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Abstract. This paper proposes a method to obtain spectraland partially cloudy. Horizon brightening under cloudless
sky radiances, at three wavelengths (464, 534 and 626 nmxonditions has been observed together with the enhancement
from hemispherical sky images. Images are registered witheffect of individual clouds on sky radiance.

the All-Sky Imager installed at the Andalusian Center for
Environmental Research (CEAMA) in Granada (Spain). The
methodology followed in this work for the absolute calibra-
tion in radiance of this instrument is based on the comparisorl.  Introduction

of its output measurements with modelled sky radiances de-

rived from the LibRadtran/UVSPEC radiative transfer code Knowledge and measurements of the angular distribution of
under cloud-free conditions. Previously, in order to checksky radiance (skylight at solar wavelengths, i.e. scattered
the goodness of the simulated radiances, these are comparé&bnlight) are important since the shape of human beings, ani-
with experimental values recorded by a CIMEL sunphotome-mals, plants, etc. is not regular or oriented to the Sun. There-
ter. In general, modelled radiances are in agreement with exfore, the sky radiance distribution has an outstanding role in
perimental data, showing mean differences lower than 20 94he evaluation of radiation reaching complex targets like the
except for the pixels located next to the Sun position thathuman body or studies directed towards the development of
show larger errors. solar energy systems.

The relationship between the output signal of the All-Sky ~ The sky radiance depends on aerosol optical properties,
Imager and the modelled sky radiances provides a calibraand thus these properties can be derived from sky radiance
tion matrix for each image. The variability of the matrix co- measurements. In this sense, different authors (e.g. Nakajima
efficients is analyzed, showing no significant changes alongt al., 1996; Dubovik and King, 2000) proposed inversion
a period of 5 months. Therefore, a unique calibration ma-algorithms for the retrieval of aerosol Optical properties us-
trix per channel is obtained for all selected images (a totaling measurements of sky radiance. Dubovik et al. (2006) and
of 705 images per channel). Camera radiances are comparédmo et al. (2008b) include non-spherical particles approx-
with CIMEL radiances, finding mean absolute differencesimation in the inversion codes of Duvobik and King (2000)
between 2% and 15 % except for pixels near to the Sun an@nd Nakajima et al. (1996), respectively, to obtain the colum-
h|gh Scattering ang|es_ We app|y these calibration matrice$ar aerosol size distribution, the Single Scattering albedo
to three images in order to study the sky radiance distribu{SSA), the phase function (PF) and the asymmetry param-

tions for three different sky conditions: cloudless, overcastéter from radiance measurements. To this end, Olmo et
al. (2008b) used the sky radiance in the principal plane (the
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plane perpendicular to the horizon that crosses the solaplies no problems with changes in atmosphere between two
zenith angle, SZA, and zenith). Therefore, measurements ofonsecutive measurements at different viewing angles.
sky radiance are also useful to retrieve the aerosol optical Sky imagers have been used for different purposes in re-
properties. search. Thus, these instruments were usually utilized to ob-
Clouds produce the strongest changes in solar radiatiomain cloud cover using threshold values for the ratio between
with a substantial decrease of the direct component and adifferent wavelength channels (Long et al., 2006). Heinle
increase of the diffuse radiation, which lead to a decrease iret al. (2010) developed an algorithm to discern the kind of
global radiation (Alados et al., 2000; Alados-Arboledas et al.,cloud, and Mannstein et al. (2010) used a sky imager to de-
2003; de Miguel et al., 2011b). The influence of the cloudi- tect and study contrails and additional cirrus clouds caused
ness on solar radiation has a significant spectral dependencby air traffic. Aerosol optical depth (AOD) and cloud cover
being weaker when the wavelength is shorter (Foyo-Morenowere retrieved using the All-Sky Imager and neural networks
et al., 2001; Bilbao et al., 2011; de Miguel et al., 2011a). Onby Cazorla et al. (2008a) and Cazorla et al. (2008b), respec-
the other hand, the clouds can also produce the enhancemetiiely. Lopez-Alvarez et al. (2008) derived sky radiance spec-
of the solar radiation at surface, reaching levels even highetra from sky images using a linear pseudo-inverse method,
than its value at the top of atmosphere (Piacentini et al., 2010and Olmo et al. (2008a) used these spectra, and an itera-
Anton et al., 2011a). Therefore, studies about the behavioutive method based on radiative transfer, to obtain AOD at
of sky radiance and clouds are important for a better under550 nm. Other authors used a sky imager with filters to mea-
standing of cloud-radiation interaction. sure the relative sky radiance polarization (Hatv et al.,
Several authors have analyzed the sky radiance under dif2002; Kreuter et al., 2009). Some works were performed
ferent sky conditions using several types of instruments. Fousing sky imagers carefully calibrated in the laboratory to
instance, Grant and Heisler (1997), Grant et al. (1997a) andbtain spectral radiance values (Moss and Zibordi, 1989; Zi-
Grant et al. (1997b) used silicon photodiodes with filters, bordi and Voss, 1989; Voss and Liu, 1997; Cazorla et al.,
mounted on a platform that provided for rotational and incli- 2009).
national motion, to take broadband radiance measurements The main aim of this paper is the calibration of a sky im-
in the ultraviolet range under obscured overcast, translucerager to obtain sky radiance measurements at three different
overcast, and clear skies. Their system took a complete meawavelengths at Granada (Spain) using a radiative transfer
surement of sky distribution (a grid of 1@enith and 3 in model. The great advantage of the sky camera with respect
azimuth) in 30 min. Vida et al. (1999) tested a cloudless ra-to other instruments is its high time and spatial resolution.
diance model using radiance measurements taken by a pyr@dditionally, the calibration method proposed in this work is
electric radiometer (modified to present a 5-degree effectivesimpler and cheaper than the methodologies found in litera-
half angle field of view), and they found the highest differ- ture which need laboratory calibration.
ences between modelled and experimental radiances close This paper is structured as follows: Sect. 2 shows the loca-
to the Sun. Weihs et al. (2000) took spectral radiance meation, instrumentation and the data used in the work. Section 3
surements under different sky conditions using a spectroradescribes the methodology used to obtain cloudless sky radi-
diometer connected to a tube of fore-opticsfigld of view) ance values, and these estimated values are validated using
mounted in a tracker programmed to cover a full sky radianceradiance measurements. The full method for obtaining sky
distribution (a grid of 10 in zenith and azimuth) in 15min. radiance from sky images is presented in Sect. 4. Results and
Wuttke and Seckmeyer (2006) recorded measurements afonclusions are in Sect. 5, where the obtained calibration ma-
sky luminance and spectral radiance using a sky scannerices are tested with measurements and a qualitative analysis
that took 150 points, in 40s, evenly distributed across theof three sky images is presented. Finally, the conclusions are
sky. Both works (Weihs et al., 2000; Wuttke and Seckmeyer,summarized in Sect. 6.
2006) compared radiance measurements with radiative trans-
fer models based on the discrete ordinate radiative transfer o )
algorithm, DISORT (Stamnes et al., 2000), and the results in2  Sit€, instrumentation and data
dicated that circumsolar region shows the highest errors, ana 1 Site
the input parameters would have to be known with greater™

