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A B S T R A C T   

This work analyzes the integrated water vapor (IWV) measured at six Aerosol Robotic Network (AERONET) 
stations with nearby global navigation satellite system (GNSS) in the Iberian Peninsula for the period 2007–2018. 
It is shown that both instruments have a high correlation (R2 > 0.91), with small mbe below 1.5 mm and 
standard deviation (SD) below 2 mm. However, some dependences have been observed when MBE and SD are 
represented in bins of three variables: IWV, solar zenith angle (SZA), and aerosol optical depth (AOD). The 
greater or lesser amount of water vapor in the atmosphere seemed to be the more influential variable, increasing 
dry bias and SD with increasing IWV. Moreover, high SZA values were related to SD increases. A clear seasonal 
cycle for Cimel–GNSS differences was observed which was mainly related to IWV seasonal cycle. Additionally, 
AOD did not show a remarkable influence on Cimel–GNSS differences. Finally, the monthly differences are also 
analyzed with metadata information about Cimel device ID numbers, showing that, for long-term studies, this 
information can be very valuable.   

1. Introduction 

Among the different trace gases in the atmosphere, water vapor is 
considered of paramount importance due to its relevant roles in many 
proceses. It is key to the dynamics of the troposphere and also regarded 
as the most important natural greenhouse gas (Myhre et al., 2013). 
Particularly, is the major absorbent of long-wave radiation and its role in 
the climate system is considered a positive feedback (Colman, 2003, 
2015). 

Water vapor can be studied through many variables (relative hu-
midity, specific humidity, partial pressure, …), and the commonly used 
integrated water vapor (IWV), which is defined as the integral of the 
concentration of water vapor along the vertical path, being its units 
those of superficial density (kg m− 2). This can also be defined as the 
height that water would reach if all of it condensated in a vessel of the 
same cross-section as the atmospheric column. Taking into account the 
density of liquid water, the unit of height (mm) is equivalent to the one 
of superficial density. For this reason, IWV is also known as precipitable 
water vapor. 

The measurements of IWV typically show a high variability in the 
temporal domain, as well as in the spatial one. It is, therefore, necessary 
to measure this variable with high temporal and spatial resolution in 
order to monitor it adequately. However, no instrument by itself can 
catch both the temporal and spatial variability. Hence, it is fundamental 
to use different kinds of instruments to study water vapor, have coin-
cident measurements to understand their uncertainties better, and be 
aware of their limitations and strengths to design research in the most 
proper manner. 

Particularly, water vapor retrieval from ground-based global navi-
gation satellite system (GNSS) data is a recent, high quality technique 
which is commonly used in comparisons and validations of instruments 
as a reference (Bennouna et al., 2013; Bock and Nuret, 2009; Carbajal 
Henken et al., 2020; Cucurull et al., 2000; Gong et al., 2019; Köpken, 
2001; Matsuyama et al., 2020; Ningombam et al., 2016; Raja et al., 
2008; Román et al., 2015; Vaquero-Martínez et al., 2017a, 2017b, 2018, 
2020; Wang et al., 2016, 2019; Yang et al., 1999). Among its advantages, 
it is worthy of note that there exists dense networks of GNSS receivers 
around the world (not in all countries and certainly not over oceans). 

* Corresponding author at: Department of Physics, University of Extremadura, Badajoz, Spain. 
E-mail address: javier_vm@unex.es (J. Vaquero-Martínez).  

Contents lists available at ScienceDirect 

Atmospheric Research 

journal homepage: www.elsevier.com/locate/atmosres 

https://doi.org/10.1016/j.atmosres.2022.106217 
Received 4 January 2022; Received in revised form 31 March 2022; Accepted 22 April 2022   

mailto:javier_vm@unex.es
www.sciencedirect.com/science/journal/01698095
https://www.elsevier.com/locate/atmosres
https://doi.org/10.1016/j.atmosres.2022.106217
https://doi.org/10.1016/j.atmosres.2022.106217
https://doi.org/10.1016/j.atmosres.2022.106217
http://crossmark.crossref.org/dialog/?doi=10.1016/j.atmosres.2022.106217&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Atmospheric Research 275 (2022) 106217

2

Moreover, the networks are easily maintained and the data can be ob-
tained under all-weather conditions (Vaquero-Martínez and Antón, 
2021). 

