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Abstract Precipitable water vapour (PWYV) is an important component of the atmosphere and sig-
nificantly influences many atmospheric processes. It is a physical parameter that is difficult to mea-
sure with adequate spatial and time resolution under all weather conditions. In this study,
radiosonde data for the city of Riyadh in central Saudi Arabia (24°43' N; 46°40" E, 764 m a.s.l.) from
1985 to 2007 were used to model the precipitable water vapour (PWYV) from the measurements of
vapour pressure and air temperature. A multilinear model was essentially unbiased with a correlation
coefficient (R?) of 0.81, a mean bias error (MBE) of —0.06 mm, and a root mean square error
(RMSE) of approximately 2.80 mm. The performance of the model was tested against two indepen-
dent datasets. The first dataset was four and half years of radiosonde measurements of PWYV for the
period 2008—March 2012, and the second set was two years of PWV data obtained from sun photom-
eter measurements at 940 nm. For both datasets, the predictability of the model was excellent, with
MBE values of less than 1 mm. The RMSE was 3.21 mm for the first set and 2.50 mm for the second
set. The predictive powers of 15 empirical models from the literature were tested against the mea-
sured PWYV for the period 1985 to 2007. The performances of these models varied. The proposed
multilinear model from this study outperforms the overall performance of these 15 models.

© 2012 University of Bahrain. Production and hosting by Elsevier B.V. All rights reserved.

1. Introduction

Of the major atmospheric gases, water vapour is the most

* Corresponding author. Tel.: +966 1 481 4302; fax: +966 1 481 abundant and has the greatest variability. It possesses many
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features of interest to scientists.
The water molecule creates strong absorption bands at
solar and terrestrial wavelengths. For instance, gaseous
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absorption and emission of thermal atmospheric radiation
are mainly due to water vapour absorption bands below
7.6 um, between 13 um and 16 pm, and beyond 22 pum
(Lhomme et al., 2007).
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Additionally, the vapour phase plays an important role in
the hydrological cycle, and it affects the climate and weather
systems (e.g. Follette et al., 2008). Its presence attenuates elec-
tromagnetic radiation in the atmosphere, which is significant
to astronomy, radar, telecommunications and remote sensing.
Water vapour, at all levels, strongly affects the temperature of
the atmosphere.

Due to the environmental impacts of water vapour, there is
increasing interest in its measurement at the surface and in its
total abundance in a vertical column through the atmosphere.
The latter parameter is called the integrated or precipitable
water vapour (PWYV), and its measurement is the central sub-
ject of this paper. PWV is the amount of liquid water that
would be obtained if all the vapour in the atmosphere within
the vertical column were compressed to the point of condensa-
tion (Dupont et al., 2008).

In contrast to the other greenhouse gases, the amount of
PWYV in the atmosphere can vary considerably with prevailing
conditions, including time of day, wind direction, and temper-
ature. This variability makes PWYV an extremely difficult quan-
tity to measure. Additionally, detailed data of the water
content are an important input data for hydrological, energetic
and radiation models (Smirnov and Moore, 2001; Zhai and
Eskridge, 1997; Dai et al., 2002; Cohen et al., 2000; Bokoye
et al., 2003).

Although water vapour is important in many different
applications, scientists were unable to study its spatial and
temporal distribution until radiosonde data became available.

The standard techniques for measuring PWV are radioson-
des (Lanzante et al., 2003), ground-based microwave radiome-
ters, LIDAR systems (Gerding et al., 2004; Kuwahara et al.,
2008), LASER systems (Eng et al., 1973) and GPS satellites
(Bevis et al., 1992; Hagemann et al., 2003; Li et al., 2008;
Stoew et al., 2001; Pramualsakdikul et al., 2007). However,
each method has limitations. LIDAR measurements are
expensive. Low spatial resolution restricts the use of space-
based instruments, while radiosondes offer limited coverage
(i.e., they can only observe a small number of sites). Another
approach involves observing the atmospheric transmittance
with sun photometers or equivalent instruments (Torres
et al., 2010; Holben et al., 2001; Elies et al., 2010). Algorithms
and techniques to derive the PWV from temperature measure-
ments by infrared (IR) radiometers have been explored (Magh-
rabi et al., 2009; Maghrabi and Clay, 2010; Clay et al., 1998;
Brooks et al., 2007).

