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Abstract

Sensitivity studies indicate that among the different error sources of ground-based sky
radiometer observations, the pointing error has an important role in the correct retriev-
ing of aerosol properties, being specially critical for the characterization of desert dust
aerosol. The present work analyzes the first results of two new measurements, cross5

and matrix, specifically designed for an evaluation of the pointing error in the standard
instrument of the Aerosol Robotic Network, the Cimel CE-318 sun-photometer. The
first part of the analysis contains a preliminary study whose results conclude on the
need of a sun movement correction for the correct evaluation of the pointing error from
both new measurements. Once this correction is applied, both measurements show10

an equivalent behavior with differences under 0.01◦ in the evaluation of the pointing
error. The second part of the analysis includes the incorporation of the cross scenario
in the AERONET routine measurement protocol in order to monitor the pointing error
in field instruments. Using the data collected for more than a year, the pointing error
is evaluated on 7 sun-photometers belonging to AERONET-Europe. The pointing error15

values registered are generally smaller than 0.01◦ though in some instruments values
up to 0.03◦ have been observed. Moreover, the pointing error evaluation has shown
that this measure can be used to detect mechanical problems in the robots or dirti-
ness in the quadrant detector due to the stable behavior of the values against time and
solar zenith angle. At the same time, the matrix scenario can be used to derive the20

value of the field of view. The methodology implemented and the characterization of
five sun-photometers is presented in the last part of the study. To validate the method,
a comparison with field of view values obtained from the vicarious calibration method
was developed. The differences between both techniques are under 3 %.
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1 Introduction

The AErosol RObotic NETwork (AERONET, Holben et al., 1998) program was started
by the National Aeronautics and Space Administration (NASA) in the 90’s, in collabo-
ration with PHOTONS (Laboratoire d’Optique Atmosphérique-LOA, University of Lille),
as a federation of networks with regional or national extent deployed on ground in the5

form of stations for monitoring atmospheric aerosols. AERONET aims at providing re-
liable monitoring of global aerosol optical and microphysical properties, to facilitate the
characterization of the aerosol properties, the validation of satellite products related to
the aerosol as well the synergy with other instrumentation (lidar, surface radiation, in
situ aerosol, etc.).10

For these purposes, the network imposes standardization of instruments, measure-
ments, calibration, processing and data distribution which have allowed its great expan-
sion and wide usage in the scientific community. The standard AERONET instrument
is the CE-318 manufactured by Cimel Electronique. This is an automatic sun and sky
radiometer, equipped with 8 or 9 spectral channels covering the spectral range 340–15

1640 nm. It performs both direct Sun measurements and sky radiance observations in
the almucantar and principal plane configurations (Holben et al., 1998).

The AERONET inversion algorithm, described in Dubovik and King (2000) (also
Dubovik et al., 2000, 2002, 2006), provides the aerosol information from two kinds
of measurements: spectral data of direct Sun radiation extinction (i.e. aerosol optical20

depth) and angular distribution of sky radiance. The latter contains essential informa-
tion for retrieving the aerosol phase function and optical aerosol properties. Using this
information, important aerosol optical and microphysical parameters, such as the parti-
cle size distribution (Nakajima et al., 1983, 1996) and complex refractive index or single
scattering albedo Dubovik and King (2000); Dubovik et al. (2006), are derived.25

The work Dubovik et al. (2000) describes an accuracy analysis of the AERONET in-
version code considering different error sources. Among the different error sources,
a possible azimuth angle error during the pointing process is also accounted for.
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Precisely, one of the most important results of the study is that an accurate azimuth
angle pointing is critical for the characterization of desert dust aerosol. The zenith point-
ing accuracy, as analized by Torres (2012) is shown to be critical for the principal plane
retrievals.

However, an evaluation of the pointing error in the Cimel CE-318 sun-photometers5

has not been done yet. The present work analyzes the first results of two new mea-
surements (also called “scenarios”), denominated “cross” and “matrix” and integrated
in the CE-318, which have been developed for a characterization of the pointing error.
As it will be shown, these scenarios will not be only useful to characterize the azimuth
pointing error, but they will also be used to estimate the zenith pointing error whose10

perturbations in the inversion procedure are mentioned above. The continuous moni-
toring of these pointing accuracy can also be used to monitor instrument performance
in the field.

Finally, the matrix scenario allows to calculate the field of view (FOV) of the sun pho-
tometer. This characteristic is of great importance in any sun photometer but the need15

of an accurate determination (beyond the manufacturer specifications) arises from the
fact that the field of view can be used to calibrate the radiance channels using the vi-
carious method (Li et al., 2008). We will show how field and laboratory measurements
of the FOV can be used as calibration check for quality assurance.

2 Theoretical basis20

2.1 Pointing error

2.1.1 Definition

Pointing error (see Fig. 1) is defined as the angle between the Sun position (correct
pointing) and the erroneous pointing direction. As sun-photometers are moved by two
motors, azimuth and zenith axes, the value of the pointing error, Θξ, is normally given25
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in spherical coordinates:

Θξ =Θξ(ξϕ,ξθ) (1)

Unfortunately and as we will comment later, the scenarios conceived to calculate the
pointing error calculate ξϕ and ξθ but not the “total” pointing error Θξ. So, the relation
between ξϕ, ξθ and Θξ, should be obtained. Note, here, that if the pointing error is5

sufficiently small, it can be considered as an infinitesimal displacement (with dr = 0)
and therefore the relation in Eq. (1) could be defined as an infinitesimal displacement
in spherical coordinates:

Θξ =Θerror(ξϕ,ξθ) = ξθθ̂+ sinθsξϕϕ̂

Θξ =
√
ξ2
θ + sinθs

2ξ2
ϕ

(2)

To calculate the general relation of Eq. (1), the concept of scattering angle needs to10

be defined.

2.1.2 Scattering angle

The concept of scattering angle is very interesting in many fields of physics, playing
a fundamental role in the field of atmospheric optics. In this context, the scattering angle
is defined as the angle between the forward direction of the Sun beam and a straight15

line connecting the scattering point observed by a detector. In our particular case,
where the detector is a ground based sun-photometer, the Sun can be considered
to be in the infinite and the scattering angle is equivalent to the angle formed by the
directions of the Sun and the observation from the detector, see Fig. 2.

Then, the relation between the scattering angle, the solar position and the observa-20

tion angle can be written as in Vermeulen (1996):

cos(Θ) = cos(θs)cos(θv )+ sin(θs)sin(θv )cos(ϕv −ϕs) (3)
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where Θ is the scattering angle, ϕv and θv are the observation azimuth and zenith
angle, and θs the solar zenith angle. In the representation system, the solar azimuth
angle (ϕs) can be taken as the azimuth origin and its value set to zero.

2.1.3 Pointing errors described in terms of the scattering angle

Revising both definitions, pointing error and scattering angle, it is easy to observe how5

the pointing error can be re-defined as the scattering angle of the erroneous pointing
direction. If, ξϕ and ξθ are the spherical coordinates of the pointing error, using Eq. (3),
their relation with the scattering angle can be written as:

cos(Θξ) =cos(θs)cos(θs + ξθ)

+ sin(θs)sin(θs + ξθ)cos(ξϕ)
(4)

which expresses the exact relation of the total pointing error in terms of ξϕ and ξθ. If10

we develop cos(θs + ξθ) and sin(θs + ξθ) then

cos(Θξ) =cos(θs)[cos(θs)cos(ξθ)− sin(θs)sin(ξθ)]

+sin(θs)cos(ξϕ)[cos(θs)sin(ξθ)+ sin(θs)cos(ξθ)]

=cos(θs)2 cos(ξθ)− sin(θs)cos(θs)sin(ξθ)

+ sin(θs)cos(θs)sin(ξθ)cos(ξϕ)

+ sin2(θs)cos(ξϕ)cos(ξθ)

(5)

If again we only consider small errors, sin(ξθ) can be approximated, rejecting terms

from third derivative, as ξθ; and cos(ξθ) eliminating terms from forth derivative as 1− ξ2
θ
2 .
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The same is valid for ξϕ, obtaining:

cos(Θξ) =cos2(θs)− cos2(θs)
ξ2
θ

2
− sin(θs)cos(θs)ξθ

+ sin(θs)cos(θs)ξθ cos(ξϕ)

+ sin2(θs)

(
1+

ξ2
θξ

2
ϕ

4
−
ξ2
θ

2
−
ξ2
ϕ

2

) (6)

and then

cos(Θξ) =1+ sin(θs)cos(θs)sin(ξθ)(cos(ξϕ)−1)

−
(

cos2(θs)
ξ2
θ

2
+ sin2(θs)

ξ2
θ

2

)

− sin2(θs)
ξ2
ϕ

2
+ sin2(θs)

ξ2
θξ

2
ϕ

4

cos(Θξ) =1−
ξ2
θ

2
− sin2(θs)

ξ2
ϕ

2

− sin(θs)cos(θs)
ξθξ

2
ϕ

2
+ sin2(θs)

ξ2
θξ

2
ϕ

4

(7)

and once here, if again, only terms until second order are considered, the last two5

terms in Eq. (7) can be eliminated. On the other hand, if we also approximate cos(Θξ)

as 1−
Θ2

ξ

2 , then:

1−
Θ2

ξ

2
=1−

ξ2
θ

2
− sin2(θs)

ξ2
ϕ

2
=⇒Θ2

ξ = ξ2
θ + sinθ2ξ2

ϕ

(8)
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Recovering the expression in Eq. (2).
Taking into the account that the pointing errors will not be larger than 1◦, all the

approximations made, which rejected terms from third order, are valid, and therefore,
pointing errors can be separated in their azimuth and zenith components.

