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Abstract

An automatic global and direct solar spectral irradiance system has been designed based on two

LICOR spectroradiometers equipped with fibre optics and remote cosine sensors. To measure direct

irradiance a sun tracker based on step motors has been developed. The whole system is autonomous

and works continuously. From the measurements provided by this system a spectral irradiance

database in the 330–1100 nm range has been created. This database contains normal direct and global

horizontal irradiances as well as diffuse irradiance on a horizontal plane, together with total

atmospheric optical thickness and aerosol optical depth.
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Aut
ho

r's
   

pe
rs

on
al

   
co

py
1. Introduction

There is currently increasing interest in reliable experimental data on spectral solar
radiation at ground level that can give more specific information than (wide band)
integrated radiation for which there is already an adequate global network of measuring
stations. This interest is justified since these spectral data allow integrated values to be
obtained that refer to specific zones of the solar spectrum such as UVA, UVB, PAR etc.,
and also to deepen knowledge of the composition and processes that take place in the
terrestrial atmosphere, by using radiative transfer codes or inversion algorithms.
The establishment of systematic measurements that allow a complete database of multi-

use solar spectral irradiance is fundamental not just for the rigorous validation of
transmission models and the determination of atmospheric optical characteristics but also
for the design and evaluation of the efficiency of numerous solar radiation energy systems
such as, for example, those based on photovoltaic conversion. At the same time, it is of
interest in applications as diverse as biomass production, luminous efficacy, plastic
materials degradation, erythemal efficiency determined by weighting each wavelength of
the solar spectrum by its effectiveness in producing erythema (action spectrum) and then
integrating over the UV range, photocatalytic detoxification and the calibration of solar
radiation sensors, among others.
The systematic study of the spectral distribution of ground-level solar irradiance has

been the objective of many projects, notably those carried out by the National Renewable
Energy Laboratory (NREL) [1–3]. During the last few years, spectral irradiance
measurement systems have proliferated. On the one hand, there are the systems dedicated
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Nomenclature

E0l incident radiation at the top of the atmosphere (W/m2 nm)
Enl incident radiation at normal incidence (W/m2 nm)
G integrated global irradiance on a horizontal plane (W/m2)
G0 extraterrestrial global irradiance on a horizontal plane (W/m2)
GN integrated direct normal irradiance (W/m2)
G0N integrated extraterrestrial direct normal irradiance (W/m2)
GNE integrated direct normal irradiance (W/m2)
Gl global horizontal spectral irradiance (W/m2 nm)
GBl direct normal spectral irradiance (W/m2 nm)
GDl diffuse horizontal spectral irradiance (W/m2 nm)
m relative optical airmass

Greek letters

a Angstrom wavelength exponent
b turbidity coefficient
l wavelenght (nm)
r mean relative Sun–Earth distance
tTl total atmospheric optical depth
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to the UV range due to public concern caused by the thinning of the stratospheric ozone
layer and the consequent increase in UV radiation interacting with the biosphere [4,5]. On
the other hand there are specific developments for studying atmospheric aerosols,
analysing the optical and radiative properties of aerosols over the length of an atmospheric
column from the experimental records provided by radiometers that combine solar spectral
irradiance extinction measurements (direct radiation) and sky radiance (diffuse radiation).
In this context, the AERONET network [6] has turned into a very useful instrument for
analysing the spatial distribution at a planetary level, and for beginning to establish an
aerosol climatology [7,8].

Besides these measurement networks, a great amount of field campaigns have been
undertaken to determine the optical properties of the atmospheric components using
spectroradiometers provided with collimators, usually manually operated. In these
campaigns the spectroradiometer Licor 1800 has been widely used [9–13] and its validity
has been proved beyond doubt [14–16].

