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ABSTRACT

Remote sensing of atmospheric water vapor using global positioning system (GPS) data has become an effective tool
in meteorology, weather forecasting and climate research. This paper presents the estimation of precipitable water (PW)
from GPS observations and meteorological data in Algeria, over three stations located at Algiers, Bechar and Tamanrasset.
The objective of this study is to analyze the sensitivity of the GPS PW estimates for the three sites to the weighted mean
temperature (71,), obtained separately from two types of Ty,—Ts regression [one general, and one developed specifically
for Algeria (T stands for surface temperature)], and calculated directly from ERA-Interim data. The results show that the
differences in Ty, are of the order of 18 K, producing differences of 2.01 mm in the final evaluation of PW. A good agreement
is found between GPS-PW and PW calculated from radiosondes, with a small mean difference with Vaisala radiosondes.
A comparison between GPS and ERA-Interim shows a large difference (4 mm) in the highlands region. This difference is
possibly due to the topography. These first results are encouraging, in particular for meteorological applications in this region,
with good hope to extend our dataset analysis to a more complete, nationwide coverage over Algeria.
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1. Introduction

Water vapor plays an important role in atmospheric pro-
cesses, but its quantification is difficult because of its tem-
poral variation in space and time, depending on the com-
plex interaction of several phenomena like convection, pre-
cipitation and turbulence. Radiosonde profiles, as classical
methods of collecting data on atmospheric water vapor, do
not generally offer the spatial and temporal resolution nec-
essary for in-depth studies of weather and climate (Ware et
al., 2000). These sondes are launched twice a day at most
sites, and are located hundreds of miles from each other.
Moreover, these methods are affected by issues of calibration,
poor quality of data, and long-term reliability (Elliott, 1995,
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Wang and Zhang, 2008).

In recent years, the use of the global positioning sys-
tem (GPS) satellites to sense water vapor in the troposphere
has increased. In addition to its use for geodetic position-
ing, it also allows the estimation of atmospheric water va-
por. Specifically, it is possible to convert the propagation
delay of electromagnetic waves in atmospheric precipitable
water (PW) when at least the surface temperature [T, from
which the weighted mean temperature (7y,) can be derived]
and pressure at the same site are known (Bevis et al., 1992;
Rocken et al., 1997). Many studies have shown that GPS
is an efficient tool that can complement other remote sens-
ing techniques for measuring the water vapor content, which
is a useful quantity for climatological and weather forecast-
ing applications (Guerova et al., 2003, 2016). Recent exper-
iments have proved the ability of GPS to measure the wa-
ter vapor with the same accuracy as other instruments, such
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as radiosondes, radiometers and photometers (Torres et al.,
2010; Van Malderen et al., 2014).

The first objective of this study is to provide preliminary
retrievals of PW from GPS receivers in Algeria using dif-
ferent estimations of Ty,. Specifically, Ty, is determined by
linear regression from 7 using the known equation model
of Bevis et al. (1992), and using the equation model estab-
lished for Algeria by Boutiouta and Lahcene (2013). Ty, is
also calculated directly by numerical integration of the ver-
tical profiles of temperature and humidity, measured by ra-
diosondes or taken from the numerical weather model output
of ERA-Interim. The second objective of this study is then
the validation of those different parameterizations by com-
paring the resulting GPS-PW retrievals with the PW values
obtained with radiosonde data and from ERA-Interim data.

2. Methodology

2.1. Physics of the atmospheric propagation delay

The troposphere is the lower part of the neutral atmo-
sphere, extending from Earth’s surface up to an altitude of
approximately 16 km at the equator and 8 km at the poles, and
composed of dry gases and water vapor (Kos et al., 2009).

Global Navigation Satellite System (GNSS) signals are
affected by refraction due to molecules in the troposphere,
and this introduces delay in the arrival time of the signal due
to bending and delay along the propagation path. The path
is determined from knowledge of the refraction index (n),
which is conveniently expressed in terms of refractivity (V)
(Bevis et al., 1994):

N=10°n-1). (D)

An often used expression for N has the following form
(Thayer, 1974):

Py(2) th Py(2) ths Py(z)

T T T2
where P4, T and P, are the partial pressure of dry air,
temperature, and the partial pressure of water vapor, re-
spectively, and vary with height z. The coefficients k; =
(77.60 £ 0.05)K hPa~!, k, = (64.8 +0.08)K Pa~! and k3 =
(373900 +0.04)K? Pa~'.