accuracy (e.g. they do not use PF as input). _ The measurements used in this paper were taken by the At-
_Sky cameras, or sky imagers, are devices that combine §,,qpheric Physics Group (GFATtp://atmosfera.ugr.psf

digital camera with a fisheye lens, or a hemispherical mir-, University of Granada on the rooftop of the Andalu-

ror in some cases, that takes pictures of the full hemispheriz;an center for Environmental Studies (CEAMA, 37N/

cal sky. These instruments present two main features: firstlyg g W, 680 m a.s.l). Experimental site and its local condi-

they have a very high angular resolution taking measurey;ong were described in detail by Lyamani et al. (2010, 2011).
ments with a full hemispherical field of view, and secondly,

these measurements are acquired simultaneously which im-
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2.2 Instrumentation

) 1
2 ]
s ]
2.2.1 The All-Sky Imager & o8
w . ]
&) 7
The All-Sky Imager designed and deployed by the GFAT has (a7 .
been operating at our experimental site since 2005 and basi- TB 0.6 B G R
cally consists of a digital colour CCD camera with a fisheye 5 .
lens encapsulated in an environmental housing that is tem- a 04
perature regulated with a peltier cell. The system is installed v ]
in a Sun tracker (2AP model from Kipp & Zonen) to block 4 7
the direct solar radiation using a shadow ball. A transpar- 'g 0.2 7
ent acrylic dome protects the sky imager from the weather i) J
conditions like rain or snow. This dome was changed by a K g et T T
glass dome (non-acrylic) in December 2010 due to degrada-
400 500 600 700

tion problems, being the new dome more stable. The camera
body is a RETIGA 1300C (QImaging) and has a CCD sen- Wavelength (nm)

sor with three channels: red, green and blue. The CCD sen-. )

sor is the model ICX085AK from Sony working with a filter Fig. 1. Relative spectral response of the ICX085AK CCD sensor for

. . . he red (R), green (G) and blue (B) channels, taking into account the
that .blOCks the wavelengths in the infrared region (Standar&lnfrared(filie?inclut(:lezi in the RE(TI)GA 1300C camegra.
configuration of the camera). The spectral responses of the
camera channels are shown in Fig. 1, being centred around
450 nm, 550 nm and 650 nm with a bandwidth about 100 nmcluded in the AERONET network) takes extinction measure-
for the blue, green, and red channel, respectively. Spectrahents at 340, 380, 440, 500, 675, 870, 940 and 1020 nm us-
responses show a symmetrical shape except for the red chafhyg filters, and they are used to retrieve aerosol properties
nel, because it is influenced by the infrared filter. The lenssuch as AOD and Angsim coefficients at different wave-
is a Fujinon FE185C057HA fisheye lens, its field of view lengths, except at 940 nm which is used to retrieve total col-
being 188, which guarantees 18(ield of view projected  umn water vapour column.
into CCD. The lens manufacturer indicates that there is no In addition, measurements of sky radiance at 440, 500,
longitudinal or lateral chromatic aberration and the angularg75, 870 and 1020 nm are registered by the sunphotome-
distortion is less than 0.8 %. The lens effect in the image waser using a sky collimator at high gain at different angles in
obtained using a ruler in a dome, observing that the variatiorthe principal plane and the almucantar (the circle parallel to
of zenith angle is linear with the pixel distance (equidistantthe horizon with the zenith angle equal to the solar zenith
projection in the CCD), and the solid angle viewed by eachangle, SZA) configurations. These measurements are use-
pixel was calculated using this information (Cazorla, 2010).ful to retrieval aerosol optical and microphysics properties
The final result of the camera is an image (90800 pix-  like columnar aerosol size distribution, complex refractive
els) with 12-bits digitalization per channel. As an example, index, PF and SSA at different wavelengths following the
three recorded images can be seen in Fig. 2 for three differAERONET procedures (Holben et al., 1998; Dubovik and
ent sky conditions: cloudless, obscured overcast and partiallKing, 2000).
cloudy. There are notable differences between the three im- Calibration of this instrument was performed annually by
ages, showing the higher response in the blue channel wheRERONET-RIMA network. More details about CIMEL CE-
the sky is cloud-free, and brighter clouds when the sky is not318-4 can be found in Holben et al. (1998).
overcast. The Sun tracker, blocking the direct radiation, and
other obstacles surrounding the camera can be appreciated h3 Data set

the images.