Any experimental measurement programme should be capable of satisfying, at least
potentially, a variety of interests. Apart from the interest in the measurements themselves,
we must consider what secondary products we wish to obtain from them and, based on
these objectives, design the experimental set up and the database accordingly. In our case
there is a double objective: to obtain a database of representative spectral solar irradiance
for a wide range of optical masses and atmospheric conditions, and to apply the database
to the characterisation of atmospheric aerosols, concentrating specifically on the aerosol
optical depth (AOD) and the aerosol size distribution.

Since the AOD is determined from the spectral irradiance measurements at normal
incidence using the Bouger–Lamber–Beer exponential law [11], to address the second
objective measurements of spectral global irradiance on a horizontal plane are insufficient
as it is necessary to also know values of direct irradiance, or in any case, the spectral diffuse
irradiance. Currently, there exist commercial instruments for studying aerosols, which are
used in more or less extensive networks, which give measurements of direct irradiance by
tracking the sun [6] or measurements of diffuse irradiance by covering the solar disc over
the sensor using some automatic system [17]. Both such systems limit their range to specific
spectral bands by, for example, using incorporated filters. This also limits their interest as
valid instruments for the study of spectral solar irradiance.

To measure direct irradiance, whether spectral or wide band, it is necessary to use a sun
tracker. There are a number of commercially available trackers and the literature contains
works showing the design and construction of tracking systems for direct irradiance
measurements with pyrheliometers or for tracking the sun on two-axis concentration
captors [18–21]. In our case we have designed a sun tracker according to our specific needs
and for a relatively low cost. It is part of an automatic system for global and direct spectral
solar irradiance measurement, based on two LICOR-1800 spectroradiometers equipped
with fibre optics and remote cosine sensors.

2. Irradiance measurement instrumentation

The spectroradiometers used to spectral measurements (global and direct) are LICOR
1800 models. The LICOR 1800 is a single monochromator spectroradiometer in the
300–1100 nm range. The optical receiver is a Polytetrafluoroethylene (PTFE, brand
name Teflons) dome with a 2p steradian field of view (FOV). The monochromator is a
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motor-driven scanning type holographic grating with a 6 nm full-width half-maximum
(FWHM) and a band pass precision of 1 nm. The detector is a silicon photodiode
operating in the photovoltaic mode. For the measurement of the direct component a
radiance limiting tube (collimator) with FOV of 4.61 was coupled to the remote cosine
receptor.
Various authors have estimated the order of magnitude of the errors that affect the

measurements from the LICOR 1800, although the most complete analysis in this respect
was carried out at the NREL [2,14,22]. In that work they have taken into account the
factors that can introduce some type of uncertainty in the experimental values—both the
inaccuracies of the measurement apparatus and those due to random causes such as
temperature fluctuations or calibration instrument errors. Recently Martı́nez-Lozano et al.
[16] have analysed the uncertainty associated with the measurements of these spectro-
radiometers in the visible range. The overall uncertainty (root square sum of the
uncertainties) is 75.0%. If only uncertainties associated with the measurement procedure
are considered this value is reduced to 74.0%. These values agree with those estimated by
Riordan et al. [2], Myers [22] and Carlund et al. [15].
In our system, and given that the measurements were made continuously, in order to

avoid leaving the instruments exposed to the atmospheric conditions a fibre optic probe
provided by the manufacturer was coupled to the instrument. The fibre optic is 1.7m long
and a small remote cosine receiver is fitted to one end. The fibre optic and remote cosine
receiver replace the standard cosine receiver (diffuser) of the Licor-1800, and is connected
to the spectroradiometer in its place. The length of the fibre optic conditions, the position
of the measurement system and the design of the sun tracker for direct irradiance
measurements as will be seen below. The use of the fiber optic has the important limitation
that invalidates the UVB spectral range (300–320 nm). Nevertheless, we have to keep in
mind that in such range the instrument shows the maximum error, around 20% [16], which
makes it not suitable for the spectral UVB measurement. The radiance limiting tube, used
for the direct irradiance measurements, has been designed based on the work of Cannon
[23]. The spectroradiometers are calibrated periodically using a calibrated 200W quartz
tungsten halogen lamp (LICOR-1800-02 Optical Radiation Calibrator) in the laboratory
of the Valencia University Solar Radiation Group.
For the continuous measurement of direct irradiance the sun tracker has been designed

based on pass motors, which are described in the following section. The tracker and the
spectroradiometers are controlled from a PC using the software developed specifically for
this measurement system. The whole of the measurement station is represented
schematically in Fig. 1.

