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Abstract. Losses of reflected Direct Normal Irradiance due

to atmospheric extinction in concentrated solar tower plants

can vary significantly with site and time. The losses of the

direct normal irradiance between the heliostat field and re-

ceiver in a solar tower plant are mainly caused by atmo-

spheric scattering and absorption by aerosol and water vapor

concentration in the atmospheric boundary layer. Due to a

high aerosol particle number, radiation losses can be signifi-

cantly larger in desert environments compared to the standard

atmospheric conditions which are usually considered in ray-

tracing or plant optimization tools. Information about on-site

atmospheric extinction is only rarely available. To measure

these radiation losses, two different commercially available

instruments were tested, and more than 19 months of mea-

surements were collected and compared at the Plataforma

Solar de Almería. Both instruments are primarily used to

determine the meteorological optical range (MOR). The

Vaisala FS11 scatterometer is based on a monochromatic

near-infrared light source emission and measures the strength

of scattering processes in a small air volume mainly caused

by aerosol particles. The Optec LPV4 long-path visibility

transmissometer determines the monochromatic attenuation

between a light-emitting diode (LED) light source at 532 nm

and a receiver and therefore also accounts for absorption

processes. As the broadband solar attenuation is of interest

for solar resource assessment for concentrated solar power

(CSP), a correction procedure for these two instruments is

developed and tested. This procedure includes a spectral cor-

rection of both instruments from monochromatic to broad-

band attenuation. That means the attenuation is corrected for

the time-dependent solar spectrum which is reflected by the

collector. Further, an absorption correction for the Vaisala

FS11 scatterometer is implemented. To optimize the absorp-

tion and broadband correction (ABC) procedure, additional

measurement input of a nearby sun photometer is used to en-

hance on-site atmospheric assumptions for description of the

atmosphere in the algorithm. Comparing both uncorrected

and spectral- and absorption-corrected extinction data from

1-year measurements at the Plataforma Solar de Almería, the

mean difference between the scatterometer and the transmis-

someter is reduced from 4.4 to 0.57 %. Applying the ABC

procedure without the usage of additional input data from

a sun photometer still reduces the difference between both

sensors to about 0.8 %. Applying an expert guess assum-

ing a standard aerosol profile for continental regions instead

of additional sun photometer input results in a mean differ-

ence of 0.8 %. Additionally, a simulation approach which

just uses sun photometer and common meteorological data

to determine the on-site atmospheric extinction at surface is

presented and corrected FS11 and LPV4 measurements are

validated with the simulation results. For T1 km equal to 0.9

and a 10 min time resolution, an uncertainty analysis showed
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that an absolute uncertainty of about 0.038 is expected for

the FS11 and about 0.057 for the LPV4. Combining both un-

certainties results in an overall absolute uncertainty of 0.068

which justifies quite well the mean RMSE between both cor-

rected data sets. For yearly averages several error influences

average out and absolute uncertainties of 0.020 and 0.054 can

be expected for the FS11 and the LPV4, respectively. There-

fore, applying this new correction method, both instruments

can now be utilized to sufficiently accurately determine the

solar broadband extinction in tower plants.

1 Introduction

One promising point-focusing solar-thermal technology is

the solar tower plant technology. In contrary to linear-

focusing systems, e.g. parabolic trough plants, a concentrator

(in the case of tower plants called heliostat) is focusing the

reflected solar irradiance onto a receiver on the top of a tower.

A heliostat field consisting of many heliostats can therefore

achieve high temperatures at the surface of the receiver due

to the high resulting concentration factor. The direct normal

irradiance (DNI), which is the important parameter for con-

centrated solar power (CSP) plants, is one part of the incom-

ing solar radiation reaching the Earth’s surface. It is known

that the “sun belt” region is displaying high potential for CSP

plant technologies due to the high DNI resources available.

Large parts of this area are in semi-arid or arid conditions,

like the largest desert of the world, the African Sahara. It is

the primary source for mineral dust aerosol particles (Wash-

ington et al., 2003) and next to sea salt particles, mineral

dust has a considerable contribution to atmospheric aerosol

(D’Almeida and Schütz, 1983). Atmospheric aerosol extinc-

tion can lower the DNI reaching the surface by up to 30 %

(Gueymard, 2003). Especially in the lowest hundreds of me-

ters of the Earth’s atmosphere higher loads of aerosol parti-

cles like mineral dust or e.g. sea salt can be expected. This

might be a crucial factor for solar tower plants. The solar ra-

diation which is reflected by the heliostats to the receiver at

the top of the tower has to travel a second time through the

lowest atmospheric layers and this distance might be up to

a few kilometers (depending on the solar field size). There-

fore, the extinction has to be accounted for in solar resource

assessment as well as plant optimization.

State of the art in tower plant models (which are both used

for plant yield assessment and plant optimization) is that at-

mospheric extinction is modeled for standard atmospheric

conditions. Some tools provide a choice of different attenua-

tion conditions (Schwarzbözl et al., 2009; Belhomme et al.,

2009; Buck, 2011; Kistler, 1986). For example in the DEL-

SOL software by Kistler (1986) the default clear day with

low aerosol and humidity load results in 10 % DNI attenu-

ation for a slant range (distance between heliostat and re-

ceiver) of 1 km (further denoted with T1 km) and 25 % on

a hazy day. Even if some tools recently allow user-defined

extinction input to provide eventually more accurate power

output calculation, usually missing information about on-site

extinction conditions is the main problem and the challenge

plant operators are facing.

Ballestrín and Marzo (2012) describe spectral transmit-

tance simulations performed with MODTRAN and found

significant discrepancies between the performed simulations

and the DELSOL and MIRVAL models. However, Sen-

gupta and Wagner (2012) point out that the differences of

the performed MODTRAN simulations by Ballestrín and

Marzo (2012) mainly arise from the different elevations at

which the simulations were made. The MODTRAN simula-

tions have been conducted for sea level while the DELSOL

and MIRVAL models were derived using data sets from a

location at an elevation of about 600–700m a.s.l. (Barstow,

California). The MIRVAL code also allows to scale the at-

mospheric attenuation model with a factor called ABSORB

according to the local atmospheric conditions. Ballestrín

and Marzo (2012) assumed this factor to be equal to 1 as

recommended for slant ranges up to 1km, receiver heights

100–300m and an approximate altitude of 600m a.s.l., see

Leary and Hankins (1979). The conclusion of Ballestrín and

Marzo (2012) that the basic DELSOL and MIRVAL codes

are only valid for specific atmospheric conditions is therefore

correct, but the MODTRAN simulations presented have not

been performed for the according conditions. Additionally,

as a reaction to this paper, the comment of Gueymard (2012)

discusses the inaccurate broadband integration for transmit-

tance which is performed in the publication.

