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ABSTRACT: 
In this work we show the advantages that Sierra Nevada Range (37.1ºN, 

3.4ºW, 2100 m a.s.l.) offer for Langley periodic calibration of sun-photometers, 
with high frequency of cloudless conditions and stable morning atmospheric 
conditions (aerosol and irradiance regime) at summer. We have applied different 
methods to calculate the sun-photometer (CIMEL-CE318) calibration constants 
(Langley procedure), showing that are not necessary to take into account the
individual contributions of the atmospheric attenuators at this place. Moreover, 
air mass intervals ranging from 2 to 4 provide the best results in the calibration 
constant computation. 
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RESUMEN: 
En este trabajo mostramos las ventajas que ofrece Sierra Nevada (37.1ºN, 

3.4ºW, 2100 m a.s.l.) para la calibración periódica de fotómetros solares. En 
verano tiene una alta frecuencia de cielos despejados y las condiciones 
atmosféricas durante la mañana suelen ser estables (aerosoles y valores de 
irradiancia). Hemos aplicado diferentes métodos para calcular las constantes de 
calibrado (procedimiento Langley) de un fotómetro solar (CIMEL-318), 
mostrando que no es necesario tener en cuenta las contribuciones individuales de 
los atenuadores atmosféricos. Además, los mejores resultados en el cálculo de las 
constantes de calibrado se obtienen cuando consideramos intervalos de masa de 
aire entre 2 y valores mayores que 4.  
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1.- Introduction. 
        It is well known that atmospheric aerosols 
influence the remote sensing measurements and 
affect the long-term climate. This fact has resulted in 
increasing research on the accurate knowledge of the 
spatial and temporal amount of aerosols 
concentrations and also the variability of their 
optical properties. A global database of the optical 
aerosol properties is fundamental to our 
understanding of their influence on climate change1. 
Ground based experiments that use solar radiometers 
have widely contributed to the determination of 
aerosol optical properties and also to validation of 
satellite data. A well-known remote sensing 
technique derives the aerosol optical thickness from 
measurements by means of sun photometers. 
Starting with the research of Volz2, Sun photometry 

has widely been used for ground-based 
determination of the optical extinction of the 
atmosphere for more than 35 years. If the sun 
photometer is exactly calibrated, not only aerosol 
optical depth but also aerosol size distributions and 
other columnar optical parameters may be 
calculated. However, the intercomparison campaigns 
show that large differences in the retrieval optical 
properties occur when the calibration of the 
individual instruments is inaccurate3. The calibration 
constant of a sun photometer is the voltage it would 
read on top of the atmosphere, and it is commonly 
determined by the use of the Langley method. The 
method involves the performance of photometer 
readings at different solar air masses and the plotting 
of their logarithms against the relative air mass. 
According to the Beer-Lambert-Bouger law, the 
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ordinate intercept yields the logarithm of the zero-
air-mass photometer voltage. 
        Sun-photometers require an appropriate 
calibration that customarily is based on the Langley 
plot technique. For this purpose stable conditions 
under low aerosol load are required. Typically, there 
is no effective temporal atmospheric stability at most 
locations, resulting in an important source of error in 
the calibration procedure. For this reason, Langley 
plot methods have been described in the literature4-8. 
In this sense, high mountain sites represent an 
appropriate place that fulfills such requirements7.  
        On the other hand, the sun photometers have 
sensibility changes in time and need periodical 
calibrations. Thus, it is important to have a mountain 
place for these Langley calibration procedures. Also, 
due to the requirement of a periodically calibration, 
is desirable that the calibration place have a great 
percentage of clearness days and an easy 
accessibility. 
        Here we present some examples of Langley 
plots carried out at Sierra Nevada Mountain in order 
to characterize their quality and the advantages of 
the place. 
 
