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ABSTRACT: 
In July 2002 a field campaign was held in Sierra Nevada (Granada) in the 

south of Spain. The main objectives were among others, the study of the 
atmospheric aerosols on the UV radiation. Two AERONET federated and four 
non-federated Cimel sunphotometes were deployed. In a first step, a complete 
calibration and intercomparison of all the instruments was performed. For aerosol 
optical depth (AOD), a rmsd lower than 0.01 was found for all channels if the 
calibration was transferred from a master and a common methodology was 
applied.  For water vapor content, the difference was less than 0.10 g/cm2. 
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RESUMEN: 
En Julio del 2002 tuvo lugar una campaña de medida en Sierra Nevada 

(Granada). El objetivo principal fue el estudio del efecto de los aerosoles 
atmosféricos sobre la radiación UV. Dos fotómetros Cimel pertenecientes a la red 
AERONET y otros cuatro instrumentos independientes participaron en la 
campaña. Inicialmente, se realizó la calibración e intercomparación de estos. La 
desviación cuadrática media (rmsd) del espesor óptico de aerosoles (AOD) 
resulta menor de 0.01 con una calibración homogénea y una metodología común. 
Para el vapor de agua en la columna atmosférica, la desviación es menor de 0.10
g/cm2. 
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1.- Introduction 
 In July 2002 the VELETA 2002 field campaign 
was held in Sierra Nevada (Granada) in the south of 
Spain. The main objectives of this field campaign 
were amongst others, the study of the influence of the 
height and the atmospheric aerosols on the measured 
UV radiation1. Aerosol properties analysis can also 
be carried out thanks to a wide range of instruments 
that were deployed in the campaign including two 
AERONET federated and four non – federated Cimel 
sunphotometers. In the first stage of this field 
campaign, a common calibration and intercomparison 
was performed, in order to assess the quality of the 
measurements from the whole campaign. This result 
will therefore allow us to identify small differences in 
aerosol optical depth (AOD), and water vapor content 
(w) between the different sites where the instruments 
were deployed, and assess the quality of the 
sunphotometer measurements, critical issue for 
interpreting the derived results.  
 Aerosol optical depth and other related aerosol 
characteristics are routinely acquired throughout the 
world by means of well stablished international 
networks such as the Aerosol Robotic Network 
(AERONET2) or SKYNET3. These networks were 
originated in the last decade and have been growing 
continuously with time, increasing the possibilities of 
long term aerosol climatological studies in many sites 
across the world. Obviously, the uncertainty of these 
magnitudes to be measured are directly linked to the 
quality of the derived products. This problem is 
crucial when the global radiative forcing of the 
aerosol must be determined4, as the atmospheric 
particulate matter nature and burden is largely 
variable in space and time.  
 Therefore, assessment and reduction of the 
uncertainty of the obtained aerosol optical parameters 

is a key stone for the success of any monitoring 
program as the already cited. As an example, the 
AERONET network have designed a carefully 
planned calibration program in order to maintain the 
uncertainty of the field instruments at a minimum5, at 
the same time that several studies on the sensibility of 
the offered retrievals have been published6. 
Schematically, few master instruments are deployed 
at a high altitude site for calibration, far from urban 
and other aerosol sources influence, where are 
closely maintained and operated. These instruments 
are alternatively brought to a more accesible site 
where they are intercompared with colocated field 
instruments for calibration transfer. This cycle is 
repeated every 6 months, tipically. The general 
schedule makes the whole program to be more 
reliable than other older programs, as the Background 
Air Pollution Monitoring Network (BAPMoN) 
program, discontinued in 1993 due to a lack of 
adequate data quality assurance7.   
 Not only stable international networks, temporal 
field campaigns also benefit from a pre calibration 
and intercomparison of the involved instruments, 
specially when non federated instruments are 
employed, as they come usually from a diversity of 
independent research groups that make use of 
different calibration strategies as well as 
methodologies for the retrieval of the aerosol 
parameters. In this work, we analyse the calibration 
and intercomparison issues for the VELETA 2002 
field campaign. 
 