The Aerosol Robotic Network (AERONET) (Holben et al., 1998) is a 
worldwide network of ground-based stations devoted to the study of 
aerosols. Their main instrument is the Cimel sun-photometer, which 
allows the retrieval of many aerosol properties but it also provides in-
formation about water vapor in the form of IWV (Fragkos et al., 2019; 
Pérez-Ramírez et al., 2014; Schneider et al., 2010; Antuña-Marrero 
et al., 2022). This is achieved by pointing the photometer to the sun and, 
under direct sunlight, record the amount of radiation in several wave-
length bands. Therefore, this technique requires the presence of sunlight 
at the moment of measurement, discarding nighttime and cloudy-sky 

scenarios. AERONET also archives these measurements with high 
quality standards and homogeneity in the measurements. Recently, a 
new Version 3 (V3) of AERONET data has been released with an 
improved algorithm, which is worth testing. 

The Iberian Peninsula is an interesting region of study, as it exhibits 
different meteorological conditions in different regions and has a 
extensive network both in GNSS and Cimel sun-photometers within 
AERONET. Therefore, this work focuses on the validation of the newly 
released V3 of the AERONET photometer network in six Spanish stations 
that count with GNSS stations nearby. Section 2 describes the data 
needed for this work, while Section 3 summarizes the methodology 
applied. The results are presented and discussed in Section 4, and the 
conclusions are drawn in Section 5. 

Fig. 1. Map showing the location of the stations selected for the study.  

Table 1 
Sites of Cimel and GNSS and their locations. It must be noted that Huelva and El Arenosillo Cimel stations are both matched to huel GNSS station. The period for El 
Arenosillo spans from 200709-10 to 2010-03-04, while Huelva period goes from 201003-18 to 2015-10-09.  

Cimel GNSS 

Station Lat (◦) Long (◦) Elev (m) Station Lat (◦) Long (◦) Elev (m) 

Palencia 41.99 − 4.52 750 vall 41.70 − 4.71 766 
Burjassot 39.51 − 0.42 30 vale 39.48 − 0.34 28 
Mallorca 39.55 2.63 10 mall 39.55 2.63 62 
Huelva 37.02 − 6.57 25 huel 37.20 − 6.92 29 
El Arenosillo 37.10 − 6.73 59 huel 37.20 − 6.92 29 
Cáceres 39.48 − 6.34 397 cace 39.48 − 6.34 384 
Coruña 43.37 − 8.42 67 acor 43.36 − 8.40 12  
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2. Data 

Six stations in Spain from AERONET (Holben et al., 1998) were 
selected, as those were the ones with close GNSS ground-based stations. 
The six stations are depicted in Fig. 1, while their locations and corre-
sponding nearby GNSS stations can be found in Table 1. 

2.1. Cimel sun photometer data 

The AERONET water vapor product is the V3 and only data with 
level 2.0 (highest quality) are considered in this work. The standard 
instrument of AERONET is the Cimel CE-318 photometer. It carries out 
solar radiation measurements at different wavelengths in the range 340 
nm to 1020 nm. The instrument is described in depth in (Holben et al., 
1998). The data were downloaded from the aeronet website 
(https://aeronet.gsfc.nasa. 
gov/cgi-bin/webtool_aod_v3). 

The retrieval approach deals with the attenuation of radiation ac-
cording to the Beer-Bouger-Lambert law. The retrieval method is 
described in the following lines. A more detailed description can be 
found in García et al. (2021). The response of the instrument can be 
modeled by the following expression: 

DNI(λ) = DNI0(λ)⋅exp( − τ(λ)⋅m )Tw(λ) (1)  

where DNI(λ) is the direct normal irradiance at wavelength λ, DNI0(λ) is 
the same but at the top of atmosphere, τ(λ) is the optical depth, m is the 
optical air mass, and Tw(λ) is the water vapor transmittance. The main 
contributions of τ(λ) ⋅ m are the Rayleigh scattering (see Hansen and 
Travis, 1974; Kasten and Young, 1989, for descriptions on the modeling 
of this contribution) and the aerosol extinction, calculated according to 
Ångström (1961); Kasten (1965). 

The water vapor transmission is related to the IWV. This relation was 
studied by Bruegge et al. (1992); Halthore et al. (1992). 

Tw(λ) = exp
(
− a(mw⋅IWV)

b
)

(2) 

The water vapor optical mass mw is approximately equal to that of 
the aerosols. The constants a and b are dependent on the wavelength, 
shape and width of the filter functions, pressure and temperature, and 
vertical distribution of water vapor. 