N(@) =10%n-1)=k . @

2.2. Zenith total delay (ZTD)

The phase delay along the zenith direction is related to
the atmospheric refractivity, N(z), by

ZTD=10"° f
receiver

The refractivity can be divided into two parts—the hydro-
static (Nhyqdr) and the wet delay (Nyey):

N= Nhydr + Nyet. 4

The zenith hydrostatic delay (ZHD) is the delay due to
the whole density of the neutral atmosphere and can be accu-
rately estimated, under the assumption of hydrostatic equilib-
rium, from only the surface pressure Py, and the variation of

N(2)dz . 3)
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the gravity field f with respect to the latitude ¢ and the height
above the geoid 4 (in km), (Saastamoinen, 1972; Davis et al.,
1985):

P

ZHD = (0.0022768 +0.0000024) —=— | 3)
(g, h)

fle,h) = 1-0.00266cos e —0.00026A . (6)

The zenith wet delay (ZWD) represents the contribution
of water vapor, and is expressed by

ZWD = 10‘6[k2f(P—7fv)dz+k3f(%)dz], %)

where Py, and T are the partial pressure of water vapor (in
hPa) and the atmospheric temperature (in K), respectively. k»
and k3 are the coefficients of refractivity obtained experimen-
tally; their errors are negligible in the error budget for pro-
cessing of the PW (Bevis et al., 1994; Brenot et al., 2006):

ky = (64.8£0.08) ,

(®)
kz = (373900 +0.04) .

3. Determination of PW from ZWD

The total PW (generally expressed in mm) is the amount
of liquid water that would be obtained if all the water vapor in
the atmosphere within a vertical column were compressed to
the point of condensation. Considering the density of water
being equal to 1 g cm™3, PW is equivalent to the integrated
water vapor (IWV) content (generally expressed in kg m™2).
The relationship between PW and the wet delay can be ex-
pressed as follows (Askne and Nordius, 1987):

PW = kZWD ,
k = [10%ks/Tim + Ky)Rypl ™",

©))
(10)

where R, (= 461.5181 kg K1) is the gas constant for the
water vapor, p is air density, k) = (17 £ 10) and Ty, is the
weighted mean temperature of the atmosphere. The weighted
mean temperature T, is defined as (Davis et al., 1985)

_fPTde
f’;—gdz’

where py is the partial pressure of water vapor, 7 is the ab-
solute temperature, and z is the vertical coordinate. Ty, can
either be calculated from vertical profile data provided by ra-
diosondes or global reanalysis data, or estimated from 7 (in
K) observations using a linear empirical relationship (e.g. Be-
vis et al., 1992)—the so-called T\,—T relationship:

Tm Y

Ty =702+0.72T . (12)

This Bevis et al. (1992) regression was based on an anal-
ysis of 8718 radiosonde profiles spanning approximately a
two-year interval from 13 sites in the United States with a
latitudinal range of 27° (West Palm Beach, Florida) to 65°
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(Fairbanks, Alaska) and a height range of these stations from
0to 1.6 km.

Based on a period of three years (2005-07) of radiosonde
observations at five permanent sites in Algeria (Dar-El-Beida,
Bechar, Tindouf, In-Salah and Tamanrasset), Boutiouta and
Lahcene (2013) derived the following T1,—T relationship for
Algeria:

T = 14.79+0.96T . (13)

4. Dataset and instruments

4.1. GPS and radiosonde data

We use the GPS data from three stations in Algeria: Al-
giers, Bechar and Tamanrasset. These data, from the National
Institute of Cartography and Remote Sensing and the Alge-
rian Research Centre for Astronomy, Astrophysics and Geo-
physics, are obtained using LEICA GRX1200+GNSS and
ASHTECH UZ-12 receivers.

The observations of Tamanrasset station are available
from 21 November to 4 December 2012, while for Algiers
and Bechar the available data period is the entire month of
August for the same year. The climatic characteristics for
2012 for these stations can be summarized as follows:

(1) For Algiers, the average maximum temperature is
37°C and the accumulated precipitation for the year is 666
mm. The PW variability is high at this station throughout the
year, with a daily amplitude of around 30 mm between the
very humid month of August and that of December (value
based on radiosonde observations).