3. Characteristics of the sun tracker

The sun tracker for direct irradiance has been developed in collaboration between
members of the Robotics Institute [24] and the Department of Thermodynamics of the
University of Valencia. The design was based on the following requirements:

� To follow the Sun’s trajectory with a maximum positional error of 21. To calculate the
Sun’s position the algorithm proposed by Blanco-Muriel et al. [25] has been used.
� To control the spectroradiometer such that the measurements taken are synchronised

with the position of the system.
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� To work automatically, allowing up to 1 week without the need for any operator
supervision.
� To return each night to a rest position avoiding turning back over itself since this would

cause the optical fibre to roll up and eventually break.

The development of the tracker required both hardware and software. The hardware
designed consists of a mechanical platform that must be outdoors where the collimator and
the fibre optic should be placed. The movement of the whole system is commanded by a
step motor and gear speed reducer to adjust the step required. Respect to the software, this
had to be able to achieve at least the following objectives: (a) to control the tracker to align
it with the sun, (b) to implement the equations that model the relative Sun–Earth
movement, and (c) to control the spectroradiometer to take the measurements,
synchronising the tracker and measurement sensor systems.

3.1. Hardware

The system was designed to perform movements in two planes to align the collimator
with the sun: one rotation in the azimuth plane over a fixed base, and the other rotation in
the principal solar plane, giving two degrees of freedom. The choice of mechanical
structure was made bearing in mind that it should support the collimator and the optic
fibre. To reduce weight the collimator was made of PVC, without lenses, so that its weight
was less than 1 kg. The system chosen is made of a fixed base anchored to a vertical wall
formed by two lateral walls and a base on top of these. Above the base, another inverse
structure is positioned that turns and supports the collimator. On the base of the lower
structure the step motor is set that turns the upper structure (rotation in the azimuth
plane), and on one of the lateral walls of the upper structure the second step motor is fixed
(rotation in the principal plane).

The join between the two structures is achieved by a step motor-reducer axis and a
cylindrical bearing. The attachment of the collimator to the upper structure is by a bracket
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Fig. 1. Scheme of the station for automatically registering direct and global spectral irradiance.
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supported to one end of the step motor-reducer axel that controls the solar altitude. The
whole of the structure is made on 1 cm thick aluminium. This material was chosen for
several reasons: (a) it is easy to work with, (b) it is weather resistant, and (c) its weight
causes no additional problems for the development of the structure. For the actuation
systems step motors were chosen rather than continuous current systems for various
reasons. Amongst these was the ease of control for positioning and the high blocking
torque, which is very useful in this case since most of the time the system is not moving and
it is necessary to keep the structure fixed. The disadvantage of the step motors is their
maximum resolution, which uses to be too high, that is the reason what step reductions are
necessary. Their disadvantage is the maximum resolution of the electrical coils, for which
reductions are necessary. From the many ways to achieve this (reducer boxes, toothed
bands, worm screws) reducer boxes were selected. In this way a higher motor resolution as
well as an increase in their torque is achieved. The motors used were four-phase step
motors with a 1.81 step. They are fed by a 12V, 0.6A supply. Their blocking torque is
500mNm and the breaking torque is 30mNm. The reducer boxes had a 25:1 ratio,
allowing 0.0721/step, sufficient for the desired objective. The pass motor control is done by
a control board that was specially designed for this type of motor, including a compatible
interface that is connected to the parallel port of the PC through optical couplers.
Finally to give the system a reference point from which to correctly position itself two

