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ABSTRACT

Precipitable water vapour (PWV) plays an important role in rain prediction; up to now, lots of 
different measuring methods and devices are developed to observe PWV. In this paper, radio
sonde techniques are used to compute PWV’s spatial and temporal variations and GNSS (Global 
Navigation Satellite Systems) using in spatial only. GNSS data (GPS and GLONASS) from eight 
Egyptian stations were processed for the year 2014. Five radiosonde stations for the period from 
2005 to 2016 were used. Time series is constructed using the daily surface measurements of 
radiosonde stations. The linear trend is estimated by straight line fit over 12 years of seasonally 
adjusted PWV time series. The PWV in Egypt has a positive trend in time series at more than five 
radiosonde sites with a rate of 0.3 mm/year. The monthly cycle is a near sine curve and the 
stochastic errors are from 0% to 5.4% over 12 years. The comparison between PWV estimated 
from GNSS data using the PPP approach and radiosonde data for each station in year 2014 was 
done in the near station. The nearest two stations, GNSS station “MTRH” and radiosonde station 
“62,306”, get a bias of 0.66 mm. Three common interpolation techniques (Inverse Distance 
Weighting, Kriging, and Minimum Curve) are used. The biases of the three used methods were 
1.65 mm, 1.96 mm and 0.61 mm, respectively. The statistical methods of Minimum Curve 
interpolation are found superior to other methods with mean error at Mersa-Matrouh, Aswan 
and Al-Arish stations reaching 0.1 mm, 1.0 mm and 0.30 mm, respectively. The minimum curve 
technique is recommended in spatial interpolation for the prediction of PWV amount.  

Abbreviations: PWV: precipitable water vapour; PPP: precise point positioning; GNSS: global 
navigation satellite system; ZPD: tropospheric zenith path delay; ZWD: zenith wet delay; IDW: 
inverse distance weighting; MC: minimum curvature; IGS: International GNSS service.
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1. Introduction

GNSS data obtained from ground-based stations 
started to offer an alternative image of the distri
bution of the vertically integrated water vapour 
PWV (Abdelfatah et al. 2019). GNSS information 
was found to contribute to atmospheric analysis 
for weather forecast (Sleem et al. 2019). The 
GNSS can estimate the tropospheric delay with 
high reliability of measurements (Li et al. 2015). 
The GNSS data processing increases the observa
tions of satellite number throughout the atmo
sphere, improving the geometry, the time of 
processing, the redundancy and consequently the 
robustness of the PWV measurements (Benevides 
et al. 2015).

Time series analysis is very important as it provides 
information about the long-term behaviour (trend), 
the regular and periodic fluctuation (seasonal, cyclic) 
and irregular components of the studied phenomenon 
(stochastic) (Acheampong and Obeng 2019). Here, 
time series analysis is applied to study the PWV tem
poral variations.

PWV time series has different temporal variations 
that can be reasonably modelled using time series. Here, 
the following model (Alshawaf et al. 2017) is used, such 
that the time series of PWVt can be expressed as 

PWVt¼Tt�St�It (1) 

where Tt is the deterministic trend component, St 

is the seasonal component (e.g. periodicity = 12 months 
for PWV) and It is the irregular (stationary) stochastic 
component (Elhaty et al. 2019).

Here, there is no cyclic time series, which is 
known as seasonal adjustment (Alshawaf et al. 
2017). The depersonalised data are useful for fore
casting the PWV trend and estimating the irregular 
component is measured as no regular signal lasts 
longer than 1 year. The research procedure can be 
stated as

(1) Transforming wet tropospheric delay from 
GNSS to PWV: The technology regarding 
the ZPD (tropospheric zenith path delay) 
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discernment was received abroad at the use 
of the unique factor positioning (PPP) job by 
means of The Canadian Geodetic Survey 
over Natural Resources modernised CSRS- 
PPP situation page. From ZPD, ZWD (zenith 
wet delay) may stay arrived by the way of 
subtracting ZHD (zenith hydrostat delay) 
from ZPD (Elhaty et al. 2019).

