ATMD-2019-467

Interactive comment on “Characterization of an EKO MS-711
spectroradiometer: aerosol retrieval from spectral direct
irradiance measurements and corrections of the circumsolar
radiation” by Rosa Delia Garcia-Cabrera et al.

Referee #1: Lionel Doppler

GENERAL COMMENTS

This paper presents a method to retrieve aerosol optical depth (AOD) out of spectral DNI
(direct sun normal irradiance) radiation measurements from the spectroradiometer EKO MS-
711. The paper presents the instrument, the site of the observations (1ZO: Izaiia Atmospheric
Observatory), and the method used. An issue that is well discussed is how to correct the
measured DNI, obtained with the EKO instruments that has a larger field of view than the
WMO standards suggest for AOD measurements. The solution found is to estimate the CSR
(circumsolar radiation) by simulating the forwarded scattered radiation with a radiative
transfer code and multiplying it with a so-called penumbra function depending on the solar
angles (azimuth and zenith). The method of AOD inversion is validated thanks to a comparison
to a reference instrument (the Cimel — Aeronet photometer) for six wavelengths in UVA, VIS
and NIR at the site of 1ZO during four months (April —July 2019). A statistical study is presented
to validate the AOD retrieval method and evaluate the gains of the CSR correction.

The most innovative part of the paper is the presentation of the CSR estimation and the
correction of the DNI for this instrument having a field of view of 5° in order to be compared
to photometers having a field of view of less than 1.2°(WMO standards). This method is well
explained in the paper and the reader can be convinced of the reliability of it.

The main concept presented in the paper is the AOD retrieval out of spectral DNI
measurements from a spectroradiometer, this is not new, but only few articles are making a
detailed presentation of the method explaining each step and showing all the equations. This
is well done in this paper and will be useful for the AOD community, the photometer
community and the spectroradiometer community.

The validation of the method is shown thanks to a detailed statistic comparison to a reference
instruments, mentioning WMO traceability criteria and discussing objectively, fairly and
humbly the weak points of the method and instrument. Thus, substantial conclusions are
reached: the paper evaluates quantitatively the DNI correction method, the AOD retrieval
method and its application to the instrument EKO MS-711, convincing the readers that these
methods can be used operationally with this instrument.

The scientific methods used are well described their validity are discussed, a good balanced
use of figures and mathematic equations contributes to a clear outline of them.

The references list is complete enough giving proper credit to current and past work related
to this topic. The number of references is good balanced and the references are of excellent
quality. Thanks to this literature work, the authors could clearly put forward their own
contribution to the topics approached in this paper.
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The title of the paper reflects the content of the paper in a good way; the abstract is a good
complement of the title and a concise and truth summary of the paper.

The overall presentation is well structured, and despite some minor details (to which |
suggested improvements in the part below named “technical comments”) clear expressed.

The language is fluent and precise and it is an obstacle neither to get rapidly a good
comprehensive view of this work nor to understand the technical and mathematical details.
The mathematical formulae are shown in a good way. The equations are correct written,
without mistake and well understandable.

| would suggest some minor improvements to be done: A table with all acronyms would be
welcome. Also, | join a list of technical corrections (see below: “technical comments”).
Moreover, some points should be briefly discussed, these questions are asked below in
“specific comments”. These are minor/technical corrections that | suggest.

Despite these technical corrections that have do be done, the article is of good scientific
quality, of good significance and of good presentation. This justifies my evaluation here above
and the fact that | suggest the editor to accept the manuscript and to ask for technical
corrections and to answer to the four questions mentioned here below in "specific comments
/ questions"

Authors: We appreciate the positive and constructive comments. Below we answer Dr. Doppler’s
comments.

2. SPECIFICT COMMENST / QUESTIONS

C1.- About the CSR correction presented in 3.4.: The simulated forwarded scattering radiation
is computed using desert dust aerosol. How can we adapt the correction factors to other type
of aerosols? And if it is possible: How is it possible to integrated the characterization of the
aerosol kind in an operational algorithm in order to have directly the CSR correction factors
suitable to the defined aerosol type?

Authors: The correction proposed in this work can be adapted to other types of aerosol- mixtures
or sites. We have only used dust since at Izafia Observatory only two very contrasting situations
are normally present: clean atmosphere with almost no aerosols, or dusty conditions under
Saharan intrusions, mainly in summer. So, the correction factor has been specifically determined
for dust aerosol.

Any way, we have included in the paper the following information from LibRadtran simulations
that can be used for other types of aerosols. Apart from the graph, we have included in the
Appendix B, a table with simulated CR values as a function of AOD for different types of aerosols.
These values could be used in an operational AOD correction formula.

We have added this information in the final manuscript as follows:

“..These results have been simulated considering the typical conditions of IZO where
mineral dust is practically the only aerosol present (Berjon et al., 2019; Garcia et al.,
2017). Simulations of the effect on CR of the eight OPAC mixture aerosols available in
LibRadtran model, continental (clean, average and polluted), urban, maritime (clean,
polluted and tropical) and desert aerosols (Hess et al., 1998), and for a FOV=5°, are
shown in Figure 6. For SZA=30°, with an AODsoonm range between 0 and 2 at sea level,
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two defined groups are distinguished: the continental and urban aerosol mixtures, and
the maritime and desert dust mixtures. It should be noted that for stations located in
urban or continental (clean and contaminated) environments, which are the majority,
the correction that would have to be made to the AOD for a very high aerosol load
(e.g., AOD = 1) would be much lower, between 1/3 to 1/6, than the correction that
would have been performed in the case of dust aerosol. (Figure 6 and Appendix B).”
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Figure 6. Simulations of CR (%) for SZA 30° at sea level for AOD values between 0 and 2, at 500 nm, for
different types of aerosols for FOV of 5°.

The following references have been added:

Berjon, A., Barreto, A., Herndndez, Y., Yela, M., Toledano, C., and Cuevas, E.: A 10-year
characterization of the Saharan Air Layer lidar ratio in the subtropical North Atlantic, Atmos.
Chem. Phys., 19, 6331-6349, https://doi.org/10.5194/acp-19-6331-2019, 2019.

Garcia, M. I., Rodriguez, S., and Alastuey, A.: Impact of North America on the aerosol composition
in the North Atlantic free troposphere, Atmos. Chem. Phys., 17, 7387-7404,
https://doi.org/10.5194/acp-17-7387-2017, 2017.

Hess, M., Koepke, P., and Schult, I.: Optical properties of aerosols and clouds: The software
package OPAC, B. Am. Meteorol. Soc., 80, 831-844, 1998.

We have added the following table in the Appendix B with the numbers plotted in Figure 6.

(Table of Appendix B) Numerical values of the CR (%) simulations for SZA 30° at sea level for AOD
values between 0 and 2, at 500 nm, for different types of aerosols for FOV of 5°.



Continental | Continental | Continental | Urban | Maritime | Maritime | Maritime Desert
AOD Clean Average Polluted Clean Polluted Tropical
CR (%) CR (%) CR (%) CR (%) CR (%) CR (%) CR (%) CR (%)

0.1 0.3 0.2 0.1 0.1 0.6 0.5 0.6 0.6
0.2 0.5 0.4 0.3 0.3 1.3 1.0 1.2 1.3
0.3 0.7 0.6 0.4 0.4 1.9 1.5 1.9 1.9
0.4 1.0 0.8 0.6 0.5 2.5 2.0 2.5 2.5
0.5 1.3 1.0 0.7 0.7 3.2 2.5 3.1 3.1
0.6 1.5 1.2 0.9 0.8 3.8 3.1 3.7 3.8
0.7 1.8 1.4 1.0 0.9 4.5 3.6 4.4 4.4
0.8 2.0 1.6 1.2 1.1 5.1 4.1 5.0 5.0
0.9 2.3 1.8 1.3 1.2 5.8 4.6 5.7 5.7

1 2.6 2.0 1.5 1.3 6.5 5.2 6.3 6.3
1.1 2.9 2.2 1.7 1.5 7.1 5.7 7.0 7.0
1.2 3.2 2.4 1.8 1.6 7.8 6.3 7.6 7.6
1.3 3.5 2.7 2.0 1.8 8.5 6.8 8.3 8.3
1.4 3.8 2.9 2.2 2.0 9.2 7.4 9.0 8.9
1.5 4.1 3.2 2.4 2.1 9.9 8.0 9.7 9.6
1.6 4.4 3.4 2.6 2.3 10.6 8.5 10.4 10.3
1.7 4.7 3.7 2.8 2.4 11.4 9.1 11.1 10.9
1.8 5.1 3.9 3.0 2.6 12.1 9.7 11.8 11.6
1.9 5.4 4.2 3.2 2.8 12.8 10.3 12.5 12.3

2 5.8 4.5 3.4 3.0 13.6 10.9 13.2 13.0

C2.- 12O is a site of low aerosol amount. The results presented in the statistical study to

validate the method (part 4.) shows AOD ranging between 0.0 And 0.2 (eg: Figure 9). How

many points of comparison do you have for AOD > 0.15? What do you expect it should happen

for other sites having larger AOD (continental sites in middle Europe or close-urban areas)?