on/off sensors indicating the initial position for each of the degrees of freedom have been
used. These are optical pass detectors made of an LED and a photodetector working in the
infrared. To cut the sensors at the desired position fixed aluminium reference point are
used that identify geographic north and the zero solar elevation. Fig. 2 shows the sun
tracker with the step motor, the limiting tube and the fibre optic all mounted on the metal
platform.
In turn, the spectral irradiance measurements on the horizontal plane are performed by

a remote cosine receiver connected to the spectroradiometer through an optic fibre probe.
Fig. 3 shows the system mounted on a metal platform, which is set horizontal using a
bubble type spirit level. In these conditions the error that the use of the fiber optic induces,
as it was mentioned above, invalidated the measurements in the UVB range. On the other
hand, the authors have also estimated, using the Nakajima’s SKYRAD.PACK code
[26,27], the contribution of the sky radiance to the measured irradiance, due to the fact that
the solid angle subtended by the collimators is higher than the solid angle subtended by the
sun. The inaccuracy due to the circumsolar radiation, for 500 nm, was 0.6% assuming that
the sun was perfectly centred in the instruments FOV [16,28]. When the Sun was not in the
centre, the circumsolar radiation would probably be slightly less, and so too the inaccuracy
due to this radiation. The inaccuracy due to the positioning, with a maximum error of 21,
has not been evaluated.

3.2. Software

In the design of the software there are two clearly distinct modules, one for the control
of the spectroradiometers and the design of the measurement procedures, and one for the
control of the tracker and its movement through the day. The first of these modules has
been developed from a layer-based design (Fig. 4). In the lowest level is found the layer
responsible for management of the communications between the PC and the spectro-
radiometer. In the intermediate level is located the layer corresponding to the command and
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reply generator through which the user interacts with the Licor internal computer using a
menu of simple two character commands to control all phases of instrument operation. In
the top layer is located the data processor and storage. The objective of this last layer is to
interpret the data returned by the lower layers and display them in a valid way for the user.

The model responsible for the control and positioning of the tracker carries out
the functions corresponding to: (a) movement relative to the sun, (b) motor control,
(c) adjustment and return to the rest position, and (d) alarms and sensors. The sensors
charged with positioning the system are managed using a module that acts as interface
between the parallel port and the rest of the program. Using these sensors, various alarms
have been defined at different levels that range from simple informative calls to severe
alarms in case of misalignment of the system.

All the software has been developed in C++ Builder under a Windows environment,
permitting the development of the modular-layered control design in a simple way,
practically through a simple translation between the design and the implementation. All
the equations needed for the control module of the tracker have been implemented from a
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Fig. 2. The sun tracker mounted on the metal platform. The pass motors, radiance limiting tube and fibre optic

can be seen.
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library. The designed application includes various Menu options whose principal
characteristics are as follows:

� File: allows the selection of the functions performed on data files. Files can be
transferred from the LICOR to the PC or vice versa, or files in the LICOR memory can
be listed and deleted.
� Configuration: contains the communication parameters, geographic coordinates and the

measurement instrument’s calibration. It is possible to define the type of communica-
tion between the LICOR and the PC (indicating the communications port and the data
transfer velocity), and to configure the solar tracker by indicating the latitude and
longitude of the measurement site and the initial and final solar altitudes at which the
system should start operating or return to the rest position, respectively. In this menu, it
is also possible to activate the network connection allowing time synchronisation and to
send alarms by e-mail.
� View: displays the LICOR parameters (internal date of the LICOR, internal battery

power, etc.).

ARTICLE IN PRESS

Fig. 3. The remote cosine receiver connected to the spectroradiometer (with the fibre optic probe) mounted on the

metal platform.

Fig. 4. Software operational diagram.
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� Measurement: fixes the measurement parameters. This allows the definition of the
scanning interval (process of collecting spectral data). In our system the interval has
been set at 15min. The user specifies the destination file, the upper and lower
wavelength limits (330 and 1100 nm in our case), and the number of scans. It is also
possible to activate and deactivate automatic scanning.
� Motors: allows the adjustment of the position in altitude and azimuth, the blocking and

deblocking of the motors, and the return to the rest position. This position has been
defined as zero solar altitude and 901 azimuth (taking zero azimuth to the south). In the
rest position the collimator is oriented to the north and in a horizontal position. The
position adjustment system is very useful since it permits the tracker position to be
corrected at any time to ensure the correct orientation of the collimator.