(2) For Bechar, located in the torrid (subtropical) zone,
the average maximum temperature is around 47°C, and the
station is sometimes affected by the ramifications of the mon-
soon in West Africa. The accumulated precipitation is about
144 mm for 2012. Unfortunately, the radiosonde observa-
tions for the year 2012 for this station contain some errors, SO
we are unable to draw conclusions for the PW variability for
this year.

(3) The climate around Tamanrasset station is very dry
throughout the year, but tempered with altitude. The mean
temperature is about 28°C and the annual accumulated pre-
cipitation amounts to 42 mm. The annual variation of PW
at Tamanrasset is similar to Algiers, with a maximal differ-
ence of 28 mm between summer and winter (value based on
radiosonde observations for the year 2012).
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It can therefore be concluded that these three stations
are located in distinct regions from a climatological point of
view.

To process the GPS data, we include the three stations
of VILL (Villafranca, Spain), RABT (Rabat, Morocco) and
CAGL (Cagliari, Italy) from the International GNSS Ser-
vice (IGS). Additional details regarding the processing of the
GPS data using Bernese software, version 5, can be found in
Table 1.

The three Algerian GPS stations used have the advantage
that they are co-located with radiosonde sites within 10 km.
Information on the GPS-radiosonde site distances and height
differences is summarized in Table 2. The radiosonde data
are from the University of Wyoming, which hosts a website
showing the latest radiosonde observations (http://weather.
uwyo.edu/upperair/sounding.html). Because of the (small)
height difference between the GPS and co-located meteoro-
logical site, an altitude correction of the surface values ob-
tained at the meteorological site should be made. The T cor-
rection is made by assuming a constant temperature lapse rate
with altitude for a humid atmosphere (=6.5 K km™!). This
is the most appropriate value for the three Algerian stations
used here, as we calculate from the radiosonde profiles lapse
rates of —6.15, —6.67 and —7.01 K km™! for Algiers, Bechar
and Tamanrasset, respectively.

The correction of the surface pressure, measured at the
meteorological station, to the GPS antenna height, is based

Table 1. GPS processing parameters.

GPS processing parameters

Software Bernese GPS software, version 5.0

Processing method Network solution
Satellite and receiver antenna

phase center calibration

IGS08 absolute phase center offset
and variation model

Tropospheric model The troposphere delay have been
modeled by a model of Saasta-
moinen (1972) with Niell map-
ping functions (1996).

Tropospheric gradient Horizontal gradient parameters tilt-
ing (2-h interval)

Wet—Niell mapping functions (1-h
interval)

10°

Mapping functions

Elevation cut-off angle

Table 2. Location of GPS and radiosonde sites used in this study. The latitudes and longitudes are given in decimal degrees; the height is
given with respect to the WGS84 ellipsoid. For the radiosonde sites, the distance (Dist.) and altitude difference (Diff. alt.) are given with

the co-located GPS sites.

GPS sites Radiosondes sites
Station Latitude (°E) Longitude (°N) Height (m) WMO code Dist. (km) Diff. alt. (m)
Algiers 36.7 3.10 71.90 60390 9.75 429
Bechar 31.6 -2.24 863.45 60571 7.15 47.45
Tamanrasset 22.7 52 1415.99 60680 1.1 37.99
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on the hypsometric equation (Vey et al., 2009):

Pe8MH
RaT

Pgps = (14)

where Pgps is the pressure at the GPS antenna height (hPa),
Ry (= 287.058 T kg~! K1) is the gas constant for dry air,
P is the pressure at the height of the pressure sensor (hPa),
AH = Hgps — H; is the height difference (in m), and 7 is the
actual mean temperature of the layer between the GPS an-
tenna and the meteorological sensor (in K).

Because all of the radiosonde sites are located at a higher
altitude than the co-located GPS site (by about 40 m), the
PW values obtained at the radiosonde site are expected to
be smaller than those retrieved at the co-located GPS site,
possibly leading to a bias offset between the PW values at
both sites. From the radiosondes profiles, we calculate bi-
ases/offsets that could be expected for a height difference less
than 50 m between the GPS site and the radiosonde launch
site. We find mean offsets of the order of 0.38, 0.20 and 0.10
mm for Algiers, Bechar and Tamanrasset, respectively. These
offset differences are due to the more humid atmosphere at
Algiers and the low variation in PW at the other two sites.