The camera was programmed to take images every 5 miRifferent measurements were used in this work. From the
between sunrise and sunset with an exposure time of 12 méneasurements recorded by the All-Sky Imager, we only work
All information about the GFAT All-Sky Imager can be with those recorded during the year 2011 in order to guaran-

found in Cazorla (2010). tee images with the glass dome.
On the other hand, the aerosol information was obtained
2.2.2  Sunphotometer CE-318 from the CIMEL sunphotometer. Thus, the Angstra pa-

rameter was calculated using AOD at 440 and 675nm, and
A sunphotometer CE-318 (CIMEL Electronic, France), the Angstdbm g parameter was obtained taking into account
which is the standard Sun/sky photometer used in thex @nd AOD at 500 nm:
AERONET network (Holben et al., 1998), was installed next
to the sky imager in the same rooftop. This instrument (in-
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Fig. 2. Sky images taken by the All-Sky Imager of GFAT for three different conditions: a cloudless sky (8 July 2011, 13:15 UTC) on the left,
an obscured overcast sky (23 January 2011, 10:35 UTC) in the middle, and a partially cloudy sky (7 March 2011, 16:15 UTC) on the right.

3 Modelling cloudless sky radiance

log (%ﬁ) The methodology used in this work for the absolute calibra-
a= e (1)  tion in radiance of the All-Sky Imager is based on the com-
log (470> parison of its output measurements with the sky radiance val-

ues estimated by the UVSPEC radiative transfer model under

cloud-free conditions. This section presents the description

_ AODs00 ) of the inputs used in the code and the validation of the mod-
057« ° elled radiance values against experimental data measured by

In addition, the sunphotometer sky radiances measured wittqﬁIe CIMEL sunphotometer.
the 440 nm and 675 nm filters were provided by AERONET,
but the products of the network are the radiances at the nomig'1 UVSPEC model

nal wavelengths of 441 nm and 677 nm due to the filter band—rpg reference values of sky radiance were estimated by the
width. Radiance measurements using the 500 nm filter (NoM[ jpradtran software package (the 1.6 beta version was used
inal wavelength of 501nm) are only available along o j, this paper), which main tool is the UVSPEC model, de-
months in 2011, but the.y. were used to test the cal|brat|or\,e|oped by Mayer and Kylling (2005). The various radiative
method in Sect. 5.1. Additionally, SSA values were also useqnsfer equation solvers included in the UVSPEC have dif-
in the work and, how they are retrieved using sky radiancessgrent capabilities to calculate the radiative quantities in the
AERONET provides these values at the nominal wavelengths= g ih's atmosphere. The radiative solver chosen to obtain sky
of 441 and 677 nm. The SSA values are only available aiggiance, on the Earth's surface, was an improved version of
441 and 677nm, but we used the SSA at 550 nm, whichy,e 1SORT algorithm in C language (CDISORT) running
was estimated as the mean between &SAnd SSA77. iy 18 stream mode. This solver was developed by Buras et
Similar method was followed for the PF values, which are 5 (2011), and it uses the correction developed by Nakajima
only available at 441 and 677nm (nominal wavelengths) inn g Tanaka (1988) applying the directional distribution after
AERONET, and thus Pfso was estimated as the mean be- gcqndary scattering of light in an atmosphere.
tween Pl and P77 for each scattering angle. Finally, wa-  \yg ryn the UVSPEC model using the standard profiles and
ter vapour column values, provided by AERONET, were ©S-inputs indicated by Aréin et al. (2011b) for the GFAT sta-
timated using Sun direct measurements. All mentioned datggn at Granada. The standard atmosphere was mid-latitudes
p.rovided by AERONET can be downloaded visiting the web- ¢\, nmer (from May to October) and winter (the rest of
sitehttp://aeronet.gsfc.nasa.gov S months). The extraterrestrial spectrum used was the pro-
The daily total ozone column, TOC, used in this Work n,qed by Gueymard (2005). Surface albedo was considered

was measured by several satellite-based remote sensing il 5 fixed value of 0.2 for all wavelengths. Daily TOC was
struments: OMI collected in the Aura satellite (downloaded;|uded in the inputs, and all simulations were run under

from http://disc.sci.gsfc.nasa.gov/giovapand GOME and . |5ud-free conditions.

GOME-2 data (supplied by the staff of the Remote Sensing o aerosols, the appropriated spring—summer and fall—

Technology Institute, IMF, of the German Aerospace Cen-yinter profiles given by Shettle (1989) were used. We chose

tre, DLR). These satellite data show, in general, an excelyp rhan aerosol profile in the lower 2 km of the atmosphere

lent ggreement with reference ground-based measurements, 4 5 background profile above 2 km, and the impact of the

(Anton etal., 20092, b). aerosol loading in the boundary was expressed by colum-
nar o« and 8 Angstiom coefficients (see Sect. 2.3) which
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are scaled in the chosen profiles. Legendre moments were @ B i ) - 20
used as phase function information input, and these moment: ¢ A 6771 "
were calculated using the PMOM tool, included in LibRad-
tran package, which calculates the Legendre moments of ¢
given phase function. The PMOM tool was run to obtain 200 =
moments with a scattering angle grid resolution for moderate & *°
forward peaks. The SSA and PF as inputs depended on the <
wavelength of the estimated radiance.

Finally, the UVSPEC outputs for each simulation were the 2

radiances, in mW m?nm~1sr1, at a selected wavelength
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3.2 Modelled vs. experimental radiance é 207 i T E
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Sky radiances measured by the CIMEL sunphotometer were 7 R S Sl
used to study the reliability of the UVSPEC modelled radi- .0 -+t -10
ances. For this goal, 50 almucantar cloudless measurement 0 40 8 120 0 40 80 120 160
of radiance at 441 and 677 nm were chosen randomly. The Scattering angle (°) Scattering angle (°)

cloudless radiances were calculated using UVSPEC and thE. . .