Even though, first the mathematical approximation is presented here, and then, in the5

next subsection the pointing error results with the sun-photometer are shown, actually,
this subsection is made as a consequence of the next one: one of the first results
that we obtained with the tests made to characterize the sun-photometer pointing was
precisely that the zenith component of the error, ξθ, was constant and the azimuth one,
ξϕ, was also constant if it was multiplied by sinθs; this result indicated that the pointing10

error should be understood as the scattering angle between the Sun bean and the
direction where the detector is pointing. Furthermore, this angle was constant in the
experiences and now we understand that it is perfectly described in terms of: ξθ and
sinθsξϕ.

In order to make the description easier, from now on, the factorization of the total15

pointing error in spherical coordinates, Θξθ = ξθ and Θξϕ = sinθsξϕ, will be named as
total vertical and horizontal error, respectively. Keeping the names of zenith and az-
imuth error for ξθ and ξϕ which are related to the two motor movements: zenith and
azimuth. Needless to say, that zenith and vertical errors are coincident, and sometimes,
we will refer to them indistinctly.20

2.2 Field of view of the sun photometers

2.2.1 Definition

Ideally, the solid angle in a radiance measurement is supposed to be infinitesimal.
However, sun-photometers have a finite field of view and this could cause some distur-
bances in the radiance value.25

According to the Cimel company, manufacturer of the sun-photometer Cimel-318, the
value of the field of view in the current sun-photometers is 1.2◦ while in the old versions
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it was 2.4◦. The field of view is an important characteristic of the sun photometers:
in radiance measurements, a large field of view can yield to undesired averaging of
radiances at sky regions near the sun in which the change of radiance with the scat-
tering angle is steep. On the other hand, the direct solar irradiance measurements get
biased by the amount of aureole radiation that is assumed to be direct solar radiation.5

An investigation on this particular topic in the frame of AERONET has been recently
published (Sinyuk et al., 2012).

2.2.2 Vicarious

The so-called Vicarious calibration method (Li et al., 2008), provides a radiance cal-
ibration given that an irradiance calibration and the solid view angle are known. The10

radiance (L) can be defined as:

L =
dE

dΩcos(θ)
(9)

Where E is the irrandiance, Ω the field of view and θ is the angle between the surface
normal direction and the specified (incidence or view) direction.

For small solid view angles at normal incidence, the radiance can be approximated15

as:

L =
E
Ω

(10)

The solid view angle of the instrument is just related to the geometry, provided that
the irradiance (used for direct Sun observations) and the radiance (used for scattered
sky radiance measurement) channels are measured with the same optical compo-20

nents, as it is the case for the last generation of Cimel sun/sky radiometers. The dif-
ferent electronic amplification used in each case must be taken into account. All the
necessary information to derive the solid angle is indicated by Li et al. (2008, see
Eq. 9).
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In the cited work by Li et al. (2008), the authors derive the solid view angle from a set
of irradiance and radiance calibrations, the latter made using an integrating sphere
with known radiance output. In this work, we will apply the vicarious method to derive
the field of view. This estimation is based on the AERONET direct sun and radiance
calibrations, therefore it is independent of the geometrical measurements (in the labo-5

ratory or using the Sun as a source) of the field of view that are described in the next
section. A comparison of results from 3 instruments will be presented to make a first
consistency check between methods.

3 New scenarios: matrix and cross

Two new scenarios, matrix and cross, have been developed with the aim of evaluating10

the pointing quality of the sun photometers, in order to provide, afterwards, a realis-
tic estimation to analyze its impacts on the inversion-derived aerosol properties within
AERONET network. The description of both of them, as well as the different implemen-
tations done so as to make them operative are presented in this section.

Before describing the new scenarios, it is necessary to briefly explain how the Cimel15

sun photometer points at the Sun during its automated operation. The photometer robot
has origin positions in both the zenith and azimuth motors. These are found with the
so-called PARK procedure or “scenario”. Once the parking position is achieved, the in-
strument tries to find the sun following an astronomical calculation (GOSUN scenario)
based on site coordinates and time. Due to incorrect leveling or robot orientation this20

position is usually not perfect. Finally a 4-quadrant detector is used (TRACK scenario)
to find the exact solar position. The 4-quadrant must be previously adjusted (initially
by the manufacturer) so that the instrument finds the position of maximum signal on
the detector while pointing at the sun or a solar simulator, which is assumed to be the
optical axis of the system. The adjustment can be lost due to several reasons: incor-25

rect manipulation for example during transport, dirtiness on the 4-quadrant window,
deficient alignment during maintenance, etc.
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Other causes for a bad pointing can be also related to the mechanical performance
of the tracking robot, which can have some game in the motors or loose screws, or
even arise from incorrect instrument setup, for instance if some cable does not allow
free instrument movement. However, these last cases result in not finding the sun at all
within the field of view are therefore easy to detect.5

A small misalignment of the 4-quadrant detector may however remain unnoticed
as long as the solar disk is entirely captured within the field of view in the direct Sun
measurements (the tolerance is about 0.03◦ in the Cimel sun photometers). Such a light
deviation of tenths of degree in the 4-quadrant adjustment will not affectt the optical
depths but may have significant influence on the sky radiances and therefore on the10

inversion-derived aerosol properties (Torres, 2012), as commented in the introduction.

3.1 Matrix measurement

3.1.1 Description

The matrix measurement starts with go-sun and track scenarios (pointing to the Sun)
and afterwards the Cimel moves towards right ∆ϕ = 1◦ and down ∆θ = −1◦ (1). From15

this point it starts scanning the area around the Sun, going from down to up and right
to left as plotted in Fig. 3 (on the left). As we can see in the figure, each scenario
represents a 0.01◦ movement to the left from ∆ϕ = 1◦ to ∆ϕ = −1◦ which results in 21
scenarios. In every scenario the Cimel covers all the zenith angles from ∆θ = −1◦ to
∆θ = 1◦ in steps of 0.01◦, while keeping the azimuth angle, and records a total of 2120

measurements. An example of a matrix measurement is given in the Fig. 3 (on the
right) taken in Lille site on 22 September 2010 at 12:47:07 LT.

1Hereafter the azimuth displacement of the sun-photometer motor will be call as ∆ϕ, being
the zenith one represented as ∆θ.
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Time is recorded for each scenario, right-left movement. That sequence lasts around
10 s, therefore every piece of data is obtained more or less every half a second. The
total time used for the whole matrix measurement is 3.5 min.

3.1.2 Sun correction in matrix scenario

The image produced by the matrix (Fig. 3 on the right) seems to be wrong at first5

glance. The responsible of this strange result is the Sun movement during the matrix
measurement. In order to illustrate how the Sun movement affects our measurements,
we show a brief study of how fast the Sun moves in angular terms in middle latitudes.
For this test, we used the algorithm presented by Reda and Andreas (2007), which
will be later used to discount the solar movement in the whole pointing error study.10

Using the mentioned algorithm, in Fig. 4, the zenith and azimuth absolute Sun variation
per second in Valladolid site (middle latitude station) are represented, in the winter,
subfigure on the left, and in the summer, subfigure on the right.

The zenith variation never gets higher than 0.003 ◦ s−1 reaching this value at sunrise
and at sunset, and being its minimum at noon: 0 ◦ s−1. Looking at the figures, it does not15

show a seasonal variability. On the other hand, the azimuth variation is much higher
and season-dependent: the variation reaches its maximum of 0.01 ◦ s−1 at noon in the
summer. Its minimum of 0.003 ◦ s−1 takes place at dawn and at sunset (same value
than the maximum of solar variation). With all these data, we can estimate that the bias
introduced during the matrix measurement in a middle latitude station is between 0◦

20

and 0.6◦ in the zenith and between 0◦ and 2◦ in the azimuth.
Once the Sun movement correction is applied to all the matrix data, and re-sizing

the matrix, the same matrix as in Fig. 3 is plotted in Fig. 5, in the left; note that in the
figure on the right, ∆ϕsin(θs) is put instead of ∆ϕ. The fact that in the first plot ap-
pears an ellipse while the second one shows a sphere confirms what we have already25

settled: even though, the sun-photometer motor does the steps by ∆ϕ the horizontal
sun-photometer pointing error should be evaluated in terms of ∆ϕsin(θs).
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3.2 Cross measurement

3.2.1 Description

The Sun cross measurement starts tracking the Sun and then it moves downwards,
∆θ = −4◦. From this point, it moves up recording data for every step of 0.2◦ (scenario 0).
Once it gets ∆θ = 4◦ it repeats the movements but backwards (scenario 1). Afterwards,5

it points to the Sun again and moves right, ∆ϕ = 4◦. From there, it moves left recording
data every 0.2◦, as well, until ∆ϕ = 4◦ (scenario 2), and then it repeats the movement
towards right until ∆ϕ = 4◦ again (scenario 3). The data obtained between −2◦ and 2◦ in
both axes are measured with low gain (Sun channel 1) like in the matrix measurement
and the rest of the data are recorded with higher gain (aureole) channel. Nevertheless,10

the relevant part of the measurement is the first set of data.