When the required PWYV data are scarce, the use of empir-
ical models is a common practice (Maghrabi, 2009; Igbal,
1983; Hussain, 1984; Guerova et al., 2005). The empirical
methods are based on the statistical fit between the PWV data
and screen-level parameters, such as specific humidity, dew
point temperature, air temperature, and relative humidity. Sev-
eral parametric models of PWV have been developed based on
empirical data (e.g. Gueymard, 1994; Butler, 1998a,b; Hsu and
Blanchard, 1989; Tuller, 1977; Adeyemi 2009a,b; Viswanad-
ham, 1980; Adedokun 1986).

For instance, Reitan (1963) found a linear relationship be-
tween the monthly mean surface dew point and the natural
logarithm of the PWV. Hussain (1984) developed an empirical
model that parameterised PWYV as a function of the air temper-
ature and relative humidity. Ruckstuhl et al. (2007) proposed a
linear relationship between the GPS-derived PWYV and screen-
level specific humidity at several sites in Europe.

The main objective of this study is to find a simple model
based on screen meteorological variables to parameterise the
PWYV in arid conditions in the city of Riyadh, which is located
in the central Saudi Arabia. This study presents more recent
and longer time periods from this part of the world. This re-
gion was selected because it is an area of relatively homoge-
neous observations and one for which the records of changes
are available. Moreover, no previous studies have been done
to address the PWV estimation in this part of the world.

The details of the experimental site and the methodologies
in treating the data and calculating the PWYV values are given
in Section 2. In Section 3, the results are presented. The con-
clusions and future research are given in Section 4.

2. Experimental site, data sources and methods

The study area of Riyadh lies in the central region of the Ara-
bian Peninsula (24°43' N; 46°40' E, 764 m a.s.l.). The central
region is considered to be a vast eroded plateau consisting of
areas of uplands, broad valleys and dry rivers. The area also
contains a number of marshes, thought to be the remnants
of inland seas that existed in ancient geological times. The arid
conditions and continentality prevailing at this site are respon-
sible for large seasonal temperature differences, with cool win-
ters and very hot summers. The area experiences extremely low
humidity, particularly in the summer (Maghrabi et al., 2011).

The climate of the region exhibits four dominant seasons
each year: winter (December—February), spring (March—
May), summer (June-August) and autumn (September—
November).

Radiosonde and surface data were provided by the Saudi
Presidency of Meteorological and Environment (PME). Sau-
di’s atmospheric radiosonde observations date back to the
1970s. Because of the inhomogeneities found in radiosonde
data in both temperature and dew point depression prior to
1970, only the data from 1985 to March 2012 were selected.
The observations were made using Vaisala RS80A sondes.
Pressures, temperatures and dew point depressions were ex-
tracted from each sounding at all reported levels (i.e., manda-
tory and significant levels) from the surface to 300 mb. Data
extraction was terminated at 300 mb because of the poor per-
formance of radiosonde humidity sensors at cold temperatures
(Elliott and Gaffen; 1991; Wang et al., 2002; Free et al., 2004;
Kassomenos and MCGregor, 2006).

Assuming water vapour to be a perfect gas, its absolute
humidity p at sounding level z was obtained by a classic for-
mula derived from the equation of state of an ideal gas:

pv(Z):217XRH(7Z,)Xe(Z7 T) ()

where T is the observed absolute temperature, and RH(z) is the
relative humidity. The last term is the saturation water vapour
pressure e(z, T) in mb, calculated using the standard formula
(e.g., Kassomenos and MCGregor, 2006). Integration of Eq.
(1) along the vertical profile gives total PWV:

PWV = /0 Cp(2)d= 2)

The methodologies so far assume a complete data series.
Unfortunately, this is never the case with real data. Some kind
of interpolation is necessary to complete the series. Interpola-
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tion must be kept to a reasonable level in order to preserve the
nature of the information contained in the data (Zhai and
Eskridge, 1996; Dai et al., 2002). In our case, we linearly
interpolated up to 5 missing data points. Larger gaps were
not considered, and the months that have such large amounts
of missing data are excluded from the analysis. After these
cuts, a total of 13,150 daily values were available: 6750 of them
were from 0000 UT (nighttime) and 6400 were from 1200 UT
(daytime). The mean monthly values of the PWV were
obtained by taking the average daily values of the PWV for
each month during the study period. A total of 325 monthly
data points during the 26-year period were obtained. The mean
monthly values of the daytime and nighttime levels of PWV
were treated separately.