This way, the IWV can be obtained as 

IWV =
1

mw

[
1
a

(

ln
DNI0

DNI
− τ(λ)m

)]1
b

(3) 

With this approach, the one sigma uncertainty is expected to be 
below 10% in comparison to GNSS IWV (Giles et al., 2019). 

2.2. GNSS data 

gnss data are obtained, hourly at XX:30 UTC, for 6 stations nearby 
the selected sun-photometer stations, as shown in Table 1 and Figure1. 
GNSS water vapor retrieval is based on Bevis et al. (1992, 1994). Here, 
we describe the fundamental steps in this approach. GNSS processing for 
acquisition of a receiver’s position needs to account for the delay of the 
signal caused by its passing through the troposphere. This quantity is 
typically multiplied by the velocity of light and presented in length 
units. Here, we describe the fundamental steps in this approach. GNSS 
processing for acquisition of a receiver’s position needs to account for 
the delay of the signal caused by its passing through the troposphere. 
This quantity is typically multiplied by the velocity of light and pre-
sented in length units. When the tropospheric delay is measured in the 
satellite-receiver direction, it is called slant total delay (STD). However, 
being this quantity dependent on the satellite-receiver geometry, this is 
usually converted to the zenith direction using mapping functions. The 
converted quantity is called zenith total delay (ZTD). ZTD is the sum of 

two contributions, one caused by water vapor only, known as zenith wet 
delay (ZWD) and another one caused by all the tropospheric gases, 
known as zenith hydrostatic delay (ZHD). The ZHD is calculated using 
the model proposed by Elgered et al. (1991) and Saastamoinen (1972), 
whose inputs are the pressure at the station level (Ps, in hPa), the height 
of the station above the ellipsoid (H, in km) and the latitude (λ) of the 
station 

ZHD = 0.0022768
Ps

1 − 0.00266cos2λ − 0.00028H
(4) 

The pressure at the station level is obtained from automatic meteo-
rological stations nearby each GNSS site, interpolated to the time of the 
measurement taking into account the effect of the barometric tide. The 
pressure is also reduced to the height of the GNSS site. Moreover, 
obtaining the ZHD allows the computation of ZWD by subtraction ZWD 
= ZTD − ZHD. Then, the IWV can be obtained as: 

IWV = κZWD (5)  

κ =
1 × 106

ρRv

(
k3
Tm

+ k′

2

) (6) 

κ is a conversion factor which can be calculated from mean tem-
perature (Tm; Davis et al., 1985), ρ is the density of water, Rv is the gas 
constant of water vapor, k3 is a refraction constant and k2

′ = k2 − mk1, 
being m the ratio between water vapor and dry air molar mass and k2 
and k1 are refraction constants. The Davis mean temperature is defined 
as 

Tm =

∫ Pv
T dz

∫ Pv
T2 dz

(7) 

Pv is water vapor partial pressure, T is temperature, and z is height. 
Tm is usually obtained as a linear regression estimate (Tm = 61.9 + 0.75 
Ts in our case, see Ortiz de Galisteo et al., 2011) from surface temper-
ature from close meteorological stations. However, the diurnal cycle of 
surface temperature is more marked than that of Tm and therefore the Ts 
is replaced by a smoothed temperature Tss which is calculated as a 
weighted average between surface temperature and daily mean tem-
perature (Tss = 0.25 ⋅ Ts + 0.75 ⋅ Tdailymean). This follows the method-
ology proposed by Morland et al. (2009) which avoids the induction of 
artificial daily cycle. Hourly surface temperature is obtained from na-
tional meteorological agency (AEMet) in Spain, converted to the height 
of the stations (assuming a lapse rate of − 6.5∘C/km). Surface atmo-
spheric pressure is also obtained from AEMet (also reduced to GNSS 
station heights) and ZTD data are obtained from EUREF Permanent 
Network. 

The GNSS data processing is carried out by local analysis centre IGE 
(Spanish Geographic Institute) with Bernese GPS software, using double 
differences with ionosphere-free linear combination and Niell mapping 
function between 1400 and 1755 weeks, and Global Mapping Function 
(GMF) from week 1756 to week 1980, and elevation cutoff angle of 10◦, 
and absolute antenna calibrations. GPS was the only system up to week 
1756, when Russian GNSS (GLONASS) was added to the processing. 
From week 2020, Galileo was added as well. More information about 
this retrieval approach can be found in Ortiz de Galisteo et al. (2011), 
which had been previously tested with excellent results in Ortiz de 
Galisteo et al. (2010), improving previous data obtained with relative 
calibrations of the GNSS antenna. 