4.2. ERA-Interim

We use ERA-Interim data to retrieve the IWV time series
at the three Algerian GPS sites and to calculate the T, values
at those sites. ERA-Interim is a global atmospheric reanalysis
from 1979 to present, produced by a numerical weather pre-
diction model run at the European Centre for Medium-Range
Weather Forecasts (Dee et al., 2011). The horizontal resolu-
tion of ERA-Interim is 0.75° x 0.75°, with a temporal reso-
lution of 6 h. The PW values are interpolated from the four
grid points surrounding the GPS station (see Fig. 1), weighted
with the inverse distance to the GPS station, and corrected for
the altitude difference between the surface grids and the GPS
station. For the calculation of the Ty, the integration starts at
the height of the GPS station, or the meteorological parame-
ters are extrapolated from the surface grid height to the GPS
station height.

5. Comparison of the different 7', calculations

In this section, we use different models of T, [which we
name Bevis, Boutiouta and ERA-Interim for the Bevis et al.
(1992) regression, the Boutiouta and Lahcene (2013) regres-
sion, and the ERA-Interim calculation, respectively]. Figure
2 shows the time series of the different T}, estimations. First,
it can be noted that the T}, calculated by the regressions (Be-
vis and Boutiouta) have a more pronounced daily cycle than
the T, calculated by ERA-Interim, because the T varies with
a larger amplitude during a day than a mean (integrated) tem-
perature.

A second important remark is that, for all stations, the
mean bias between the Bevis-T,, and Boutiouta-T,, varies
between 13.30 and 18 K. From Egs. (12) and (13), it is al-
ready expected that, for the warmer temperatures of Algeria,
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Fig. 1. Location of the GPS and radiosondes stations in Algeria
used in the present study, with the surface height gridlines of
ERA-Interim over-plotted.

the Bevis relationship will produce cooler mean temperatures
than the Boutiouta regression. On the other hand, the mean
bias between Bevis-T,, and ERA-Interim varies between —4
and 2 K only.

The regression of Boutiouta, which is formulated for
Algeria, shows worse agreement with the ERA-Interim Ty,
than the regression of Bevis, which is based on radioson-
des launched in the United States. To investigate the rea-
son why the Boutiouta regression deviates so much from the
other T, formulations, we calculate the T, directly from the
radiosonde data in Algeria at these stations as the reference.
The comparison is plotted in Fig. 3.

From Fig. 3, it can be seen that, for all stations, both dur-
ing daytime and nighttime, a large bias between the Ty, of
Boutiouta and the other T, formulations, and in particular
with the T, calculated from radiosondes, exists. The best
agreement with the Ty, calculated from the radiosondes is
with the Tp, of ERA-Interim, but at the Algiers station (0000
UTC), there are two outliers in the T, calculated from the ra-
diosonde data, which may point to some bad data. The good
agreement between the Ty, from the radiosondes and the Ty
from ERA-Interim might be attributable to the impact that
the assimilated radiosonde data has on the reanalysis. It can
also be noted from Fig. 3 that the biases between the daytime
and nighttime Ty, values are larger for the T}, resulting from
Tw—T, regression (i.e., both Bevis and Boutiouta) than for the
Ty, calculated from ERA-Interim or from radiosondes. This
feature is also clear in Fig. 2.

The distinct behavior of the Boutiouta 7Ty,, especially
with respect to the Bevis relationship, which is derived from
radiosonde launches over the United States, might also be
explained by the highly variable geography and climate of
Algeria—a country of the subtropical zone where the domi-
nant climate is hot and dry. Therefore, it might be very dif-
ficult to find one Tr,—T relationship that could be applied to
the whole the country. In this context, based on a study in
Argentina, Fernandez et al. (2010) concluded that the usage
of Ty, estimated from the Bevis model is the best choice for
regional studies, unless further studies that take into account
the geographical and climatological characteristics of the re-
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Fig. 2. Time series of different Ty, estimations for the three Algerian stations of Algiers, Bechar (both for
August 2012) and Tamanrasset (21 November to 4 December 2012).
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Fig. 3. Comparison of different T, parameterizations during daytime (1200 UTC) and nighttime (0000 UTC).