Authors:

Between 83% and 85% of the data correspond to AOD < 0.15 for all wavelengths,

while for AOD > 0.15 we have between 13% and 15% of the data in the period April-September
2019 at I1ZO (see Figure 1).
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Figure 1.- Frequency of occurrence of Cimel-AOD at all wavelengths between April and
September 2019 at I1Z0.




Considering that our dusty condition threshold value is 0.1, we have added the following
information in the final manuscript:

“... The improvement in AOD for AOD>0.1 conditions (20% of the data for 340 and380
nm, and 16% for the rest of the wavelengths) is remarkable, as already mentioned in
the CSR correction section. The scatter is also significantly reduced for all wavelengths
and aerosol loads...”

According to Figure 6, for continental polluted and urban aerosols the circumsolar radiation is
much lower that for dust, so the required AOD corrections should be much lower. The AOD
correction for continental pollution and urban aerosols decreases the higher the AOD, faster that
makes the correction for dust.

C3. Are the results shown in Part 4 restricted to cases with desert dust aerosols? If yes, do you
have some preliminary results for other kinds of aerosols? What do you expect it should
happens? If no (= the results shown corresponds to different mixtures and kinds of aerosols),
do you have some differences between different kinds of aerosols detected?

Authors: Please, see reply to the comment C1

C4. The AOD retrieval method presented in 3.1 and 3.2 is well described. Nevertheless, | would
discuss two points more in detail: 1) Do you take the same airmass for aerosols, water vapour,
mixed gases and ozone? 2) How do you compute Rayleigh optical depth? With which formula
(Bodhaine?) and with which values of the air pressure (Aeronet uses a 6 hours average taken
from a model)?

Authors:

1) We have not used the same airmass for all the components. We have used the following

equations:
1
c0s(0)+0.0548 (92.65— 0)~1.452

e Aerosols and water vapour: m, = My, = (Kasten, 1966);

where 6 Is the solar zenital angle.
1
sin (0)+602.30 (90—6)%-5(27.96+0) 34536

R+h .
TR = R o @) (Komhyr, 1989); where R (6370 km) is the mean

radius of the earth, r is the station height above mean see level in km, and h is the mean
height of the ozone layer in km (22 km).

e NOu myg; = (Gueymard, 1995)

e QOzone:mg,3z =

1
c0s(0)+0.50572 (96.07995— 9)~1.6364

e Rayleigh and oxygen: : mg = m,, = (Kasten and

Young, 1989; Gueymard, 2001 )

2) The Rayleigh optical depth has been calculated from the following equation:
T = P% 0.00856947%(1 + 0.0113172 + 0.000231~%) (Hansen and Travis, 1974); where
P is the pressure at the measurement site within the earth’s atmosphere in KPa, Po is the
standard pressure at sea level and A is the wavelength in um.

We have used in-situ pressure values used to determine Ty at the same time the spectra
were measured..

These equations have been added in the Sect. 3.1 and 3.2 as follow:



Section 3.1

o“”
see

() = R (D) + 1D + Tno, (D) + T oD + 10,(D) + T0,(1)  (2)

where Tz (1) is the Rayleigh optical depth (Hansen and Travis, 1974) due to the
molecular scattering that depends on the station pressure as well as on the optical air
mass (mg) (Kasten and Young, 1989), t,(A) is the AOD, and the rest of the terms are the
absorption by atmospheric gases in the affected wavelengths (Gueymard, 2001), which
are defined as follows:

Tp = P% 0.0085694*(1+0.011317%2 + 0.000231™%) (3)

where P is the pressure at the measurement site within the earth’s atmosphere, Po is
the standard pressure at sea level and A is the wavelength in um. In-situ actual
pressure at IZO was used.

Tno, = Uno, Ano, (4)
where uy,, is the reduced path-length (in atm-cm) taken from the OMI total column

NO2 monthly average climatology and Ay, its spectral absorption coefficient (Rothman
etal., 2013).

Th,o = (Unyo Anyo )PH?0 (5)

where Uy, ¢ is the column water vapour content (precipitable water) taken from a Global
Navigation Satellite System (GNSS) receiver considering satellite precise orbits at 1Z0
(Romero Campos et al., 2009), Ay, the spectral absorption coefficient Rothman et al.
(2013), and the by, exponent depends on the central wavelength position, instrument
filter function, as well as the atmospheric pressure and temperature (Halthore et al.,
1997). We have determined ty, o from the transmittance for different water vapour and

solar zenith angle (SZA) values from the MODTRAN model (Raptis et al., 2018).
7o, = (Up, Ao, )P0? (6)

where Uy, is the altitude-dependent gaseous scaled path-length taken from the Fourier
transform infrared spectrometer (FTIR) measurements at I1ZO (Schneider et al., 2005),
Ay, is the spectral absorption coefficient (Rothman et al., 2013), and the by, exponent
was obtained from the transmittance values simulated with the MODTRAN model (Berk
et al., 2000) for 1ZO, obtaining a value of 0.454. This value is similar to that obtained by
Pierluissi and Tsai (1986, 1987).

To; = U03 A03 (7)

where Uy, is the total column ozone obtained with a reference Brewer
spectrophotometer at 1ZO (Redondas et al., 2018), and A, is the ozone absorption cross
section (Brion et al., 1993, 1998).
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The Langley-Plot determines DNI,(1) (that allows to derive calibration constant) from
a linear extrapolation of DNI(A) measurements to zero air mass, corrected to mean
Sun—Earth distance, and plotted on a logarithmic scale versus air mass:

In(DNI(A)) = In DNI, () — [tg Dmg + T,(D)m, + Tyo,(Dmye, +
Th,0(MDMy,o + T9,(AMMg, + T0,(D)Mg,] (8)

where the different air masses have the following expressions:
1

mp = Moz = c0s(6)+0.50572 (96.07995— 9)—1-6364; (Kasten and  Young, 1989
Gueymard, 2001) (9)

1
Mg = Mnpzo = c0s(6)+0.0548 (92.65— 9)~1452 ’ (Kasten, 1966 ) (10)

1
m =
NO2 ™ in(6)+602.30 (90-6)05(27.96+6)~3453

R+h
m,3 = NI T Ok (Komhyr, 1989) (12)

= ; (Gueymard, 1995) (11)

where R (6370 km) is the mean radius of the Earth, r is the station height above mean
see level in km, and h is the mean height of the ozone layer in km (22 km).

Section 3.2

“

”

The AOD retrievals have been calculated from Eq. 8, as follows:

AOD = — [In DNI,(2) — In DNI(A) — Tg (A)ymg — T(A)mg — Tyo,(D)myo, —
Th,0(DMy,p — To,(A)my, | (14)

Grouping the gases contributions as Ty, the AOD expression is reduced to:

AOD = mi [In DNI,(2) — In DNI(2) — tp mpg — Tgas Myas] (10)

3. TECHNICAL COMMENTS

General comment: Please introduce a list of all acronyms used

Authors: We have included all acronyms used in the manuscript in Appendix A.