There are several models developed to determine DNI at-

tenuation and atmospheric extinction in the lowest layer of

the atmosphere. The model of Sengupta and Wagner (2012)

is based on on-site DNI ground measurements to estimate

the AOD (aerosol optical depth) in the lowest atmospheric

layers. Attenuation between a heliostat and a receiver is es-

timated only from these measurements. This approach is

already implemented in the simulation tool named SoFiA

(Solar Field Assessment for Central Receiver Systems) pre-

sented by Gertig et al. (2013). Tahboub et al. (2012) pre-

sented the “Swaihan Experiment” consisting of pyrheliome-

ters in different distances to a heliostat and also the “Jebel

Hafeet experiment” in the UAE (United Arab Emirates)

which utilizes pyrheliometers located at different altitudes at

the Jebel Hafeet mountain. The Pitman and Vant-Hull trans-

mittance model (Pitman and Vant-Hull, 1982) was developed

on the basis of a data set by Vittitoe and Biggs (1978). The

software tool for layout and optimization of heliostat fields

HFLCAL (Schwarzbözl et al., 2009) also provides in addi-

tion to the different attenuation levels the utilization of the

Pitman and Vant-Hull model. It determines the atmospheric

extinction in solar tower plants including 12 different spe-

cific atmospheric conditions, using standard atmospheres and

assuming exponential decrease of air and aerosol density

with height. For these reasons the model might not be rep-
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resentative for other atmospheric situations (e.g. low level

haze). Nevertheless, additional input of meteorological opti-

cal range (MOR) and water vapor measurements in the Pit-

man and Vant-Hull model might improve the performance of

ray-tracing tools significantly (Hanrieder et al., 2012).

Due to the limited knowledge about suitable sensors to

measure the atmospheric extinction, Hanrieder et al. (2012)

investigated different commercially available instruments

and proposed one scatterometer from Vaisala (FS11) and one

long-path visibility transmissometer from Optec (LPV4). To

measure the MOR and therefore indirectly the transmittance

(see Sect. 2.1), the scatterometer and the transmissometer

have been chosen to perform continuous measurement at the

Plataforma Solar de Almería (PSA) for more than 19 months.

A data set of one complete year (May 2013 to May 2014) is

intercompared and analyzed. Both instruments are measuring

the MOR at one wavelength and are suitable for usage for on-

site ground measurements. In both instruments the MOR is

derived from extinction or scattering of monochromatic light.

As the current reflected solar spectral transmittance (broad-

band transmittance) is the relevant parameter for CSP and

the solar spectrum shows a considerable diurnal cycle and is

also dependent on current aerosol conditions, a narrowband-

to-broadband conversion has to be applied on the raw mea-

surements of both sensors (Sect. 2.3.4). The instruments are

further not equally considering the absorption (e.g. by water

vapor) and scatter effects (Sect. 2.3.3). This has to be kept in

mind if e.g. MOR measurements are feed into the Pitman and

Vant-Hull model, and therefore it also has to be corrected to

receive a satisfying corrected measurement result. After ap-

plying the here-presented correction procedure, both sensor

measurements provide valuable input to CSP tools to signif-

icantly improve solar resource assessment.

2 Methodology

2.1 Measurements

Atmospheric extinction is caused by absorption and scatter-

ing. Aerosol particles and water vapor have an important in-

fluence on atmospheric extinction. A beam of incident light

is partly attenuated while traveling through an atmospheric

layer and parts are transmitted. The Beer–Lambert–Bouguer

law describes the monochromatic transmittance introducing

the spectral extinction coefficient βext,λ:

T (λ,x)=
DNI (λ,x)

DNI (λ,0)
= e−βext,λx, (1)

where DNI (λ,0) is the incoming spectral DNI at wave-

length λ and DNI (λ,x) the spectral DNI after transmittance

through a medium after a distance of x.

Atmospheric extinction is lowering the “visibility” which

is often reported for traffic or aviation purposes. An exact

knowledge about visibility is of importance for safety rea-

sons. There are several definitions to describe the visibility

in a distinct atmospheric condition (Gueymard, 2001). Usu-

ally visibility is referred to the definition by a human ob-

server and therefore only a rough estimate. Another option

to define the visibility is the MOR. The MOR is defined as

the length of the path in the atmosphere which is required to

reduce the luminous flux in a collimated beam from an in-

candescent lamp, at a color temperature of 2700 K, to 5 %

of its original value (Griggs et al., 1989). Visual range (VR),

another parameter to describe visibility, is defined in a simi-

lar way but with a 2 % threshold. Following the Koschmieder

approximation (Koschmieder, 1924) which connects the VR

with βext at 550 nm (βext,550) neglecting the spectral varia-

tion of the extinction coefficient, MOR can be approximated

as follows:

MOR ≈
−ln(0.05)

βext,550

≈
3

βext,550

. (2)

2.1.1 FS11 Vaisala scatterometer

The Vaisala FS11 scatterometer is a commercially available

instrument to measure the MOR (Vaisala, 2010). It consists

of a transmitter which transmits via an LED a pulsed near-

infrared light beam with a peak wavelength of 875 nm (see

Fig. 1, left). A lens is concentrating the beam at a small vol-

ume of air and a receiver is detecting the scattered photons

in a distinct scatter angle (42◦). Both optics are orientated

downwards. The MOR measurement range includes 5 m to

75 km. This corresponds to a measurable transmittance for

1 km light path of 0 to 0.961 (see upper limit in Fig. 5). The

accuracy in MOR measurement is claimed by the manufac-

turer to be 10 % up to 10 km and 25 % above. The accuracy

in transmittance is claimed to be 3 % for a path length of

1 km. A dirt compensation algorithm is implemented which

promises the correction of systematic errors of dust deposi-

tion on the instrument: additional infrared LEDs and photo-

diodes measure the reflectance of the sensor windows from

the inside of the sensor housing so that contamination can

be detected. After several months of measurements the FS11

scatterometer has been characterized as a robust and com-

pact instrument (Hanrieder et al., 2012). Low-maintenance

demand due to infrequently required cleaning (about every

2–3 months at PSA), as well as low temperature and low

wind sensitivity and low power consumption, led to the con-

clusion that this instrument is suitable for use at remote sites

for solar resource assessment. The instrument is measuring

the beam attenuation due to scatter processes and is not phys-

ically taking absorption e.g. by water vapor into account.