gion are carried out. Such studies would provide a more suit-
able T, model that is better adapted to the area. For Algeria,
it seems that the parameterization of Boutiouta and Lahcene
(2013) does not bring any added value related to geographi-
cal or climatological characteristics, as compared to the Bevis
T parameterization. Looking at the linear 7,—7T's regression
derived in Boutiouta and Lahcene (2013), their Fig. 2 shows

a large standard deviation of 5 K. This value is comparable
to the standard deviation obtained by Bevis et al. (1992) for
their regression and radiosonde dataset, which encompasses
a larger area and longer set of observations. Based on the Al-
gerian radiosonde observations at the stations of Algiers and
Tamanrasset for the year 2012, we also derive an alternative
linear regression between Ty, and T, T, = 0.45T + 148.30,
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Fig. 4. Illustration of different T — Ty, regressions for the entire year in 2012
based on the radiosonde observations at Algiers and Tamanrasset stations.

with an RMSE equal to 4.82. (Fig. 4). Given there is an is-
sue with the radiosonde T; observations at Bechar for a large
number of months in 2012, we cannot include this station in
our linear regression. It is clear from Fig 4 that our regres-
sion is closer to the Bevis regression than to the Boutiouta
and Lahcene (2013) regression. However, as our regression
is only based on one year (2012) of radiosonde observations
at two stations, we decide not to use this regression in the
remainder of this paper.

6. Comparison of GPS-PW from different
models of 7',

In this section we estimate and compare the GPS-PW
from the T, models based on the Bevis and Boutiouta re-
gressions and ERA-Interim, which we refer to as Bevis-Ty,
PW, Boutiouta-T,, PW and ERA-T,, PW, respectively.

The different time series are presented in Fig. 5, from
which we can see that the values of water vapor vary with
the location of the station: a large difference in the PW range
is observed between Algiers and Bechar for the same set of
days. The maximum value of 51 mm is reached in August at
Algiers, which is close to the sea, and the minimum value (of
the order of 3.7 mm) is observed at Tamanrasset in Novem-
ber, because of the higher altitude and geographical location
of this station (and the fact that for this station only winter
measurements are available). For Bechar, the mean values
of water vapor are in the order of 18 mm, i.e., between the
Algiers and Tamanrasset ranges.

To illustrate the behaviour of GPS-PW with respect to the
different Ty, models, a comparative study is realized using
different PW processing obtained with Boutiouta-7',, Bevis-
T and ERA-T,,. Since the Bevis model is a well-known
standard reference, the Boutiouta-7, and ERA-T},, GPS-PW
differences are computed relative to this model reference and
plotted in Fig. 6.

The largest difference between the Bevis- and Boutiouta-
T GPS-PW recorded at Algiers is 2.59 mm. Whereas, for

Bechar and Tamanrasset, the maximal differences are 1.63
and 1.22 mm, respectively.

The Bevis- and Boutiouta-T,,, GPS-PW differences are
negative for the three stations, meaning that the Boutiouta-Tp,
PW is higher than that of Bevis for all stations. This follows
immediately from the distinctly higher T, values obtained
with the Boutiouta regression. The situation is quite differ-
ent when applying ERA-T},,. In this case, for all stations the
maximum PW difference with the Bevis-T,, GPS-PW does
not exceed 1 mm, and the differences are sometimes posi-
tive and sometimes negative for the three stations. So, the
better agreement of the T}, between the ERA-Interim calcu-
lation and the Bevis regression also results in smaller biases
between the PW amounts, as compared to the Boutiouta-Ty,
regression.

It might seem remarkable that such a large bias in the T}y
results in only a small bias in the GPS-PW. Therefore, to in-
vestigate the impact of T, on the GPS-PW, we also use a
statistical approach based on an error propagation law. Ac-
cording to Sapucci (2014), the effect of the uncertainties in
Ty, values or,, on GPS-PW estimations is given by the fol-
lowing equation:

o2, = |10°ZWDR,, os .
(Rwks +ka,2Tm)2 "

pw =

15)