. ) . ig. 3. Mean (left panels) and median (right panels) of the absolute
inputs explained above, but Chang'”g the output angles fOlfelative error (ARE; upper panels) and bias (down panels) between
the almucantar angles_gnd selecting the wavelengths of th§<y radiance calculated by UVSPEC and measured by CIMEL for
sunphotometer. In addition, S34 and Pl were used as 441 and 677 nm as a function of the scattering angle in the almucan-
input for the calculations of radiance at 441 nm and §8A  tar. The error bars represent the standard deviation, of which only
and Plg77 for the radiance at 677 nm. half (up or down) is included for 677 nm due to the high values near

The absolute value of the relative error, ARE, betweento the Sun.
modelled and experimental values was calculated, for each

scattering angle, by the next equation: - ) ) )
angles. In addition, the mean and median of the bias (relative

(%) 100(y|RMOD — RmEeAs| 3) difference taking into account the sign) are shown in panels c
_ b oo
X RMmEAS ’ and d. These values suggest systematic differences between

) the modelled values and the measurements with an underes-
where x is the ARE, andRvop and Rveas are the mod- i ation of the model for 677 nm and an overestimation for
elled (UVSPEC) and measured (CIMEL) sky radiances, re-441 qm.
spectively.. ARE values were calc_ulated for each ;cattering Therefore, the sky radiance estimated with the UVSPEC
angle, which depends on the azimuth angle relative to thg,,4e| and used in this work as reference for the calibra-
Sun's azimuth and the SZA (Nakajima et al., 2006). Inter-yjo of the All-Sky Imager, presents differences with respect
vals of the scattering angle with a width of were taken us- 4, yhe experimental ones smaller than 20% and 10% for
ing the 50 random values (random solar zenith angles), and 41 nm and 677 nm, respectively. Nevertheless, we have de-
Fig. 3 shows the mean (panel a) and the median (panel b) Ofjge to avoid the use of the UVSPEC simulations for those

these intervals for the two wavelengths. The figure inc'“descases near to the Sun (azimuth angle relative to Sun smaller
the standard deviation (error bars), which is only half repre-than 10).

sented (up or down) for 677 nm due to the high value. The

mean value of ARE for the sky radiance at 677 nm is about

60 % when the scattering angle is arouid1@ contrast, the 4 Calibration method

behaviour is remarkably good for angles far from the Sun.

Thus, the mean parameter varies between 4 % and 10 % fofhis section describes the method followed to obtain the cal-
scattering angles larger than°l@nd the standard deviation is ibration matrix of the All-Sky Imager and, thus, to convert
quite lower than near the Sun. Figure 3b shows that the methe output signal of each pixel and channel in the sky ra-
dian values of ARE at 677 nm are smaller than 10 % for alldiance that reaches every pixel under cloud-free conditions.
scattering angles. This high difference between the media®oth modelled and experimental sky radiances could be used
and mean of ARE at 677 nm for cases close to the Sun indias reference in the calibration method. In this work, we have
cates that only a few modelled cases significantly differ withemployed modelled values derived from a radiative transfer
respect to the experimental data when the scattering angle imodel instead of experimental measurements due to two rea-
around 0. On the other hand, the mean and median valuesons: the effective wavelength and the field of view. Thus,
of ARE at 441 nm range are smaller for low scattering an-while the effective wavelengths of the camera channels differ
gles, and these values are lower than 20 % for all scatteringrom the sunphotometer ones, the use of a radiative transfer
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code allows to simulate sky radiances at the same effectivéhan 80, the pixels near to the Sun, and the different obsta-
wavelengths of the camera channels. In addition, the use ofles around the whole sky like the shadow system and the
experimental sky radiances is only useful for one pixel cali-two pyranometers installed on the tracking system near the
bration but using a radiative transfer model all pixels can becamera (see Fig. 2). In the next step, the pixel counts were

calibrated. normalized to unity using the ratio between the raw value
_ and the highest recorded valué{g Finally, the dark noise
4.1 Effective wavelength signal was removed taking into account that, in all rows and

. . ) columns of an image, a dark zone appears whose signal must
In order to obtain the radiance reaching the All-Sky Imagerys | (as a first approximation). Therefore, the minimum
at every pixel, it is necessary to simulate spectral radiancg, e for each column and each row were averaged and con-
between 400 and 70_0 nm and weight them usmg_the SP€Csidered as the dark signal, which was subtracted to the nor-
tral response shown in Fig. 1 for each channel. This process,ajized signal. Some authors (e.g. Voss and Zibordi, 1989;

expends a lot of computation time; moreover, we are inter,qs and Lju, 1997) found problems related to the lens since
ested in obtaining spectral radiance instead of broadbanqts transmittance varies with the field of view. However, in

This issue is solved using the concept of effective wave-yis work this issue was not considered because the cali-

length (Kholopov, 1_975)' The ra_tio of two bro_ad_band Mea- hrated system consists of the CCD with the lens together, and
surements, taken with the same instrument, with its self SpeCyq fie|g of view of the lens presents no significant changes in

tral response, under different conditions, is also equal to the{he pixels between different images due to the angular sym-
ratio of the same measurements but measured with an instrqﬁetry

ment that only is sensitive at the effective wavelength,
Therefore, the effective wavelength for each channel is cal
culated using the following expression:

The corrected image is a 92®00 matrix,P, which P;; el-
‘ement is the corrected raw signal for thepixel. This signal
should be proportional to the incident radiation: radiance that
[AL()S(M)dA reaches thej-pixel multiplied by the solid angle of that view,

A (@) Q;;. Therefore, a 908 900 matrix,R, was constructed using
the simulated radiance values (Sects. 3.1 and 4.1) and inter-

polating for each pixel. Therefore, the matrix calibrati&n,

can be expressed as

re= TIMSO)dr
A

where is the wavelength/ is the irradiance reaching the

instrument, andS is the spectral response of the channel RO

(Fig. 1). In order to calculatge, a different set of irradiances K = R (5)

reaching the camera is simulated using the UVSPEC model.