3.2.2 Sun correction in cross scenario

Cross measurements need a correction of solar displacement too. Checking the timing
recorded in the data files, from the beginning of the two tracking (considering tracking
moment the time recorded in the scenario 0 and 2) until the end of scenario 1 and15

3 the Sun photometer uses approximately 40 s. The correction is especially critical for
azimuth angles during the summer season when a bias of 0.4◦ would appear otherwise.
The cross measurement done at Valladolid site on 5 August 2010 at 13:41 LT is shown
in Fig. 6 with and without the sun correction. In the example, it can be seen the need
of the Sun correction, especially for the scenario 3 (green line), which is the second20

scenario of the azimuth cross as previously indicated.
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4 Pointing error estimations

4.1 Methodology

After describing the scenarios and the Sun movement correction, we will describe the
methodology used to obtain the pointing bias with the matrix and the cross measure-
ments. The analysis of the matrix measurements consists of obtaining the contour5

maps for levels between 20 and 80% of the maximum value (with steps of 5%) for the
different matrix. Every line level describes an ellipse, as shown in the example in Fig. 7.

The value of the pointing error is estimated calculating all the centers and averaging
them. A similar procedure is followed for the cross measurements. Using the data from
scenarios 0 and 1 (related to ∆θ) and scenarios 2 and 3 (related to ∆ϕ) the data is10

interpolated at different heights of its maximum value, in this case from 20 to 80% with
steps of 10%. It is important to emphasize again that, the azimuth pointing estimation
should be done as ∆ϕsin(θs), consequently after the calculation of the centers (done in
terms of ∆ϕ resulting in ellipses instead of circles in the matrix analysis), every single
point is multiplied by sin(θs) to obtain the pointing error estimation.15

4.2 Preliminary results

The first tests with the matrix and cross measurements were done in Valladolid during
summer 2010 with photometer #353, and in Lille during the early autumn 2010 with
photometers #042 and #047. We also did some tests with photometers #420 and #143
in Valladolid during the autumn. Table 1 includes the dates and the description of all20

the data collected. Therefore, for these first tests, data were collected using 5 different
sun-photometers.

The measurements from #047 are split because two different robots were used dur-
ing the measurement; when it was installed on the first robot, it showed some disagree-
ments which are discussed separately. Once the photometer was set on the second25

robot, the disagreements disappeared. The photometer number #420 was studied in 4
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periods because we deliberately misaligned its tracking system: numbers (2) and (3)
correspond to those measurements with the biased track system, while numbers (1)
and (4) represent the tests when the photometer came to the calibration center and
before it was sent back to its field site once the tracking system was corrected again.

Tables 2 and 3 contain the average and the standard deviation of the pointing error for5

all the data, except for the photometer #047(1) that due to its fore-mentioned problems
is analyzed apart. We have not include either the tests #420(2) and #420(3), where
the tracking system was deliberately misaligned, and they will be also studied later.
Table 2 shows the results obtained for the horizontal pointing error (azimuth pointing
error multiplied by sin(θs)) and Table 3 for vertical pointing error (or zenith pointing10

error). The same scheme is used for both tables, the column on the left, presents the
results obtained by the matrix, the second column the result obtained by the cross
while third and four columns present the results for every cross branch individually.

The two scenarios provide practically the same pointing errors with absolute differ-
ences under 0.01◦ between them. This is a very important result as the scenarios are15

independent and the methodology followed to calculate the pointing error was done
separately. Another important result is that the sun-photometers point the Sun with an
error under 0.01◦ except the photometer #143 whose tracking system seems to be
biased 0.2◦ in both axes.

Using the results of this photometer (with the highest error), the estimated pointing20

error of every single data is plotted in Fig. 8 against the date, on the left, and against
the SZA on the right in order to check if there is any dependence with both parameters.
The results do not show any dependence on the date nor on the solar zenith angle.

However, the data range for both components of the pointing error is around 0.07–
0.08. The result is not surprising as in Tables 2 and 3 the standard deviation was25

0.020–0.025 for all the photometers. This high dispersion could be explained by the
mechanical characteristic of the Cimel-318 robot which has a minimum step of 0.05
in azimuth and zenith. Note that the dispersion is also given in horizontal and verti-
cal terms. As the solar zenith angles used for the measurements are very high there
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is almost no difference between the two components. However, as the dispersion is
a function of the azimuth and zenith components of the motor, it should be understood
in these terms, therefore, we would expect the horizontal dispersion to get reduced for
short solar zenith angles, which is already noticeable in Fig. 8 (blue points in the figure
on the right) when SZA = 50◦.5

4.2.1 Detection of robot problems: #047

Looking at the values of photometer #047(1) in Table 4, there is no agreement between
the matrix and cross results and not even between the two branches of the cross
measure (scenario (2) and scenario (3) for Θξϕ and scenario (0) and scenario (1) for
Θξθ ). Moreover, standard deviations of both sets are very high, reaching values of10

0.01◦, as is also visible in Table 4 and in Fig. 9 which illustrates the pointing error for the
photometer #047(1) as a function of the date. Nevertheless, as soon as the photometer
was set on a different robot the error was corrected (re-named to photometer #047(2)
as commented in the previous section and included in Tables 2 and 3), resulting in
identifying problems in the robot as the cause of the dispersions.15

4.2.2 Misalignement tests

Finally, the study of the instrument in which we deliberately misalignedits tracking sys-
tem, number #420, is shown in Table 1: #420(2) and #420(3). The center estimations
for both periods are represented in Fig. 10. Before the sun-photometer was installed,
the morning on 27 October 2010, the tracking system was misaligned (#420(2)). In20

order to investigate an even higher pointing error, it was misaligned again during the
afternoon of that day. This change is noticeable in Fig. 10 (on the left) where the point-
ing error values are different in the morning and in the afternoon on 27 October 2010.
To conclude, in the right part of Fig. 10, the evolution of the pointing error the following
days is shown. There is a total agreement for matrix and cross center estimations in25
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this case, as well. Therefore, even when the tracking system is highly biased (values
up to 0.5◦) the method is still valid.

4.2.3 Pointing error monitoring in the field

The previous analysis suggested that matrix and cross measurements are both valid
methods to estimate the pointing errors as well as good indicators of different issues,5

such as robot problems or dirtiness in the quadrant detector (Torres, 2011). After this,
the cross measurement was proposed (within AERONET annual calibration workshop)
to be integrated as a part of the AERONET standard measurement protocol, with a little
modification: in order to be more precise the cross spans from -2 to 2◦, with 0.01◦ step.
Matrix measurement was discarded for field operation because a lot of memory is10

needed to record the data.
In order to integrate the cross measurement in the measurement protocol, the Cimel

company designed a new E-eprom (5.20h), that adds 2 cross scenarios per day to the
usual measurement protocol. These are all CE-318NE (“extended” model with 1640 nm
channel). Note that the pointing measurements in previous sections with the matrix and15

cross measurements, were based on the 1020 nm Sun channel exclusively. Cimel sun-
photometers have 2 optical channels (with 2 collimator tubes). Depending on the Cimel
models, the sky measurements are taken with the second optical channel (standard
model) or with the same optical channel (extened model), given that extended models
use the second channel for short-wave infrared measurements at 1640 nm wavelength.20

The 4-quadrant detector is unique though, therefore the parallelism between tubes
may play a role. The choice of extended Cimel model for these measurements allows
evaluating the pointing in both physical channels and provides an estimation of the
parallelism between the two optical axes. This gives an estimation of the pointing error
of the sky measurements in standard Cimels.25

Seven sun-photometers belonging to AERONET-Europe, i.e. calibrated by LOA or
GOA in Lille or Valladolid respectively, have been operated with these routine cross
measurements twice a day for more than a year. As explained above, these are all
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CE-318NE (“extended” model). As an example, Fig. 11 shows the pointing error de-
rived from crosses during 2012 for sun photometer #627 in both physical channels,
corresponding to the UV-Visible and Infrared channels respectively. The two channels
have different pointing axis and both of them stay within the prescribed specifications.