By setting the values of T\, uncertainties or,, in the range of
10 to 1 K according to the results illustrated in Fig. 2, the ob-
tained values of oy, indicate that the impact of Ty, on GPS-
PW varies from station to station: for Algiers, the effect of
the T, bias on GPS-PW is of the order of 2.01 mm. On the
other hand, the impact of the T}, bias on GPS-PW varies by
around 1.57 and 1.19 mm at Bechar and Tamanrasset, respec-
tively. These calculations show that the uncertainty of the 7',
values produces small differences in the final estimation of
GPS-PW, which do not exceed 2 mm. Fernandez et al. (2010)
also found differences between different parameterizations of
T, of the order of 15 K, in Argentina, but this only produces
small differences in the final evaluation of PW. For instance,
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Fig. 5. Time series of PW from different 7\, parameterizations for Algiers, Bechar (both for August 2012) and
Tamanrasset (21 November to 4 December 2012).
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the differences between the GPS-PW estimated with Bevis-
T, with respect to Ty, ERA reanalysis, can be as large as 3
mm during wet or very rainy periods. Van Malderen et al.
(2014) mentioned that the uncertainty of T}, is estimated to
be around 5 K (or 1.8 % for Ty, = 273 K), which corresponds
to a PW error of 0.07 to 0.72 mm for a dry or moist atmo-
sphere, respectively.

7. Validation of GPS-PW with radiosondes
and ERA-Interim

7.1. Radiosondes

In this section we compare the GPS-PW retrievals with
the PW calculated from the integration of the vertical profiles
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measured with radio soundings (RS-PW).

The scatter plots of all observations (at both 0000 and
1200 UTC) of GPS-PW against RS-PW can be seen in Fig.
7, together with the fitted linear regressions. The statistical
parameters of the scatter plots and the differences are sum-
marized in Table 3, again at both 0000 and 1200 UTC. These
are: the average of the differences [mean bias error (MBE)]
and the root-mean-square error (RMSE) of the differences
calculated between RS-PW and the GPS-PW of the three T,
models, i.e., ERA-T,, minus RS-PW, Bevis-T,, minus RS-
PW, and Boutiouta-7},, minus RS-PW (units: mm). The cor-
relation coefficient (R?) between RS-PW and GPS-PW, com-
puted from the different T}, parameterizations, is also given.

A fairly good agreement can be observed between the RS-
PW and GPS-PW over all stations, except for Algiers, where
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Fig. 7. Scatter plots of all observations of GPS-PW and R
Tamanrasset (lower panels).

S-PW at Algiers (upper panels), Bechar (middle panels), and
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Table 3. Statistical comparison between GPS-PW and RS-PW. The
MBE is the mean PW difference taken as GPS minus RS.

NAMAOUI ET AL.

1200 UTC 0000 UTC
Station T RMSE MBE R? RMSE MBE R?
Algiers ERA-Interim 3.24 -4.49 0.77 391 2.09 0.62
Bevis 3.16 —-4.5 0.77 3.84 1.48 0.63
Boutiouta 334 -5.40 0.77 407 -29503
Bechar ERA-Interim 1.54 -2.27 0.89 1.35 -0.89 0.95
Bevis 1.90 094 0.88 1.95 -2.92 0.92
Boutiouta 1.92 -0.53 0.86 2.06 1.89 0.92
Tamanrasset ERA-Interim 0.92 -0.68 0.99 290 -0.29 0.92
Bevis 098 -0.74 0.99 2.92 -0.150.92
Boutiouta 1.03 -1.43 099 3.06 -0.76 0.92

the correlation coefficient is only around 0.60. This station
has a strong outlier with an overly low PW value of around
5 mm measured by the radiosonde. But, in general, this sta-
tion also has the largest RMSE (in the range of 3—4 mm) of
the three sites. This GPS station is also characterized by a
large daytime dry bias of around 5 mm, compared to the RS
observations. On the other hand, the GPS station has a wet
nighttime bias of around 2 mm for Bevis- and ERA-TY, esti-
mations. The origin of these large mean differences might be
related to the GPS-PW retrieval (for example, multipath near
the GPS antenna), or to the inferior quality of the radiosonde
type (MODEM M2K2-DC) used at this station. During the
last World Meteorological Organization (WMO) radiosonde
intercomparison campaign (Nash et al., 2011), the system-
atic bias estimates showed that MODEM nighttime relative
humidity measurements had large positive bias greater than
10% for much of the time in the lower and middle tropo-
sphere, which were presumed to be due to the application of
solar dry bias correction at night. Biases of this magnitude
were also seen in the 2005 Mauritius test. The MODEM day-
time relative humidity measurements did not show these pos-
itive biases. This was also reflected in the MODEM RS-PW
having a more pronounced positive bias (of almost 10 mm)
in the nighttime observations compared to daytime, with re-
spect to the GPS-PW measurements at the intercomparison
site (Nash et al., 2011, Fig. 8.4.2). Comparisons of M2K2DC
measurements to GPS-PW performed at Nimes and Ajaccio,
France, also showed a moist bias at night, typically of 5%
to 10 % (Bock et al., 2013). Although the sign of the day-
time and nighttime GPS—RS differences found in our study is
opposite to those reported in this intercomparison campaign,
it points to some issues with the MODEM radiosondes. As
a matter of fact, during a campaign at Observatoire Haute
Provence, France, in 2011, the MODEM M2K2DC had a dry
bias of —5% RH up to 6 km, which decreased above com-
pared to other radiosonde measurements, and consistently
showed large dry biases with the GPS-PW measurements at
the site, also at night (Bock et al., 2013).