A total of 200 simulations of spectral diffuse irradiance (di- This relationship is only valid if the response of the CCD sen-

rectirradiance does not reach the camera) were simulated peor is lineal. The raw signal of the CCD, without removing

channel. The phase function used in these simulations is ththe dark noise, was represented as a function of the simulated

Henyey-Greenstein function. In addition, the values of thesky radiance for different cloudless images (not shown). The

asymmetry parameter and SSA are 0.7 and 0.9, respectivelyesults indicate that the CCD response is linear for normal-

and a fixed TOC value of 300 DU is utilized for all wave- ized raw values smaller than 0.8, being the pixel saturated for

lengths under a mid-latitudes summer atmosphere. a signal higher than 0.8. Therefore, the pixels with normal-
The 200 simulations for each channel (600 in total) wereized signal higher than 0.8 (before the subtraction of the dark

run changing SZA (from 10to 8% in 10° steps)x parame-  noise) were removed along with their eight neighbours due

ter (from 0.2 to 1.8 in 0.4 steps) adparameter (from 0.01 to blooming effect (Voss and Liu, 1997).

to 0.21 in 0.05 steps). Thus, 200 effective wavelengths per From the method described here, given a cloudless im-

channel were calculated by Eq. (4) using the simulated specage, three calibration matrice{RED, K-GREEN andK -

tral diffuse irradiances. The mean values were 464 nm (blue)BLUE) are calculated using Eq. (5). These matrices can be

534 nm (green) and 626 nm (red), with a standard deviatiorused to calculate the radiance at 464, 534 and 626 nm mul-

of 2nm for the three channels. Therefore, the spectral raditiplying the specifick matrix by the specific channel of the

ance reaching the camera is simulated at these three effectivenage and dividing this value by the solid angle viewed for

wavelengths as is described in Sect. 3.1, taking into accoungach pixel.

that the SSA and PF values used as inputs are;mSsad

PFu41 to estimate the radiance at 464 nm, S§fand PEgy 4.3 Matrix calibration variability

for 534 nm, and SSéy7 and Pls77 for 626 nm. . -
A set of cloudless images were selected to study the variabil-

4.2 Calibration matrix ity of the matrix elementsK;;). The dates of the eight cho-
sen days along with the initial and final time of their image

First, a cloudless image is selected, being separated in theet (every 5 min) are presented in Table 1. These days were

red, green and blue images. We mask the zenith angles higheselected to study the variability between consecutive days

Atmos. Meas. Tech., 5, 20132024 2012 www.atmos-meas-tech.net/5/2013/2012/
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(day 1 to 4), and the variability in a long period (5 months) Table 1.Image set, showing day, month, and time interval (images
from winter days (day 1 to 6) to summer ones (day 7 andare every 5min).
8). Moreover, the eight selected days were completely cloud-

free in order to see the intra-daily variation of the calibration Dayof Month Day Initial Final
matrix. Therefore, & matrix can be obtained for each image month Time (UTC)  Time (UTC)

recorded during the eight days shown in Table 1. 13 1 1 08:35 16:10

In order to analyze the influence of SZA on tke; ele- 14 1 2 08:35 16:15

ments, we evaluated the variability for eaghpixel over a 15 1 3 08:35 16:15

whole day. Thus, the intra-daily coefficient of variatidn, 16 1 4 08:30 16:15

was calculated for eaatji-pixel: 2 2 5 08:20 16:35

o (K1) 6 7 oms 1m0

ij, T : X
Lij = 1OOO/M(KU’T)’ () 19 6 8 05:55 10:30

whereo (K;;, 7) andM (K;; r) are the standard deviation and

the mean of the several values &f; throughout the day. Table 2. Percentage of elements Bflower than 10 %, for each day

Thus,T is a matrix whose elements indicate the daily varia- @ahd channel. The mean valuelofs given in parentheses.

tion of eachk;;.
Table 2 shows the percentagefgf elements witHT lower Day Red Green Blue

than 10 % and the mean value Bffor each day. It can be 97.1(5.4) 99.1(4.4) 100 (3.9)

seen that the intra-daily variation of the coefficients of the 99.1(5.3) 99.4(4.3) 99.3(4.1)

matrix calibration is small, with a mean value between 3.1 % 99.9 (4.5) 100(3.5) 100 (3.1)

and 5.4 % for all days and channels. In addition, the percent- 99.8(4.9) 99.9(3.9) 99.9(3.5)

age of coefficients with variations lower than 10 % is near to 100 (4.8) 100 (4.1) 100 (4.5)

100 % for all days. These results justify that we assume that 99.0(5.3) 100(4.2) 99.9(3.9)

K-RED, K-GREEN andK -BLUE do not depend on SZA, 98.0(5.3) 99.2(4.9) 96.0(5.2)

and that daily meaK matrix, K 4, obtained as the average of 99.6 (4.0) 100(3.4) 100 (3.5)

all calculatedK matrices in a day can be considered repre-

sentative for that day. ThuKq is calculated for the eight se-

lected days, and the resulting matrices are compared to eadhom 16.8 % to 146.8 % for red, green and blue channels, re-

other The matrix with the absolute difference betweerkithe  spectively.