Abstract:

- At the beginning of the abstract, should be explained what is the spectral range and
resolution of EKO MS-711.

Authors: We have included the spectral range of the spectroradiometer in the abstract as follows:

“Spectral direct UV-Visible normal solar irradiance (DNI) has been measured with an EKO
MS-711 grating spectroradiometer, which has a spectral range of 300-1100 nm, 0.4 nm
step, at the Izafia Atmospheric Observatory (1ZO, Spain) ... “

Introduction



- L25: “properties, such as single scattering albedo, size distribution, etc” -> please avoid “etc”,
write a complete list, best sorted in decreasing importance order.

Authors: We have completed this sentence as follows:

“.. therefore it is necessary to make more efforts to evaluate the aerosol atmospheric
content and optical properties, such as the aerosol optical depth (AOD), Angstrém
exponent (AE), single scattering albedo (SSA), scattering coefficient, and absorption
coefficient.”

- L47: (again etc.) -> please complete list or use “e.g.:”
Authors: We have modified this sentence as follows:

“.. possibility to provide other atmospheric components (e.g., O3, NO,, SO, CH4, and
H,0)..”

- L47: reference is Barreto 2014 (and not 2013) for spectroradiometer and Aerosol.

Authors: You are right. The reference will be replaced by Barreto et al. (2014) in the final
manuscript.

- L67: Go to next line before presenting the parts of your papers with “We have devided:”
Authors: Done

Part 2: Site Description, Instrument and ancillary information

2.2 Instrument: Maybe explain what kind of technology it is: monochromator or array
spectrometer (it is not specified).

Authors: We have added the instrument type as follows:

“... An EKO MS-711 grating spectroradiometer used in direct-sun measurement mode
has been tested...”

- L98: Specify in this part of the text that the world AOD reference is the PFR in order that the
reader knows from which instrument you are talking about.

Authors: We have addressed this issue as follows:

“...The different Cimel references have been shown to have a good AOD traceability with
the GAW-PFR worldwide reference (Cuevas et al., 2019)...”

- L104: Bias < 0.01 (and not > 0.01) (citing Sinyuk, GRL 2012)
Authors: Done, it was a typo.

Part 3. Methodology

- L130+L136+L141, maybe use a different description for “b” of each gas: b_H20, b_02,b_03
for example. Here you have the same letter and the reader can think that we have the same
coefficient for all the three gases.

Authors: Done in the final manuscript (see question 4: SPECIFICT COMMENST / QUESTIONS)



- L141: What about b_03?

Authors: It has been corrected in the manuscript final (see reply to comment C4)
- L167: “dependence [in] particle size”(not [pn])

Authors: Done. It was a typo.

- L167: | cannot understand the whole sentence. Do you mean: “high dependence in particle
size [distribution] THROW the aerosol phase function?

Authors: We have clarified this sentence as follows:

“... This CSR has a high dependence on the particle size (Rdiséinen and Lindfors, 2019),
thus large particles (such as desert dust) produce a higher scattering on the incident
beam than the smaller particles (e.g., rural background aerosols), leading this
contribution to overestimate the DNI...”

- Figure 4.: In the legend, maybe mention that P has no unit and also mention that P*L (figure
on the right) is in W.m-2.sr-1 (like L). If not, the reader has to guess it from L-graphic and P-
graphic.

Authors: We have added the units in the legend as follows:

L-P(Wm?um’'sr™)
1.095E+04

L(WmZum'sr™) P
1.005E+04 18
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Figure 4. Example of the (a) diffuse radiance L (Wm-2um-2sr-2) at 500 nm, shown in colours for different
SZA and ¢ ; (b) penumbra function P determined from Eq. 11 and (c) the product of the diffuse radiance
L and penumbra function P.

0.000

- L231 (Equation 13): Are you sure? | would write: DNI_corr = DNI_measured — CSR=
DNI_SUN_estimation

Authors: You are right, the equation has been modified in the final manuscript as follows:
DNICORR == DNI - CSR

- L239 You define the CR (Circumsolar Ratio). Please write the equation that defines it as
Equation 15

Authors: The equation that defines CR has been added in the final manuscript as follows:

CSR

-100
DNIgyy + CSR

CR(%) =

- L248 You cite Equation 15 that does not exist (surely it was your intention that Eq 15 is the
definition of CR but you forget it)

Authors: You are right. We forgot it.



- Figure 7 (Legend): “at at”
Authors: Done

- Table 4: It is unclear regarding the table, which columns are with and witch columns are
without CSR correction, since it is written “CSR Unc.” everywhere. | guess that in each column
pair, left is without and right is with correction, but please correct the header.

Authors: Done, the table has been corrected as follows:

Wavelength R Slope RMS MB
(hm) CSR CSR CSR CSR CSR CSR CSR CSR
Unc. Corr. Unc. Corr. Unc. Corr. Unc. Corr.
340 nm 0.960 0.973 1.063 0.994 0.017 0.007 0.015 <0.001
(28.9%) | (16.9%) | (24.5%) | (-1.4%)
380 nm 0.981 0.986 1.071 1.001 0.009 0.005 0.007 <0.001

(20.2%) | (12.9%) | (14.8%) | (1.2%)

UV-Range 0.971 | 0979 | 1.067 | 0997 | 0.013 | 0.006 | 0.011 | <0.001
(24.6%) | (14.9%) | (19.7%) | (1.3%)

440 nm 0.984 | 0987 | 1.041 | 0997 | 0.101 | 0.005 | 0.009 | 0.001
(22.4%) | (13.5%) | (18.7%) | (0.6%)
500 nm 0.988 | 0991 | 1.075 | 1.018 0.007 | 0.005 | 0.004 | 0.002
(18.2%) | (12.9%) | (12.1%) | (0.4%)
675 nm 0.989 | 0991 | 1.057 | 1.013 0.006 | 0.006 | 0.003 | <0.001
(19.7%) | (10.7%) | (11.2%) | (0.5%)
870 nm 0.998 | 0999 | 1.039 | 1.009 0.004 | 0003 | <0.001 | <0.001

(18.8%) | (7.3%) | (0.3%) | (0.2%)

VIS-Range | 0.989 | 0.992 | 1.053 | 1.009 0.029 | 0.005 | 0.004 | <0.001
(19.5%) | (11.1%) | (10.6%) | (0.4%)

Table 4. Statistics of the comparison between EKO AOD, with no CSR corrections (CSR Unc.) and
implementing CSR corrections (CSR Corr.), and Cimel AOD at 340, 380, 440, 500, 675 and 870 nm at 1Z0
between April and September 2019. R: correlation coefficient, slope of the least-squares fit between EKO
AOD and Cimel AOD, RMS: root mean square of the bias and MB: mean bias. The results of the relative
bias are in brackets (in %).

- L271 “good agreement”, maybe you should here define what you consider being a “good
agreement”, by mentioning WMO traceability criteria that is cited below (L304).

Authors: In this case we are just comparing the AOD provided by the EKO and Cimel. Later, we
compare the AOD of both instruments using the WMO traceability criteria. We have clarified
what means “good agreement” by adding the correlation coefficient. This sentence reads now
as follows:

“... The results show (Table 4) that there is a good agreement (correlation coefficient >
0.98) between EKO AOD and Cimel AOD for all channels, even for no CSR correction...”

- L290 340 nm. Instrumental uncertainty only? Maybe also because Rayleigh is higher and also
aerosol scattering is higher -> Same comment for discussion in L311-L312
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Authors: The authors have attributed most of the found differences to the instrument uncertainty
because the instrument error in the spectral range between 300 and 350 nm is 17.2%, of which
6% corresponds to stray-light, and 6% corresponds to measurement repeatability. Moreover, it
is also affected by the different FWHM between EKO (7 nm) and CIMEL (2 nm) at 340 nm, and by
the fact that Rayleigh and aerosol scattering are higher in the UV range (Cuevas et al., 2018).