The PWYV data measured at 940 nm were obtained from a
Cimel automatic sun/sky photometer. This detector was placed
at the AERONET site on the rooftop of the solar village
(24.91° N, 46.41° E) at an elevation of 764 m and approxi-
mately 25 km northwest of Riyadh (Maghrabi et al., 2011).
The instrumentation, data acquisition, retrieval algorithms
and calibration procedure conform to AERONET standards
and are described in detail in numerous studies (Holben
et al., 2001). Standard screen-level meteorological observa-
tions, such as air temperature, relative humidity, and dew
point temperature, were obtained from the Riyadh Airport re-
cords and provided by the Presidency of Meteorological Envi-
ronment (PME).

A summary of the mean maximum and minimum values for
some of the meteorological parameters is presented in Table 1.

The work in this paper was conducted with the following
three steps.

First, we investigated the relationships between the depen-
dent variable (PWV) and the independent variables (vapour
pressure (eo) and air temperature (7)) using radiosonde-de-
rived PWYV data from 1985 to 2007. Based on the results of
the regression analysis, a multilinear predictive model to pre-
dict PWYV as a function of the two parameters was proposed.
Second, we tested the performance of the proposed model
against two independent data sets. The first set (set 1) is a
radiosonde-derived PWV covering the period 2008-2012. The
second set (set 2) is the PWV obtained from the Cimel sun pho-
tometer at 940 nm for the period 2001-2002. In the last step,
the PWYV predictions by previously reported models were com-
pared to the measured PWYV values for the period 1985-2007.

Table 1 The descriptive statistics for the radiosonde-derived
PWYV (in mm) and the sun photometer PWV at 940 nm. Some
meteorological variables (air temperature (7)), vapour pressure
(eo0), and dew point temperature (74ey)) for the two considered
periods are also shown.

Mean  Maximum  Minimum
(eo) 1985-2007 7.42 26.12 0.43
(eo) Set 2 PWYV at 940 nm 9.22 22.26 2.68
(PWYV) 1985-2007 1524  40.87 2.19
(PWYV) Set 2 PWV at 940 nm  12.33 23.92 2.88
(Tgew) 1985-2007 0.77 21.50 —27.60
(T4ew) Set 2 PWV at 940 nm 5.33 19.23 —10.81
(7T) 1985-2007 27.53 47.44 0.20
(7) Set 2 PWYV at 940 nm 27.62 38.57 8.09

The performance of the estimated PWV data was assessed
based on some commonly used statistical indicators (e.g.,
Maghrabi, 2009). These include the following: (1) the mean
percentage error (MPE), (2) the mean bias error (MBE), and
(3) the root mean square error (RMSE). Their functional
forms are given as:

1 SN (PWV,us — PWV,
MPE — meas wai 1
N;( PWVoro 00)’ (3)
1 N
MBE = ﬁ;(Pwv,—W —PWV,), (4)
1 & 5
RMSE = N;\/(Pwvimeax - PWVfC‘al) ) (5)

where PWV,eqs 18 the ith measured value, PWV ., the ith pre-
dicted or calculated value, and N is the total number of
observations.

The MPE can be defined as the percentage deviation of the
predicted and measured PWYV data. The MBE reveals whether
a given model has a tendency to under- or overpredict, with
MBE values close to zero being desirable. The RMSE indicates
the level of scatter in a model, providing a term-by-term com-
parison of the actual deviations between the predicted and ob-
served values. Lower RMSE values reflect a better model in
terms of its absolute deviation.

We also used r-statistics (z-stat at a significance level of
o = 0.01) to determine whether the equation estimates are sta-
tistically significant.

3. Results and discussion

3.1. Model parameterisation

In this section, we aim to find an empirical model that corre-
lates the measured PWV data with some screen-level parame-
ters that have a physical link with the PWV. We chose two
parameters: vapour pressure and air temperature. Vapour
pressure was selected because the water content is concentrated
near the surface layer. The air temperature usually affects the

a
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(6] o [6)] o (2] o [6,]

10 A
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Figure 1 The relationship between daily PWV values and the
vapour pressure for all sky conditions.
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Table 2 The mean values of the measured and the predicted PWV for the original data (1985-2007), set 1, and set 2. The MBE, RMSE and MPE results for each data set were also

given.