The pointing error observations derived from cross measurements have shown to5

be very stable over time, therefore they would allow: (a) correction of the pointing in
the sky radiances, that could improve the inversion-derived products; (b) detection of
mechanical problems, as it was already indicated in Sect. 4.2.1. In Fig. 12, the time
series of pointing error in the azimuth and zenith directions is shown for instrument
#383. In the analyzed period the instrument was deployed at several sites (Autilla,10

Valladolid and Izaña). A mechanical problem of the first robot used at Autilla is clearly
highlighted by the azimuth pointing error. The problem is solved after the change of
mounting robot. The installation in Valladolid shows very low and stable pointing errors.
The last period in Izaña seems to present some deficiency in the zenith direction, very
likely due to some robot problem again.15

Finally, Table 5 shows basic statistics on pointing errors for the photometers in the
field for the 7 sun-photometer under analysis. Cross measurements are done just after
a sun direct measurement, and this fact has allowed to assure the selection of those
measurements not affected by clouds, applying the same cloud screening procedure
as the one existing in AERONET network for aerosol optical depth measurements (fully20

described in Smirnov et al., 2000). To eliminate from the analysis the different errors
reported during the cross measurement (e.g. robot issues in sun-photometer #383
(Fig. 12)) automatically, the maximum differences allowed between the branches, left-
right and up-down, during the pointing error calculation has been 0.02◦ (note that the
final valor of the pointing error is the average of these branches).25

The results are indicative of good pointing adjustment overall, with average point-
ing error below 0.01◦ in both directions for all the photometers except #421. For this
photometer the average of the zenith pointing error is 0.24 and 0.14, for visible and
infrared channel respectively, though values up to 0.3 have been registered in specific
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measurements. Note, that most of the instruments were master instruments operating
in calibration platforms (Izaña, Valladolid and Autilla) therefore it could be expected that
different results are obtained from normal field instruments.

5 Field of view calculations

5.1 Matrix measurements in field photometers5

Nakajima et al. (1996) proposes a method to estimate the field of view from similar
measurements to the matrix scenario. In this article, the field of view of the solar ra-
diometer PREDE (standard instrument of the Skynet network) is calculated from a set
of measurements similar to the matrix scenarios. Basically, the field of view is obtained
as:10

FOV =
∫ ∫
∆A

E (x,y)

E (0,0)
dxdy (11)

where x and y (in radians) are the polar coordinates that determine the position of the
optical axis with respect to the position of the sun. E (x,y) is the irradiance measure-
ment at any point and E (0,0) is the irradiance at the center of the sun.

In order to use Eq. (11) is necessary to evaluate the measurement E (0,0) and there-15

fore, to know previously the pointing error. If xc and yc are the estimated pointing errors
(horizontal and vertical respectively), the Eq. (11) can be expressed as:

FOV =
∑
i ,j

E (xi ,xj )∆S(i , j )

E (xc,yc)
(12)

where i represents the variation in the horizontal (azimuth increment multiplied by
sinθs) axes and j in the zenith one.20
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Using the photometers described in Table 1, in Table 6 calculated values for the field
of view are represented. Photometers #047 in its first part is not represented due to its
robot problems. The values for the 5 photometers vary between 1.13 and 1.32◦, which
means a discrepancy of 10% of Cimel specified value of 1.2◦.

The different periods of miscalibration are considered separately in photometer #420.5

The value obtained does not depend on the pointing accuracy.

5.2 Matrix measurements with a laser beam in the laboratory

Here we present a second test for measuring the field of view using the matrix scenario.
Instead of taking the Sun as a source, we propose using a laser beam in the laboratory
which has been previously expanded and collimated in order to get a punctual source1

10

in the infinite (see Fig. 13). The utilization of a punctual source results not only in the
value of the field of view (following the methodology given by Nakajima et al. (1996)
and summarized in Eq. 11) but also with the opportunity to estimate the shape of the
response of the field of view in the sun-photometer.

Figure 14 shows an example of a matrix measurement in photometer #143 using the15

laser beam in the laboratory. We can observe that the response of the field of view is
practically cylindrical and that the fall is straight, indicating that in the optical system of
the sun-photometer the limit illumination and full illumination are the same.

Comparing this representation with the one obtained in Fig. 7 where the Sun was
used as the source, we see that in that case the fall was softer due to the angular size20

of the sun.
The experiences with the laser beam are quite recent and we have only measured

three photometers: #143, #353 and #420. The result of the tests are in accordance with
those obtained in the field (using the sun as a source) with differences under 5% as

1The angular size of any source can be estimated as the quotient between the size of the
source, in this case 12µm, and the focal length of the lens which was around 30 cm in the one
used. With these data the angular size was about 0.0023◦ in our experiments.
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shown in Table 7. The FOV calculations from the vicarious method are also represented
in Table 7 and the results agree better than 3% with respect to the other technique for
both light sources.

6 Conclusions

The pointing error of Cimel-318 sun-photometer has been determined through the uti-5

lization of two new measurement scenarios: cross and matrix. However, the raw data
produced by these new scenarios have been shown insufficient for a correct evalu-
ation of the pointing error and a correction to account for Sun movement during the
measurement has been also implemented.

In a preliminary study on several sun-photometers applying the methodology pro-10

posed in this work, the results obtained have revealed that both scenarios, cross and
matrix, are equivalent with differences in the evaluation of the pointing error below
0.01◦. For this reason, and due to the large amount of memory that is needed to record
the data of matrix scenario, only the cross scenario has been integrated as a part of
the AERONET standard protocol for field measurements.15

The analysis of the first results has indicated that, in general, the value of the pointing
error in AERONET sun-photometers is smaller than 0.01◦ though in some instruments
values up to 0.03◦ have been registered. Moreover, the pointing error has shown a sta-
ble behavior during the time and independent of the solar zenith angle, which can be
used to detect other problems during the measurement process such as mechanical20

problems in the robots or dirtiness in the quadrant detector.
Using the matrix scenario, the field of view of five sun-photometers has been char-

acterized obtaining values between 1.13 and 1.32◦ finding a maximum discrepancy of
10% with the Cimel specified value of 1.2◦. To verify this technique, a second test in the
laboratory has been applied on three sun-photometers using a laser beam as a punc-25

tual source. The results of this tests are in accordance with those obtained using the
Sun as a source with differences under 5%. The use of the laser beam has also allowed
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us to certify that the shape of the response of the field of view is practically cylindrical,
indicating that in the optical system of the sun-photometer the limit illumination and full
illumination are the same.

Finally, the FOV of the same three sun-photometers have been also calculated using
the vicarious method showing differences under 3 % with respect to the other technique5

for both light sources.
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Table 1. Summary of the cross and matrix measurements done in the preliminary result tests.

Station Photometer Starting date Ending date Valid measur.

Valladolid #353 4 Aug 2010 6 Aug 2010 19
Lille #042 22 Sep 2010 24 Sep 2010 38

Valladolid #143 8 Oct 2010 17 Oct 2010 110
Lille #047 (1) 9 Oct 2010 12 Oct 2010 107

Valladolid #420 (1) 18 Oct 2010 18 Oct 2010 34
Lille #047 (2) 21 Oct 2010 28 Oct 2010 65

Valladolid #420 (2) 26 Oct 2010 1 Nov 2010 65
Valladolid #420 (3) 2 Nov 2010 8 Nov 2010 91
Valladolid #420 (4) 9 Nov 2010 11 Nov 2010 27
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Table 2. Summary of the horizontal pointing error (Θξϕ
= ξϕ sin(θs)) for several sun photometers

in the preliminary result tests.

Photo. MATRIX CROSS Cross – Scen(2) Cross – Scen(3)
mean std mean std mean std mean std

#353 0.041 0.021 0.050 0.024 0.044 0.023 0.057 0.023
#042 −0.058 0.018 −0.062 0.016 −0.065 0.016 −0.059 0.016
#143 0.163 0.019 0.156 0.020 0.148 0.029 0.163 0.021
#420 (1) 0.115 0.017 0.118 0.019 0.115 0.019 0.120 0.020
#047 (2) −0.110 0.027 −0.108 0.024 −0.109 0.023 −0.107 0.025
#420 (4) −0.082 0.015 −0.069 0.017 −0.093 0.130 −0.067 0.019
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Table 3. Summary of the vertical pointing error (Θξθ
= ξθ) of several sun photometers in the

preliminary result tests.

Photo. MATRIX CROSS Cross – Scen(0) Cross – Scen(1)
mean std mean std mean std mean std

#353 0.079 0.020 0.079 0.015 0.084 0.014 0.073 0.016
#042 0.021 0.018 0.020 0.018 0.022 0.018 0.019 0.019
#143 −0.199 0.021 −0.208 0.022 −0.210 0.024 −0.207 0.029
#420 (1) 0.025 0.019 0.019 0.015 0.023 0.015 0.016 0.015
#047 (2) −0.046 0.020 −0.049 0.025 −0.034 0.023 −0.064 0.026
#420 (4) 0.052 0.019 0.053 0.023 0.065 0.050 0.049 0.023
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Table 4. Summary of the horizontal pointing error (Θξϕ
= ξϕ sin(θs)) and vertical pointing error

(Θξθ
= ξθ) of photometer #047.

Photo. Error MATRIX CROSS Cross – Scen(2) Cross – Scen(3)
mean std mean std mean std mean std

#047(1) Θξϕ
−0.220 0.101 −0.125 0.102 −0.233 0.112 −0.020 0.095

Cross – Scen(0) Cross – Scen(1)
mean std mean std mean std mean std

#047(1) Θξθ
−0.061 0.017 −0.059 0.019 −0.055 0.019 −0.064 0.020
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Table 5. Pointing error statistics for the 7 analayzed photometers in the azimuth (Az) and zenith
(Zn) directions for the visible (vis) and infrared (ir) channels.