1.b.- Field campaign overview  
 The field campaign was divided in two main 
stages. First, from 8th to 11th July 2002, an 
intercomparison period was undertaken in Armilla 



 

Opt. Pur. y Apl., Vol. 37, núm. 3 - 2004  Autor: V. Estellés et alt. - 3292 -

(latitude 37.13º N, longitude 3.63º W, height 680 
m.a.s.l.), a dry and hot plain covered with dry grass 
in the suburbs of Granada, a mid sized city with little 
industry. Mornings were devoted for sunphotometer 
measurements at Ahí de Cara, a higher site (latitude 
37.11º N, longitude 3.41º W, height 2103 m.a.s.l.) 
were Langley calibrations could be conducted. 
During day 12th, the instruments were moved and 
deployed at 5 sites for the remaining days. Each site 
was auxiliary equipped with pressure, temperature, 
humidity and radiation sensors for simultaneous 
atmosphere characterisation.  
 In this work, aerosol optical depth (AOD), and 
columnar water vapor (w) are calculated and 
compared for six Cimel CE318 sunphotometers, in a 
wide range of turbidity conditions: from very clear 
skies at high altitude (AOD at 440 nm ~ 0.04) to 
more polluted situations in the valley (AOD at 440 
nm ~ 0.25). The AOD can be considered as the 
single most comprehensive variable to monitor the 
atmospheric aerosol burden in the atmosphere8 and it 
is a key parameter in remote sensing assessment of 
the aerosol climatology across the world. Several 
works can be found in the literature where a 
comparison of AOD has been made for different 
sites and instrumentation9,10,11. 
 Columnar water vapor retrieved by Cimel 
sunphotometers has been previously compared with 
measurements from other techniques12. Water vapor 
in the atmosphere has an important role in the 
aerosol dynamics and therefore affects the turbidity 
when hygroscopic aerosols are present8. It is 
commonly accepted that values retrieved by the 
Cimel sunphotometer have an overall uncertainty of 
10%, after compared with sounding values12. 

 
2.- Instrumentation 
 This automatic instrument is the standard 
sun/sky photometer from the AERONET network5. 
It consists of a sensor head, equipped with a filter 
wheel with 8 interferencial filters and a temperature 
sensor for the temperature correction of the signal 
for temperature dependent channels. A twin 
colimator tube (field of view 1.2º) is attached to the 
double windowed sensor head, in order to measure 
sun and sky radiance with two different silicon 
fotodiodes. Other features can be found in newer 
versions of the instrument, but they were not present 
in this campaign. In Table I we show the main 
characteristics of the participant instruments. The 
labels attached to the serial number of the instrument 
stand for Grupo de Óptica Atmosférica (GOA) from 
University of Valladolid, National Aeronautic and 
Space Agency (NASA) that corresponds to 
AERONET instrument, Grupo de Radiación Solar 
de Valencia (GRSV) from University of Valencia, 

Centro de Geofísica de Évora (CGE) and Grupo de 
Física Atmosférica (GFAT) from University of 
Granada. For readibility, we will refer to each 
instrument in this work by these labels, setting 
GFAT1 and GFAT2 for both instruments from 
GFAT. In the table, the nominal wavelengths of the 
filters are presented. These will be employed in the 
text as a channel designator, although the real 
wavelengths are used in the calculations. Signals for 
channel 1020 are corrected by its nominal 
temperature coefficient, taken from (Holben et al., 
1998), as the experimental coefficients obtained for 
GRSV instrument show very similar results. The 
polarised channels are not used in this 
intercomparison for the three polarised instruments 
(GOA, GRSV and CGE). The photometers are 
usually calibrated by means of Langley plots13 for 
the direct component, and by radiance lamps for the 
diffuse component.   

TABLE I 
Main spectral features from the participant Cimel 

instruments. The serial number is acompanied with a label 
corresponding to the owner institution, as explained in the 

text. The nominal wavelengths in nanometers (column 
labels) are used in the text, although the real wavelengths 

are employed in the calculations. 