O ~NO U WN P

of the m-day K4 m) and the n-dayK 4,n) is obtained as Once we have observed that the variabilitykgf elements
is not significant, a unique calibration matrix for each chan-

K —K . . . .
AK g.mn(%) = 100(V’ d.m dn| ' ) nel can be derived from all images recorded during the eight

Kd.n selected days (a total of 705 images per channel). Figure 4
. . . shows three images with the calibration matrices and their
Table 3 reports about the inter-comparison between the elgr‘gtandard deviation, both in mWrAnmLraw~L. The ma-
days, showing the percentage of pixels with a differencey;ceg coefficients show uniformity for all angles in the three
lower than 10% {Kqmn<10%) and the mean of these .pannels. The coefficient of variation is below 10 % in 99 %
differences in parentheses. The mean difference between thg v hixels, and its mean is lower than 6 % for all channels.

days 1, 2 and 3 is smaller than 2% with 99.9% of pixels However, a few pixels (less than 1 %) show large variabil-

with a difference lower than 10 %. This result indicates low i yhite pixels for the standard deviation images in Fig. 4).

variation inK between consecutive days. The highest meanryjq high deviation could be related to occasional little spots.
difference between two winter days is 2.9 %, 4.0%and 4.5% perefore, the three calibration matrices shown in Fig. 4
for the red, green and blue channels, respectively. Moreover, ,, o applied to the raw data measured by the All-Sky Im-

the percentage of pixel with a difference lower than 10 % isager and, thus, the sky radiance can be estimated at 464, 534
always higher than 99 % when the winter days are compared, 4 626 nm for all sky conditions.

for all channels. Table 3 also shows that the differences in-

crease when day 7 is compared with the other days, being

stronger in the green channel. This fact could be explaineds Results and discussion

by some problematic images in day 7, because this day also

shows the worst behaviour in Table 2. Nevertheless, the dif5.1  Validation of the calibration method

ferences between day 7 and the others are smaller than 6.1 %,

being within the margin of error given by the cloudless mod- The reliability of the calibration method is analyzed in this
elling. The highest value ohK g4 m n (not shown in Table 3)  section by means of the comparison between the spectral
ranges from 14.8 % to 57.6 %, from 19.3 % to 152.5 %, andradiances derived from the camera and experimental values
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Table 3.Contingency table showing the percentage of elementskaf m n smaller than 10 % as a function of days and channels. The mean
AK{ m,n is given in the parentheses.

Channel Day 1 2 3 4 5 6 7 8
1 - 100(1.3) 100(1.3) 99.9(2.9) 99.7(2.0) 99.6(19) 785(6.1) 99.0(2.9)
2 100 (1.3) — 100(1.0) 99.8(2.0) 99.4(1.8) 99.6(1.3) 88.9(5.3) 98.5(2.6)
3 100 (1.3) 100 (1.0) — 99.8(2.0) 99.1(2.3) 99.6(1.6) 86.2(5.5) 98.9(2.7)
Red 4 99.9(2.8) 100(2.0) 99.9(1.9) - 995(3.0) 99.6(2.0) 93.6(4.9) 97.5(3.5)
5 99.6 (2.0) 99.4(1.8) 99.5(2.3) 99.4(3.1) - 99.3(1.7) 87.0(5.5) 98.6(2.7)
6 99.6 (1.9) 99.6(1.3) 99.6(1.5) 99.6(2.1) 99.4(1.6) — 91.6(5.0) 98.0(2.5)
7 83.2(5.8) 93.5(5.1) 91.3(5.3) 955(4.9) 92.0(5.3) 95.7(4.8) - 98.0(3.8)
8 98.7(29) 98.1(2.7) 98.7(2.7) 97.1(3.7) 97.9(2.7) 97.6(2.6) 96.6(4.0) -
1 — 100(1.4) 100(1.9) 99.9(4.0) 99.9(15) 99.9(1.7) 69.1(7.0) 99.5(4.1)
2 100 (1.4) — 99.9(0.8) 99.9(2.6) 99.9(19) 99.8(1.0) 77.8(6.1) 99.9(3.2)
3 99.9 (1.8) 99.9(0.8) - 99.8(2.2) 99.9(23) 99.8(12) 79.4(5.9) 99.7(31)
Green 4 100 (3.8) 99.9(2.5) 99.8(2.2) — 99.8(4.0) 99.7(2.8) 91.6(5.0)0 99.8(2.6)
5 99.9 (1.5) 99.8(1.9) 99.9(2.4) 99.7(4.2) - 100(1.6) 70.7(6.6) 99.9(3.9)
6 99.8 (1.6) 99.8(1.0) 99.8(1.2) 99.6(2.9) 100 (1.6) - 78.7(5.8) 99.8(2.9)
7 73.8(6.4) 83.2(5.7) 859(5.6) 95.7(49) 77.5(6.00 86.1(5.4) - 99.5(3.0)
8 99.9(3.9) 99.9(3.1) 99.8(3.0) 99.8(2.7) 100(3.7) 99.8(2.8) 98.9(3.2) -
1 - 100(1.3) 100(2.0) 99.9(4.5) 99.8(1.4) 99.8(1.6) 73.6(6.5 94.0(4.8)
2 100 (1.3) — 100(0.8) 99.9(3.3) 99.8(1.8) 99.7(1.1) 80.9(5.8) 99.6(3.8)
3 100 (2.0) 100 (0.8) — 99.8(2.7) 99.8(2.0) 99.7(1.3) 854(54) 99.6(3.4)
Blue 4 99.9(4.3) 99.9(3.2) 99.9(2.6) — 99.4(4.3) 99.7(3.4) 945(4.9) 99.7(2.8)
5 99.8(1.4) 99.7(1.8) 99.7(2.1) 98.6(4.5) - 100(1.5) 78.8(5.8) 97.7(4.5)
6 99.8(1.6) 99.7(1.1) 99.7(1.3) 99.4(3.5) 100(1.5) — 84.8(5.3) 99.8(3.6)
7 78.0(6.0) 87.2(54) 90.9(5.1) 95.6(4.9) 85.0(54) 90.2(5.0) - 99.9(2.6)
8 98.4(4.5) 99.8(3.6) 99.8(3.3) 99.6(2.8) 99.6(4.3) 99.8(3.4) 99.8(2.6) -