We have added this information in the final manuscript as follows:

“... The scatter also is significantly reduced for all wavelengths and aerosol loads, except in the
340 nm UV channel. This is mainly attributed to the instrumental error in the spectral range
between 300 and 350 nm (17.2%), of which 6% corresponds to stray-light and 6% corresponds
to measurement repeatability (Zong et al., 2006), to the different FWHM between EKO (7 nm)
and CIMEL (2 nm) at 340 nm, and to the fact that Rayleigh and aerosol scattering are higher
in the UV range (Cuevas et al., 2019)...”

L291: “model characterization [in] this range”

Authors: Done

-1298: “MB >=-1.6 %” this is confusing, please discuss in absolute: “abs (MB) <= 1.6%”
Authors: Done

References:

For WMO Reports, please cite the page, at least the part of these very large reports in which
the information is, in order to help the reader to find the relevant information for this study.

Authors: We have added this information in the final manuscript.
- L570 (Reference WMO, 1986): “GAW Report-No. 43” (not “437”).

Authors: Done
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ATMD-2019-467

Interactive comment on “Characterization of an EKO MS-711
spectroradiometer: aerosol retrieval from spectral direct
irradiance measurements and corrections of the circumsolar
radiation” by Rosa Delia Garcia-Cabrera et al.

Referee #2

The current work presents AOD retrievals form EKO MS-711, compared with CIMEL retrievals
at Izafia Observatory and most importantly proposes an approach to correct DNI in respect to
different FOV of the instruments using CSR. The paper fits perfectly the purposes of AMT and
the proposed correction could find greater use in a number of instruments. Details of the
approach are well presented and described sufficient in order to be repeatable. Results
presented fortify the validity of the approach and are a guide for future studies of other
spectroradiometers. The structure of the presentation is very steady and bibliographical
review of the subject is more than sufficient. | suggest the acceptance of the article for
publication at AMT, after some minor corrections and clarifications.

Authors: We acknowledge the referee’s positive and constructive comments. Below we respond
to his/her general comments.

General Comments:

More specifically

L22. This sentence seems a little poor and inadequate. | suggest to restate.
Authors: We have modified the sentence as follows:

“One of the most important elements that governs the Earth’s climate, and its processes,
is the presence of atmospheric aerosols, which produce a significant radiative forcing
resulting from light scattering and absorption, and radiation emission. Moreover, they
act as cloud condensation nuclei, modifying cloud properties (IPCC, 2013). Aerosols
effect on the Earth Radiation Balance has been quantified as a cooling of -0.45 W m™,
and -0.9 W m*2 when considering the combined effect of both aerosols and clouds...”

Paragraph 2.2 1) | think some information on the measuring schedule should be added. 2)
There is one spectral per minute or they are multiple spectra averaged and stored per minute?
3) Exposure time is steady or it is changed according to the intensity of the irradiance? 4) Are
there oversaturation problems? 5) Are there any filters used?

Authors:
1) and 2) The EKO MS-711 spectroradiometer measures one spectrum per minute.

3) The exposure time is not constant. The setting changes automatically according to the
intensity of the irradiance, and varies from 10 msto 5 s.



4) As a result of the optimized exposure time for the irradiance and the instrument measurement
dynamic range, no saturated measurements are experienced.

5) This instrument does not use filters.
Followings the recommendations of the referee, we have added this information as follows:
Section 2.2

“An EKO MS-711 grating spectroradiometer used in direct sun measurement mode has
been tested (Figure 1) within the CIMO Testbed program from April to September 2019
(14706 datapoints) ...”

“..This spectroradiometer has been mounted on an EKO sun-tracker STR-21G-S2
(accuracy of <0.01°). This setup performs one spectrum per minute, with an exposure
time that changes automatically according to the intensity of the irradiance that varies
from 10 ms to 5 s. The main specifications of the EKO MS-711 spectroradiometer are
shown in Table 1...”

L105 Level 1.5 are automatic cloud screening and the quality assured data are L2.0. Please
restate to be clear.

Authors: The authors have not used Level 2.0 because it is not available for the study period
(April and September 2019) in AERONET. We have modified the sentence as follows:

“...In this study, we have used AERONET Version 3.0 Level 1.5 AOD data...”

L155 Have you used O3 in the calculations? There is nothing about it and at least for 340nm
is important. If you have not calculated ozone absorption probably it could explain a part of
the differences at 340 nm.

Authors: Yes. We have taken into account ozone column in the AOD retrievals at 340, 500 and
675 nm (see Table 2 of the manuscript). The ozone values used have been measured with a
reference double Brewer spectroradiometer at Izafia station, therefore it does not explain the
differences found at 340 nm.

This information is given in the Section 3.1, however, the authors have added this information
in the Section 3.2 as follows:

“..In this work, we have calculated the EKO AOD at the same nominal wavelengths as
those of the Cimel (340, 380, 440, 500, 675 and 870 nm) following the methodology used
by AERONET (Holben et al. (2001); Giles et al. (2019), and references herein). For each
wavelength, we have taken into account the spectral corrections shown in Table 2. All
wavelengths have been corrected by the Rayleigh scattering (see Sect. 3.1).
Furthermore the 340, 380, 440 and 500 nm are corrected from nitrogen dioxide (NO;)
absorption, being the optical depth calculated using the OMI total column NO;
climatological monthly averages, and the NO, absorption coefficient from Burrows et al.
(1999).The 340, 500 and 675 nm channels are corrected of ozone, using the ozone
values from the Izana WMO-GAW reference Brewer spectroradiometer...”

L166-167 Please restate this sentence because it is not clear.

Authors: We have modified the sentence as follows:



“... This CSR has a high dependence on the particle size (Rdiséinen and Lindfors, 2019),
thus large particles (such as desert dust) produce a higher scattering on the incident
beam than the smaller particles (e.g., rural background aerosols), leading this
contribution to overestimate the DNI...”

Paragraph 3.2 The measured spectrum has a resolution of 0.4nm with FWHM of 7 nm. When
referring to monochromatic retrievals of AOD, have you used just one channel(which?) or do
you have convoluted multiple channels to a slit function? Please clarify this because it is crucial
for understanding the differences with AERONET. For example lines 293-295 confused me on
this matter. Also, | think it should be cleared if there any other difference with AERONET
calculations (air masses, Rayleigh etc).

Authors: For determining the AOD with the EKO MS-711 spectroradiometer, we have considered
the same nominal wavelengths and bandwidths (Filter Bandpass) as those of the Cimel (340: 2
nm, 380: 4 nm, 440: 5 nm, 500: 5 nm, 675: 5 nm and 870: 5 nm) as indicated on Table 2 of the
manuscript. Centred on each wavelength and with its corresponding bandwidth, we have
performed the integration of the irradiance on the considered spectral range. For example, in the
AOD retrieval at 500 nm, the range 495-505 nm is used to perform the integration:

505 nm

DNI(/D = f DN[()L)EKO—MS711d)L

495 nm

This integrated value is the one used in equations of paragraph 3.2.
We have modified this paragraph as follows:

“..In this work, we have calculated the EKO AOD at the same nominal wavelengths as
those of the Cimel (340, 380, 440, 500, 675 and 870 nm), by integrating the measured
irradiance on the considered bandpass (see Table 2), following the methodology used
by AERONET (Holben et al. (2001); Giles et al. (2019), and references herein). For each
wavelength, we have taken into account the spectral corrections shown in Table 2. All
wavelengths have been corrected by the Rayleigh scattering (see Sect. 3.1).
Furthermore the 340, 380, 440 and 500 nm channels have been corrected from nitrogen
dioxide (NO;) absorption, being its optical depth calculated using the OMI total column
NO; climatological monthly averages, and the NO, absorption coefficient from Burrows
et al. (1999). The 340, 500 and 675 nm channels have been corrected of ozone, using
the ozone values from a GAW reference Brewer spectroradiometer sited at Izafa
Observatory...”