 
λ(nm) #045 

GOA 
#109 

NASA 
#176 

GRSV 
#248 
CGE 

#307 
GFAT1

#394 
GFAT2

340       
380       
440       
500       
670       
870       
940       

1020       
 

3.- Results 
3.a.- Simultaneous Langley calibration 
 For the calibration of the instruments, 
mornings from 8th to 11th July were devoted to 
simultaneously measure direct irradiance at Ahí de 
Cara site, 2103 m.a.s.l. Morning 9th was chosen as 
the most stable, and therefore preliminary 
calculations were made with these calibration 
factors, except for failed GFAT2 that used a 
transferred calibration from GFAT1. If we take the 
calibration coefficients obtained in this way for the 
AERONET instrument, and compare them to the 
coefficients obtained from AERONET for this 
sunphotometer, the results from Table II are found. 
In this table we show the deviation, as the difference 
between the two values divided by the AERONET 
value, written in percentage. Moreover, the whole 
available airmass range for this instrument has been 
used (from 1.3 to 3.5), that is narrower than the other 
instruments airmass range (1.3 to 5.0 or 6.0).   
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 A sensitivity study of the calibration constants 
with the airmass range was previously made for this 
day and the complete airmass gave the best results in 
comparison with the AERONET values, except for 
340 and 380 nm. For these lowest wavelengths, a 
reduced airmass range gave better results, with a 
maximum airmass of 2. With this reduced range, the 
deviation for 340 and 380 nm was found to be 1.8 
and 0.11 %. 

TABLE II 
Deviation between AERONET provided calibration 

coefficients and our retrieved coefficients by Langley plot 
fit for day 9th July, for NASA instrument, when the whole 

available airmass range is used. 

λ(nm) Deviation (%) 
340 3.8 
380 1.9 
440 0.6 
500 0.3 
670 0.9 
870 0.05 

1020 0.6 
  
 In spite of the relativily low deviations found 
for the retrieved calibration coefficients, some 
problems remained. First, not all the mornings at 
Ahí de Cara were stable enough, after a carefully 
analysis of the available data was made, and only 
one Langley plot was performed. Second, not all the 
instruments were available the four days. Third, each 
instrument started to measure at slightly different 
times due to deployment delays (the site was not 
supervised and the instruments were daily brought 
from Armilla site), therefore different air mass 
ranges are available for each instrument. And fourth, 
one of the sunphotometers (GFAT2) failed due to 
technical problems. Therefore, this procedure could 
not be generalised for all the instruments and, so far, 
some of them were not well calibrated, or its 
calibration could not be verified.  
 In addition, the procedure explained above 
accepts the AERONET supplied calibration as a 
reference calibration. The main question that arose 
at this point is related to its reliability as a reference 
instrument. As this instrument has been only 
calibrated by comparison with a truly reference 
sunphotometer in Goddard Space Flight Center 
(GSFC), the calibration could be eventually 
degraded in such a way that the uncertainty of our 
instruments could be unexpectedly high. If we 
considered the reference instruments in AERONET 
to have an uncertainty in their calibration 
coefficients of around 0.5-1.0%, and we accepted 
that the uncertainty could be doubled in each 
calibration transfer when colocated instruments are 
compared in good condition skies14, we would 
conclude that the adoption of this procedure would 

lead us to uncertainties in our calibration coefficients 
maybe around 2%. Higher errors could be indeed 
appear in case of spurious problems in the 
AERONET instrument (for example, due to shocks 
in its transport from the GSFC to our sites).  
 