2.- Instrumentation and Methodology. 
2.a.- Experimental site. 
        The data presented in this paper were carried 
out at different seasons at “Ahí de Cara” –Sierra 
Nevada Mountain, Granada - (37.1ºN, 3.4ºW, 2100 
m a.s.l.), an inland location in southeastern Spain. 
The station is located in the north slope of Sierra 
Nevada Mountain, approximately 17 km to the city 
and 47 km to the seashore (Mediterranean Sea). The 
continental conditions prevailing at this site are 
responsible for large seasonal temperature 
differences, providing cool winters, with the 
presence of snow, and hot summer without snow. 
Most rainfall in this area occurs during spring and 
wintertime. The summer is normally very dry, with 
very few rainfall events in July and August. The area 
also exhibits large periods of low humidity. 
Granada, located to the northwest of the 
measurement station, is a non-industrialized medium 
sized city.  
       Figure 1 shows the climatic records at Armilla 
Meteorological Office (1961-1990), located in the 
Granada valley (680 m a.s.l): a) Monthly mean 
number of days with overcast, cloudy or cloudless 
conditions, b) the ratio of bright sunshine hours (Ns) 
to potential bright sunshine hours (Nsp) per day.  
       Figure 2 shows the monthly average number of 
consecutive cloudless days (1994-2001) retrieved 
from broadband solar radiation at Sierra Nevada 
(2500 m a.s.l.), including the standard deviations of 
the values. The experimental values used in these 
computations have been measured at the ski station 
of Sierra Nevada Mountain. The graphs showed that 
the highest frequency of cloudless conditions 
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Figure.1.- Climatic records from Armilla Meteorological 
Office (1961-1990): a) Monthly mean number of days 
with overcast, cloudy or cloudless conditions, b) the ratio 
of bright sunshine hours (Ns) to potential bright sunshine 
hours (Nsp) per day. 
 
correspond to summer (more than 15 cloudless days 
per month with high probability -70-75%- of hourly 
cloudless conditions along the day). On the other 
hand, this period presented the largest number of 
consecutive cloudless days (8-10 days).  
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Figure.2.- Monthly average number of consecutive cloud-
less days from Sierra Nevada (1994-2001). 
 
Additionally, morning conditions are usually rather 
stable (aerosol and irradiance regime) because the 
top of the mixing layer stays below the station level 
till midday. By the way, we can see also the rather 
high number of consecutive clear days along the 

 a) 

 b) 
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year. These facts, combined with the easy 
accessibility by road of locations till 2600 m a.s.l., 
along the whole year, make Sierra Nevada a very 
interesting place to establish a high mountain 
calibration station in Southern Europe.  
 
2.b.- Instrumentation. 
        For the Langley measurements campaigns we 
have used a CIMEL-CE318 spectral robotic 
radiometer manufactured in Paris, France. The 
instrument is a solar-powered weather hardy 
robotically pointed sun and sky spectral radiometers, 
with approximately a 1.2º full angle field of view 
and two detectors for measurement of direct sun, 
aureole and sky radiance. The sensor head is pointed 
by stepping azimuth and zenith motors with a 
precision of 0.05º. The solar transmission 
measurements are made in seven spectral bands 
(340, 380, 440, 670, 870, 940 and 1020 nm) 
requiring approximately 8 s, with a motor-driven 
filter wheel positioning each filter in front of the 
detector. The filters utilized in this instrument were 
ion-assisted deposition interference filters with band 
pass (full with at half maximum, FWHM) of the 340 
nm channel at 2 nm and the 380 nm filter at 4 nm, 
while the band pass for all longer channels was 10 
nm. A sequence of three such measurements are 
taken 30 s apart, creating a triplet observation per 
wavelength in Langley morning protocol. The 
triplets are repeating at every quarter air mass 
between 2-5 air masses and every 15 minutes when 
the air mass is less than two. The observable 
variation in the triplets can be used to screen clouds 
in many cases. The solar extinction measurements 
can be used to compute aerosol optical depth at each 
wavelength except for the 940 nm channel, which is 
used to retrieve total columnar water vapour. The 
temperature of the instrument is monitored but not 
controlled. Finally, the synoptic observation 
programme at the meteorological station of Granada 
was also used to guarantee cirrus clouds did not 
influence the measurements values. Holben et al.1 
describe the CIMEL radiometers in detail. 
 
2.c.- Methodology. 