The assessment of the quality of GNSS water vapor retrievals has 
been widely studied. However, extensive literature research (Buehler 
et al., 2012; Bock et al., 2021) showed that the results of comparisons in 
terms of offset and slope are very dependent on the study (instruments, 
regions of study, periods, data processing strategies, and so on) and, 
therefore, no pattern can be found. In any case, systematic differences 
are typically observed in the 1 mm to 2 mm range. Moreover, it has been 
observed that GNSS have low sensitivity to small amounts of water 
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vapor, which causes a systematic overestimation of this instruments 
under dry situations (Wang et al., 2007; Schneider et al., 2010). Under 
low humidity conditions, the ZTD is mostly due to the hydrostatic 
contribution. Hence, the uncertainty in the calculation of ZTD leads to a 
large relative error in ZWD. 

Additionally, aerosol optical depth (AOD) data at 551 nm are 
retrieved from the same AERONET dataset. 

3. Methodology 

For each site, data from sun-photometer is averaged within ±30 min 
window around the GNSS measurement. 

The distribution of the differences photometer-GNSS are studied. For 
each instant i and site s, the differences (δ) and relative differences 
(δ(%)): 

δi,s = IWVphotometer
i,s − IWVGNSS

i,s (8)  

δi,s(%) = 100⋅
δi,s

IWVGNSS
i,s

(9) 

Then, the distribution of these differences is analyzed. Moreover, 
linear regression models are established in each site, to study the pro-
portionality of the two data-sets. In addition to this, the dependences of 
these differences on three variables (IWV, solar zenith angle (SZA) and 

Table 2 
General statistics for the comparison. MBE, SD and y0 are in mm, while rMBE and rSD are in percentage. Slope, R2 and n are unitless. The IWV column shows the mean 
GNSS IWV in mm.  

Site MBE SD rMBE rSD IWV n y0 slope R2 

acor +0.52 1.29 +3.98 7.81 17.73 9650 +1.08 0.97 0.96 
cace − 0.55 1.46 − 1.48 10.60 14.69 9965 +1.49 0.86 0.95 
huel − 0.18 1.87 +0.66 11.74 17.51 16,182 +1.62 0.90 0.92 
mall +0.83 1.50 +4.59 7.60 21.23 15,367 +0.73 1.00 0.97 
vall − 1.48 1.72 − 8.78 11.79 14.24 15,070 +0.98 0.83 0.92 
vale − 0.65 1.48 − 2.71 7.75 20.05 22,601 +0.35 0.95 0.97  

Fig. 2. MBE (left panels) and SD (right panels) along IWV values. Dashed line represents the linear fit.  
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AOD) are studied. To achieve this, the data is divided into bins of the 
study variable, and some statistical indexes are applied to the differences 
in each bin. This is represented along the analyze variable to study the 
evolution of the indices (Y-axis) along the range of the study variable (X- 
axis). The selected indices are: mean bias error (MBE), standard devia-
tion (SD), defined as 

MBE =
1
N
∑

i
δi (10)  

SD =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1

N − 1
∑

i
(δi − MBE)2

√

(11) 

In these equations, N is the number of data pairs and i is an index that 
represents each of these pairs. Thus, MBE represents the bias of the data 
(positive if Cimel overestimates measurements and negative if it un-
derestimates them), and SD represents the precision of the data (if the 
differences are close to the mean value or more disperse around it). For 
clarity, when these indices are calculated over the relative differences, 
we will call them relative mean bias error (rMBE) and relative standard 
deviation (rSD). 

4. Results and discussion 

4.1. General statistics 

Some statistics are shown in Table 2. MBE and SD show the mean and 
standard deviation of the differences, while the prefix r indicates that the 
indices are applied over the relative differences. It is observed that MBE 
are negative in most sites (four) and positive in two of them. In all cases 
the bias is less than 1 mm, except in the case of vall (− 1.5 mm). 
Regarding the relative differences, rMBE is more variable, ranging from 
− 8.78% (vall) to +4.59% (mall). This dry bias of Cimel is consistent with 
the one found in Barcelona by Campmany et al. (2010, 180 data-points), 
but in that case it was stronger (− 2.62 mm). In the case of Fragkos et al. 
(2019) at a station close to Bucharest (Romania), the comparison of 
Cimel and radiosonde showed similar results to the present work (− 0.39 
mm or − 1.95%, with 565 data points for V3 data). Pérez-Ramírez et al. 
(2014) found also a dry bias of Cimel (Version 2 (V2) AERONET data) 
both against GPS (− 0.8 mm) and radiosonde (− 0.4 mm) in different 
stations around the world. It is clear that Cimel tend to exhibit a dry bias, 
but the value of such bias is more discussed and probably differences 
both in methodology and the conditions of the different set-ups (mete-
orological characteristics of the site, different calibration/photometers, 
and so on) can influence the resulting value of MBE in the comparisons 

Fig. 3. MBE (left panels) and SD (right panels) along SZA values. Dashed line represents the linear fit.  
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of Cimel sun-photometers with other instrumentation. In any case, the 
MBE is in line with the expected uncertainties of Cimel and GNSS 
instruments. 