measured by the CIMEL sunphotometer. While this instru-ages for 677 nm and 441 nm and 11 images for 501 nm. Fig-
ment measures the radiance at 441, 501 and 677 nm, the efire 6 shows the variability of this parameter and its stan-
fective wavelengths of the camera are 464, 534 and 626 nnrdard deviation (error bars) for the almucantar (panel a) and
To solve these differences in the wavelengths of the channelgrincipal plane (panel b). For the almucantar configuration,
we obtain the ratios between the radiances at 677 nm anthe ARE mean was calculated fof Bitervals of scattering
626 nm (RatioR), 501 nm and 534 nm (RatioG), and 441 nmangles. However, for the principal plane, the ARE averages
and 464 nm (RatioB) using the same 200 spectra of diffuse irwere done for each zenith angle measured by CIMEL be-
radiance calculated in Sect. 4.1. The averages (xstandard deause zenith and scattering angle are the same in that geom-
viation) of these ratios are 0.87 +0.07 (RatioR), 1.13+0.06etry. It can be observed that the errors in almucantar con-
(RatioG) and 0.98 +0.05 (RatioB). The camera radiance in diguration are lower than 15 % for all scattering angles ex-
given solar direction was obtained as the average of the closeept near to the Sun (and far to the Sun at 501 nm) when the
est pixels in that direction (a square of 25 pixels). Thus, thedisagreement experiences a notable increase. For the three
multiplication of these radiances for the three averages ratiosvavelengths, the errors in the principal plane are also smaller
results in the estimation of the camera radiance at the CIMELthan 15 % except for the lowest and highest scattering an-
wavelengths. gles. The bias (panels c and d) indicates that these differences

Figure 5 shows the cloudless sky radiance measured bgre systematic, and that the camera overestimates the mea-
the sunphotometer and the estimations given by camera fosurements at 441 nm (almucantar and principal plane) and at
the almucantar (left) and principal plane (right). Each panel677 nm (principal plane) except for angles near to the Sun,
corresponds to a particular case which was randomly selectednd it underestimates the radiance measurements at 501 nm
with the unique condition that the time difference between(almucantar and principal plane) and at 677 nm (almucan-
the CIMEL and the camera measurements must be smalletar). These errors are similar to those obtained between the
than 10 min. It can be seen that CIMEL and camera radiance’)VSPEC simulations and CIMEL (Fig. 3). Therefore, the
show a similar behaviour and sensitivity to scattering angle. proposed method and the obtaingdmatrices can be con-

To evaluate the camera-CIMEL differences, the ARE sidered valid to estimate sky radiances.
mean values are calculated using 40 random cloudless im-
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Fig. 4. Calibration matrices and their standard deviation (Std) in

Fig. 5. The CIMEL and camera sky radiances together for two dif-
mWm~2nm~1raw1, for the three channels. g ky 9

ferent dates at 677 nifa, b), 501 nm(c, d) and 441 nn(e, f). Left
panels represent almucantar, and right panels are principal planes.

The obtained errors in the camera radiances are higher
than the sky radiances measured by CIMEL and used in in-
version algorithms for aerosol properties. Therefore, the pro- The radiance under obscured overcast conditions shows
posed method to obtain Spectra| radiance from a Sky caman opposite behaviour compared to under cloudless condi-
era cannot be considered useful to estimate aerosol propertid®ns. Thus, Fig. 7 (middle) shows that the radiances de-
with inversion codes, but it can be useful for other applica-crease when the zenith angle increases, which was related
tions related to cloud properties or aerosol optical propertiedy Grant and Heisler (1997) in the visible and ultraviolet

such as AODg and§p. range. The highest radiances appear at 464 nm, and the ra-
diance distribution looks more homogenous at 626 nm. In
5.2 Application of the calibration matrices this case, the means (xstandard deviation) are 71 (x14), 80

(+16) and 92 (+18) mW m2 nm~1 sr1 for the 626, 534 and

Spectral sky radiances were calculated for three cases showt64 nm wavelengths, respectively. The standard deviation is
in Fig. 2, which correspond to three different sky conditions. lower than in the cloudless sky, which is in accordance with

Figure 7 (up) shows the sky radiance at 626, 534 andhe higher homogeneity of radiance distribution under over-
464 nm (from left to right) under cloud-free conditions. It can cast. For these images, the variation coefficients are similar
be seen that the sky radiance decreases with wavelength ifier the three wavelengths, around 20 %. Moreover, a high in-
creasing due to the strong spectral dependence of the molecrease of radiance at 626 and 534 nm appears from cloudless
ular scattering. In addition, high radiance values are ob-to overcast conditions.
served in the aureole along with a horizon brightening in  Figure 7 (bottom) presents the radiances under partially
the three wavelengths, in accordance with Wuttke and Seckeloudy conditions. The black pixels correspond to saturated
meyer (2006) who concluded that the reason for the horizorpixels due to a high radiance reaching the sensor. The cloud-
brightening can be explained by scattering processes in thiess regions are similar to the cloudless sky, showing the
atmosphere. The means (tstandard deviation) of all pixel valhighest values in the shortest wavelength. The radiance is
ues are 29 (+10), 53 (+17) and 88 (x24) mWfmm1sr1 higher in the cloud regions than in the cloudless ones, which
for the 626, 534 and 464 nm wavelengths, respectively. Thavas also observed by Rossini and Krenzinger (2007). In
variation coefficient increases with the wavelength. fact, individual clouds increase the radiance up to saturate
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Fig. 6. Mean of the absolute relative error (ARE; b) and bias
(c, d) between sky radiance retrieved by camera and measured by
CIMEL for 677 nm, 501 nm, and 441 nm as a function of the scat- Fig. 7. Sky radiance (in mWmZnm~1sr-1) at 626 nm (left),
tering angle. Left panels represent almucantar, and right panels ar&34 nm (centre) and 464 nm (right) for top: a cloudless sky (8 July
principal planes. The error bars represent the standard deviation, df011, 13:15 UTC), middle: an obscured overcast sky (23 January
which only half (up or down) is included for 677 nm (almucantar) 2011, 10:35 UTC), and bottom: a partially cloudy sky (7 March
due to the high values near to the Sun. 2011, 16:15 UTC). Black regions represent the zenith angles higher
than 80, the two pyranometers installed near the camera, and the
saturated pixels. Figure 2 helps to discern saturated (white) and low-