Set 2 PWV at

940 nm
12.74

Yearly  Set 1 2008—
2012

Monthly
1200

Monthly
0000

Original set monthly
1985-2007
14.86

Daily

1200

Daily
0000

Original set daily
1985-2007

15.15

15.12 15.19

15.49 14.62

15.06

15.24

Measured PWV

(mm)

11.63

15.23

14.58 15.46

14.70 15.07 13.96 12.77

15.3

Predicted PWV

(mm)

0.87
2.26
7.2

—0.08

—0.26

0.54
3.17
—6.34

1.85
3.37
8.09

0.86
2.83
3.31

0.42
3.08

8.27

0.359
3.08
—8.09

—0.06

MBE (mm)

3.21
-9.37

1.00

2.80
—7.17

RMSE (mm)
MPE (%)

7.09

atmospheric water content by increasing or decreasing evapo-
ration from the ground as a direct result of the water vapour
concentration in the atmospheric layers.

Fig. 1 shows the daily variations of the PWV against the
screen-level eo. The PWV was clearly correlated with eo,
although there was some spread in the data. The general trend
was that PWYV increased with eo.

The result of the regression analysis of the relationship be-
tween the two parameters is given as:

PWV = 1.15 x co + 6.8, (6)

where the correlation coefficients R, MBE and RMSE were
0.38, 6.24 mm and 6.41 mm, respectively.

To produce a model that accurately describes the PWV and
minimises the errors associated with using a single variable
model, multiple regression analysis between the PWV and
the two parameters (i.e., eo and T) was performed. The multi-
ple regression analysis yielded the following relationship:

PWV =272+4132x¢e0+021 x T (7)

Table 2 summarises the mean values of the measured and the
predicted PWYV for the original data (1985-2007), set 1, and set
2. The MBE, RMSE and MPE results for each data set were
also given.

The correlation coefficient R> was 0.81, the MBE was
—0.06 mm, and the RMSE was 2.80 mm. The use of two vari-
ables further optimised the predictions. Fig. 2a shows the esti-
mated PWYV based on Eq. (7) plotted against the measured
PWYV for the period between 1985 and 2007. The model can
accurately predict the PWV. The data distributed around the
1:1 line and the maximum deviations of the predicted values
are less than two standard deviations from the means of the
measured values.

The linear relationship between the measured PWV and the
predicted values from Eq. (7) was also statistically tested based
on a simple linear regression test at a significance level of
o = 0.05, where o is one minus the confidence interval. In this
test, the confidence interval was 95%. The equation for the
regression is

PWV _Predicted = 0.81 x PWV_Measured + 2.84 (8)

with a correlation coefficient of 0.82. This result indicates that
the overall regression was statistically significant. The offset of
the predicted values from the 1:1 line was approximately
3mm. Fig. 2b shows that the frequency distribution of the
MBE between the measured and predicted values superim-
poses with the normal distribution curve. The MBE values
are confined within +6 mm. The overall distribution of the er-
rors resembles a normal distribution.

For some situations, the proposed model greatly under- or
overestimates the measured PWV values. The large deviations,
while consistent with a normal error distribution, can be ex-
plained by several factors. For example, the proposed model
was considered to be applicable to all sky conditions. The pres-
ence of atmospheric disturbance factors, such as thin clouds
and precondensation aerosol clouds, may have affected the
PWV.

The performance of the estimated PWV data from Eq. (7)
was validated against the mean daily values for nighttime
(0000 UT) and daytime (1200 UT) and against the mean
monthly and yearly values for the whole dataset (1985-
2012). The results of these comparisons are presented in
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Figure 2

(a) Comparisons between the measured PWV and the predicted PWYV using Eq. (7) for the dataset spanning the period 1985—

2007. The dashed line is the regression fit between the measured and predicted PWYV values. The solid line is a 1:1 line for reference. (b) A
histogram showing the frequency distribution of the MBE (mm) of the measured—predicted PWV values superimposed on a normal

distribution curve.

columns 2-6 of Table 2.The statistical parameters for all the
selections do not greatly differ from the originally proposed
parameters. With the exception of the nighttime monthly mean
data, which showed an MBE value of 1.82 mm, the rest of the
data had MBE values less than 1 mm.