Nevertheless, the response of the scatterometer resembles

a (visible light band) transmissometer response in the typical

range of weather conditions (T. Lauronen, personal commu-

nication, 2014). The manufacturer claims that the response of

the FS11 has been tested, evaluated and verified with a trans-

missometer including a visible light band emitter at different

locations around the world. Therefore the absorption effect

is covered to a certain extent, according to the manufacturer,
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Figure 1. Left: scatterometer Vaisala FS11, center: long-path trans-

missometer Optec LPV4, right: sun photometer CIMEL.

but strongly absorbing phenomena have not been evaluated.

Following the WMO standard (Griggs et al., 1989) and the

according MOR definition, the transmissometer lamp should

correspond to a white light beam source with a center wave-

length of about 1070 nm. We assume that the scatterometer is

therefore calibrated to measurements based on a center wave-

length of about 1070 nm.

2.1.2 Optec LPV4 transmissometer

The long-path visibility transmissometer LPV4 of Optec (see

Fig. 1, center) consists of a transmitter and a receiver unit.

Both units can be mounted separately in a distance of up to

20 km. At PSA the transmitter unit was located 485 m south-

eastwards to the receiver. The transmitter consists of a pulsed

LED lamp which emits a peak wavelength of 532 nm with

a band pass filter of 10 nm bandwidth (OPTEC, 2011). The

receiver measures the modulated signal from the transmitter

and samples signals at times when the transmitter lamp is off

so that both signals can be subtracted. Many thousands of cy-

cles are integrated so that background and turbulence noise

is reduced. Therefore, the monochromatic transmittance is

measured, which is not only lowered by scattering processes,

but also by absorption. Although the peak wavelength of the

instrument (532 nm) is located outside the main absorptions

bands of water vapor, in the for CSP interesting broadband

transmittance, water vapor plays an important role. It also

has to be considered that aerosol spectral optical properties

are a function of relative humidity (Skupin et al., 2014). The

measurable MOR range lies between 458 m and 300 km. This

corresponds to a transmittance measurement range of 0.002

to 0.990 for 1 km slant range. For the LPV4 an accuracy of

3 % in transmittance measurement is claimed by the man-

ufacturer. For the chosen distance between transmitter and

receiver unit at PSA, this results in an accuracy of around

6 % for transmittances for a 1 km slant range (according to

the derivation of Eq. 2).

2.1.3 CIMEL sun photometer/AERONET

The correction procedure (described in Sect. 2.3) is per-

formed by including additional atmospheric on-site informa-

tion. To do so, the measurements of PSA’s AERONET station

(Aerosol Robotic NETwork) are used. The AERONET con-

sists of ground-based sun photometer measurements (Hol-

ben et al., 1998) (see Fig. 1, right) and includes currently

more than 600 stations worldwide. PSA’s data sets are freely

available at http://aeronet.gsfc.nasa.gov since February 2011

under the name Tabernas_PSA-DLR. Beside AOD (aerosol

optical depth) measurements at eight different wavelengths

between 340 and 1020 nm, also total water vapor is pro-

vided. Ångström parameters can be derived from the spec-

tral AOD information. Data are available in three quality lev-

els. Level 1.5 data, which are utilized in the correction pro-

cedure, are already automatically cloud screened (Smirnov

et al., 2000).

2.2 Radiative transfer model libRadtran

Radiative transfer simulations in conjunction with the cor-

rection procedure are performed with the radiative transfer

code libRadtran (library for radiative transfer) (Mayer and

Kylling, 2005). The code is available via http://libradtran.org.

Direct and global spectral irradiances in the desired height

level can be simulated. For all simulations described in

Sect. 2.3, the following adjustments are made: the spec-

tral range of the simulation was chosen to be between 250

and 4000 nm with a resolution of 1 nm. As radiative trans-

fer solver, disort (discrete ordinate method) (Stamnes et al.,

1988, 2000; Buras et al., 2011) was chosen as it is the de-

fault and recommended discrete ordinate code by the de-

velopers (Mayer et al., 2014). A pseudospherical geome-

try was invoked to account for spherical effects. A total of

16 streams were used to solve the radiative transfer equa-

tion. The distribution libRadtran 2.0 beta was used to take

advantage of the newly developed gas absorption parameter-

ization REPTRAN (Gasteiger et al., 2014) which is based on

HITRAN molecular absorption data. The utilization of the

REPTRAN parameterization is available in three different

resolutions (fine: band width= 1 cm−1, medium and coarse

5 and 15 cm−1, respectively). REPTRAN medium reduces

the computational time noticeable for the purpose of the

absorption and broadband correction (ABC) procedure (see

Sect. 2.3) but still provides the same band width resolution as

formerly used correlated-k approximation LOWTRAN (Ric-

chiazzi et al., 1998) and is based on the even more precise

HITRAN data.

Additionally, information about different atmospheric

properties as the spectral AOD, ozone column and water va-

por content can be included. Also, molecular or aerosol ab-

sorption or scattering can be switched off separately which

is of special interest for the absorption correction (see

Sects. 2.3.2 and 2.3.3).

2.3 ABC – absorption and broadband correction

The ABC (absorption and broadband correction) for visibil-

ity measurements focusses on the one hand on correcting the

Atmos. Meas. Tech., 8, 3467–3480, 2015 www.atmos-meas-tech.net/8/3467/2015/
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described FS11 Vaisala scatterometer measurement (details

in Sect. 2.1.1) for missing consideration of the absorption.

On the other hand it translates the monochromatic measure-

ment of both, the scatterometer and the Optec LPV4 trans-

missometer (described in Sect. 2.1.2), into broadband trans-

mittance which is the important parameter for CSP. The cor-

rection algorithm is a two-step procedure.

2.3.1 Atmospheric transmission from sun to heliostat

In a first step, a radiative transfer (RT) through the atmo-

spheric column is performed with libRadtran (see Sect. 2.2).