Azvis Znvis Azir Znir Valid measur.

383 −0.06 0.03 −0.06 0.04 92
390 −0.06 −0.06 −0.08 −0.06 43
419 −0.05 −0.08 −0.08 −0.09 150
421 −0.02 0.24 −0.04 0.14 411
513 −0.04 0.01 −0.02 0.05 51
544 −0.07 0.10 −0.10 0.02 161
627 −0.01 −0.05 −0.07 0.00 287

Total −0.04 0.07 −0.06 0.04 1196
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Table 6. Values of the field of view calculated during the preliminary tests using the sun as
a light source.

Photo. F.O.V std

#353 1.30 0.02
#042 1.27 0.03
#143 1.14 0.02
#047(2) 1.30 0.02
#420(1) 1.32 0.02
#420(2) 1.32 0.02
#420(3) 1.32 0.03
#420(4) 1.32 0.03
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Table 7. Comparison of the field of view results obtained using the Sun and a laser beam as
a source.

Photo. Sun Laser Vicarious

#353 1.30 1.30 1.30
#143 1.14 1.19 1.17
#420 1.32 1.29 1.31
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2 Torres et al.: Measurements on pointing error and field of view

dex or single scattering albedo Dubovik and King (2000);
Dubovik et al. (2006), are derived.70

The work Dubovik et al. (2000) describes an accuracy
analysis of the AERONET inversion code considering differ-
ent error sources. Among the different error sources, a pos-
sible azimuth angle error during the pointing process is also
accounted for. Precisely, one of the most important resultsof75

the study is that an accurate azimuth angle pointing is criti-
cal for the characterization of desert dust aerosol. The zenith
pointing accuracy, as analized by Torres (2012) is shown to
be critical for the principal plane retrievals.

However, an evaluation of the pointing error in the Cimel80

CE-318 sun-photometers has not been done yet. The present
work analyzes the first results of two new measurements
(also called ’scenarios’), denominated “cross” and “matrix”
and integrated in the CE-318, which have been developed for
a characterization of the pointing error. As it will be shown,85

these scenarios will not be only useful to characterize the
azimuth pointing error, but they will also be used to estimate
the zenith pointing error whose perturbations in the inversion
procedure are mentioned above. The continuous monitoring
of these pointing accuracy can also be used to monitor instru-90

ment performance in the field.
Finally, the matrix scenario allows to calculate the field of

view (FOV) of the sun photometer. This characteristic is of
great importance in any sun photometer but the need of an
accurate determination (beyond the manufacturer specifica-95

tions) arises from the fact that the field of view can be used
to calibrate the radiance channels using the vicarious method
(Li et al., 2008). We will show how field and laboratory mea-
surements of the FOV can be used as calibration check for
quality assurance.100

2 Theoretical basis

2.1 Pointing error

2.1.1 Definition

Pointing error (see figure 1) is defined as the angle between
the Sun position (correct pointing) and the erroneous point-105

ing direction. As sun-photometers are moved by two motors,
azimuth and zenith axes, the value of the pointing error,Θξ,
is normally given in spherical coordinates:

Θξ =Θξ(ξϕ,ξθ) (1)

Unfortunately and as we will comment later, the scenar-
ios conceived to calculate the pointing error calculateξϕ and110

ξθ but not the “total” pointing errorΘξ. So, the relation be-
tweenξϕ, ξθ andΘξ, should be obtained. Note, here, that if
the pointing error is sufficiently small, it can be considered
as an infinitesimal displacement (withdr=0) and therefore
the relation in Eq. (1) could be defined as an infinitesimal115

displacement in spherical coordinates:

Fig. 1. Figure used to describe the pointing error. Dashed vector
pointing towards the Sun represents the correct pointing while solid
line represents a biased pointing. Shading areas are the projection
of this error in spherical coordinates:ξϕ andξθ

Θξ =Θerror(ξϕ,ξθ)= ξθθ̂+sinθsξϕϕ̂

Θξ =
√

ξ2θ +sinθs
2ξ2ϕ

(2)

To calculate the general relation of Eq. (1), the concept of
scattering angle needs to be defined.

2.1.2 Scattering angle

The concept of scattering angle is very interesting in many120

fields of physics, playing a fundamental role in the field of
atmospheric optics. In this context, the scattering angle is
defined as the angle between the forward direction of the Sun
beam and a straight line connecting the scattering point ob-
served by a detector. In our particular case, where the detec-125

tor is a ground based sun-photometer, the Sun can be consid-
ered to be in the infinite and the scattering angle is equivalent
to the angle formed by the directions of the Sun and the ob-
servation from the detector, see figure 2.

Fig. 2. Figure used to describe the scattering angle in terms of solar
position and the observation angle

Fig. 1. Figure used to describe the pointing error. Dashed vector pointing towards the Sun
represents the correct pointing while solid line represents a biased pointing. Shading areas are
the projection of this error in spherical coordinates: ξϕ and ξθ.
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2 Torres et al.: Measurements on pointing error and field of view

dex or single scattering albedo Dubovik and King (2000);
Dubovik et al. (2006), are derived.70

The work Dubovik et al. (2000) describes an accuracy
analysis of the AERONET inversion code considering differ-
ent error sources. Among the different error sources, a pos-
sible azimuth angle error during the pointing process is also
accounted for. Precisely, one of the most important resultsof75

the study is that an accurate azimuth angle pointing is criti-
cal for the characterization of desert dust aerosol. The zenith
pointing accuracy, as analized by Torres (2012) is shown to
be critical for the principal plane retrievals.

However, an evaluation of the pointing error in the Cimel80

CE-318 sun-photometers has not been done yet. The present
work analyzes the first results of two new measurements
(also called ’scenarios’), denominated “cross” and “matrix”
and integrated in the CE-318, which have been developed for
a characterization of the pointing error. As it will be shown,85

these scenarios will not be only useful to characterize the
azimuth pointing error, but they will also be used to estimate
the zenith pointing error whose perturbations in the inversion
procedure are mentioned above. The continuous monitoring
of these pointing accuracy can also be used to monitor instru-90

ment performance in the field.
Finally, the matrix scenario allows to calculate the field of

view (FOV) of the sun photometer. This characteristic is of
great importance in any sun photometer but the need of an
accurate determination (beyond the manufacturer specifica-95

tions) arises from the fact that the field of view can be used
to calibrate the radiance channels using the vicarious method
(Li et al., 2008). We will show how field and laboratory mea-
surements of the FOV can be used as calibration check for
quality assurance.100

2 Theoretical basis

2.1 Pointing error

2.1.1 Definition

Pointing error (see figure 1) is defined as the angle between
the Sun position (correct pointing) and the erroneous point-105

ing direction. As sun-photometers are moved by two motors,
azimuth and zenith axes, the value of the pointing error,Θξ,
is normally given in spherical coordinates:

Θξ =Θξ(ξϕ,ξθ) (1)

Unfortunately and as we will comment later, the scenar-
ios conceived to calculate the pointing error calculateξϕ and110

ξθ but not the “total” pointing errorΘξ. So, the relation be-
tweenξϕ, ξθ andΘξ, should be obtained. Note, here, that if
the pointing error is sufficiently small, it can be considered
as an infinitesimal displacement (withdr=0) and therefore
the relation in Eq. (1) could be defined as an infinitesimal115

displacement in spherical coordinates:

Fig. 1. Figure used to describe the pointing error. Dashed vector
pointing towards the Sun represents the correct pointing while solid
line represents a biased pointing. Shading areas are the projection
of this error in spherical coordinates:ξϕ andξθ

Θξ =Θerror(ξϕ,ξθ)= ξθθ̂+sinθsξϕϕ̂

Θξ =
√

ξ2θ +sinθs
2ξ2ϕ

(2)

To calculate the general relation of Eq. (1), the concept of
scattering angle needs to be defined.

2.1.2 Scattering angle

The concept of scattering angle is very interesting in many120

fields of physics, playing a fundamental role in the field of
atmospheric optics. In this context, the scattering angle is
defined as the angle between the forward direction of the Sun
beam and a straight line connecting the scattering point ob-
served by a detector. In our particular case, where the detec-125

tor is a ground based sun-photometer, the Sun can be consid-
ered to be in the infinite and the scattering angle is equivalent
to the angle formed by the directions of the Sun and the ob-
servation from the detector, see figure 2.

Fig. 2. Figure used to describe the scattering angle in terms of solar
position and the observation angle

Fig. 2. Figure used to describe the scattering angle in terms of solar position and the observa-
tion angle.
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Torres et al.: Measurements on pointing error and field of view 5

Fig. 3. Explanation of the matrix scenario in the subfigure on the left. On the right, a measurement taken in Lille Site on September 22nd

2010 at 12:47:07.

all the zenith angles from∆θ=−1◦ to ∆θ=1◦ in steps of
0.1◦, while keeping the azimuth angle, and records a total285

of 21 measurements. An example of a matrix measurement
is given in the figure 3 (on the right) taken in Lille site on
September22nd 2010 at 12:47:07.

