7.3 µm channel, is shown in
Fig. 13. The constructed regional maps, with (a) IMS surface
temperatures or (b) Meteosat-10 10.8 µm IR extracted sur-
face temperatures, are in a good agreement (mean and RMS
differences between (a) and (b) are 0.07 and 1.36 mm, re-
spectively).

Although we have shown that it is possible to use the math-
ematical dependency between the normalized Meteosat-10
7.3 µm channel and GPS IWV (both with IMS surface tem-
peratures or Meteosat-10 10.8 µm IR extracted surface tem-
peratures), the best approach for constructing regional WV
maps would be interpolating sufficient GPS IWV data in
the desired region. For Israel, there are currently only 24
permanent GPS stations that are fully operational, but data
are not always available. For example, the largest number of
GPS station that we could retrieve using the SOPAC archive
during 2015 was 16. However, when all available GPS data
are interpolated using Delaunay triangulation (bilinear inter-

Figure 15. Comparison between triangulation procedure and ab-
solute IWV value obtained from radiosondes measurements. Red
dots represent values of 12:00 pm, and blue dots represent values
of 00:00 am. RMS values for the entire data set, daytime and night-
time sets are 3.14, 2.67 and 3.74 kg m−2, respectively. Mean values
for the entire data set, daytime and nighttime sets are 1.31, 1.11 and
1.59 kg m−2, respectively. Correlation coefficients R2 are 0.76 for
the entire data set (indicated by the black line), 0.84 for daytime and
0.61 for nighttime set. The green line represents the area where both
data sets are completely equal.

polation) for each specified date and time, an accurate (vs.
radiosondes observations) regional WV maps can be con-
structed. Since the interpolation is implemented in a region of
highly varying terrain, it is important to take the topography
into account instead of interpolating across terrain features
(Reuveni et al., 2015).

Consequently, WV estimates at points above sea level
height (h) are scaled to sea level (sl), using a scale height
(S) for the wet delays:

Nsl =Nhe
−
h
S . (9)

The scale heights used for the wet delay is 3000 m (Means,
2011; Means and Cayan, 2013). After applying the interpola-
tion to sea level, the interpolated WV field is then separately
scaled to terrain elevation using the identical scale heights
and a 6 arcsec digital elevation model. Figure 14 represents
the regional WV map produced from the above specified tri-
angulation procedure for 21 August 2015 at 12:00.

As mentioned above, the best way to determine the accu-
racy of regional WV map (constructed from triangulating all
available GPS data) is to compare the WV values above the
exact location of the radiosonde observations are taken (i.e.,
at Bet Dagan site). On this basis, we produced 240 consecu-
tive WV maps for 2015 and compared the values at each map
above Bet Dagan to radiosonde WV observations (Fig. 15).
RMS values for the entire data set, daytime and nighttime are
3.14, 2.67 and 3.74 kg m−2, respectively. Mean values for the
entire data set, daytime and nighttime sets are 1.31, 1.11 and
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Figure 16. Comparison between triangulated GPS-IWV and WV
distribution maps constructed from Meteosat-10 7.3 µm channel
for 21 August 2015 at 12:00. Comparison between the two shows
a good agreement with mean and RMS differences of 2.75 and
4.55 kg m−2, respectively. Meteosat-10 pixel resolution fails to cap-
ture small changes in the topography and presents averaged WV
estimations above the Golan Heights and Dead Sea.

1.59 kg m−2, respectively. Correlation coefficients (R2) for
the entire data set, daytime and nighttime sets are 0.76, 0.84
and 0.61 respectively.

Furthermore, the constructed GPS WV regional maps us-
ing the triangulation procedure can be used as a reference
grid (for areas inside the maps that are overlapped since the
triangulation can be applied only within the GPS network)
for assessing the constructed regional maps of WV distribu-
tion extracted from the normalized Meteosat-10 7.3 µm chan-
nel. A comparison between the two techniques for 21 August
2015 at 12:00 shows good agreement with mean and RMS
differences of 2.75 and 4.55 mm, respectively (Fig. 16). The
relatively large differences appear near the mountains (the
Golan Heights and Dead Sea), where the Meteosat-10 pixel
resolution fails to capture small changes in the topography
and presents averaged WV estimations.

4 Conclusions

In this work we have presented two different approaches for
deriving regional WV distribution maps: triangulating WV
estimations based on GPS ZWD and surface temperatures

extracted from Meteosat-10 10.8 µm IR channel or, alterna-
tively, converting Meteosat-10 7.3 µm WV pixel values using
a mathematical dependency to a known estimated GPS WV
value.

The main advantage of using the converted Meteosat-10
7.3 µm WV pixel values is that we can potentially produce
WV distribution maps using the Meteosat-10 data and a
small number of GPS station data. The main disadvantage
of this technique is the uncertainty regarding the extremely
high (and low) satellite pixel values. Low pixel value means
that amount of water in the surrounding area is very high,
and most likely this is due to cloud. Due to the fact that the
emitted satellite radiation cannot penetrate beneath cloud,
the amount of WV might not be fitted while constructing
the dependency. Therefore, it is useful to combine differ-
ent channels, e.g., VIS and WV or IR and WV, since the
cloud temperature is much lower than the ground temper-
ature. The most common way to measure absolute WV is
using radiosondes; however, since it allows estimating WV
values only above one corresponding radiosonde point, here
it is mostly used for validating the accuracy of the other tech-
nics.

The best way to construct regional WV maps is by inter-
polating WV estimations based on GPS ZWD values, since
it allows obtaining the most accurate WV values distributed
over relatively large areas. The results obtained from interpo-
lation are in good agreement with the radiosonde data mainly
during daytime (R2

= 0.84), but they indicate some differ-
ences during nighttime (R2

= 0.61) and can account for the
day–night differences in radiosonde relative humidity mea-
surements (Li et al., 2003). The constructed GPS WV re-
gional maps can also be used as a reference grid for assessing
the regional maps of WV distribution extracted from the nor-
malized Meteosat-10 7.3 µm channel. A comparison between
the two techniques show that the constructed Meteosat-10
WV maps fails to take into account small changes in to-
pography (i.e., mountains which are consist of both highland
and lowland). For example, differences at the Golan Heights
and Dead Sea are extremely large due to the relatively low
resolution of Meteosat-10 (5× 5 km2 pixel−1), which causes
the images to represent averaged values of WV from the
5× 5 km2 square.

Furthermore, we can also conclude that the temperature
obtained from the Meteosat-10 10.8 µm IR channel can be
used for GPS WV precise calculations while using it along
with the ZWD estimations. However, special care is required
when using the satellite-inferred surface temperature due to
the existence of clouds and surrounding areas of water. A
comparison of VIS and IR bands might help to exclude
clouds and reduce inaccuracies while extracting surface tem-
peratures. The presented strategy can provide high temporal
and spatial IWV distribution, which is required as part of the
accurate and comprehensive initial conditions provided by
upper-air observation systems at temporal and spatial resolu-
tions consistent with the models assimilating them.
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