Gas profiles are adopted by the AFGL mid-latitude standard

atmospheres by Anderson et al. (1986) chosen dependent on

season and scaled linearly by on-site measurements; the am-

bient ground temperature (Tamb), pressure (p) and relative

humidity (RH) are taken from a meteorological station at the

site. The standard aerosol vertical profile by Shettle (1989),

which is defined by a rural aerosol type in the boundary layer

and background aerosol above 2 km height with a ground vis-

ibility of 50 km serves as the default setting. Additional in-

formation about longitude, latitude, altitude, the precipitable

water vapor content, the spectral AOD for 500 nm, the de-

rived Ångström parameters and column ozone concentration

by the nearby AERONET station scale the default profiles by

Shettle (1989) in the case described in Sect. 3.1. In Sect. 3.2

the default aerosol profile of Shettle (1989) without any fur-

ther scaling by AERONET measurement is used. In Sect. 3.3

a standard aerosol profile for an average continental condi-

tion is chosen as an expert guess of the aerosol distribution at

PSA. The resulting radiation spectrum conduces as external,

incoming radiation in the second step of the procedure.

2.3.2 Atmospheric transmission between heliostat and

receiver

A homogeneous layer of 1 km depth is defined utilizing

ground measurements of Tamb, p and RH. 1 km is chosen as

this is a realistic distance between a heliostat and the receiver

in a solar tower plant e.g. GEMAsolar (Torresol, 2014), PS20

(Abengoa, 2014) or IVANPAH (Brightsource, 2014). Other

unknown parameters like the O2, O3, and CO2 densities are

adopted (dependent on season and altitude) from the mid-

latitude standard atmospheres from Anderson et al. (1986).

A second radiative transfer simulation (B1. in Fig. 2) is con-

ducted through this layer using the spectral radiation output

from step 1 as the initial spectral distribution. The spectral

and broadband transmittance for this layer can be calculated

from the transmitted DNI spectrum. In a third radiative trans-

fer calculation (B2. in Fig. 2), the parameters are used, but

the molecular and aerosol absorption effect is neglected.

2.3.3 Absorption correction

Atmospheric extinction is on the one hand caused by scat-

tering and on the other hand by absorption processes by

molecules and particles. The FS11 Vaisala scatterometer is

considering the scatter contribution in its measurement but

only partly the absorption (see Sect. 2.1.1). To model the dis-

tinct contributions of both effects, the second step of the cor-

rection procedure consists of radiative transfer calculations

with (B1. in Fig. 2) and without (B2. in Fig. 2) including ra-

diation attenuation caused by molecular and aerosol absorp-

tion.

Model results for each time step can be translated into

a correction factor for the FS11 Vaisala scatterometer for the

absorption effect FA1 km,FS11 (C. in Fig. 2):

FA1 km,FS11(t)=
T1 km,bb,sca+abs(t)

T1 km,bb,sca(t)
, (3)

where T1 km,bb,sca+abs(t) is the modeled broadband trans-

mittance for 1 km slant range considering scattering and

absorption processes, T1 km,bb,sca(t) is the modeled broad-

band transmittance only taken scattering into account and

FA1 km,FS11(t) is the resulting factor for absorption contribu-

tion to atmospheric extinction for the FS11 scatterometer.

Taking into account the fact that absorption is partly re-

sembled in the FS11 measurement due to the calibration with

a transmissometer, the mean modeled absorption contribu-

tion is calculated and the measurement signal is only cor-

rected for deviations from this average:

CFA1 km,FS11(t)=
FA1 km,FS11(t)

FA1 km,FS11(t)
, (4)

where CFA1 km,FS11 (t) is the absorption correction factor

which is applied to the FS11 transmittance measurement sig-

nal (see Sect. 2.3.5).

The difference in broadband transmittance with and with-

out taking absorption into account is displayed in Fig. 3 for

29 May 2013, 12:00:00 UTC. According to the sun pho-

tometer, an AOD for 500 nm of 0.05 was measured. In this

case, absorption processes account for more than 6 % of ir-

radiance attenuation (T1 km,bb,sca−T1 km,bb,sca+abs = 0.0608).

This value varies with site and time, and therefore an accord-

ing time-dependent correction factor has to be modeled.

2.3.4 Broadband correction

Both instruments, the scatterometer and the transmissome-

ter, are based on nearly monochromatic measurements (875

and 532nm, respectively). Figure 3 shows the spectral de-

pendency of atmospheric transmittance for 29 May 2013,

12:00:00 UTC. This example model result shows an about

3.4 % higher transmittance for 875 nm compared to 532 nm.

As transmittance is spectrally dependent and for CSP broad-

band transmittance is of interest, this effect has to be cor-

rected. To derive the correction factors for the spectrum and

www.atmos-meas-tech.net/8/3467/2015/ Atmos. Meas. Tech., 8, 3467–3480, 2015
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Figure 2. Right: sketch of two-stepped correction procedure for spectrum and absorption correction. Left: symbolic sketch of radiative

transfer calculations through two layers.

Figure 3. Spectral transmittance (blue, solid line) and spectral trans-

mittance without absorption (cyan, dotted line) for a slant range of

1 km, 29 May 2013, 12:00:00 UTC, PSA. Vertical lines show the

location of the LPV4 transmissometer (532 nm) and the FS11 scat-

terometer (875 nm) measuring wavelengths.

for each instrument, the following ratio is calculated (D. in

Fig. 2):

CFB1 km,sensor(t)=
T1 km,bb(t)

T1 km,sensor(t)
. (5)

In the case of the FS11, T1 km,sensor(t) is the modeled

monochromatic transmittance for a slant range of 1 km and

1070 nm (the wavelength we assume the FS11 is calibrated

for). For the LPV4, T1 km,sensor(t) is the mean modeled

monochromatic transmittance for a slant range of 1 km and

the wavelength range of 532± 10 nm (according to the spec-

ifications of the instrument). T1 km,bb(t) describes the mod-

eled broadband transmittance and CFB1 km,sensor(t) is the

correction factor for the spectrum which has to be applied

to the according transmittance measurements of timestamp t

and the sensor.

2.3.5 Final correction

The above-described factors result in a final absorption

and broadband correction (ABC) for each instrument (E in

Fig. 2):

T1 km,cor,LVP4(t)= T1 km,LPV4(t) · CFB1 km,LPV4(t) (6)

T1 km,cor,FS11(t)= T1 km,FS11(t)

· CFA1 km,FS11(t) · CFB1 km,FS11(t). (7)

Figure 4 shows the average correction factors CFB1 km,LPV4,

CFA1 km,FS11 and CFB1 km,FS11 for the ABC procedure dis-

cussed in Sect. 3.1. The mean correction factors are displayed

dependent on solar zenith angle (sunrise until solar noon to

the left and solar noon until sunset to the right). While the

LPV4 is corrected with a factor (CFB1 km,LPV4) in between

0.98 and 1.02, the FS11 is corrected with factors between

0.93 and 0.99 (CFA1 km,FS11 · CFB1 km,FS11).