Time is recorded for each scenario, right-left movement.
That sequence lasts around10 seconds, therefore every piece290

of data is obtained more or less every half a second. The total
time used for the whole matrix measurement is3.5 minutes.

3.1.2 Sun correction in matrix scenario

The image produced by the matrix (figure 3 on the right)
seems to be wrong at first glance. The responsible of this295

strange result is the Sun movement during the matrix mea-
surement. In order to illustrate how the Sun movement af-
fects our measurements, we show a brief study of how fast
the Sun moves in angular terms in middle latitudes. For this
test, we used the algorithm presented by Reda and Andreas300

(2007), which will be later used to discount the solar move-
ment in the whole pointing error study. Using the mentioned
algorithm, in figure 4, the zenith and azimuth absolute Sun
variation per second in Valladolid site (middle latitude sta-
tion) are represented, in the winter, subfigure on the left, and305

in the summer, subfigure on the right.

The zenith variation never gets higher than0.003◦/s
reaching this value at sunrise and at sunset, and being its
minimum at noon:0◦/s. Looking at the figures, it does not
show a seasonal variability. On the other hand, the azimuth310

variation is much higher and season-dependent: the varia-
tion reaches its maximum of0.01◦/s at noon in the summer.
Its minimum of0.003◦/s takes place at dawn and at sunset
(same value than the maximum of solar variation). With all
these data, we can estimate that the bias introduced during315

the matrix measurement in a middle latitude station is be-
tween0◦ and0.6◦ in the zenith and between0◦ and2◦ in the
azimuth.

Once the Sun movement correction is applied to all the
matrix data, and re-sizing the matrix, the same matrix as in320

figure 3 is plotted in figure 5, in the left; note that in the
figure on the right,∆ϕsin(θs) is put instead of∆ϕ. The fact
that in the first plot appears an ellipse while the second one
shows a sphere confirms what we have already settled: even
though, the sun-photometer motor does the steps by∆ϕ the325

horizontal sun-photometer pointing error should be evaluated
in terms of∆ϕsin(θs).

3.2 Cross measurement

3.2.1 Description

The Sun cross measurement starts tracking the Sun and then330

it moves downwards,∆θ=−4◦. From this point, it moves
up recording data for every step of0.2◦ (scenario0). Once it
gets∆θ=4◦ it repeats the movements but backwards (sce-
nario 1). Afterwards, it points to the Sun again and moves
right,∆ϕ=4◦. From there, it moves left recording data ev-335

ery 0.2◦, as well, until∆ϕ=4◦ (scenario2), and then it re-
peats the movement towards right until∆ϕ=4◦ again (sce-
nario3). The data obtained between−2◦ and2◦ in both axes
are measured with low gain (Sun channel 1) like in the ma-
trix measurement and the rest of the data are recorded with340

higher gain (aureole) channel. Nevertheless, the relevantpart
of the measurement is the first set of data.

3.2.2 Sun correction in cross scenario

Cross measurements need a correction of solar displacement
too. Checking the timing recorded in the data files, from the345

beginning of the two tracking (considering tracking moment
the time recorded in the scenario0 and2) until the end of sce-
nario1 and3 the Sun photometer uses approximately40 sec-
onds. The correction is especially critical for azimuth angles
during the summer season when a bias of0.4◦ would appear350

otherwise. The cross measurement done at Valladolid site

Fig. 3. Explanation of the matrix scenario in the subfigure on the left. On the right, a measure-
ment taken in Lille Site on 22 September 2010 at 12:47:07 LT.
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Fig. 4. Azimuth and zenith absolute Sun variations per second in Valladolid site during the winter, on the left, and during the summer, on the
right.

Fig. 5. Subfigure on the left shows a matrix measurement taken in Lille Site on September22nd 2010 at 12:47:07, corrected for the Sun
displacement. Subfigure on the right displays the same measurement but with the azimuth displacement multiplied bysin(θs).

on August5th 2010 at13:41 is shown in figure 6 with and
without the sun correction. In the example, it can be seen
the need of the Sun correction, especially for the scenario
3 (green line), which is the second scenario of the azimuth355

cross as previously indicated.

4 Pointing error estimations

4.1 Methodology

After describing the scenarios and the Sun movement cor-
rection, we will describe the methodology used to obtain the360

pointing bias with the matrix and the cross measurements.
The analysis of the matrix measurements consists of obtain-
ing the contour maps for levels between20% and80% of the
maximum value (with steps of5%) for the different matrix.
Every line level describes an ellipse, as shown in the example365

in figure 7.

The value of the pointing error is estimated calculating all
the centers and averaging them. A similar procedure is fol-
lowed for the cross measurements. Using the data from sce-
narios0 and1 (related to∆θ) and scenarios2 and3 (related370

to∆ϕ) the data is interpolated at different heights of its max-
imum value, in this case from20% to80%with steps of10%.
It is important to emphasize again that, the azimuth pointing
estimation should be done as∆ϕsin(θs), consequently after
the calculation of the centers (done in terms of∆ϕ resulting375

in ellipses instead of circles in the matrix analysis), every sin-
gle point is multiplied bysin(θs) to obtain the pointing error
estimation.

4.2 Preliminary results

The first tests with the matrix and cross measurements were380

done in Valladolid during summer2010 with photometer
#353, and in Lille during the early autumn2010 with pho-
tometers#042 and#047. We also did some tests with pho-

Fig. 4. Azimuth and zenith absolute Sun variations per second in Valladolid site during the
winter, on the left, and during the summer, on the right.
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Fig. 4. Azimuth and zenith absolute Sun variations per second in Valladolid site during the winter, on the left, and during the summer, on the
right.

Fig. 5. Subfigure on the left shows a matrix measurement taken in Lille Site on September22nd 2010 at 12:47:07, corrected for the Sun
displacement. Subfigure on the right displays the same measurement but with the azimuth displacement multiplied bysin(θs).

on August5th 2010 at13:41 is shown in figure 6 with and
without the sun correction. In the example, it can be seen
the need of the Sun correction, especially for the scenario
3 (green line), which is the second scenario of the azimuth355

cross as previously indicated.

4 Pointing error estimations

4.1 Methodology

After describing the scenarios and the Sun movement cor-
rection, we will describe the methodology used to obtain the360

pointing bias with the matrix and the cross measurements.
The analysis of the matrix measurements consists of obtain-
ing the contour maps for levels between20% and80% of the
maximum value (with steps of5%) for the different matrix.
Every line level describes an ellipse, as shown in the example365

in figure 7.

The value of the pointing error is estimated calculating all
the centers and averaging them. A similar procedure is fol-
lowed for the cross measurements. Using the data from sce-
narios0 and1 (related to∆θ) and scenarios2 and3 (related370

to∆ϕ) the data is interpolated at different heights of its max-
imum value, in this case from20% to80%with steps of10%.
It is important to emphasize again that, the azimuth pointing
estimation should be done as∆ϕsin(θs), consequently after
the calculation of the centers (done in terms of∆ϕ resulting375

in ellipses instead of circles in the matrix analysis), every sin-
gle point is multiplied bysin(θs) to obtain the pointing error
estimation.

4.2 Preliminary results

The first tests with the matrix and cross measurements were380

done in Valladolid during summer2010 with photometer
#353, and in Lille during the early autumn2010 with pho-
tometers#042 and#047. We also did some tests with pho-

Fig. 5. Subfigure on the left shows a matrix measurement taken in Lille Site on 22 September
2010 at 12:47:07 LT, corrected for the Sun displacement. Subfigure on the right displays the
same measurement but with the azimuth displacement multiplied by sin(θs).
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Fig. 6. On the left, cross measurements taken in Valladolid site on August5th 2010 at13:41. The subfigure on the right shows the same
measurement after applying a Sun movement correction on thedata.

Fig. 7. Figure on the left, matrix measurement done in Valladolid site on August5th 2010 at13:41 with a SZA of54.77, on the right its
contour map for levels from20% to 80% of its maximum value (every5%).

tometers#420 and#143 in Valladolid during the autumn.
Table 1 includes the dates and the description of all the data385

collected. Therefore, for these first tests, data were collected
using5 different sun-photometers.

The measurements from#047 are split because two dif-
ferent robots were used during the measurement; when it was
installed on the first robot, it showed some disagreements390

which are discussed separately. Once the photometer was
set on the second robot, the disagreements disappeared. The
photometer number#420 was studied in4 periods because
we deliberately misaligned its tracking system: numbers (2)
and (3) correspond to those measurements with the biased395

track system, while numbers (1) and (4) represent the tests
when the photometer came to the calibration center and be-
fore it was sent back to its field site once the tracking system

was corrected again.

Table 2 and table 3 contain the average and the standard400

deviation of the pointing error for all the data, except for
the photometer#047(1) that due to its fore-mentioned prob-
lems is analyzed apart. We have not include either the tests
#420(2) and#420(3), where the tracking system was de-
liberately misaligned, and they will be also studied later.Ta-405

ble 2 shows the results obtained for the horizontal pointing
error (azimuth pointing error multiplied bysin(θs)) and ta-
ble 3 for vertical pointing error (or zenith pointing error).
The same scheme is used for both tables, the column on the
left, presents the results obtained by the matrix, the second410

column the result obtained by the cross while third and four
columns present the results for every cross branch individu-
ally.