3.2. Model validation: independent datasets

The performance of Eq. (7) was validated with two indepen-
dent datasets, set 1 and set 2. The statistics describing the
agreement between the model predictability and the measured
data from both sets are given in the last two columns of Ta-
ble 2. The RMSE values for set 1 and set 2 were 3.21 mm
and 2.63 mm, respectively. The MBE and MPE values were be-
low 1 mm and within +10%, respectively. The mean predicted
PWYV values for set 1 and set 2 were 15.23 and 11.63 mm,
respectively. This finding is comparable with the mean mea-
sured values for set 1 (15.12 mm) and for set 2 (12.74 mm).
Fig. 3a shows the predicted PWYV plotted against the measured
PWYV for set 1. Most of the data are close to the 1:1 line, with a
maximum deviation from that line of no more than 7 mm. The
distribution of the MBE is presented in Fig. 3b, which resem-
bles a normal distribution.

Fig. 4a shows the predicted PWV versus the measured val-
ues for set 2. Although the data are distributed around the 1:1
line at medium values (7-14 mm), the data are farther from
that line for PWV values below 7mm and higher than

14 mm. The maximum deviation of the PWV values occurs
in these two intervals, however, does not exceed 6 mm.
Fig. 4b shows the distribution of the MBE for set 2, which
resembles a normal distribution.

Many factors may cause these deviations, e.g., the uncer-
tainties in predicting the PWV using Eq. (7) are greater in some
extreme atmospheric conditions, such as a heat wave on hot
summer days and temperature inversions in the lower atmo-
spheric levels during the cold winter nights. Clouds may also
affect the predictive ability of the model. The instrumental
uncertainties associated with the sun photometer-derived
PWYV values may introduce some additional error in the mea-
surements. The PWV deduced from the sun photometer is con-
centrated at one wavelength band (940 mm), whereas water
vapour has strong emission lines at other wavelengths. Despite
these possibilities, Eq. (7) still predicts the PWV with reason-
able accuracy from the obtained statistical parameters.

3.3. Selected model assessments

Numerous studies have demonstrated the existence of correla-
tions between the PWV and surface humidity parameters, such
as water vapour pressure, dew-point temperature, and absolute
and relative humidity. As a result, different formulae have
been proposed. Reviews of such parameterisations are usually
presented in connection with studies on the attenuation of so-
lar radiation components, e.g., Igbal (1983).
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Figure 3 (a) Shows the measured PWV versus the predicted
PWYV obtained using Eq. (7) for the dataset covering the period
2008-2012. The dashed line is the regression fit between PWV
Predicted and PWV Measured. The solid line is the 1:1 line. (b) A
histogram showing the frequency distribution of the MBE (mm) of
the measured—predicted PWV values superimposed on a normal
distribution curve.

The objective of this section is to assess the performance of
some of the previously reported PWV models for Riyadh and
to compare their performance with the model obtained in this
study (Eq. (7)). Fifteen models were selected that differ from
each other in terms of the number of variables and the model (lin-
ear, exponential or quadratic). The predictability of these models
was tested against the dataset that covers the period 1985-2007
which were used to constrain the proposed model (Eq. (7)).

The functional form, the mean PWYV values, and the statis-
tics (RMSE and MBE) describing the agreement between the
tested models and the observed PWV are given in Table 3.
The RMSE values for the models ranged between 3.54 and
10.78 mm. The MBE ranged between —3.36 and 9.67 mm.
According to their MBE and RMSE values, the models of
Hussain (1984) and Butler (1998a,b) had the worst predictabil-
ities against the measured values. On the other hand, Adeyemi
(2009) model for Kano showed the best performances accord-
ing to its MBE and RMSE. Gate model (cited by Kambezidis
et al., 1993) showed next best model. The other models had
reasonable MBE values. Four of these models showed MBE

30

25 A
20 A .

.o
15 4 “ .