Regarding the Lines 293-295, maybe the confusion arises in the sentence “some additional
radiation contribution from the adjacent wavelengths”. The considered range on each channel
are those explained before and, in the paragraph, we tried to highlight that for the UV channels
the contribution of the stray-light is important, therefore we have modified the paragraph as
follows:

“..Since the 340 nm and 380 nm channels have 2 nm and 4 nm bandpass, respectively,
and the EKO MS-711 FWHM is 7nm (Table 1), these two UV channels have some
additional radiation contribution from the adjacent wavelengths due to stray-light,
increasing their uncertainty and causing an AOD overestimation...”

3



The equations of air masses and optical depths used are the same to those used by AERONET,
and they have been included in the final manuscript.

L248 There is no equation 15 in the manuscript

Authors: Thank you. The equation of the CR has been added in the final manuscript as follows:

CSR
DNIgyy + CSR

CR(%) = 100

Paragraph 3.4 | understand that dust aerosols are the main in lzaiia, but | think it is important
to add some discussion of potential differences for other aerosol types.

Authors: We have only used dust since at Izafia Observatory only two very contrasting situations
are normally present: clean atmosphere with almost no aerosols, or dusty conditions under
Saharan intrusions, mainly in summer. So, the correction factor has been specifically determined
for dust aerosol.

Any way, we have included in the paper the following information from LibRadtran simulations
that can be used for other types of aerosols. Apart from the graph, we have included in the
Appendix B, a table with simulated CR values as a function of AOD for different types of aerosols.

We have added this information in the final manuscript as follows:

“... These results have been simulated considering the typical conditions of 1ZO where
mineral dust is practically the only aerosol present (Berjon et al., 2019; Garcia et al.,
2017). Simulations of the effect on CR of the eight OPAC mixture aerosols available in
LibRadtran model, continental (clean, average and polluted), urban, maritime (clean,
polluted and tropical) and desert aerosols (Hess et al., 1998), and for a FOV=5°, are
shown in Figure 6. For SZA=30°, with an AODsgonm range between 0 and 2 at sea level,
two defined groups are distinguished: the continental and urban aerosol mixtures, and
the maritime and desert dust mixtures. It should be noted that for stations located in
urban or continental (clean and contaminated) environments, which are the majority,
the correction that would have to be made to the AOD for a very high aerosol load
(e.g., AOD = 1) would be much lower, between 1/3 to 1/6, than the correction that
would have been performed in the case of dust aerosol. (Figure 6 and Appendix B) ...”
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Figure 6. Simulations of CR (%) for SZA 30° at sea level for AOD values between 0 and 2, at 500 nm, for
different types of aerosols for FOV of 5°.

The following references have been added:

Berjon, A., Barreto, A., Herndndez, Y., Yela, M., Toledano, C., and Cuevas, E.: A 10-year
characterization of the Saharan Air Layer lidar ratio in the subtropical North Atlantic, Atmos.
Chem. Phys., 19, 6331-6349, https://doi.org/10.5194/acp-19-6331-2019, 2019.

Garcia, M. I., Rodriguez, S., and Alastuey, A.: Impact of North America on the aerosol composition
in the North Atlantic free troposphere, Chem. Phys.,, 17, 7387-7404,
https://doi.org/10.5194/acp-17-7387-2017, 2017.

Atmos.

Hess, M., Koepke, P., and Schult, I.: Optical properties of aerosols and clouds: The software
package OPAC, B. Am. Meteorol. Soc., 80, 831-844, 1998.

We have added the following table in the Appendix B with the numbers plotted in Figure 6.

(Table of Appendix B) Numerical values of the CR (%) simulations for SZA 30° at sea level for AOD
values between 0 and 2, at 500 nm, for different types of aerosols for FOV of 5°.

Continental | Continental | Continental | Urban | Maritime | Maritime | Maritime Desert
AOD Clean Average Polluted Clean Polluted Tropical
CR (%) CR (%) CR (%) CR (%) CR (%) CR (%) CR (%) CR (%)
0.1 0.3 0.2 0.1 0.1 0.6 0.5 0.6 0.6
0.2 0.5 0.4 0.3 0.3 1.3 1.0 1.2 1.3
0.3 0.7 0.6 0.4 0.4 1.9 1.5 1.9 1.9
0.4 1.0 0.8 0.6 0.5 2.5 2.0 2.5 2.5
0.5 1.3 1.0 0.7 0.7 3.2 2.5 3.1 3.1
0.6 1.5 1.2 0.9 0.8 3.8 3.1 3.7 3.8
0.7 1.8 1.4 1.0 0.9 4.5 3.6 4.4 4.4
0.8 2.0 1.6 1.2 1.1 5.1 4.1 5.0 5.0
0.9 2.3 1.8 1.3 1.2 5.8 4.6 5.7 5.7




1 2.6 2.0 1.5 1.3 6.5 5.2 6.3 6.3
1.1 2.9 2.2 1.7 1.5 7.1 5.7 7.0 7.0
1.2 3.2 2.4 1.8 1.6 7.8 6.3 7.6 7.6
1.3 3.5 2.7 2.0 1.8 8.5 6.8 8.3 8.3
1.4 3.8 2.9 2.2 2.0 9.2 7.4 9.0 8.9
1.5 4.1 3.2 2.4 2.1 9.9 8.0 9.7 9.6
1.6 4.4 3.4 2.6 2.3 10.6 8.5 10.4 10.3
1.7 4.7 3.7 2.8 24 11.4 9.1 11.1 10.9
1.8 5.1 3.9 3.0 2.6 12.1 9.7 11.8 11.6
1.9 5.4 4.2 3.2 2.8 12.8 10.3 12.5 12.3

2 5.8 4.5 3.4 3.0 13.6 10.9 13.2 13.0

Table 4. There is typo and all columns seem to be uncorrected.
Authors: Done. The final table is the following:
Wavelength Slope RMS MB
(nm) CSR CSR CSR CSR CSR CSR CSR CSR
Unc. Corr. Unc. Corr. Unc. Corr. Unc. Corr.
340 nm 0.960 0.973 1.063 0.994 0.017 0.007 0.015 <0.001
(28.9%) | (16.9%) | (24.5%) | (-1.4%)
380 nm 0.981 0.986 1.071 1.001 0.009 0.005 0.007 <0.001
(20.2%) | (12.9%) | (14.8%) (1.2%)
UV-Range 0.971 0.979 1.067 0.997 0.013 0.006 0.011 <0.001
(24.6%) | (14.9%) | (19.7%) (1.3%)
440 nm 0.984 0.987 1.041 0.997 0.101 0.005 0.009 0.001
(22.4%) | (13.5%) | (18.7%) | (0.6%)
500 nm 0.988 0.991 1.075 | 1.018 0.007 0.005 0.004 0.002
(18.2%) | (12.9%) | (12.1%) (0.4%)
675 nm 0.989 0.991 1.057 | 1.013 0.006 0.006 0.003 <0.001
(19.7%) | (10.7%) | (11.2%) (0.5%)
870 nm 0.998 0.999 1.039 | 1.009 0.004 0.003 <0.001 <0.001
(18.8%) | (7.3%) | (0.3%) | (0.2%)
VIS-Range 0.989 0.992 1.053 | 1.009 0.029 0.005 0.004 <0.001
(19.5%) | (11.1%) | (10.6%) (0.4%)

Table 4. Statistics of the comparison between EKO AOD, with no CSR corrections (CSR Unc.) and
implementing CSR corrections (CSR Corr.), and Cimel AOD at 340, 380, 440, 500, 675 and 870 nm at 1ZO
between April and September 2019. R: correlation coefficient, slope of the least-squares fit between EKO
AOD and Cimel AOD, RMS: root mean square of the bias and MB: mean bias. The results of the relative
bias are in brackets (in %).

L296-298. Please refer the number of datapoints used for each of the two periods.

Authors: We have added the number of datapoints used for each of the two periods as follows:

“... The linear AOD-correction equations were determined by using data measured from
April 1°t to July 31%" 2019 (69% of the data) at Izafia Observatory (Table 5). The validation
of these linear AOD-correction equations was performed using an independent period of
data (between August 1st and September 30th 2019) (31% of the data)...”