3.b.- Master Langley calibration and its transfer 
to the other sunphotometers 
 To work out with this situation, a master 
instrument was selected amongst our available 
sunphotometers. Instrument GFAT1 was finally 
chosen, mainly because it was deployed in Las 
Sabinas site, the highest available CIMEL site in our 
field campaign (over 2100 m.a.s.l.), and later 
deployed for few more days in the Centro de Alto 
Rendimiento (CAR), at a similar height. Moreover, 
this instrument measures at all the wavelengths used 
in the field campaign and it showed no technical 
problems in the intercalibration stage.  
 Up to 4 mornings were selected within the 
available measurement days for this instrument, 
once they were manually inspected and the 
suspicious data were rejected. Once the calibration 
was performed for this instrument, the coefficients 
were transferred to the other cimel sunphotometers, 
taking advantage of the simultaneous measurements 
obtained in Ahí de Cara and Armilla sites.  
 For the transfer, only data that met several 
criteria were accepted. First, the airmass should be 
lower than 3.5. Second, stable conditions should be 
met, to avoid rapid changes in the optical depth that 
could led to unadverted trends in the coefficient 
ratios. And third, measurements should be 
simultaneous at least with a 7 seconds difference. 
 After these criteria was met, a 3σ filter was 
applied to the obtained ratio datasets, and a mean 
value and standard deviation was calculated for each 
instrument and wavelength. The uncertainty for the 
transferred calibration coefficients was estimated to 
be the sum of the uncertainty on the reference 
coefficients and the standard deviation from the ratio 
dataset. This estimated uncertainty resulted to be 1-
2%, depending on wavelength.  
 The deviation showed in Table III refers to the 
comparison between the AERONET supplied 
calibration coefficients for #109 and the #109 new 
coefficients resulted from the GFAT1 transfer.  
 As can be seen in Table III, the percentual 
differences are not high in most cases, taking into 
account that the nominal uncertainty for calibration 
coefficients from AERONET field instruments is 
around 1-2%. Therefore, in general we can consider 
our procedure to be very consistent in comparison 
with the AERONET calibration. The exceptions are 
the 340 nm and 670 nm channels. 
 



 

Opt. Pur. y Apl., Vol. 37, núm. 3 - 2004  Autor: V. Estellés et alt. - 3294 -

TABLE III 
Deviation between AERONET provided calibration 

coefficients and our transferred coefficients from GFAT1 
instrument, for #109 unit.  

λ(nm) Deviation (%) 
340 4.0 
380 0.4 
440 0.5 
670 1.6 
870 0.4 
936 0.8 
1020 0.3 

  
 A possible reason to suffer such a high 
deviation for channel 340 nm is could be relatedto 
the air mass range employed in the Langley plot. 
However, for channel 670 nm, probably the problem 
comes from the AERONET calibration. Two reasons 
are found. On one hand, another Langley calibration 
was performed after the end of the campaign for 
GFAT instruments, and their results confirmed the 
calibration coefficients obtained within the field 
campaign. On the other hand, the aerosol optical 
depth spectra become smoother when our retrieved 
value is used instead of the AERONET supplied 
coefficient. 
 
3.c.- Preliminary AOD and w intercomparison 
 A preliminary comparison of AOD was made 
after the initial calibration was completed, as 
discussed in section 3.a. As the instruments were 
operated indiviadually by the different research 
groups, several differences were present in the 
methodology employed for the calculus of w and 
AOD. Here we show the results in order to point out 
the importance of getting a common methodology 
when data from different instruments are being used.  
 For the quantitative comparison, several 
statistical indicators have been used. These are the 
root mean squared deviation (rmsd), the mean bias 
deviation (mbd) and the standard deviation of the 
differences (std). 

 ( )2

0 1
1

1 n

i

rmsd
n

τ τ
=

= −∑ , (1) 

 ( )0 1
1

1 n

i

mbd
n

τ τ
=

= −∑ , (2) 

 ( )2

1

1 n

i

std
n

δ δ
=

= −∑ , (3) 

where δ stands for the difference between two 
simultaneous values of AOD or w for the reference 
(subscript 0) and field instrument (subscript 1). We 

considered two measurements to be simultaneous 
when they differ by less than 1 minute. 
 

 

 
Figure.1. - Comparison of the evolution of (a) AOD and 
(b) water vapor along day 11th July in Armilla, obtained 

with independent methodologies for the different 
instruments.  