4. Database

As has already been stated, a double objective was sought with the system: (a) to
automatically obtain direct normal and global horizontal spectral solar irradiance, and
(b) based on these to calculate atmospheric aerosol optical properties (such as the AOD,
the Angstrom turbidity coefficient and the a power wavelength coefficient). This means
that the database structure should take into account both aims.

4.1. Spectral irradiance

The measurements, whether direct normal or global horizontal spectral irradiance, are
made every 15min on universal time convention (UTC). Fig. 5 shows, as an example, the
direct normal, global horizontal and diffuse horizontal irradiance values as measured in
Valencia (39.481 N, 0.31 W) at 1200UTC on 26 May 2003. The diffuse irradiance values
have been calculated from the measurements of direct and global irradiance. The
inaccuracy in the measurement of the global irradiance in the visible range is 5%, while in
the measurement of the direct irradiance is below 3% [16]. Using these values, a
conservative approximation for the inaccuracy in the diffuse irradiance in the visible range
would be 8%. It would be possible to apply the shade/unshade method on the global
spectra to see if they are consistent with the direct spectra, and thus double check the
respective calibrations, but this analysis has not been carried out.

In the UV range, there is a wavelength shift of nearly 1 nm through the day due to
temperature variations [16]. This effect, which has been previously reported by other authors
[5,29], is due to the expansions that occur in the holographic diffraction gratings, which are
not temperature stabilized, unlike the detector, which is stabilized for the Peltier effect. In
the UV range the algorithm of Slaper et al. [30] can be used with a reference spectrum for
extraterrestrial solar irradiance obtained from the Solar Ultraviolet Spectral Irradiance
Monitor (SUSIM) experiment [31]. The extraterrestrial solar irradiance spectrum is a stable
reference that can be used for analysing a posteriori any wavelength shift.

In the database, a file is generated daily for the direct irradiance and the irradiance on a
horizontal plane. In this file the first column is the wavelength, varying between 330 and
1100 nm in 1 nm steps. The measurements start at 330 nm and not 300 nm because the use
of the fibre optic greatly increases the errors in this wavelength range. The following
columns of the file are the irradiance values for each measurement (UTC time values that
appear in the header of each of the columns). Measurements are made each 15min, in

ARTICLE IN PRESS
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winter from 0800 until 1600UTC, and in summer from 0700 until 1700UTC. Based on the
daily spectral data files hourly files are created. In the header of these files appear the year/
month/day together with the UTC time, and the corresponding optical mass. Each file also
stores a marker corresponding to the measurement location. The rest of the files are
distributed in columns, the first corresponding to the wavelength (from 330 to 1100 nm)
then the direct normal spectral irradiance and the global irradiance on the horizontal
plane. The fourth column stores the diffuse horizontal plane irradiance, a value calculated
from the columns two and three. The fifth column contains the AOD, which is calculated
using the method indicated in the following section. In Table 1 there is an example of a
part of hourly file only from 330 to 340 nm wavelength.
The database files also contain a series of integrated solar radiation values and

meteorological parameters that allow us to characterise the atmosphere in each
measurement instant. These include the integrated direct normal irradiance (measured
with an Eppley NIP pyrheliometer), the integrated global irradiance on a horizontal plane
(measured with an Eppley 8-48 pyranometer) and the total and the UVB range integrated
ultraviolet irradiance (measured with an Eppley TUV and a YES UVB-1, respectively), as
well as the ambient temperature, atmospheric pressure and relative humidity. Fig. 6 shows
the daily evolution of the integrated direct normal and global horizontal irradiances for
26/5/2003. All these values have been measured by an automatic system belonging to the
Valencia Solar Radiation Group and located on the terrace of the Industrial Engineering
School building of the Polytechnic University of Valencia.
For data quality control it was decided to use clearness indices so that for each