3 Results and discussion

Measurement data of the FS11 scatterometer as well as the

LPV4 transmissometer from May 2013 to May 2014 are an-

alyzed. MOR measurements are averaged to a time resolu-
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Figure 4. Mean behavior of correction factors (for case described

in Sect. 3.1) CFB1 km,LPV4 for LPV4, CFB1 km,FS11, CFA1 km,FS11

and the total correction product CFA1 km,FS11 · CFB1 km,FS11 for

FS11 dependent on SZA. Bars display 68.3 % of all data points.

tion of 10 min. Corresponding correction factors are mod-

eled with a resolution of 1 h, linearly interpolated to 10 min

resolution and applied to the raw data. For better compar-

ison, measurements of MOR are translated into transmit-

tances for a slant range of 1 km (T1 km), see Eqs. (1) and (2).

Measurement data cover 35 700 data points which corre-

sponds to almost 248 complete days. Other data points were

excluded from the analysis because of sensor cleaning or

other documented disturbances. Not regarding measurements

which have been conducted during night, early mornings or

evenings (solar zenith angles > 85◦) result in 15 137 avail-

able data points to be corrected for the time period from

May 2013 to May 2014. Simulations for solar zenith an-

gles larger than 85◦ are not conducted as those time peri-

ods are not of interest for CSP plant operators. Therefore the

modeled correction factors are limited to smaller angles (see

Fig. 5). Figure 5 shows the intercomparison of the FS11 and

the LPV4 transmittance measurement. Mean deviation be-

tween both sensor measurements accounts for about 4.4 %

with a RMSE of 12.2 %.

Outlier data points for which the transmittance measured

by the FS11 is exceeding the LPV4 measurement might be

explained by local disturbances. While the FS11 is located in

the northeast of the PSA, the LPV4 is mounted in the south.

Additionally, the distance between transmitter and receiver

unit and therefore the sampled air volume is small for the

FS11 compared to the LPV4 which is mounted with a hor-

izontal distance of about 485 m between the transmitter and

the receiver. The LPV4 is therefore also more sensitive to

local disturbances as for example dust plumes being trans-

ported through the sampled air volume by passing by cars.

3.1 Absorption and broadband correction with

information about on-site aerosol conditions

This presented ABC procedure is utilizing on-site measure-

ments of Tamb, p, RH by a meteorological measurement sta-

Figure 5. Uncorrected transmittance for 1 km slant range measured

by FS11 scatterometer and LPV4 transmissometer without applica-

tion of the ABC. Time steps with solar zenith angles of more than

85◦ are excluded. Color distribution displays the number of data

points per grid point (logarithmic color scale).

tion. Additionally, information about the spectral AOD as

well as ozone and water vapor column concentration mea-

sured by the nearby CIMEL sun photometer is included to

optimize the correction results and to display the on-site

aerosol conditions as good as possible.

The result of the ABC procedure applied to the raw trans-

mittance measurements from Fig. 5 is shown in Fig. 6. The

mean difference between the corrected FS11 and the cor-

rected LPV4 signal is reduced from 4.4 to 0.6 %. The mean

RMSE (root mean square error) between both corrected data

sets is only slightly lowered (12.2 vs. 11.4 %).

While the average uncorrected transmittance for 1 km slant

range monitored by the FS11 scatterometer is 94.5 %, the

LPV4 transmissometer measures a mean uncorrected trans-

mittance T1 km of 90.1 % (for solar zenith angles < 85◦). Af-

ter correction of the 15 137 data points, the average trans-

mittances account to 90.1 and 89.5 %, respectively (see Ta-

ble 1). Outliers which display lower transmittances derived

from the FS11 measurements compared to the LPV4 mea-

surement can be explained by the different sensitivity of the

instruments to local disturbances as explained earlier.

The monochromatic measuring instrument LPV4 works

with a band pass filter of about 10 nm in the visible spec-

tral region. Therefore, main absorption bands (e.g. of water

vapor) will not be considered and will not reduce the mea-

surement signal (see also example in Fig. 3). But this reduc-

tion plays an important role in the for CSP interesting broad-

band transmittance. Hence, the effect of spectrally correcting

the raw LPV4 signal to lower transmittances by about 0.6 %

is compensating this systematic error due to absorption. The

same is also true for the spectral correction of the FS11 scat-
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Figure 6. Absorption and broadband-corrected transmittance for

1 km slant range measured by FS11 scatterometer and LPV4 trans-

missometer. Color distribution displays the number of data points

per grid point (logarithmic color scale).

terometer while here an additional factor, the lack of infor-

mation about absorption which is also corrected, is added.

3.2 Absorption and broadband correction for

a non-site specific standard atmosphere

Unlike in Sect. 3.1, in this evaluation no information from

the nearby CIMEL sun photometer is included in the first

step of the ABC procedure which is the simulation the trans-

mission between the sun and the heliostat. As sun photome-

ter data might not be available on every site of interest or

every according demanded solar-resource assessment, this

section presents the results conducted with the ABC proce-

dure without considering on-site sun photometer measure-

ments. Precipitable water vapor content, the spectral AOD

for 500 nm and column ozone concentration are defined by

the chosen AFGL mid-latitude standard atmospheres by An-

derson et al. (1986) and the standard aerosol profile by Shet-

tle (1989). Tamb, p and RH are still taken from on-site mea-

surements.

Figure 7 displays the corrected transmittance for a slant

range of 1 km and measured with the FS11 scatterometer and

the LPV4 transmissometer. Noticeable is the higher mean

difference between both corrected signals (0.8 %) compared

to the results presented in Sect. 3.1 (0.6 %, respectively). The

mean RMSE (11.4 %) is about the same as in Sect. 3.1.

After the correction without the additional input of

AERONET data, a mean T1 km of 90.3 % can be calculated

for the FS11 while the LPV4 shows a mean value of 89.5 %

(see Table 1).

This findings show that the application of the ABC pro-

cedure without additional AERONET input also results in

satisfying coincidence between both corrected data sets.

Figure 7. Absorption and broadband-corrected transmittance for

1 km slant range measured by FS11 scatterometer and LPV4 trans-

missometer. No sun photometer input in ABC procedure. Color dis-

tribution displays the number of data points per grid point (logarith-

mic color scale).