        According to the Beer-Lambert-Bouguer law, 
the output voltage, Vλ, obtained when the direct solar 
irradiance is observed over a small bandpass 
centered at λ, is 
 

( )λmτ
λλ eVR=V −

0
2   (1) 

 
where m is the relative optical air mass, that depends 
on solar zenith angle, τλ is the spectral optical depth, 
R is the Earth-Sun distance at the time observation 
and V0λ is the instrument calibration constant. 
Taking the logarithm of Eq. (1) leads to 
 

λλλ mτVR= −0
2lnlnV       (2) 

 
        If a measurements series is carried out over a 
range of m during which τλ remained constant, V0λ 
may be determined from the ordinate intercept of a 
least-squares fit. This procedure is known as 
conventional Langley plot calibration. The number 
of data points must be big due to the feasibility of 
the statistical procedure. Other authors7-9 applied a 
refined Langley plot technique by decomposition of 
the attenuation term take into account several 
attenuators: 
 

aλaλλRλRλ τmτmτmτm=mτ +++ 2233         (3) 
 
where the subscripts R, 3, 2 and a refer to Rayleigh-
scattering air molecules, O3, NO2, and aerosol 
particles, respectively. Due to the atmospheric 
curvature and refraction, the relative optical air mass 
depends also on the vertical distribution of the 
attenuators, on the altitude of the site, and on the 
temperature profile. For the computation of 
corresponding air mass functions we used the 
formulas from Gueymard11. 
        Take into account the attenuators, the Equation 
(2) leads to 
 
( ) aλaλλλRλRλ τm=τmτmτmRV −+++−

02233
2 lnVln

    (4) 
 
where the left-hand side of Equation (4) can be 
plotted versus ma. On the other hand, in Langley 
calibration procedures, as the principal contributor in 
time to atmospheric attenuation is the atmospheric 
aerosol, Equation (4) is more sensible to the changes 
produced during the calibration period.  
        Equations (2) and (4) can be rewritten dividing 
Equation (2) by the relative optical air mass, and 
Equation (4) by the aerosol optical air mass. 
Therefore, 
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 (5), (6) 
 
Equation (6) is an adaptation of a commonly used 
technique in astronomy8-10. In these last equations 
we can calculate the instrument calibration constant 
by means of the slope of the individual least-squares 
fit. Equations (5)-(6) are less sensible to the 
atmospheric variability. This refined Langley 
technique requires the knowledge of τiλ. For 
computation of τiλ we used the SMARTS2 
equations11. For the columnar content of ozone we 
used the values provided by TOMS. Nitrogen 
dioxide absorption cross section has been obtained 
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from SMARTS2, taking into account the different 
standard atmospheric profile depending on the 
season and latitude.  
 
3.- Experimental results. 
        We have performed a series of morning 
Langley plots at “Ahí de Cara” (Sierra Nevada 
Mountain) under cloudless conditions in the period 
2002-2004. During our measurements we have 
evidenced visually that the top of the mixing layer 
stays below the station level. In our computations we 
have used Equation (2) –Method 1-, Equation (4) –
Method 2- and Equation (6) –Method 3- to calculate 
the calibration constant. Depending on season we 
use different ranges of air masses with the lowest 
limit in 1 and the highest limit in 7.  
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Figure.3.- Langley plot acquired on 23 April 2004 
(Equation 2, Method 1).  
 
        The quality of the Langley plots was checked 
by analysis of the residuals. The results prove that 
Langley plot performed at “Ahí de Cara” reflect a 
high linear correlation coefficients (R2) ranging from 
0.9900-0.9999. Figure 3 shows the Langley plot 
obtained using Equation (2) –Method 1-, on 23 April 
2004. The statistical errors of the individual Langley 
plots derived from the standard deviation of the 
regression line intercept range from 0.01-0.03%, 
confirming again the good quality of the data set. 
The calibration constant retrieved for the different 
channels suggests that the variations are not due to 

changes in aerosols. On the other hand, the 
associated errors to the calibration constant 
computation are about 0.01. The temporal trend of 
the calibration constants (2002-2004), for each 
channel, implies a degradation of 3.5% (340 nm), 
4% (380 nm), 1.5% (440 nm), 1% (670 nm), 1.3% 
(870 nm) and 0.8% (1020 nm).  
      We have analyzed the calibration constants that 
would be obtained using more refined methods –
Equations (4)-(6), and we will compare the results 
using different ranges of optical air mass. Other 
authors12 have provided a discussion on the quality 
of Langley plots respect to the air mass interval 
selected.  
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Figure.4.- Retrieved lnV0   values with different combina-
tion of  minimum and maximum air masses  using  
Method 2. The isolines represent R2 values associated to 
the Langley plots: a) 340 nm, b) 670 nm.  
 