measurement day the following indices are determined:

kt ¼
G

G0
, (1)
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kN ¼
GN

G0N

, (2)

kNE ¼
GNE

G0N

, (3)
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Table 1

Example of a spectral hourly data section, only from 330 to 340nm

Place: Valencia

Year/month/day: 2003/5/26

Time: 11 hUTC Relative optical airmass : 1.07

l (nm) Gl (W/m2 nm) GBl (W/m2 nm) GDl (W/m2 nm) AOD

330 0.54184 0.217957 0.340025 0.537353

331 0.72247 0.227623 0.511708 0.488168

332 0.57458 0.225761 0.365544 0.528634

333 0.55688 0.227936 0.345835 0.524972

334 0.59082 0.231598 0.376375 0.491084

335 0.51043 0.229378 0.298047 0.520589

336 0.52590 0.232124 0.310977 0.514755

337 0.47787 0.242332 0.253492 0.470889

338 0.50979 0.245735 0.282264 0.480584

339 0.50387 0.251968 0.270568 0.483248

340 0.52124 0.258179 0.282183 0.472858

Gl: global horizontal spectral irradiance; GBl: direct normal spectral irradiance; GDl: diffuse horizontal spectral

irradiance; AOD: aerosol optical depth.
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Fig. 6. Daily evolution of the integrated global horizontal and direct normal incidence irradiances. Valencia,

26/5/2003.
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where G is the integrated global irradiance on a horizontal plane (measured by the
pyranometer, W/m2), G0 the extraterrestrial global irradiance on a horizontal plane (W/m2),
GN the integrated direct normal irradiance (measured with the pyrheliometer, W/m2), G0N

the integrated extraterrestrial direct normal irradiance (W/m2), GNE the integrated direct
normal irradiance (obtained by integrating the spectral measurements, W/m2).
The extraterrestrial global irradiance on a horizontal plane have been calculated using:

G0 ¼ GscE0 cos yz, (4)

where Gsc is the solar constant (1367W/m2), E0 the eccentricity correction factor of the
earth’s orbit, yz the zenith angle.
Furthermore a clearness index independent of the zenith angle, k0t is also used. This is

obtained by normalising the clarity index corresponding to an air mass equal to one. Perez
et al. [32] define said index as

k0t ¼ kt=½1:031 expð�1:4=ð0:9þ 9:4=mÞ þ 0:1�, (5)

where m is the optical mass. A Linke turbidity factor of 1.4 was selected for this
approximation. This may appear arbitrary, and a different value of the Linke turbidity
factor would lead to a quite similar normalization function. Although with this expression
the zenithal dependence is not completely removed, the results show noticeable gains in
accuracy [32].
Analysing the above indices carefully it is possible to assess the quality of the

experimental data.

4.2. Aerosol optical depth

From the spectral irradiance measurements at normal incidence, the total atmospheric
optical depth is deduced employing the Bouguer–Lambert–Beer exponential law. In the
case of a monochromatic radiation (Enl) traversing the atmosphere, the Bouguer–Lam-
bert–Beer law becomes:

Enl ¼ ð1=r2ÞE0l expð�tTlmÞ, (6)

where r is the mean relative Sun–Earth distance, E0l is the incident radiation at the top of
the atmosphere, m is the relative optical air mass and tTl is the total atmospheric optical
depth for all the different atmospheric extinction processes. From this spectral total
atmospheric optical depth, the spectral AOD is determined by following a series of steps,
which have been described by the authors in previous works [11,12].
In this case, to determine tTl we employed the values of the extraterrestrial spectrum