Fig. 6. On the left, cross measurements taken in Valladolid site on 5 August 2010 at 13:41 LT.
The subfigure on the right shows the same measurement after applying a Sun movement
correction on the data.
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Fig. 6. On the left, cross measurements taken in Valladolid site on August5th 2010 at13:41. The subfigure on the right shows the same
measurement after applying a Sun movement correction on thedata.

Fig. 7. Figure on the left, matrix measurement done in Valladolid site on August5th 2010 at13:41 with a SZA of54.77, on the right its
contour map for levels from20% to 80% of its maximum value (every5%).

tometers#420 and#143 in Valladolid during the autumn.
Table 1 includes the dates and the description of all the data385

collected. Therefore, for these first tests, data were collected
using5 different sun-photometers.

The measurements from#047 are split because two dif-
ferent robots were used during the measurement; when it was
installed on the first robot, it showed some disagreements390

which are discussed separately. Once the photometer was
set on the second robot, the disagreements disappeared. The
photometer number#420 was studied in4 periods because
we deliberately misaligned its tracking system: numbers (2)
and (3) correspond to those measurements with the biased395

track system, while numbers (1) and (4) represent the tests
when the photometer came to the calibration center and be-
fore it was sent back to its field site once the tracking system

was corrected again.

Table 2 and table 3 contain the average and the standard400

deviation of the pointing error for all the data, except for
the photometer#047(1) that due to its fore-mentioned prob-
lems is analyzed apart. We have not include either the tests
#420(2) and#420(3), where the tracking system was de-
liberately misaligned, and they will be also studied later.Ta-405

ble 2 shows the results obtained for the horizontal pointing
error (azimuth pointing error multiplied bysin(θs)) and ta-
ble 3 for vertical pointing error (or zenith pointing error).
The same scheme is used for both tables, the column on the
left, presents the results obtained by the matrix, the second410

column the result obtained by the cross while third and four
columns present the results for every cross branch individu-
ally.

Fig. 7. Figure on the left, matrix measurement done in Valladolid site on 5 August 2010 at
13:41 LT with a SZA of 54.77, on the right its contour map for levels from 20 to 80% of its
maximum value (every 5%).
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Table 3. Summary of the vertical pointing error (Θξθ = ξθ) of several sun photometers in the preliminary result tests.

Photo. MATRIX CROSS Cross - Scen(0) Cross - Scen(1)
mean std mean std mean std mean std

#353 0.079 0.020 0.079 0.015 0.084 0.014 0.073 0.016

#042 0.021 0.018 0.020 0.018 0.022 0.018 0.019 0.019

#143 −0.199 0.021 −0.208 0.022 −0.210 0.024 −0.207 0.029

#420(1) 0.025 0.019 0.019 0.015 0.023 0.015 0.016 0.015

#047(2) −0.046 0.020 −0.049 0.025 −0.034 0.023 −0.064 0.026

#420(4) 0.052 0.019 0.053 0.023 0.065 0.050 0.049 0.023

10−Oct−2010 15−Oct−2010

−0.4

−0.3

−0.2

−0.1

0

0.1

0.2

0.3

0.4

Date

P
oi

nt
in

g 
er

ro
r 

[
°]

 

 

Matrix−horizon.
Matrix−vertical
Croix−horizon.
Croix−vertical

40 50 60 70 80 90

−0.4

−0.3

−0.2

−0.1

0

0.1

0.2

0.3

0.4

SZA [°]

P
oi

nt
in

g 
er

ro
r 

[
°]

 

 

Matrix−horizon.
Matrix−vertical
Croix−horizon.
Croix−vertical

Fig. 8. Estimated center for matrix and cross measurements variation with the date (left) and with the sza (right) for photometer #143.
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Fig. 9. Estimated center for matrix and cross measurements for
photometer#047.

27th 2010. To conclude, in the right part of figure 10, the
evolution of the pointing error the following days is shown.470

There is a total agreement for matrix and cross center estima-
tions in this case, as well. Therefore, even when the tracking
system is highly biased (values up to0.5◦) the method is still
valid.

4.2.3 Pointing error monitoring in the field475

The previous analysis suggested that matrix and cross mea-
surements are both valid methods to estimate the pointing
errors as well as good indicators of different issues, such
as robot problems or dirtiness in the quadrant detector (Tor-
res, 2011). After this, the cross measurement was proposed480

(within AERONET annual calibration workshop) to be in-
tegrated as a part of the AERONET standard measurement
protocol, with a little modification: in order to be more pre-
cise the cross spans from−2◦ to 2◦, with 0.1◦ step. Matrix
measurement was discarded for field operation because a lot485

of memory is needed to record the data.
In order to integrate the cross measurement in the mea-

surement protocol, the Cimel company designed a new E-
eprom (5.20h), that adds 2 cross scenarios per day to the
usual measurement protocol. These are all CE-318NE (“ex-490

tended” model with 1640nm channel). Note that the pointing
measurements in previous sections with the matrix and cross

Fig. 8. Estimated center for matrix and cross measurements variation with the date (left) and
with the sza (right) for photometer #143.
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Table 3. Summary of the vertical pointing error (Θξθ = ξθ) of several sun photometers in the preliminary result tests.

Photo. MATRIX CROSS Cross - Scen(0) Cross - Scen(1)
mean std mean std mean std mean std

#353 0.079 0.020 0.079 0.015 0.084 0.014 0.073 0.016

#042 0.021 0.018 0.020 0.018 0.022 0.018 0.019 0.019

#143 −0.199 0.021 −0.208 0.022 −0.210 0.024 −0.207 0.029

#420(1) 0.025 0.019 0.019 0.015 0.023 0.015 0.016 0.015

#047(2) −0.046 0.020 −0.049 0.025 −0.034 0.023 −0.064 0.026

#420(4) 0.052 0.019 0.053 0.023 0.065 0.050 0.049 0.023
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Fig. 8. Estimated center for matrix and cross measurements variation with the date (left) and with the sza (right) for photometer #143.
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Fig. 9. Estimated center for matrix and cross measurements for
photometer#047.

27th 2010. To conclude, in the right part of figure 10, the
evolution of the pointing error the following days is shown.470

There is a total agreement for matrix and cross center estima-
tions in this case, as well. Therefore, even when the tracking
system is highly biased (values up to0.5◦) the method is still
valid.

4.2.3 Pointing error monitoring in the field475

The previous analysis suggested that matrix and cross mea-
surements are both valid methods to estimate the pointing
errors as well as good indicators of different issues, such
as robot problems or dirtiness in the quadrant detector (Tor-
res, 2011). After this, the cross measurement was proposed480

(within AERONET annual calibration workshop) to be in-
tegrated as a part of the AERONET standard measurement
protocol, with a little modification: in order to be more pre-
cise the cross spans from−2◦ to 2◦, with 0.1◦ step. Matrix
measurement was discarded for field operation because a lot485

of memory is needed to record the data.
In order to integrate the cross measurement in the mea-

surement protocol, the Cimel company designed a new E-
eprom (5.20h), that adds 2 cross scenarios per day to the
usual measurement protocol. These are all CE-318NE (“ex-490

tended” model with 1640nm channel). Note that the pointing
measurements in previous sections with the matrix and cross

Fig. 9. Estimated center for matrix and cross measurements for photometer #047.
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10 Torres et al.: Measurements on pointing error and field of view

Table 4. Summary of the horizontal pointing error (Θξϕ = ξϕsin(θs)) and vertical pointing error (Θξθ = ξθ) of photometer#047.

Photo. Error MATRIX CROSS Cross - Scen(2) Cross - Scen(3)
mean std mean std mean std mean std

#047(1) Θξϕ −0.220 0.101 −0.125 0.102 −0.233 0.112 −0.020 0.095

Cross - Scen(0) Cross - Scen(1)
mean std mean std mean std mean std

#047(1) Θξθ −0.061 0.017 −0.059 0.019 −0.055 0.019 −0.064 0.020
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Fig. 10. Estimated center for matrix and cross measurements during the tests with the tracking system of sun-photometer#420.

measurements, were based on the1020nm Sun channel ex-
clusively. Cimel sun-photometers have 2 optical channels
(with 2 collimator tubes). Depending on the Cimel mod-495

els, the sky measurements are taken with the second optical
channel (standard model) or with the same optical channel
(extened model), given that extended models use the second
channel for short-wave infrared measurements at 1640nm
wavelength. The 4-quadrant detector is unique though, there-500

fore the parallelism between tubes may play a role. The
choice of extended Cimel model for these measurements al-
lows evaluating the pointing in both physical channels and
provides an estimation of the parallelism between the two
optical axes. This gives an estimation of the pointing errorof505

the sky measurements in standard Cimels.