For Bechar and Tamanrasset stations, the correlation co-
efficients are higher (around 0.88 for all observations, but
even between 0.92 and 0.99 if we separate the daytime and
nighttime observations), the RMSE ranges between 1 to 3
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mm, and GPS-PW biases are mostly dry and below 2 mm.
For Bechar, the biases vary significantly among the different
T\, parameterizations, and between daytime and nighttime.
The lower biases of these stations compared to the Algiers
site might also be related with the differences in expected off-
sets due to the height differences between the GPS and RS
launch sites. We estimate an offset of the order of 0.38 mm
for Algiers (more humid atmosphere), but one not exceeding
0.2 mm for the other two stations, located in a drier environ-
ment. Indeed, we observe that as it gets drier here, the bias
does reduce. It should, however, be noted that the observed
biases here are larger than we derived from their height dif-
ferences.

Comparing the daytime and nighttime measurements, we
can conclude that, for Algiers and Tamanrasset, the daytime
observations show a better agreement (lower RMSE, higher
correlation coefficients), but with larger dry biases than the
nighttime measurements. These conclusions for Algiers and
Tamanrasset are valid for the three different parameteriza-
tions. For Bechar, the different parameterizations affect the
comparison of the daytime and nighttime measurements dif-
ferently, except for the correlation coefficients: these are
higher for the nighttime measurements.

The slopes of the linear regression lines of the scatter
plots in Fig. 7 are, for all three stations, below 1, which
means that, with intercepts larger than 1, for larger PW
ranges, the GPS retrieval gives higher PW values than the
co-located RS observations, while the opposite is true for the
lower PW values. As a consequence, if we ignore the instru-
mental biases (intercepts), the GPS technique seems more
sensitive for measuring high-end PW ranges, while the RS
approach seems more sensitive for measuring low-end PW
ranges. This has also been noted by Van Malderen et al.
(2014) for a worldwide GPS—-RS PW intercomparison, per-
formed at nearly 30 sites.

We find that the total uncertainty of GPS-based PW mea-
surements in Algeria is generally less than 2 mm if com-
pared with radiosonde PW observations, except at the Al-
giers station, which is equipped with MODEM M2K2-DC
radiosondes. This estimation agrees with previous studies
where GPS-PW uncertainties were obtained by comparison
with radiosondes (Businger et al., 1996; Duan et al., 1996;
Teregoning et al., 1998, and other references in Van Malderen
et al., 2014). We also eliminate some outliers that affect our
statistical study and, consequently, a significant improvement
is found in the parameters (MBE and R?). For example, for
the Algiers station, the MBE decreases from —5.08 to —3.90
mm and the R? increases from 0.62 to 0.71.

7.2. ERA-Interim

As in the comparison between GPS-PW and RS-PW, the
scatter plots and statistical parameters of the comparison be-
tween GPS-PW ERA-Interim are shown in Fig. 8 and Table
4, respectively.

The results are comparable with the GPS-PW-RS-PW
comparison, in the sense that the correlation coefficients and
the RMSE are hardly affected by which parameterization
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Fig. 8. Scatter plots of all observations of GPS-PW and the PW of ERA-Interim at Algiers (upper panels), Bechar

(middle panels), and Tamanrasset (lower panels).

Table 4. Statistical comparison between GPS-PW and the PW of
ERA-Interim. The MBE is the mean PW difference taken as GPS
minus RS.