 
  In Figure 1 the comparison between the AOD 
for 440nm is presented, along day 11th July in 
Armilla site. This day is chosen for the figure 
because all the instruments were simultaneously 
located at the same site all the day long. The error 
bars are plotted only for GRSV instrument for 
clarity purpouses. These has been obtained through 
error propagation. The data for AERONET 
sunphotometer has been downloaded from the 
website2 In Table IV, the root mean squared 
deviation (rmsd) between the temporal series of 
AOD for the different instruments and for the master 
instrument (GFAT1) is given. These correspond not 
only to the measurements showed in Figure 1 but for 
all the database of the intercomparison. 
 As can be seen in Table IV, the rmsd between 
any instrument is tipically under 0.02 for AOD and 
0.15 g/cm2 for w, except for few wavelengths where 
this deviation is slightly higher. An exception is the 
340 nm channel for instrument GFAT2, but this 
instrument showed to fail on the 340 nm filter. The 
nominal uncertainty for the field instruments of 
AERONET is stated to be around 0.01 – 0.02 for 
AOD depending on the wavelength15, and around 
10% for the water vapor12. Therefore, for most of the 
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instruments and wavelentghs our deviation is about 
the order of this uncertainty.   
 

TABLE IV 
Deviation (rmsd, mbd, std) calculated between GFAT1 

instrument, and (a) GRSV, (b) AERONET, (c) CGE, (d) 
GFAT2 instruments for AOD and w (g/cm2)  

(a) GRSV, n=165 

λ (nm) rmsd mbd std 
440 0.019 0.018 0.008 
670 0.013 0.011 0.007 
870 0.011 0.008 0.007 
1020 0.012 0.009 0.008 

w 0.13 0.08 0.010 
(b) AERONET, n=196 

λ (nm) rmsd Mbd std 
340 0.019 -0.007 0.018 
380 0.022 0.015 0.016 
440 0.019 0.016 0.010 
670 0.017 0.016 0.004 
870 0.012 0.011 0.007 
1020 0.014 0.011 0.010 

w 0.14 0.07 0.12 
(c) CGE, n=170 

λ (nm) rmsd mbd Std 
440 0.020 0.016 0.012 
670 0.008 -0.001 0.008 
870 0.013 0.011 0.007 
1020 0.014 0.012 0.007 

w 0.04 0.02 0.04 
(d) GFAT2, n=181 

λ (nm) rmsd mbd Std 
340 0.71 0.69 0.15 
380 0.012 -0.003 0.012 
440 0.010 -0.002 0.010 
670 0.010 -0.001 0.010 
870 0.007 -0.002 0.007 
1020 0.014 -0.003 0.014 

w 0.02 -0.002 0.03 
 
3.d.- Final AOD and w intercomparison 
 So far we have compared the performance of 
the different methodologies for AOD and w 
calculation, giving acceptable results. However, for 
the analysis of the measurements at the different 
sites, we need to reduce the instrumental and 
methodological deviation, in order to better assess 
the differences of the aerosol characteristics at each 
site. At this point, a common methodology was 
chosen, including the common calibration 
introduced in section 3.b. In Table V we show the 
different methodologies and algorithms applied.  
 
 
 

TABLE V 
Common methodology applied to the data from the field 

campaign in order to get the AOD and w values. 

Variable Method 
Air mass Kasten and Young, 198916

Solar position Blanco and Muriel, 200117

Refraction correction Michalsky, 198818 
Rayleigh optical depth Bodhaine et al, 199919 
Ozone columnar 
content TOMS20 

O3 optical depth Gueymard, 200121 
NO2 optical depth Gueymard, 200121 
H2O optical depth Gueymard, 200121 
Air temperature and 
pressure In situ measured  

 

 

 
Figure.2. - Comparison of the evolution of (a) AOD and 
(b) water vapor along day 11th July in Armilla, obtained 

with a common methodology and calibration source.  
 
 In Figure 2 we show the compared behaviour 
of the AOD and w for the same day 11th July. In 
Table VI the new deviations are presented. 
 As can be seen in Table VI, the deviation 
between the different instruments has been 
decreased considerably if compared to Table IV, 
both in AOD and w (down to an upper limit of 0.01 
and 0.10 g/cm2, respectively) and therefore we can 
confidently attempt to compare AOD and w for the 
instruments when deployed in the different sites for 
the field campaign, with a deviation on the retrievals 
that is well within the uncertainty.  
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 However, the deviation in Table VI should not 
be understood as an improvement on the retrievals, 
as compared to results from Table IV; it points out 
only the accuracy of the measurements from the 
instruments, as they have been pushed to the limit. 
In fact, if a nominal uncertainty would be used, its 
value should be 0.01 – 0.02, as in (Eck et al., 1999). 
In Figure 2 the error bars are presented, again by the 
use of the error propagation method, and they show 
the uncertainty on AOD and w for the master 
instrument. This uncertainty is obviously dependent 
on the uncertainty of the calibration and the 
estimated uncertainty of the employed 
methodologies and input values.  
 