PWV-predicted (mm)

PWV-measured (mm)

30 4

Frequency

Figure 4 (a) The sun photometer-derived PWYV data at 940 nm
for the period 2001-2002 plotted against the predicted PWYV using
Eq. (7). The dashed line is the regression fit between PWV
Predicted and PWV Measured. The solid line is the 1:1 line for
reference. (b) A histogram showing the frequency distribution of
the MBE (mm) of the measured—predicted PWYV values superim-
posed on a normal distribution curve.

values less than +3 mm, and four models presented values be-
tween 3 and 4 mm. Nearly all of the models overestimated the
measured PWV values to different extents. The Evnevich
(1967) model and Adeyemi (2009) model for Lagos underesti-
mated the measured values.

The multilinear model proposed in this study outperformed
the overall performance of the other models.

The unsuccessful prediction of PWV in Riyadh by these
models does not mean that they are entirely inaccurate. The
models were proposed for sites with different atmospheric con-
ditions than those in Riyadh. Thus, these models may over- or
underestimate measurements at other sites. For instance, Adey-
emi (2009) model to estimate the PWV for Lagos overestimates
the predictability of PWV in Riyadh, because Lagos is a very
humid place. Contrary the predictability of Adeyemi (2009)
model for Kano (semiarid place) matches the measured PWV
because it has similar atmospheric conditions found in Riyadh.

In certain applications, such as modelling the attenuation of
direct solar radiation, an appropriate model to quantify the
atmospheric water content may need to be selected. In Saudi



Estimation of precipitable water vapour using vapour pressure and air temperature in an arid region in central Saudi Arabia 7

Table 3 The functional forms of 15 selected models. The statistical parameters for the considered models (mean PWV values, MBE,
and RMSE) are compared with the measured values for Riyadh using daily data (mean PWV = 15.24) for the period 1985-2007. The
RMSE, MBE for Eq. (7) were in respective —0.06 and 2.80 mm. All the parameters are in mm.

Model Functional form PWV MBE RMSE
Hann (cited by Okulov et al., 2007) PWV =2.1 x eo 14.73 0.51 6.12
Gate (cited by Kambezidis et al., 1993) PWV = 2.3 x eo x 10~ H(station)/22,000 14.90 0.34 5.43
Sivkov (1971) PWV = 3.8 x e0?/3 13.64 1.60 4.73
Evnevich (1967) PWV = 1.6 x €0 + 2.3 1752 —2.28 7.01
Reitan (1963) In(PWV) = 0.1102 + 0.06138 x 24 10.32 4.92 6.82
Leckner (1978) PWV =493 x eo x T 11.83 3.41 6.34
Won (1977), cited by Igbal (1983) PWV = 0.11 X exp[(2.2572 + 0.05454 X 1,)] 10.47 4.77 7.15
Okulov et al. (2007) PWYV = 1.58 x eo + 0.68 12.01 3.23 5.34
Ruckstuhl et al. (2007) PWV = 2.67 x ¢*° 13.43 1.81 5.67
Hussain (1984) PWV = RH x (4.7923 4 0.364 x T+ 0.0055 x T? + 0.0003 x T°) 5.48 9.76 10.78
Butler (1998a) PWV = TPTOH 8.61 6.63 8.61
Adedokun (1986) PWV = 0.0273¢"5! 11.35 3.89 7.15
Adeyemi (2009) (Lagos) PWYV =226 x r; — 0.050 18.61 —3.36 6.41
Adeyemi (2009) (Kano) PWV =480 x r; — 0.216 14.93 0.31 3.54

Footnote: eo is the screen-level vapour pressure, 7'is the screen-level temperature, ¢, is the dew point temperature, and PWYV is the precipitable
water vapour. ¢ is the specific humidity; r, is the mixing ratio at screen level. In Butler (1998) model P, is the water vapour partial pressure at the
surface in pbar, H is the scale height of water vapour (assumed to be 1.5 km), m,, is the molecular weight of water, & is the Boltzmann constant,

and Ty is the surface temperature in K.

Arabia and other locations with similar atmospheric condi-
tions, the proposed model could accurately predict the PWV.

4. Conclusion

We have developed a simple relationship to predict the PWV
using the screen-level temperature and vapour pressure. The
multilinear model can predict the integrated water content with
reasonable accuracy in the central region of Saudi Arabia and
at any location with similar atmospheric conditions. The model
showed excellent prediction ability when tested against four
and half years of independent data obtained by radiosonde.
The model performed well against two years of independent
PWV measurements obtained with a sun photometer at
940 nm. The predictions by the proposed model were excellent
when compared with 15 previously reported models.
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