L.3131 Also refer the number of data with AOD>0.1

Authors: We have added the number of AOD>0.1 as follows:

“When focusing the analysis on relatively high AOD (AOD> 0.10), we found that the
percentage of AOD differences out of the WMO Uss limits were = 3.5% (0.8% of de data)
at 380 nm and 0.6% (0.3% of the data) at 870 nm...”



ATMD-2019-467

Interactive comment on “Characterization of an EKO MS-711
spectroradiometer: aerosol retrieval from spectral direct
irradiance measurements and corrections of the circumsolar
radiation” by Rosa Delia Garcia-Cabrera et al.

Referee #3

The paper presents results of direct sun measurements and aerosol optical depth (AOD)
retrieval for an EKO MS-711 spectroradiometer. An extended investigation is presented for
the circumsolar radiation correction.

In my opinion the paper is very well written and is well within the scope of AMT.
Spectroradiometers have been used less nowadays for atmospheric monitoring due to
reasons that the authors quote in their manuscript and | personally agree. However, they are
very important instrumentation as the spectral characteristics of the solar irradiance is the
desired one in order to be used for a number of atmospheric-radiation related issues.

| only have some minor comments on the manuscript.

Authors: We appreciate the positive and constructive comments of the Referee. Below we
respond to his/her general comments.

Instrument characterization and performance.

The authors use the term instrument characterization in the title so | would expect some
results on other aspects such as linearity, stray light etc.

Authors: We fully agree. We have modified the title of the manuscript as follows:

Title: “Aerosol retrievals from the EKO MS-711 spectral direct irradiance
measurements and corrections of the circumsolar radiation”

In their instruments characteristics table they quote that the instrument step is way less (=20
times) that the optical resolution. Can you provide some more information on how each
measurement is performed? is it some kind of averaging? or just a very wide entrance slit?

Authors: The EKO MS-711 spectroradiometer measures one spectrum per minute. The exposure
time is not constant, but the setting changes automatically the exposure time between 10 ms to
5's, according to the intensity of the irradiance.

So, we have added this information as follows:
Section 2.2

“..This spectroradiometer has been mounted on an EKO sun-tracker STR-21G-S2
(accuracy of <0.01°). This setup performs one spectrum per minute, with an exposure
time that changes automatically according to the intensity of the irradiance that varies



from 10 ms to 5 s. The main specifications of the EKO MS-711 spectroradiometer are
shown in Table 1...”

The fact that the optical resolution is *7nm compared with 2nm and 4nm for CIMEL UV bands
(I had the impression that CIMEL 380nm filters are also 2 nm wide), could be a source of
uncertainties in the Rayleigh or Langley constants parameters of the EKO compared with the
CIMEL? Meaning that the spectrum relative changes for different solar angles and atmospheric
conditions can be different for irradiances at 340nm +7nm and 340nm *2nm.

Authors: For determining the AOD with the EKO MS-711 spectroradiometer, we have considered
the same nominal wavelengths and bandwidths (Filter Bandpass) as those of the Cimel (340: 2
nm, 380: 4 nm, 440: 5 nm, 500: 5 nm, 675: 5 nm and 870: 5 nm) as indicated on Table 2 of the
manuscript. Centred on each wavelength and with its corresponding bandwidth, we have
performed the integration of the irradiance on the considered spectral range. For example, in the
AOD retrieval at 500 nm, the range 495-505 nm is used to perform the integration:

505 nm

DNI(1) = f DNI(A)gko-ms711dA

495 nm

This integrated value is the one used in equations of paragraph 3.2.
We have modified this paragraph as follows:

“...In this work, we have calculated the EKO AOD at the same nominal wavelengths as
those of the Cimel (340, 380, 440, 500, 675 and 870 nm), by integrating the measured
irradiance on the considered bandpass (see Table 2), following the methodology used
by AERONET (Holben et al. (2001); Giles et al. (2019), and references herein). For each
wavelength, we have taken into account the spectral corrections shown in Table 2. All
wavelengths have been corrected by the Rayleigh scattering (see Sect. 3.1).
Furthermore the 340, 380, 440 and 500 nm channels have been corrected from nitrogen
dioxide (NO;) absorption, being its optical depth calculated using the OMI total column
NO; climatological monthly averages, and the NO, absorption coefficient from Burrows
et al. (1999). The 340, 500 and 675 nm channels have been corrected of ozone, using
the ozone values from a GAW reference Brewer spectroradiometer sited at Izana
Observatory...”

The calibration constants and difference with the manufacturer ones seems noisy in the UV
range, authors claim that “differences are attributed to the low halogen lamp signal in this
region experienced during the factory calibration, and low instrument sensitivity in this
region” could this affect AOD at UV results?

Authors: VYes, it affects to AOD uncertainty in the UV range. We have clarified this issue as
follows:

“... The scatter also is significantly reduced for all wavelengths and aerosol loads, except
in the 340 nm UV channel. This is mainly attributed to the instrumental error in the
spectral range between 300 and 350 nm (17.2%), of which 6% corresponds to stray-
light and 6% corresponds to measurement repeatability (Zong et al., 2006), to the
different FWHM between EKO (7 nm) and CIMEL (2 nm) at 340 nm, and to the fact that
Rayleigh and aerosol scattering are higher in the UV range (Cuevas et al., 2019)...”



However, the stability of the instrument in the visible+ range for the 3 years period between
the manufacturer and the Langley calibrations are impressive. Maybe this also has to be
pointed out in the text.

Authors: We have added this information in the final manuscript as follows:

“...The comparison between the factory calibration performed by EKO Instruments in
2016 and the 1ZO Langley-Plot calibration (2019) is shown in Figure 7. These results
indicate that the stability of the EKO MS-711 in the range 300-1100 nm during a 3 years
period, between the manufacturer lamp calibration and the Langley calibrations at
120, is remarkable...”

Circumsolar radiation

Circumsolar radiation contribution to the “true” measured direct irradiance is linked with AOD
and also with aerosol types (phase functions). Higher AODs and forward scattering aerosols
would introduce higher circumsolar correction factors. As in this work it is mentioned that a
mixed (OPAC) based aerosol type is used, have you tested the actual correction and the effect
on the AOD retrievals on a day with very high AOD and forward scattered aerosol type (e.g.
dust aerosols) ?

Authors: Yes. We have tested/validated the circumsolar radiation correction for dust and for different
AOD intervals in the AOD range that we have been able to measure at I1ZO (up to 0.2). The results are
shown in Figures 9 and 10 of the manuscript. Validations for data corrected by CSR are shown in blue

Line 41 GAW-PFR showing lower values
Authors: Done
Table 1: cosine response : is that applicable to the DNI spectral measurements ?

Authors: No. It is not applicable to DNI measurements. The specifications given in Table 1
correspond to EKO MS-711 spectroradiometer measuring the global solar spectral radiation.

Lines 108-110: is this for direct or global irradiance?
Authors: Itis for global irradiance
Lines 212: 0.09”

Authors: Done

Congratulations for a very interesting work.