The mean small difference between average T1 km with

and without additional input of AERONET data indicates

that the default aerosol composition and profile defined by

Shettle (1989), which is utilized instead of exploiting the

AERONET information, does not perfectly fit the on-site

situation at PSA. Nevertheless, this standard profile is de-

scribing the on-site aerosol situation quite well. This only

accounts for PSA and might not be the case for other sites.

3.3 Absorption and broadband correction using an

expert guess aerosol type

The default setting of libRadtran for the aerosol profile ac-

cording to Shettle (1989) fits quite well the situation at PSA

what can be seen in Sect. 3.2. As this might not be the case for

other sites, an expert guess can be applied which includes as-

sumptions about most probable aerosol type contribution and

height distribution for the site to enhance the performance of

the ABC procedure without additional AERONET measure-

ments. Therefore, further evaluation of the ABC procedure

is conducted by customizing the aerosol profile: LibRadtran

provides typical optical properties of aerosols and their ver-

tical distribution calculated based on refractive indices and

size distributions of the software package OPAC (Hess et al.,

1998; Emde et al., 2010). Comparing mean Ångström pa-

rameters and optical depths of the nearby AERONET sta-

tion for 2012 and 2013 with the given values for the stan-

dard aerosol profiles, the “continental average” aerosol pro-

file displays the best fit to the local conditions. The profile

represents remote continental areas and consists mainly of

an increased amount of soluble and insoluble aerosol com-

ponents together with a small soot contribution to describe
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Table 1. Average transmittance for 1 km slant range before and after ABC (for spectrum 250–4000nm).

No correction ABC with ABC without ABC with OPAC

AERONET data AERONET data continental average

aerosol profile

T1 km,FS11 94.51 % 90.05 % 90.28 % 89.94 %

T1 km,LPV4 90.10 % 89.48 % 89.49 % 89.14 %

Figure 8. Absorption and broadband-corrected transmittance for

1 km slant range measured by FS11 scatterometer and LPV4 trans-

missometer. Input of standard aerosol profile “continental average”

in ABC procedure. Color distribution displays the number of data

points per grid point (logarithmic color scale).

the anthropogenic influence. Alternatively, also other avail-

able data sets which include aerosol information for example

from satellite retrievals or regional models can be included

to choose a best fitting standard aerosol profile.

Figure 8 displays the corrected transmittance measure-

ments of the scattero- and transmissometer. In compari-

son to results of the evaluation conducted in Sect. 3.1,

a mean difference between both corrected signals of 0.8 % is

achieved. This is around 0.02 % higher than the results from

Sect. 3.1. The mean RMSE (11.4 %) is virtually the same

as in Sect. 3.1. This result shows a similar coincidence with

the results conducted with additional input of sun photometer

data compared to the results of Sect. 3.2.

The mean corrected transmittance for the scatterometer

and the transmissometer are 89.9 and 89.1 %, respectively.

These results indicate that the standard average continental

aerosol profile similarly fits the actual situation at PSA com-

pared to the standard aerosol profile by Shettle (1989).

The results show that the ABC procedure improves the co-

incidence between both instruments even without accessible

sun photometer data. In this case, careful selection of as-

sumptions about atmospheric parameters like spectral AOD

or water vapor content is recommended.

3.4 Validation using model simulation

Another approach to determine atmospheric extinction

is presented here which includes libRadtran simulations

which have been performed using the given settings from

Sect. 2.2, 2.3.1 and 2.3.2 for a temporal resolution of 1 h.

The calculations simulate the spectral transmittance at sur-

face level by using only on-site measurements of Tamb, p

and RH as well as information about the aerosol amount

of a CIMEL sun photometer. The results are compared

to the ABC-corrected FS11 and LPV4 measurements from

Sect. 3.1 and are shown in Figs. 9 and 10.

Figure 9 displays the result comparing the absorption- and

broadband-corrected FS11 measurements with the model

simulations. A mean difference of 2.8 % with a mean RMSE

of 4.8 % is calculated. Due to lack of knowledge, a standard

aerosol particle mixture is considered which is defined to be

a rural aerosol consisting of around 70 % of water-soluble

aerosol particles and 30 % dust particles (see Shettle, 1989).

This assumption might not fit well for the investigated time

period. Another cause might be local disturbances which the

FS11 (and also the LPV4 measurement) suffers from while

the sun photometer is not affected.

Figure 10 displays the comparison of the broadband-

corrected LPV4 measurement with the modeled simulation.

A mean difference between both data sets of 3.4 % and a

mean RMSE of 12.7 % can be determined. The corrected

LPV4 measurement depicts smaller transmittances for sev-

eral time steps than the according simulation. This might be

mainly caused by the LPV4 measurement uncertainty (see

Sect. 3.5).

These results show that the simulation approach which just

uses sun photometer and common meteorological data repre-

sents the on-site atmospheric extinction quite well. Anyway,

specified settings about the state of the atmosphere, e.g. the

aerosol height profile have to be chosen carefully (Hanrieder

et al. 2015).

3.5 Uncertainty analysis

An uncertainty analysis for the FS11 scatterometer as well as

the LPV4 transmissometer measurement and the according

ABC method is performed. According to the principle of the
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Figure 9. Modeled transmittance for 1 km slant range compared

with absorption- and broadband-corrected transmittance as in case

of Sect. 3.1 measured by FS11 scatterometer. Color distribution dis-

plays the number of data points per grid point (logarithmic color

scale).

Figure 10. Modeled transmittance for 1 km slant range compared

with absorption- and broadband-corrected transmittance as in case

of Sect. 3.1 measured by LPV4 transmissometer. Color distribution

displays the number of data points per grid point (logarithmic color

scale).

Gauß error propagation, the overall uncertainty due to the

measurement of both instruments and the ABC method can

be estimated. In both cases, the total uncertainty for T1 km is a

superposition of the uncertainty of the measurement and the

ABC method:

uT1 km
=

√
(uT1 km,meas

)2+ (uT1 km,ABC
)2. (8)

The FS11 measures MOR and the uncertainty in MOR mea-

surement given by the manufacturer is 0.1 for MOR up to

10 km and 0.2 for higher MOR. As this steep rise of uncer-

tainty at 10 km is a rather unrealistic assumption, a linear in-

crease of uncertainty from 0.1 to 0.2 between 5 and 10 km is

assumed. Further calculations make use of this assumption.