SD values are below 2 mm in all cases, while rSD values are more 
similar, with values between 7.8% and 11.8%. Other works agree with 
these values, such as Campmany et al. (2010, 1.76 mm or 12.29 %), 
Fragkos et al. (2019, 2.10 mm or 10.97 %), Pérez-Ramírez et al. (2014, 
0.7 to 3.0 mm). 

Regarding linear regression, the intercepts are positive for all sites, 
going from 0.35 mm (vale) to 1.62 mm (huel). The positive intercepts are 
observed in other works as well, and in part related to GNSS underes-
timation for low IWV values (Wang et al., 2007; Schneider et al., 2010). 
However, the slopes are lower or equal to the ideal (the unit) in all cases. 
The lower is 0.83 in the case of vall. Similar behavior was found by 
Pérez-Ramírez et al. (2014). However, in that work the inverse regres-
sion is performed (X is Cimel and Y is GNSS), and therefore, it is difficult 
to compare the results. All determination coefficients R2 are 0.92 or 
higher. This is in agreement with other works (R2 > 0.91 in all the 
references mentioned above, except in Schneider et al. (2010), where R2 

= 0.85 was reported for V2 AERONET data). Using radiosondes as 
reference, Campmany et al. (2010) performed a comparison between 
radiosonde and Cimel in Barcelona, showing R2 of 0.947 for the two 
data-sets, while Fragkos et al. (2019) found a R2 over 0.95. Schneider 

et al. (2010), however, found a lower correlation against GNSS, prob-
ably due to the use of level 1.5 sun photometer data, although this work 
found higher correlations between sun-photometers and other in-
struments (i.e., more than 0.95 with multi-filter rotating shadow-band 
radiometer). Thus, linear regressions show excellent agreements of 
Cimel AERONET with GNSS and similar to values reported in other 
works. 

4.2. IWV dependence 

Performance of sun-photometer IWV can vary as IWV changes itself. 
Fig. 2 shows the MBE (left panel) and SD (right panel) calculated over 
different IWV bins. The stations acor, mall show a rather stable MBE with 
IWV. However, the rest of stations show a decreasing MBE as IWV in-
creases, reaching dry bias above 4 mm. The decreasing slopes in the MBE 
vs IWV lines go from 0.060.17. Regarding SD, the general behavior is to 
increase as IWV increases, in some cases saturating or even decreasing 
for high IWV, with slopes of 0.04–0.05. The overestimation at low IWV 
can be explained by the low sensitivity of GNSS to small amounts of 
water vapor, leading to systematic underestimation of this instrument at 
low values of IWV (Wang et al., 2007; Schneider et al., 2010). The 
general underestimation of Cimel sun-photometers under large IWV is 
reported in other works. For example, Fragkos et al. (2019) found a slope 
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of (− 0.138 ± 0.012) %mm− 1 against microwave radiometer, which is 
consistent with the results found in Fig. 2. 

4.3. SZA dependence 

As sun-photometry deals with direct measurements of solar radia-
tion, SZA can have an effect on its ability to retrieve IWV. On the one 
hand, a larger water vapor optical path can enhance its signal, but on the 
other hand, more noise can be induced and more sources of error when 
dealing with the conversion from slant to vertical water vapor column. 
Fig. 3 shows the MBE and SD in different SZA bins. In this case, the data- 
set has been divided in low IWV (IWV < 20 mm) and high IWV (IWV >
20 mm). There is not any clear pattern in the MBE, except a generalized 
decrease of MBE (increased dry bias) for high IWV at high SZA values. 
The stations acor and mall show some increase in SD with SZA for high 
SZA, steeper in the case of high IWV. Fragkos et al. (2019) found no clear 
dependence of relative differences between Cimel and radiosonde IWV 
data on SZA. However, that work showed an increased scatter for SZA >
70◦, similarly as found in Fig. 3 of the present work. This effect might be 
due to the decreased amount of radiation and the increased presence of 
stray-light that could be affecting the direct measurements of the Cimel, 
resulting in an increased SD. However, it is an open issue that needs 
more future research. 