        Figure 4 shows the improved Langley results -
Equation (4), Method 2- changing the aerosol air 
mass interval for two wavelengths, 340 and 670 nm. 
We have selected these two wavelengths as example 
due to 340 nm (UV channel) is more affected by 
Rayleigh contribution, and the 670 nm channel is 
more affected by ozone attenuator. Thus, the 
example can show the differences respect to the air 
mass contribution. The isolines of fig. 4 reflect the 

 b) 

 a) 
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 b) 
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linear correlation coefficient (R2) retrieved in 
Langley plots, using different combinations of 
minimum aerosol air mass value (x-axis) and 
maximum aerosol air mass value (y-axis). The 
values used in graphs are lnV0λ, due to the maximum 
error associated to this logarithmic value 
corresponds to the maximum error of aerosol optical 
depth related to ma=1. The results showed that the 
best Langley plots correspond to fits with a 
minimum value ma=2 and a maximum value greater 
than ma=4. These Langley plots have associated 
correlation coefficients greater than 0.99. In these air 
mass ranges the retrieved calibration coefficients are 
constant within 0.01%.  
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Figure.5.-  Variation of the calibration constant values (Ln 
V0) calculated by “Method 1 - Method 2” for different air 
mass intervals: a) 340 nm, b) 670 nm. 
         
       Figure 5 shows the results comparing the 
calibration constant values calculated by Equation 
(2) and (4) for different air mass intervals (Method 1 
– Method 2). As we can see, the differences between 
the two methods increase in the range of higher air 
masses (higher solar zenith angles). In this range 
(higher air masses) the difference between total air 
mass (Method 1) and the air mass from the 
attenuators (Method 2) is significant. In this sense, 
Method 2 is more sensible to the atmospheric 

instability, and is more appropriate to provide the 
best calibration constants. The maximum difference 
between the calibration constants (Method 1 – 
Method 2) is about -0.01, and the mean value is 
about -0.003. Considering that the magnitude of the 
differences in lnV0λ corresponds to the maximum 
difference in aerosol optical depth related to ma=1, 
the use of these methods provided differences in 
aerosol optical depth lower than 0.01. 
        Figure 6 shows the results comparing the 
calibration constant values calculated by Equation 
(4) and (6) for different air mass intervals (Method 3 
- Method 2). As we can observe, these two methods 
are similar respect to the calibration constant 
obtained. The mean value of the difference (Method 
3 – Method 2) is about –0.001, being zero the 
difference around the minimum aerosol air mass 
value for the Method 2. The disadvantage of the 
Method 3 is the information loss about the 
atmospheric stability. In this sense is more 
appropriate the Method 2. 
        Finally, though we have analyzed in text the 
Langley calibration procedures from two 
wavelengths (340 and 670 nm) the results are similar 
from the others (380, 440, 870 and 1020 nm). 
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Figure.6.- Variation of the calibration constant values (Ln 
V0) calculated by “Method 3 - Method 2” for different air 
mass intervals: a) 340 nm, b) 670 nm. 
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Conclusions. 
        Multiyear records of broadband radiometer 
measurements at High Mountain level in Sierra 
Nevada evidence the high probability of cloudless 
skies along the year, not only in summer but also in 
winter months that present more stable conditions at 
this high level along the day. On the other hand, our 
analyses showed that for the summer months, which 
have the higher frequency of cloudless conditions, 
morning conditions could be rather stable because 
the top of the mixing layer stays below the station 
level till midday. This fact, combined with the easy 
accessibility by road of locations till 2600 m a.s.l., 
along the whole year, make Sierra Nevada a very 
interesting place to establish a high mountain sun 
photometer calibration station in Southern Europe.  
        The three Methods used for the sun-
photometers calibration show similar results with 
differences minor than the errors associated to the 
calibration constant computation (0.01). Our results 
showed that, at High Mountain Stations with 
cloudless    conditions   and   atmospheric    stability, 

 
Method 1 is a good method to carry out the sun-
photometers calibration. Under circumstances that 
imply lower quality of Langley plots (possible 
problems with atmospheric instability) it is more 
convenient to use Method 2, taking into account the 
individual atmospheric attenuators according to 
standard vertical profiles. The largest sensibility of 
this method provides an appropriate criterium for 
Langley plot rejection. On the other hand, including 
the UV channels, the air mass intervals ranging from 
2 to maximum greater than 4 have the best results in 
the calibration constant computations. 
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