To determine the uncertainty uT1 km,meas
of the FS11 measure-

ment, Eq. (2) can be used to derive the uncertainty for the

transmittance (for a slant range of x) by assuming its validity

for the broadband solar spectrum:

∂MOR

∂Tx
=−

MOR

ln(Tx)
·

1

Tx
. (9)

Therefore, the relative uncertainty of MOR (uMOR) is con-

nected to the relative uncertainty of T1 km (uT1 km,FS11,meas
) with

the following formula:

uT1 km,FS11,meas
=−uMOR ·

1km · ln(0.05)

MOR
. (10)

Equation (10) shows that the lower the measured MOR

(and therefore T1 km) and with a fixed relative uncertainty in

MOR, the higher is also the relative uncertainty in T1 km. The

effects of assumptions about the scattering phase function,

the missing consideration of the absorption effect and the

small air sample volume should be included in the uncer-

tainty statement of Vaisala. The same accounts for the dirt

compensation algorithm, the LED intensity stabilizing algo-

rithm, the calibration and calibration check accuracy and the

external radiation hitting the receiver photo-diode. Addition-

ally, experiments have been performed to study effects like

contamination or external radiation which showed that they

can be neglected in the uncertainty analysis (see Table 2).

To calculate the uncertainty of the LPV4 measurement

(uT1 km,LPV4,meas
), the uncertainty in the calibration constant

CAL and the calibration constant drift over time have to be

considered. The according formula to calculate CAL dur-

ing the calibration process and the uncertainty levels of each

component are given in OPTEC (2011). The relative uncer-

tainty of CAL (uCAL) is calculated to be 0.015. Including the

drift of the calibrations constant uCAL is 0.028. The accord-

ing relative uncertainty of T1 km depends on T1 km. Addition-

ally, the larger the distance between transmitter and receiver,

the lower the uncertainty of the LPV4 measurement. Several

other influences can cause an additional rise in uncertainty of

the LPV4 measurement and have been investigated in differ-

ent experiments: window contamination, temperature sensi-

bility of transmitter and receiver, misalignment, light source

variations and external radiation. According uncertainties are

listed in Table 2.

The uncertainties of the ABC method for the FS11 and

LPV4 (uT1 km,FS11,ABC
and uT1 km,LPV4,ABC

) is influenced by sev-

eral assumptions (all derived relative uncertainties are listed

in Table 2):

– Aerosol type and AOD – Due to lack of knowledge

about the type, mixture and height profile of the present
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Table 2. Calculated and estimated relative uncertainties for FS11 and LPV4 measurements and the ABC method.

Rel. uncertainty for T1 km due to: FS11 LPV4

Measurement: contamination 0 0.014

system temperature, misalignment, 0 0

light source, external radiation

ABC: aerosol type dependent on T1 km (0–0.2) dependent on T1 km (0–0.2)

AOD 0.0002 0.0001

Tamb, p, RH 0.0055 0.0059

PWV 0.0035 0.0035

homogeneous layer and location 0.0045 0.0045

spectrum 0.0008 0.0008

absorption correction 0.032 –

broadband correction 0.006 0.0001

ABC Total dependent on T1 km dependent on T1 km

aerosol, the default option is applied. To estimate the

uncertainty of the ABC method due to the choice of

the aerosol type in the simulations, two extreme cases

have been simulated for May 2013 to May 2014 which

consider in one case only mineral dust particles and in

the other case only sea salt particles. The relative un-

certainty depends on T1 km according to this test and

ranges from 0 up to 0.2. To estimate the uncertainty

introduced to the ABC method due to uncertain AOD

measurements by the sun photometer, the method was

tested considering the uncertainty of 0.02 (Holben et al.,

1998) for 11 March 2014 until 23 March and a 10 min

temporal resolution. In this test, the AOD level of the

libRadtran simulation was once increased by 0.02 and

once decreased. The mean difference in transmittance

between both simulation scenarios was calculated. This

difference was interpreted as the relative uncertainty

which was then determined to be 0.02 % for the FS11

and 0.01 % for the LPV4.

– Atmosphere – In both RTs, the AFGL mid-latitude stan-

dard atmospheres by Anderson et al. (1986) have been

applied. Not only on-site measurements of Tamb, p and

RH are used to scale the standard profile but also the

precipitable water vapor (PWV). Corresponding simu-

lations for assumed uncertainties of 0.9 ◦K, 2 hPa, 4 and

0.15 % (see Campbell Scientific, 2007, 2010; Holben

et al., 1998; Perez-Ramirez et al., 2014), respectively,

have been performed for the same 12-day period to de-

rive the relative uncertainty (0.55 and 0.59 % for FS11

and LPV4, respectively).

– Homogeneous layer and location – In the second RT

from heliostat to the receiver, a horizontal and verti-

cal homogeneous layer is defined. The layer was de-

fined as homogeneous for the aerosol profile as well as

the atmospheric parameters. As the FS11 and LPV4 are

not located exactly at the same location this assumption

might not be completely valid. Comparisons between

two FS11 mounted at different locations and heights

above ground at PSA showed that the mean difference

between both measurements is around 0.4 % which can

be translated in the relative uncertainty for T1 km for both

the FS11 and LPV4.

– Spectrum – In this publication, we intended to keep the

results independent on specific design and material of

the heliostats and the receiver. For a plant simulation,

the specific heliostat reflectance might play a role in

the MOR correction. It is well known (see for exam-

ple Meyen et al., 2009) that the spectral reflectance of

mirrors is not constant and dependent on the coating of

the mirror. The spectral irradiance between 2500 and

4000 nm accounts for less than 1 % for the atmospheric

conditions from ASTM G173 and all air masses. The

calculated transmittance for this wavelength interval

and non-zero spectral DNI is not zero. If one would cal-

culate the broadband transmittance for the wavelength

interval from 250 to 2500 nm and for the whole inves-

tigated period, it would result in a mean difference of

0.08 %. The relative uncertainty in transmittance due to

the spectrum is therefore estimated to be 0.08 % com-

pared to calculations for the range 250 to 4000 nm. Fur-

thermore the reflectance of the heliostat is also not zero,

but around 10 % above 3000 nm (between 2500 and

3000 nm almost no spectral DNI present). Hence, the

effect of the heliostat reflectivity will be much smaller

than 1 %. Therefore, the correction algorithm will de-

liver nearly the same result even if the heliostat’s spec-

tral reflectance is considered. For the verification of the

method the heliostat reflectance doesn’t have to be con-

sidered. The effect due to the spectral absorptance of

the receiver can be in comparison to the effect caused

by the heliostat reflectance, for the current state of the

art, neglected.
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– Absorption correction – We assume that the post-

processing software of the FS11 already includes in-

directly the mean absorption effect as the instrument

and the software were developed based on a compari-

son with a transmissometer which used a visible light

band. Strong absorption events might not be displayed

with sufficient accuracy, and therefore only the devia-

tion from the mean absorption effect is corrected. If the

absorption effect would be corrected entirely for the pe-

riod of May 2013 until May 2014 instead of only the de-

viation from the mean effect for the whole time period,

the mean corrected FS11 measurements of T1 km would

result about 2.92 % higher. The relative uncertainty for

the FS11 can therefore be estimated to be 0.032 for a

mean T1 km equal 0.901. For the LPV4, no uncertainty

is introduced by this effect.