TABLE VI 
Deviation (rmsd, mbd, and std) calculated between 

GFAT1 instrument, and (a) GRSV, (b) AERONET, (c) 
CGE, (d) GFAT2 and (e) GOA instruments for AOD and 

w, when the methodology from Table V is applied.  

(a) GRSV, n=165 

λ (nm) rmsd mbd std 
440 0.004 -0.002 0.003 
670 0.005 -0.003 0.003 
870 0.003 -0.002 0.003 
1020 0.005 0.002 0.005 

w 0.02 0.11 0.02 
(b) AERONET, n=196 

λ (nm) rmsd mbd std 
340 0.009 0.008 0.005 
380 0.008 0.007 0.004 
440 0.003 0.000 0.003 
670 0.008 -0.006 0.005 
870 0.004 -0.001 0.003 
1020 0.006 0.001 0.006 

w 0.09 -0.05 0.08 
(c) CGE, n=170 

λ (nm) rmsd mbd std 
440 0.004 -0.002 0.004 
670 0.004 -0.003 0.003 
870 0.004 -0.002 0.003 
1020 0.005 -0.001 0.005 

w 0.05 0.02 0.04 
(d) GFAT2, n=181 

λ (nm) rmsd mbd std 
340 0.24 0.024 0.24 
380 0.010 -0.001 0.010 
440 0.009 -0.003 0.008 
670 0.011 -0.007 0.009 
870 0.007 -0.003 0.006 
1020 0.012 -0.003 0.012 

w 0.02 0.20 0.02 
 
 
 

(e) GOA, n=196 

λ (nm) rmsd mbd std 
440 0.003 0.002 0.003 
670 0.005 -0.002 0.004 
870 0.002 -0.000 0.002 
1020 0.008 0.003 0.007 

w 0.09 -0.04 0.07 
 
 For AOD, it can be seen how the deviation is 
higher for  instrument GFAT2. This deviation is 
maximum for 340 nm. In fact, it was related to a 
problem with the filter and the pointing system, and 
these data has not been used for the analysis of the 
campaign, at least without a manual filter of its data. 
 For w, in all the cases we find a deviation from 
the master instrument lower than 0.10 g/cm2, 
sometimes closer to 0.01 g/cm2. However, for a 
nominal uncertainty we must retain a higher value, 
probably up to 0.2 g/cm2. This nominal uncertainty 
would be preferred to the 10% usually given 
(Halthore et al, 1997) as the percentage value did not 
show to be consistent with our results when low 
amounts of water vapor are present. Comparisons 
with Microtops II units showed that the 0.15 - 0.20 
g/cm2 rule of thumb was always followed, but not 
the 10% nominal percentage. 
 

Conclusions. 
 A simultaneous calibration and 
intercomparison on AOD and w data has been 
undertaken in the frame of the VELETA 2002 field 
campaign, in order to assess its uncertainty and 
validity, prior to an exhaustive analysis of the 
aerosol properties along the field campaign.  
 Preliminary results with independent 
calibration and methodologies for each instrument / 
research group showed that acceptable results could 
be achieved when compared with a field AERONET 
instrument, with a deviation mostly below 0.02 for 
AOD and 0.15 g/cm2 for w.  
 However, if aerosols properties need to be 
compared between different sites for the assessment 
of their effect on the UV radiation at different 
heights, the deviation should be disminished, in 
order to better identify the differences only due to 
aerosols, and not to instrumentation or methodology. 
 Once  this common calibration and 
methodology has been applied, the deviation has 
been lowered to much less than 0.01 for AOD and 
0.10 g/cm2 for w, also compared with AERONET 
values, and well within the uncertainty of the 
measurements.   
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