PWV ¼ ��ZWD (2) 

� ¼ 10� 6ρRνð
K3

Tm
þ K

0

2Þ (3) 

Tm ¼ 0:73 TS þ 69:68 (4) 

where K02= (17 ±10) K mb� 1;K3 = (3.776 ± 0.014) * 
105 K mb� 1: ρ is the thickness on the melted water, Rν 
is the specific fuel regular regarding water vapour, Tm 
is the weighted mean temperature, TS is the surface 
temperature and Π is a conversion factor.

(1) Radiosonde and GNSS bias estimation for six 
nearest stations.

(2) Decomposing the time series method to obtain 
a trend, a seasonal and an irregular component 
of PWV from radiosonde data.

(3) Using the least square analyses to study the 
spatial variation of PWV over Egypt along 
1 year using GNSS and radiosonde data.

2. Data collection

GNSS data from eight Egyptian stations were pro
cessed for the year 2014. These data were taken from 
the National Research Institute of Astronomy and 
Geophysics permanent network.

Five radiosonde stations were used from the 
Department of Atmospheric Science of the University 
of Wyoming which has a radiosonde database for the 
whole World from 2005 to 2016. These data were avail
able at http://weather.uwyo.edu/upperair/sounding. 
html. The locations of the GNSS and radiosonde sta
tions used are depicted in Figure 1.

3. Spatial variations of PWV

Long-term PWV time series from balloon sound
ings (radiosonde) integrated through the atmo
sphere can be investigated for climate analysis, 
particularly when they show agreement with the 
GNSS data.

Figure 1. The locations of the GNSS and radiosonde stations used in this study.
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Techniques of spatial interpolation were used to 
compute the PWV at a position within an unobserved 
station based on the application of known PWV from 
surrounding stations (Addink 1999). The general for
mula for spatial interpolation is as follows:

PWVg ¼
Pns

i¼1
wi � PWVsi (3)

where PWVg is the interpolated (predicted) value of 
precipitable water vapour at point g, PWVsi is the 
observed value (sample points) at point i, ns is the 
total number of observed points and w i is the weight 
at point i.

The main difference among interpolations techni
ques are in estimating the weights from the grid node. 
Some techniques, such as Inverse Distance Weighting 
(IDW), Kriging, and Minimum Curvature (MC), are 
often used in the spatial interpolation (Teegavarapu 
and Chandramouli 2005).

IDW is defined as a distance reverse function of 
each point from near points (Lu and Wong 2008). 
However, the Kriging method is a stochastic approach 
that generates a continuous surface that does not pass 
through all sample points. The estimation provided by 
it is an unbiased compute of the observed value with 
the minimum variance (Ly and Degr´e 2011). The MC 
method is a fitting surface to a linearly elastic plate 
passing through each of the observed values with 
a minimum amount of bending (Yang et al. 2006).

For accurate selection of the PWV from GNSS, the 
PWV was compared from the GNSS and radiosonde 
data using ten stations with the other three GNSS 
stations that are used as reference stations. The 
above three-interpolation techniques are used to 

derive values on locations where no measurements 
are taken from the surrounding radiosonde and 
GNSS stations.

4. Results and discussion

4.1. Time series from radiosonde stations

4.1.1. Estimating the trend using least squares 
regression
The mean values and annual amplitudes of the 
PWV were determined for the period from 2005– 
2016 at five radiosonde sites in Egypt. The mean 
values of the PWV at northern region stations 
(Mersa-Matrouh and Al-Arish) are in the range of 
15.9–20.3 mm, mostly larger than those in other 
regions. For the mid station (Helwan), the PWV 
found to be in the range of 12.5–15.9 mm, but this 
value at the southern region stations (Aswan and 
Farafra) ranges from about 12.5–14.9 mm. so, it 
can be said that the values of water vapour vary 
with the location of the station.