– Broadband correction – The approximation of the ABC

uncertainty due to the broadband correction for the

FS11 was performed by assuming the measurement re-

sult to display the transmittance at 875 nm (actual wave-

length of the FS11) instead of 1070 nm for May 2013

until May 2014. To approximate the ABC uncertainty

due to the broadband correction for the LPV4, the cor-

rection of the LPV4 with the corresponding ratio be-

tween the exact wavelength of the instrument (532 nm)

and the simulated broadband transmittance instead of

using the mean value for 532± 10 nm was performed

and compared to the initial approach.

The total absolute uncertainties uT1 km,FS11
and uT1 km,LPV4

are shown in Fig. 11. The absolute uncertainty due to the

measurement of the LPV4 decreases for decreasing transmit-

tance. The measurement uncertainty of the FS11 increases

from T1 km equals 1 to 0.64. The absolute uncertainty due

to the ABC method has its maximum at T1 km of about 0.55

for both sensors and so does the total absolute uncertainty.

The total absolute uncertainty of the LPV4 exceeds that of

the FS11 for T1 km of 1 to about 0.78. For lower T1 km the

uncertainty of the FS11 is higher. For T1 km equal to 0.9, an

absolute uncertainty of about 0.038 is expected for the FS11

and about 0.057 for the LPV4. The combined absolute un-

certainty (0.068 for T1 km equal to 0.9) justifies quite well the

mean RMSE between both corrected data sets as presented in

Sect. 3.1. To estimate the absolute uncertainty of the results

for yearly averages, it can be assumed that the introduced un-

certainty by the assumption of the aerosol type, the homoge-

neous layer and location as well as the uncertainties in mea-

surements in Tamb, p, RH and PWV and the absorption cor-

rection is averaged out over the whole year. For T1 km equal

to 0.9, resulting absolute uncertainties of 0.020 and 0.054 are

therefore estimated for the FS11 and the LPV4, respectively.

Figure 11. Absolute uncertainties of absorption- and broadband-

corrected transmittance as in case of Sect. 3.1 measured by FS11

scatterometer and LPV4 transmissometer.

4 Conclusion and outlook

Atmospheric extinction is a crucial factor in plant yield as-

sessment and plant optimization of solar tower plants. It can

vary strongly with site and time. Two commercially avail-

able instruments which are measuring indirectly the atmo-

spheric transmittance are selected. These instruments, the

Vaisala FS11 scatterometer and the Optec LPV4 transmis-

someter, are both based on a monochromatic measurement

principle. As the solar spectrum undergoes a certain diur-

nal and annual cycle this must be accounted for due to the

spectral dependence of the instruments. The scatterometer is

additionally considering the atmospheric absorption only in-

directly to a certain extent due to the calibration process and

is excluding strongly absorbing phenomena.

A correction method concerning mentioned limitations of

these instruments was developed. The absorption and broad-

band correction (ABC) consist of different radiative transfer

calculations conducted with libRadtran (Mayer and Kylling,

2005) to simulate time-dependent spectral transmittance. Ad-

ditional input of sun photometer data into the procedure is

possible. A data set conducted at the Plataforma Solar de

Almería (PSA) spanning measured transmittances data from

May 2013 to May 2014 was evaluated.

The ABC procedure including additional information

about the atmosphere from sun photometer measurement re-

sults in an improved coincidence of the scatterometer and

the transmissometer data by a factor of 7.74 (mean differ-

ence of raw data: 4.41 %, mean difference of data after ABC:

0.57 %). Mean monochromatic transmittances for a slant

range of 1 km for the whole time period is calculated for the

uncorrected data to be 94.51 and 90.10 % for the scatterome-

ter and the transmissometer, respectively. Applying the ABC

procedure lowers the derived mean broadband transmittances

to 90.05 and 89.48 %.

As sun photometer data might not be available on ev-

ery site of interest, the evaluation of the ABC without in-
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putting additional information from a sun photometer was

conducted. Depending on the chosen aerosol conditions, this

approach still shows an improved coincidence (0.80 % for

a standard aerosol profile according to Shettle (1989), 0.80 %

for the standard average continental aerosol profile accord-

ing to OPAC, Hess et al., 1998; Emde et al., 2010) between

the two sensors. Therefore, careful selection of assumptions

about the atmosphere depending on the site and time is im-

proving the performance of the ABC procedure.

Further, a simulation approach which just uses sun pho-

tometer and common meteorological data to determine the

on-site atmospheric extinction at surface is presented. The

validation of corrected FS11 and LPV4 measurements with

the simulation results shows a mean difference of 2.8 and

3.4 %, respectively. Assumptions about the aerosol profile in

the simulations have to be chosen carefully.

An uncertainty analysis showed that for T1 km equal to 0.9

and a temporal resolution of 10 min, an absolute uncertainty

of about 0.038 is expected for the FS11 and about 0.057 for

the LPV4. Combining both uncertainties results in an overall

absolute uncertainty of 0.068 which justifies quite well the

mean RMSE between both corrected data sets. For yearly

averages several error influences average out and absolute

uncertainties of 0.020 and 0.054 can be expected for the FS11

and the LPV4, respectively.

These findings are only valid for PSA. The ABC might re-

sult in different correction factors at other sites as the solar

spectrum as well as molecular and aerosol absorption con-

ditions will differ. The instruments might over- or underes-

timate actual atmospheric extinction without the according

correction procedure. Therefore it is recommended to apply

the ABC also for industrial purposes.

Further investigation about more precise atmospheric pa-

rameterization will be performed. Larger data sets and differ-

ent sites will be evaluated to refine the procedure for global

application.
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