4.4. Seasonal dependence 

There can be a seasonal dependence in the performance of the IWV 
photometer product, as different meteorological conditions can have an 
effect on it. In Fig. 4 it is shown the monthly seasonal pattern of MBE and 
SD, divided into high and low IWV. There is not a clear pattern for MBE, 
although in some stations (cace, vall, and vale) it is observed that summer 
months have negative and more marked MBE than winter months. 
Regarding SD, summer months show an increased value of SD, while 
winter shows smaller values. Additionally, when comparing monthly 
averaged IWV with MBE and SD, a clear correlation can be observed (not 
shown). 

Nevertheless, Prasad and Singh (2009) found an opposed seasonal 
pattern in India (more marked overestimation in summer than in winter) 
for V2 AERONET data-set. However, being India and the Iberian 
Peninsula two completely different climate regions, it is difficult to draw 
any conclusion about this disagreement. In addition, Fragkos et al. 
(2019) found a dependence with temperature (slope of (− 0.061 ±
0.011) %∘C− 1), which is consistent with the seasonal pattern observed in 
Fig. 4. It is important to note that most of these patterns seems to be 
related to the dependence on IWV, although the low IWV values also 
show the SD increase in summer, but in a weaker way. 

Fig. 5. MBE (left panels) and SD (right panels) along AOD 551 nm values. Dashed line represents the linear fit.  
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4.5. AOD dependence 

The presence of aerosols can influence the measurement of IWV with 
sun-photometers if aerosol transmission is not properly modeled. 
However, Fig. 5, which exhibits the MBE and SD in different AOD bins, 
shows a rather stable values of these indices along the different AOD 
bins. Only in mall station, for high IWV it is observed an increase of SD 
with AOD. This effect can be related to calibration issues, as the algo-
rithm uses the AOD and IWV estimates in different bands to estimate 
both aerosol properties and water vapor content. 

4.6. Inter-annual evolution 

Different changes in instrumentation, calibration of the Cimel and 
trends of the aforementioned variables can induce changes in Cimel IWV 
performance. Therefore, Fig. 6 shows the monthly time-series of MBE 
and SD. The different colors mark the different Cimel devices used in 
each site. In some cases, the change of the device causes a change in the 
differences observed. For example, the use of Cimel device 412 induced 
wet bias in acor time series. This kind of problem should be taken into 
account when studying long time-series of Cimel and metatada must be 
carefully studied. It is also worth of note that some stations show a trend 
to underestimation as time passes (see cace station, for example). 

5. Conclusions 

This work aims to assess the quality of AERONET series of Cimel IWV 
in comparison with GNSS. It is observed that the correlation between the 
two instruments is really high (R2 > 0.92). Biases are between − 1.48 and 
0.83 mm, and SD below 2 mm. 

A clear dependence of the Cimel–GNSS differences on IWV is found. 
Dry bias is generally increased as IWV increases, in agreement with 
other works. SD of the differences also increases with IWV. The depen-
dence on SZA is also analyzed. MBE does not show a clear pattern, but 
the SD increases with SZA, specially for large SZA values. These de-
pendences (also dependence on temperature could play a role) induce a 
seasonal dependence on the Cimel–GNSS differences. It is observed that 
generally, dry bias (not in all sites) and SD are increased in summer 
months with respect to winter months. This may be related to the 
dependence on IWV mentioned above. The study of the dependence on 
AOD does not show a relevant influence of this variable on the 
Cimel–GNSS differences. Only in station mall and in the case of high IWV 
values the SD increases as AOD increases. 

Finally, the inter-annual evolution of the monthly differences is 
analyzed in order to spot if measurements may be affected by calibra-
tion, changes of devices, or trends of the variables mentioned above. It 
was found that, although is not the general case, at some points the 
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changes of devices can induce a clear jump in the series. Also, that some 
stations show a slight decrease in the differences as time passes. 
Therefore, Cimel data should be taken with care if used for long-term 
changes quantification, and always making use of the available meta-
data to take into account possible inhomogeneity in the series. 

In summary, AERONET Cimel water vapor product V3 level 2.0 
shows a very good agreement with GNSS. The dependences observed 
must be taken into account although they are not very very important. 
Also, the use of metadata is highly recommended when long-term evo-
lution is to be studied. 
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