The obtained trends along with their precision 
from the above mentioned five radiosonde stations 
for 12 years of data time periods are show in 
Figure 2. The results show that there are some differ
ences in the PWV magnitudes.

To verify the obtained tends, Figure 3 shows the 
time series residual of the PWV annual variations 
from 2005 to 2016 at the five radiosonde stations. 
The figure indicates the residual of scattering data 
against trend. The results show that the maximum 
error reaches 3.39 mm at station 62,337 in 2012.
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Figure 2. The estimated trends for different sites of PWV time series.

2016 2015 2014 2013 2012 2011 2010 2009 2008 2007 2006 2005

62337 0.56 -0.95 1.11 0.29 -3.39 -0.84 0.26 2.91 1.86 0.99 -0.72 -2.09

62423 1.02 0.02 -1.11 -0.76 -1.06 -0.59 1.00 1.51 1.06 0.88 -0.30 -1.66

62414 0.67 1.15 0.18 -0.90 -3.03 -0.23 0.06 1.49 0.63 0.40 0.34 -0.76

62306 0.55 -0.32 1.08 -0.84 -1.56 0.47 -1.65 2.40 -0.12 0.99 -0.62 -0.37

62378 0.53 -0.03 -0.12 0.60 -1.50 -0.64 -0.84 0.89 1.34 0.84 -0.07 -1.00
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Figure 3. Time series residual of the PWV annual variations from 2005 to 2016 at the five radiosonde stations.

NRIAG JOURNAL OF ASTRONOMY AND GEOPHYSICS 115



On the other hand, the regional trends for the 
above five stations were computed from the mean 
daily time series. Figure 4 shows the trend of 
mean PWV level over Egypt. PWV increased tem
porarily during 2005–2016 with a trend of 
0.3 mm/year.

4.1.2. Estimated monthly cycle

Figure 5 shows the monthly percentage averages 
(St) of PWV at two epochs (00–00 and 00–12-18 
UTC) of each day for the whole period 2005–2016 
for all the five sites. The percentages of the abso
lute values of PWV are under 0.5 mm from 
radiosonde data. Moreover, the variation of 
water vapour content is higher in the summer 
months than the winter months, which reflect 
the transition from dry to wet season at these 
geographical locations.

4.1.3. Stochastic time series
Figure 6 illustrates the 12-year stochastic error (It). The 
error was less than 1% during the 4 years (2015, 2013, 
2011 and 2006), while the maximum error was 5.4% in 
2012, which gives good confidence in the trend.

4.2. Radiosonde and GNSS bias estimation

Three GNSS stations “ASRH, ASWN and MTRH” 
were selected near the three other radiosonde station 
“62,337, 62,414 and 62,306” with 18, 7 and 2.6 km, 
respectively, see Figure 1. A 1-year data set (2014) was 
used for both techniques. The PPP technique was 
adopted to estimate ZTD, which were converted to 
GPS-PWV by using one key parameters “Tm”. The 
results indicate that GNSS data can be used for tropo
spheric delay monitoring with high accuracy (MTRH 
bias of 0.66 mm). This can be achieved by using PPP 
(see Figure 7).

(PWV) = 0.3561*(Year) - 701.58
r = 0.7026
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Figure 4. Annual trend variations of PWV.
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Figure 5. Mean monthly percentage average of PWV (%) from 2005 to 2016 for the five-radiosonde station.
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Figure 6. Percentage average of PWV (%) stochastic error from 2005 to 2016 for the five radiosonde stations.
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Figure 8 illustrates comparison between average 
PWV time series estimated from GNSS data and 
radiosonde data.

This effort is intended to computing the PWV 
improving both the spatial and temporal resolutions 
required for estimating the PW in this country, to help 
for developing accurate weather prediction and global 
climate models and to fill the observation Data gaps 
and knowledge related to water vapour contrast in this 
part of the world for the first time.