1200 UTC 0000 UTC
Station Tm RMSE MBE R? RMSE MBE R?
Algiers ERA-Interim 2.87 -1.75 0.75 3.08 1.12 0.72
Bevis 2.879 —=1.77 0.75 3.12  1.73 0.72
Boutiouta 2.88 -3.63 0.75 3.12 0.26 0.72
Bechar ERA-Interim 2.34 423 0.81 1.98 4.03 0.92
Bevis 233 3.850.81 1.94 3.94 091
Boutiouta 233 3.850.81 1.94 3.94092
Tamanrasset ERA-Interim 1.39 -1.03 0.97 2.01 -0.59 0.95
Bevis 144 -1.09 097 2.04 —0.42 0.95
Boutiouta 144 -1.77 097 2.05 -1.03 0.95

is used for T,,, while the differences are more noticeable in
the regression slopes and biases. Also, for the comparison
of daytime and nighttime measurements, the daytime obser-

vations at Algiers and Tamanrasset show a better agreement
(lower RMSE, higher correlation coefficients), but with larger
dry biases than the nighttime measurements. For Bechar,
there is a better agreement for the nighttime observations
(lower RMSE, higher correlation coefficients), with compa-
rable biases for the daytime and nighttime observations. The
linear regression slopes are lower than 1 for all sites, but
closer to 1 for the stations with the lowest PW range.

For the Algiers station, the GPS-PW compares better with
that of ERA-Interim for all statistical parameters and at both
time-stamps, whereas exactly the opposite is true at Bechar.
This can probably be explained by the model sensitivity to
topography. Bechar is surrounded by a mountain range that
has three summits on the top of the Saoura valley at altitudes
varying between 1200 and 1900 m, so that the PW contri-
butions of the four grid points surrounding this station in
the ERA-Interim grid might differ significantly (see Fig. 1).
This result is in agreement with a previous study (Mengistu
Tsidu et al., 2015). For Tamanrasset, the GPS-PW agrees
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best with RS-PW for the daytime observations; whereas, for
the nighttime measurements, the agreement is better with
the PW of ERA-Interim, except for the biases. This station
also has a distinct geography, being surrounded by several
streambeds (these remaining dry except during the rainy sea-
son), so called Oueds (in our case the Oueds of Tamanrasset,
Sersouf and Tahaggart).

We also test the impact of outliers on our comparison. For
example, after removal of the outliers at Bechar, the MBE
decreases from 4.01 to 2.9 and the R? increases from 0.84 to
0.90.

8. Conclusion

This study gives some first results on comparing differ-
ent PW data sources for three stations in Algeria (Algiers,
Bechar and Tamanrasset). In particular, we analyze the im-
pact of the weighted mean temperature Ty, on the retrieved
GPS-PW by comparing three different 7', parameterizations
[the T',—T linear regression of Bevis et al. (1992), the Tp,—
T linear regression for Algeria from Boutiouta and Lahcene
(2013), and the T, calculated from ERA-Interim]. The re-
sults indicate that the differences in T}, are of the order of 18
K, producing differences of 2.01 mm in the final evaluation
of PW.

A good agreement between GPS and radiosondes is
found, with mean differences less than 2 mm, except at the
Algiers station, which is the only station of our sample with
MODEM M2K2-DC radiosonde launches.

The comparison between the PW of ERA-Interim and
GPS-PW shows differences in the magnitude and sign of the
bias that vary from station to station. Algeria is a country
that has a very large area and, consequently, the northern part
has a Mediterranean climate, while the rest of the country
mostly has a desert climate. However, between these two
major climate types, transitional climate zones exist, includ-
ing the semi-arid type. Therefore, the choice of T}, must be
established according to different climatic regions.

We find that the T, of ERA-Interim is closest to the ref-
erence (T, calculated directly from the radiosondes). In this
context, we suggest using the 7y, of ERA-Interim for all ap-
plications of GNSS and meteorology in Algeria, given the
lack of radiosonde stations in the north of Algeria, and the
weak correlation between T and mean temperature in large-
area countries like Algeria, as illustrated by the poor perfor-
mance of the Tp,—T linear regression of Boutiouta in com-
parison with the other T, estimations.

In summary, the intercomparison of different instruments
and reanalysis over Algeria is the first step for any application
of GNSS and meteorology. This study will serve as a start-
ing point from which further studies will be conducted for the
validation of satellite products (e.g., for AIRS and MODIS),
to improve our understanding of the water vapor mechanism.
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