. o . . radiance (black) pixels.
the pixels. Therefore, individual clouds increase the diffuse

radiation reaching the Earth’s surface. The coefficients of

variation are higher under this condition than in the two be-
fre in agreement with all conclusions obtained from Fig. 7,

fore and it incr with the wavelength ing the m
ore and it increases with the wavelength, being the mea where the coefficient of variation increases with the wave-

of the radiance (xstandard deviation) using all pixels: 50I h it t ki hen th i t of
(+30), 60 (+30) and 90 (+40) mWr? nm-Lsr for the ength except for overcast skies when the coefficient of vari-
ation is constant and close to 20 %.

red, green and blue channel, respectively. The highest de-
viation is caused by the differences between cloudless and
cloud cover pixels. The blue channel shows a similar mean
value in the cloudless and overcast conditions, which, due t& Conclusions
its wavelength, is more affected by molecular scattering and,
therefore, diffuse radiation is high also under cloudless con-Some important conclusions may be drawn from this work.
ditions. However, clouds strongly increase the higher wave-The radiative transfer model UVSPEC estimates radiance
lengths. values, under cloudless sky, similar to those recorded with a
Finally, 120 images (40 for each condition) were selectedsunphotometer, obtaining the worst agreement between mod-
and analyzed for each sky condition. The mean radiance peglled and measured radiances near to the Sun. The mean dif-
solid angle and its standard deviation were calculated forferences between the modelled and measured sky radiances
each image. The average of the mean radiance and its staare lower than 20 % for all scattering angles when the median
dard deviation for the 40 cloudless images were 34 (x24), 55s considered. Thus, UVSPEC model can be used to estimate
(¢29) and 89 (+40) mW m? nm~1sr-1 for the 626, 534 and  cloudless sky radiances if some inputs, such as aerosol scat-
464 nm wavelengths, respectively, showing similar results agering phase function, are taken into account.
in the cloudless images of Fig. 7. In the case of overcast skies, The obtained calibration matrices, which convert raw sig-
the average radiances were 63 (£14), 70 (x16) and 80 (x18hal in physical radiance, do not show significant dependence
mW m~—2nm-1sr! for the red, green and blue channel, re- on SZA, and the variability of their coefficients along 5
spectively. Additionally, 73 (£35), 81 (x29) and 119 (+40) months is low, being the coefficient of variation lower than
mW m—2nm~1sr! were the average values of the radiance 10 % for the 99 % of the pixels. The mean differences be-
mean and standard deviation of the 40 partially cloudless imtween the radiance estimated with the camera and that mea-
ages for the 626, 534 and 464 nm wavelengths. These resulired with the CIMEL are lower than 15 % except for high
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scattering angles and close to the Sun, showing the radiancenton, M., Loyola, D., lopez, M., Vilaplana, J. M., B#n,

at 464 nm the lowest differences in these angles. M., Zimmer, W., and Serrano, A.. Comparison of GOME-
The radiance under overcast conditions presents the high- 2/MetOp total ozone data with Brewer spectroradiometer data

est homogeneity, while the largest variability in the radiance Over the Iberian Peninsula, Ann. Geophys., 27, 1377-1386,

values corresponds to the partially cloudy conditions. Indj- d0i:10.5194/angeo-27-1377-2Q@DOSb.

vidual clouds increase the sky radiance at the higher wave'—A‘nlt;Tg'r’e'r\:'(; ?Ilbﬁrﬁ(l)z-’FCJaZ(;rrl]?j, :}; dziaszégaigsei :J.,ShFOOril(:érm

lengths, and the horizon brightening under cloudless condi- variabiliiy ’of exp'erime}ltal ultraviolet and totail solar irradi-

tions changes to horizon dimming when the sky is obscured ance in Southeastern Spain, Atmos. Environ., 45, 4815-4821,

overcast. doi:10.1016/j.atmosenv.2011.06.02011a.

Finally, in future works, other analyses of sky radiances anton, M., Gil, J. E., Cazorla, A., Feamdez-Glvez, J., Vilaplana,
might be developed, e.g. the use of radiances for the retrieval J. M., Olmo, F. J., and Alados-Arboledas, L.: Influence of the cal-
of cloud properties, and a global study of sky radiances un- ibration on experimental UV index at a midlatitude site, Granada
der different sky conditions. The retrieval of aerosol proper- (Spain), Atmos. Meas. Tech., 4, 499-5@i:10.5194/amt-4-
ties using camera radiance information could be an option, 499-20112011b.
but the radiance error given by the camera is too high for thigBilPao, J., Roran, R., de Miguel, A., and Mateos, D.: Long-term
purpose, and the camera wavelengths are not appropriated to _solar eryth_emal_ l_JV irradiance data reconstruction in Spain us-
obtain aerosol properties in the course mode. On the other N9 & semiempirical method, J. Geophys. Res., 116, D22211,
hand, some aerosol optical properties such as A@and doi:10.1029/2011JD015838011.

! . Buras, R., Dowling, T., and Emde, C.: New secondary-scattering
p could be calculated from sky camera ra@ance;. The au- correction in DISORT with increased efficiency for for-
thors encourage researchers and groups with available cam- \yarq scattering, J. Quant. Spectrosc. Ra., 112, 2028-2034,
era system to apply and use the proposed method to obtain doj:10.1016/j.jgsrt.2011.03.019011.
sky radiance from sky images, because only radiative transfecazorla, A.: Development of a sky imager for cloud classification
modelling is needed to derive the calibration matrices. and aerosol characterization, Ph.D. thesis, University of Granada,

Spain, 2010.
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