4.3. Spatial variations of PWV

Long-time series of PWV values from balloon sound
ings integrated through the atmosphere can be inves
tigated for climate analysis, particularly when they 
show sufficient agreement with the GNSS data (GPS 
and GLONASS). The data used for studying the inter
polation techniques are 13 GNSS and radiosonde sta
tions over year 2014. Ten out of the 13 stations were 
used for building the model, while the other three were 
used for testing the obtained model.
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Figure 7. PWV stations bias from GNSS and radiosonde data in Egypt (2014).
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Bias 0.5 -0.7 -1.8 -0.3 1.4 0.4 0.9 -0.1 0.6 0.9 0.6 0.9
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Figure 8. PWV monthly bias from GNSS and radiosonde data in Egypt (2014).

Figure 9. PWV map for Egypt using interpolation technique. Unit is mm. (a) IDW technique, (b) Kringing technique and (c) MC 
technique.
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Figure 9(a) shows the PWV distribution maps gen
erated by inverse distance weighting (IDW) technique. 
Clearly from this figure, the max value of PWV is found 
in the northern part of Egypt and reached about 21 mm. 
The estimated mean error by this technique for Mersa- 
Matrouh, Aswan and Al-Arish stations reached 1.5 mm, 
2.0 mm and 1.4 mm, respectively.

The prediction biases were validated using the dif
ferences between the Kringing predicted values and 
the measured values at these sample points because the 
latter can be assumed as the truth. Figure 9(b) shows 
the PWV distribution maps generated by Kringing 
technique. It is easily seen from this figure that, the 
max value of PWV reached about 22 mm in the north
ern part of Egypt. The estimated mean error by this 
technique for Mersa-Matrouh, Aswan and Al-Arish 
stations found to be 1.5 mm, 2.0 mm and 2.3 mm, 
respectively.

The PWV distribution using minimum curvature 
(MC) technique is presented in Figure 9(c). This map 
confirmed that the value of PWV is higher in the north
ern part than southern part of Egypt. The mean error of 
the present technique for Mersa-Matrouh, Aswan and 
Al-Arish stations reached 0.10 mm, 1.0 mm and 
0.30 mm, respectively.

The results indicate that the value of PWV is higher 
in the northern part than southern part of Egypt. The 
performance of the Minimum Curve technique was 
superior to inverse distance weighting and Kriging.

5. Conclusion

PWV time series determined the daily surface mea
surements of radiosondes stations and trend compo
nent, a seasonal component and a stochastic irregular 
component has been estimated. To evaluate the tem
poral evolution of PWV, the time series component 
have been deterministic modelled. Regional trends 
were computed from the yearly time series for each 
radiosonde station. The least squares fit for the trend 
has been computed with equal weighting for each 
estimated mean regional PWV value for each region. 
A positive trend in the PWV content with an increase 
of 0.30 mm/year has been found. In addition, the 
linear trend coefficients at each meteorological sta
tion have been estimated. Although PWV is high 
temporal variation, the calculated trend can be used 
to predict PWV using seasonal and stochastic 
components.

It has been demonstrated that GNSS technique has 
the potential to measure column abundance of water 
vapour, where the result shows that there is very good 
agreement between the PWV amounts estimated from 
GNSS signal delay measurements and those derived 
from radiosondes data. With biases 2.89, 2.48 and 
0.66 mm for GNSS station ARSH, ASWN and MTRH, 
respectively, comparisons between the PWV values 

derived from GNSS data and radiosonde data were per
formed. The same atmospheric parameters were used to 
achieve advantageous when comparing different instru
ments. Finally, spatial interpolation technique has been 
used to obtain the PWV at a position within an unmea
sured area. The performance of the minimum curvature 
technique is superior to other techniques. The minimum 
curvature technique could reach biases equal 0.1 mm.
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