proposed by Gueymard [33,34] smoothing the data to the band pass of our spectro-
radiometer. For the air mass, the empirical expression proposed by Kasten and Young [35]
is used. To calculate the AOD from the total atmospheric optical depth, the Rayleigh
optical depth is calculated from the approximation of Bodhaine [36], and we assume the
ozone absorption coefficients from Anderson and Mauersberger [37]. The total ozone
amount was obtained daily from Total Ozone Mapping Spectrometer (TOMS) data [38],
whilst for the NO2 the data corresponding to the Gueymard mid-latitudes model, given in
Simple Model of Atmospheric Radiative Transfer of Sunshine (SMARTS ver. 2.9.2) [33],
were used. As an example, Fig. 7 shows the AOD values for the 330–680 nm interval,
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obtained by this methodology, corresponding to the times 0600, 1100 and 1300UTC on 26
May 2003 in Valencia.

Error propagation methods were applied to obtain the AOD error. Utrillas [39]
developed a simplified method to estimate the error associated with the AOD values
retrieved from spectral irradiance measurements. This method is similar to that developed
by Russell et al. [40] and Schmid et al. [41]. In our case the error in the AOD is mainly
conditioned by the error in the measurement of the direct spectral irradiance and the value
of the optical air mass in the instant of the measurement. The authors have previously used
this method with experimental measurements made at other sites [42] and the values that
were obtained were similar to those presented by Kaufman et al. [43].

It has not been possible to compare the AOD values with the ones of the AERONET
network because there is neither a station nearby Valencia nor with the same
meteorological conditions. Nevertheless Estellés et al. [42] compared the Licor 1800 and
Cimel 318 (instrument used in AERONET) results obtained in Veleta 2002 campaign.
They concluded that the deviation in the retrieved AOD between both instruments in the
visible range is 0.01–0.03, depending on the channel.

The Angstrom parameters (a, b) have been calculated using a log–log fitting of the
experimental AOD values versus the wavelength, according to the Angstrom law:

AODðlÞ ¼ bl�a. (7)

Fig. 8 shows the a-values obtained from the AOD values in Fig. 7.
From this analysis of the spectral AOD curves one can observe sometimes a discontinuity in

the values around 560nm. Such phenomenon has been observed in other occasions, although
more sporadically, by other authors [12,44,45]. The causes of this discontinuity could be:

(a) Change of the 558 nm filter in the Licor 1800. This fact should not produce a great
difference in the nearby values because the instrument band pass is 6 nm and the step is
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1 nm. Furthermore, the discontinuity is not observed for all the measurement days and,
when it is observed, it is for all the measurements.

(b) Physical reasons, such as the presence in the atmosphere of aerosols with different
characteristics [12,14]. According to Moorthy et al. [44] the AOD and a-values depend
on the air mass origin when the spectral range analysed is below 750 nm. Similar results
have been obtained for studies in maritime environments [45].

The calculation of the Angstrom parameters for different spectral intervals (particularly
the wavelength exponent a) has been previously considered by other authors [12,46]. The
choice of the intervals is mainly conditioned by the discontinuity that appears around
560 nm in the curve of AOD versus wavelength, which we believe could be related to the
different modes observed in the size distributions. Concretely, when we consider shorter
wavelengths, we obtain information about smaller particles, whereas when we consider
longer wavelengths we obtain information related to greater particles.

5. Conclusions

An automatic system for the measurement of global and direct spectral solar irradiance
in the 330–1100 nm range has been designed. The system uses two commercial LICOR-
1800 spectroradiometers equipped with a remote cosine receiver and a fibre optic.
For direct irradiance measurements a sun tracker has been designed and constructed

which makes the system return to its rest position at the end of each measurement cycle. A
computer program has also been designed to allow the control of the spectroradiometers
and the tracker, which also implements a measurement protocol for generating a database
of direct normal and global horizontal spectral irradiance. From these data, by using a
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subtractive method, the diffuse irradiance on a horizontal plane is calculated. Finally,
using the Bouguer–Lambert–Beer law, the algorithm calculates total atmospheric
thickness and aerosol optical depth in the 330–1100 nm interval.
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