Authors: Thank you very much for your comment.
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Abstract. Spectral direct UV-Visible normal solar irradiance (DNI) has been measured with an EKO MS-711 spectroradiometer
grating spectroradiometer, which has a spectral range of 300-1100 nm, 0.4 nm step, at the Izafia Atmospheric Observatory
(IZO, Spain) has been used to determine aerosol optical depth (AOD) at several wavelengths (340, 380, 440, 500, 675 and
870 nm) between April and September 2019 that have been compared with synchronous AOD measurements from a reference
Cimel-AERONET (Aerosol RObotic NETwork) sun photometer. The EKO MS-711 has been calibrated at Izafia Observatory
using the Langley-Plot method during the study period. Although this instrument has been designed for spectral solar DNI
measurements, and therefore has a field of view (FOV) of 5° that is twice that recommended in solar photometry for AOD
determination, the AOD differences compared against the AERONET Cimel reference instrument (FOV ~1.2°), are fairly
small. The comparison results between AOD Cimel and EKO MS-711 present a root mean square (RMS) of 0.013 (24.6%)
at 340, and 380 nm, and 0.029 (19.5%) for longer wavelengths (440, 500, 675 and 870 nm). However, under relatively high
AOQOD, near forward aerosol scattering might be significant because of the relatively large circumsolar radiation (CSR) due to
the large EKO MS-711 FOV, resulting in a small but significant AOD underestimation in the UV range. The AOD differences
decrease considerably when CSR corrections, estimated from LibRadtran radiative transfer model simulations, are performed,
obtaining RMS of 0.006 (14.9%) at 340 and 380 nm, and 0.005 (11.1%) for longer wavelengths. The percentage of 2- minute
synchronous EKO AOD - Cimel AOD differences within the World Meteorological Organization (WMO) traceability limits
were > 96% at 500 nm, 675 nm and 870 nm with no CSR corrections. After applying the CSR corrections the percentage of
AOD differences within the WMO traceability limits increased to > 95% for 380, 440, 500, 675 and 870 nm, while for 340 nm

the percentage of AOD differences showed a poorer increase from 67% to a modest 86%.

Copyright statement. TEXT
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1 Introduction

One of the most important elements that governs the Earth’s climate, and its processes, is the presence of atmospheric aerosols-
e-, which produce a significant radiative forcing
resulting from light scattering and absorption, and radiation emission. FurthermereMoreover, they act as cloud condensation
nuclei, modifying cloud properties —Therefore;-it-is-clear-that-aerosols—should-be-taken-into-aceount-(IPCC, 2013). Aerosols

effect on the Earth Radiation Balance has been quantified as a cooling of -0.45 W m~2, and -0.9 W m~2 when considering

the combined effect of both aerosols and clouds. However, the uncertainty of these values is still very high (WMO, 2016),

therefore it is necessary to make more efforts to evaluate the aerosol atmospheric content and optical properties, such as

the aerosol optical depth (AOD), Angstrom exponent (AE), single scattering albedo ;-size-distribution;ete(SSA), scattering

coefficient, and absorption coefficient.
The amount of aerosols present in the atmosphere can be addressed using the aerosol optical depth (AOD) that gives the

optical attenuation by aerosols in the atmospheric path. The AOD is derived from surface or satellite observations from sun-
light attenuation measurements (WMO, 2016) combined with the Lambert-Beer law. This law has been applied to retrieve
the extinction of solar radiation (Angstrdm, 1930, 1961; Shaw, 1983). The AOD is derived through direct sun radiation mea-
surements at different wavelengths with several instruments such as filter radiometers or spectroradiometers, selecting spectral
ranges where the influence of trace gases is minor or even negligible (WMO, 2016; Kazadzis et al., 2018a). The World Mete-
orological Organization (WMO) recommended the following wavelengths for AOD retrieval: 368, 412, 500, 675, 778 and 862
nm, with a bandwidth of 5 nm (WMO, 1986), and the use of instruments with a full opening angle of 2.5°, and a slope angle
of 1° (WMO, 2008).

The AOD retrieval with sunphotometers has been addressed in an extensive list of publications (e.g., Schmid et al. (1999);
Kazadzis et al. (2014, 2018a); Barreto et al. (2014); Cuevas et al. (2019)) mainly due to the establishment of aerosol measure-
ment networks, such as AErosol RObotic NETwork (AERONET; Holben et al. (1998)), Precision Filter Radiometer Network
(GAW-PFR; Wehrli (2000, 2005)), SKYradiometer NETwork (SKYNET; Takamura and Nakajima (2004)) and SURFace RA-
Diation Budget Network (SurfRad; Augustine et al. (2008)). Recently, Cuevas et al. (2019) conducted a study comparing AOD
from AERONET-Cimel (1.2° field of view (FOV)) with that from GAW-PFR (2.5° FOV) showing a difference of ~3 % at 380
nm and ~2 % at 500 nm compared with AERONET-Cimel for AOD> 0.1, showing-GAW-PFR showing lower values. They
demonstrated that this difference was due to the higher amount of dust near-forward scattering measured by GAW-PFR be-
cause of it’s larger FOV. On the other hand, the AOD retrievals from ground-based spectroradiometers are scarce and normally
limited to the visible (VIS) range (e.g. Cachorro et al. (2000); Estellés et al. (2006)). The reason for this shortfall may be found
in the high costs in investment and maintenance of spectroradiometers, and their substantial requirements for calibration com-
pared to sun-photometers. However, spectroradiometers offer the possibility to provide other atmospheric components (e.g.
O3, NOg2, SO, CHy4 -and HyO5ete) (e.g. Michalsky et al. (1995); Cachorro et al. (1996); Schmid et al. (2001); Barreto et al.
(2014); Raptis et al. (2018)).
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The first works that attempting to retrieve AOD from spectroradiometers we done by Cachorro et al. (1987) and Ahern et al.
(1991), with results based on a few available data. More recently, several works tackled the AOD multi-spectral retrieval from
spectroradiometers with larger datasets. Thus, Cachorro et al. (2000) and Vergaz et al. (2005) reported a quantitative char-
acterization of aerosols in Southern Spain. However, they did not provide a comparison with another AOD retrieval method.
Kazadzis et al. (2005) and Grobner et al. (2001) found AOD differences lower than 0.1 at 355 nm and differences between
-0.07 and 0.02 at 315.5 316.75 and 320 nm when comparing AOD retrievals performed with Brewer MKIII and Bentham
DTM 300 spectroradiometers and Li-cor spectroradiometer, respectively. Estellés et al. (2006) retrieved AOD with a Li-cor
spectroradiometers finding differences with Cimel-318 Sun photometers AOD in the 0.01-0.03 (0.02-0.05) range in the VIS
range (UV range). Cachorro et al. (2009) compared AOD retrievals from Li-cor and sunphotometer obtaining AOD differences
within 0.02 in the range 440-1200 nm. Kazadzis et al. (2018a) presented the results from the fourth WMO filter radiometer
comparison for AOD measurements finding an excellent agreement at 500 and 865 nm between PSR (Precision Solar Spec-
troradiometer; Raptis et al. (2018)) and PFR (Precision Filter Radiometer; Wehrli (2008)) and overestimation from 0.01 to
0.03, respectively. L6pez-Solano et al. (2018) compared AOD retrievals from Brewer spectroradiometers, AERONET-Cimel
and UVPFR in the range 300-320 nm at Izafia Observatory, with uncertainties lower than 0.05.

In this paper we contribute to the knowledge of spectral AOD with a comparison between AOD from AERONET-Cimel
sun photometer (onwards, Cimel AOD) and AOD computed from the direct normal irradiance (DNI) measurements performed
with an EKO MS-711 spectroradiometer (onwards, EKO AOD). We have also addressed the small, but significant, EKO
AQOD underestimation under relatively high AOD due to dust near-forward scattering, but in this case have compared two
instruments whose FOV values show a big difference since the EKO FOV is 5°. We have divided this work into 5 sections:
Sect. 2 describes the main characteristics of the Izafia station and the technical description of the instruments used in this work.
In Sect. 3 the methodology used to determine AOD and the corrections due to the differences in dust forward scattering, using
the LibRadtran radiative transfer model (RTM) and spectral Langley-Plot calibration are described. In Sect. 4 the main results

of the comparison are shown. Finally, a summary and the main conclusions are given in Sect. 5.

2 Site description, Instrument and ancillary information
2.1 Site description

The data used in this work were acquired between April and September 2019 at the Izafia Observatory (IZO). This observatory
is located on the island of Tenerife (Spain; 28.3°N, 16.5°W; 2.4 km a.s.l.) and it is approximately 350 km away from the
African continent. This observatory is managed by Izafia Atmospheric Research Center (IARC) from the State Meteorological
Agency of Spain (AEMET) (more information: http://izana.aemet.es; last access: 7 November 2019).