Seven sun-photometers belonging to AERONET-Europe,
i.e. calibrated by LOA or GOA in Lille or Valladolid respec-
tively, have been operated with these routine cross measure-
ments twice a day for more than a year. As explained above,510

these are all CE-318NE (“extended” model). As an exam-
ple, figure 11 shows the pointing error derived from crosses
during 2012 for sun photometer#627 in both physical chan-
nels, corresponding to the UV-Visible and Infrared channels
respectively. The two channels have different pointing axis515

and both of them stay within the prescribed specifications.

The pointing error observations derived from cross mea-
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Fig. 11. Zenith and azimuth pointing error derived from cross mea-
surements for sun-photometer#627 during 2012.

surements have shown to be very stable over time, there-
fore they would allow: a) correction of the pointing in the
sky radiances, that could improve the inversion-derived prod-520

ucts; b) detection of mechanical problems, as it was already
indicated in section 4.2.1. In figure 12, the time series of

Fig. 10. Estimated center for matrix and cross measurements during the tests with the tracking
system of sun-photometer #420.
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Table 4. Summary of the horizontal pointing error (Θξϕ = ξϕsin(θs)) and vertical pointing error (Θξθ = ξθ) of photometer#047.

Photo. Error MATRIX CROSS Cross - Scen(2) Cross - Scen(3)
mean std mean std mean std mean std

#047(1) Θξϕ −0.220 0.101 −0.125 0.102 −0.233 0.112 −0.020 0.095

Cross - Scen(0) Cross - Scen(1)
mean std mean std mean std mean std

#047(1) Θξθ −0.061 0.017 −0.059 0.019 −0.055 0.019 −0.064 0.020
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Fig. 10. Estimated center for matrix and cross measurements during the tests with the tracking system of sun-photometer#420.

measurements, were based on the1020nm Sun channel ex-
clusively. Cimel sun-photometers have 2 optical channels
(with 2 collimator tubes). Depending on the Cimel mod-495

els, the sky measurements are taken with the second optical
channel (standard model) or with the same optical channel
(extened model), given that extended models use the second
channel for short-wave infrared measurements at 1640nm
wavelength. The 4-quadrant detector is unique though, there-500

fore the parallelism between tubes may play a role. The
choice of extended Cimel model for these measurements al-
lows evaluating the pointing in both physical channels and
provides an estimation of the parallelism between the two
optical axes. This gives an estimation of the pointing errorof505

the sky measurements in standard Cimels.

Seven sun-photometers belonging to AERONET-Europe,
i.e. calibrated by LOA or GOA in Lille or Valladolid respec-
tively, have been operated with these routine cross measure-
ments twice a day for more than a year. As explained above,510

these are all CE-318NE (“extended” model). As an exam-
ple, figure 11 shows the pointing error derived from crosses
during 2012 for sun photometer#627 in both physical chan-
nels, corresponding to the UV-Visible and Infrared channels
respectively. The two channels have different pointing axis515

and both of them stay within the prescribed specifications.

The pointing error observations derived from cross mea-
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Fig. 11. Zenith and azimuth pointing error derived from cross mea-
surements for sun-photometer#627 during 2012.

surements have shown to be very stable over time, there-
fore they would allow: a) correction of the pointing in the
sky radiances, that could improve the inversion-derived prod-520

ucts; b) detection of mechanical problems, as it was already
indicated in section 4.2.1. In figure 12, the time series of

Fig. 11. Zenith and azimuth pointing error derived from cross measurements for sun-
photometer #627 during 2012.
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Fig. 12. Time series of zenith and azimuth pointing error derived from cross measurements for sun-photometer#383 during 2012.

5.2 Matrix measurements with a laser beam in the lab-
oratory

Here we present a second test for measuring the field of
view using the matrix scenario. Instead of taking the Sun590

as a source, we propose using a laser beam in the laboratory
which has been previously expanded and collimated in order
to get a punctual source1 in the infinite (see figure 13). The
utilization of a punctual source results not only in the value of
the field of view (following the methodology given by Naka-595

jima et al. (1996) and summarized in Eq. (11)) but also with
the opportunity to estimate the shape of the response of the
field of view in the sun-photometer.

Laser source
Mirror 1

Mirror 2

Lens 1 Lens 2

Sun photometer

Fig. 13. Optic design to measure the FOV of sun photometers with
a laser beam.

Figure 14 shows an example of a matrix measurement in
photometer#143 using the laser beam in the laboratory. We600

can observe that the response of the field of view is practi-
cally cylindrical and that the fall is straight, indicatingthat in

1The angular size of any source can be estimated as the quotient
between the size of the source, in this case12 µm, and the focal
length of the lens which was around30 cm in the one used. With
these data the angular size was about0.0023◦ in our experiments.
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Fig. 14. Example of a matrix measurement using a laser beam with
photometer#143

the optical system of the sun-photometer the limit illumina-
tion and full illumination are the same.

Comparing this representation with the one obtained in fig-605

ure 7 where the Sun was used as the source, we see that in
that case the fall was softer due to the angular size of the sun.

The experiences with the laser beam are quite recent and
we have only measured three photometers:#143,#353 and
#420. The result of the tests are in accordance with those610

obtained in the field (using the sun as a source) with differ-
ences under5% as shown in table 7. The FOV calculations
from the vicarious method are also represented in table 7 and
the results agree better than3%with respect to the other tech-
nique for both light sources.615

Fig. 12. Time series of zenith and azimuth pointing error derived from cross measurements for
sun-photometer #383 during 2012.
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Fig. 12. Time series of zenith and azimuth pointing error derived from cross measurements for sun-photometer#383 during 2012.

5.2 Matrix measurements with a laser beam in the lab-
oratory

Here we present a second test for measuring the field of
view using the matrix scenario. Instead of taking the Sun590

as a source, we propose using a laser beam in the laboratory
which has been previously expanded and collimated in order
to get a punctual source1 in the infinite (see figure 13). The
utilization of a punctual source results not only in the value of
the field of view (following the methodology given by Naka-595

jima et al. (1996) and summarized in Eq. (11)) but also with
the opportunity to estimate the shape of the response of the
field of view in the sun-photometer.
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Lens 1 Lens 2

Sun photometer

Fig. 13. Optic design to measure the FOV of sun photometers with
a laser beam.

Figure 14 shows an example of a matrix measurement in
photometer#143 using the laser beam in the laboratory. We600

can observe that the response of the field of view is practi-
cally cylindrical and that the fall is straight, indicatingthat in

1The angular size of any source can be estimated as the quotient
between the size of the source, in this case12 µm, and the focal
length of the lens which was around30 cm in the one used. With
these data the angular size was about0.0023◦ in our experiments.
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Fig. 14. Example of a matrix measurement using a laser beam with
photometer#143

the optical system of the sun-photometer the limit illumina-
tion and full illumination are the same.

Comparing this representation with the one obtained in fig-605

ure 7 where the Sun was used as the source, we see that in
that case the fall was softer due to the angular size of the sun.

The experiences with the laser beam are quite recent and
we have only measured three photometers:#143,#353 and
#420. The result of the tests are in accordance with those610

obtained in the field (using the sun as a source) with differ-
ences under5% as shown in table 7. The FOV calculations
from the vicarious method are also represented in table 7 and
the results agree better than3%with respect to the other tech-
nique for both light sources.615

Fig. 13. Optic design to measure the FOV of sun photometers with a laser beam.
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Fig. 12. Time series of zenith and azimuth pointing error derived from cross measurements for sun-photometer#383 during 2012.

5.2 Matrix measurements with a laser beam in the lab-
oratory

Here we present a second test for measuring the field of
view using the matrix scenario. Instead of taking the Sun590

as a source, we propose using a laser beam in the laboratory
which has been previously expanded and collimated in order
to get a punctual source1 in the infinite (see figure 13). The
utilization of a punctual source results not only in the value of
the field of view (following the methodology given by Naka-595

jima et al. (1996) and summarized in Eq. (11)) but also with
the opportunity to estimate the shape of the response of the
field of view in the sun-photometer.
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Sun photometer

Fig. 13. Optic design to measure the FOV of sun photometers with
a laser beam.

Figure 14 shows an example of a matrix measurement in
photometer#143 using the laser beam in the laboratory. We600

can observe that the response of the field of view is practi-
cally cylindrical and that the fall is straight, indicatingthat in

1The angular size of any source can be estimated as the quotient
between the size of the source, in this case12 µm, and the focal
length of the lens which was around30 cm in the one used. With
these data the angular size was about0.0023◦ in our experiments.
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Fig. 14. Example of a matrix measurement using a laser beam with
photometer#143

the optical system of the sun-photometer the limit illumina-
tion and full illumination are the same.

Comparing this representation with the one obtained in fig-605

ure 7 where the Sun was used as the source, we see that in
that case the fall was softer due to the angular size of the sun.

The experiences with the laser beam are quite recent and
we have only measured three photometers:#143,#353 and
#420. The result of the tests are in accordance with those610

obtained in the field (using the sun as a source) with differ-
ences under5% as shown in table 7. The FOV calculations
from the vicarious method are also represented in table 7 and
the results agree better than3%with respect to the other tech-
nique for both light sources.615

Fig. 14. Example of a matrix measurement using a laser beam with photometer #143.
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