In 1984, IZO enrolled in the WMO Background Atmospheric Pollution Monitoring Network (BAPMoN) and the WMO
Global Atmosphere Watch (GAW) program in 1989. IZO collaborates with different international networks such as the Network
for the Detection of Atmospheric Composite Change (NDACC) since 1999, and the GAW-PFR since 2001. In 2003, the
Regional Brewer Calibration Centre for Europe (WMO/GAW RBCC-E) was established. Furthermore, IZO has been part
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Figure 1. The EKO MS-711 spectroradiometer installed at [ZO.

of AERONET since 2004, as one of the two AERONET Langley-Plot calibration sites (Toledano et al., 2018). Since 2009,
1ZO runs a Baseline Surface Radiation Network (BSRN) station. In 2014, IZO was appointed by WMO as a Commission for
Instruments and Methods of Observation (CIMO) Testbed for aerosols and water vapor remote sensing instruments (WMO,

2014). More details of IZO programs can be found in Cuevas et al. (2017).
2.2 Instrument: EKO MS-711 spectroradiometer

An EKO MS-711 grating spectroradiometer used in direct sun measurement mode has been tested (Figure 1) within the CIMO
Testbed program from April to September 2019 (14706 datapoints).

The EKO MS-711 was designed to measure global solar spectral radiation within the 300 and 1100 nm wavelength range
with an average step of ~0.4 nm, exhibiting a full-width-at-half-maximum (FWHM) <7 nm. It is equipped with its own built-
in entrance optics, and the housing is temperature-stabilized at 25° £+ 5° (Egli et al., 2016). EKO Instruments designed a
collimator tube that also allows measuring DNI (see Figure 1).

This spectroradiometer has been mounted on an EKO sun-tracker STR-21G-S2 (accuracy of <0.01°). This setup performs
DNl-measurements-each-H-minuteone spectrum per minute, with an exposure time that changes automatically according to the
intensity of the irradiance that varies from 10 ms to 5 s. The main specifications of the EKO MS-711 spectroradiometer are

shown in Table 1.
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Table 1. Main specifications of the EKO MS-711 spectroradiometer.

Wavelength range 300 to 1100 nm
Wavelength interval 0.3-0.5nm
Optical resolution FWHM < 7nm
Wavelength accuracy 4+ 0.2 nm
Cosine response (zenith: 0-80°) <5%
Temp. dependency (-10 °°C to 50 °C) <2%
Temp. control 25°C+2°C
Operating temperature -10to 50 °C
Exposure time 10 ms™®sec Automatic adjustment
Dome material Synthetic Quartz Glass
Communication RS-422 (Between sensor and power supply)
Power requirement 12VDC, 50VA (from the power supply)
Full opening angle (FOV) 5°

2.3 Ancillary Information: Cimel sun-photometer/AERONET

In this work, we have used AOD data provided by the AERONET permanent Cimel CE318 reference instrument to compare
the AOD derived with the EKO MS-711 spectroradiometer. The different Cimel referereereferences have been shown to have
a good AOD traceability with the world-AOD-GAW-PFR worldwide reference (Cuevas et al., 2019). The world AOD reference
is maintained by the World Optical Depth Research and Calibration Center (WORCC) (Kazadzis et al., 2018b).

The Cimel CE318 photometer is an automatic sun-sky scanning filter radiometer that measures AOD at 340, 380, 440, 500,
675, 870 and 1020 nm (nominal wavelength; extended wavelength versions additionally have 1640 nm) with a full opening
angle of 1.2°. The uncertainty in AOD measurements from Cimel field instruments, was estimated to be + 0.01 in the VIS
range and near-IR, increasing to &= 0.02 in the UV range (340 and 380 nm) (Eck et al., 1999). This estimate gives an absolute

bias < 0.01 for AOD lower than 1.5 (Sinyuk et al., 2012). In this werkstudy, we have used eloud-sereened-and-quality-assured
AERONET Version 3.0 Level 1.5 AOD data.

3 Methodology

3.1 Spectral Langley Calibration

The EKO MS-711 spectroradiometer was factory calibrated by EKO Instruments making use of a calibrated transfer standard
1000 W quartz tungsten-halogen coiled-coil filament lamp that is traceable to the National Institute of Standards and Technol-
ogy (NIST) standard (Yoon et al., 2000). The instrument resultant uncertainty is + 17% for the UV range, and < 5% for the VIS

range. In November 2016, the EKO MS-711 participated in an intercomparison campaign of spectroradiometers at the National
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Oceanic and Atmospheric Administration (NOAA) Mauna Loa observatory, Hawaii Island, USA (19.54° N, 155.58° W; 3397
m a.s.l.) (P6 et al., 2018), where it was calibrated with the Langley method (Angstrém, 1970; Shaw et al., 1973; Shaw, 1983).
In 2018 the instrument was deployed at the World Radiation Center- Physical Meteorological Observatory (WRC-PMOD)
for its characterization using a tunable laser (Sengupta et al., 2019). Recently, between April and September 2019, the EKO
MS-711 has been calibrated at Izafia Observatory using the Langley method in the 300-1100 nm spectral range. In this study
we have used the calibration coefficients with the Langley-Plot method.

The Langley method used in the IZO Langley calibration is based on the Beer-Lambert-Bouguer law:
DNI(\) = DNI,(\)e ™m (1)

where DNI()) is the direct normal irradiance at wavelength (\) measured by the instrument, DNI, () is the top-of-atmosphere
irradiance corrected for the Sun—Earth distance at wavelength (\), m is air mass, and 7()\) is the optical depth tat can be written
in the UV-VIS range as:

T(A) =7r(A) +7a(A) + 780, (A) + TH0(A) +70,(A) + 70, (V) )

where Tr(A) is the Rayleigh optical depth (Hansen and Travis, 1974) due to the molecular scattering that depends on the
station pressure as well as on the optical air mass (mp) (Bodhaine et al., 1999), 7,(\) is the AOD, and the rest of the terms are
the absorption by atmospheric gases in the affected wavelengths (Gueymard, 2001) and are defined as follows:

P —4 -2 —4
TR= FO.OOS569A (1+0.0113A7%+0.00023177%) 3)

where P is the pressure at the measurement site within the earth’s atmosphere, P, is the standard pressure at sea level and ) is
the wavelength in pm. In-situ actual pressure at IZO was used.

TNO,(A) =un0,ANO, 4

where uy o, is the reduced path-length (in atm-cm) taken from the OMI total column NOg monthly average climatology and

AnO, its spectral absorption coefficient (Rothman et al., 2013).

THQO()\) = (UHgoAHQO)lle2o (5)

where u g, 0 is the column water vapour content (precipitable water) taken from a Global Navigation Satellite System (GNSS)
receiver considering satellite precise orbits at IZO (Romero Campos et al., 2009), A ,o the spectral absorption coefficient
Rothman et al. (2013), and the b-b,, , exponent depends on the central wavelength position, instrument filter function, as well
as the atmosphere pressure and temperature (Halthore et al., 1997). We have determined 7 7,0(\) from the transmittance for

different water vapour and solar zenith angle (SZA) values from the MODTRAN model (Raptis et al., 2018).

70,(A) = (uo,A0,)" o2 (6)
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where 1, is the altitude-dependent gaseous scaled path-length taken from the Fourier transform infrared spectrometer (FTIR)
measurements at IZO (Schneider et al., 2005), Ao, is the spectral absorption coefficient (Rothman et al., 2013), and the 4
bo, exponent was obtained from the transmittance values simulated with the MODTRAN model (Berk et al., 2000) for IZO,
obtaining a value of 0.454. This value is similar to that obtained by Pierluissi and Tsai (1986, 1987).

TOs ()‘) = (uosAOS)b (N

where u o, is the total column ozone obtained with a reference Brewer spectrophotometer at IZO (Redondas et al., 2018), and
Ao, the ozone absorption cross section (Brion et al., 1993, 1998).
The Langley-Plot determines DN, (\) (that allows to derive calibration constant) from a linear extrapolation of DNT(\)

measurements to zero air mass, corrected to mean Sun—Earth distance, and plotted on a logarithmic scale versus air mass:
ZTLDNI()\) = lnDNIO()‘) - [TR()‘)T»UE—"_TG()‘)WG—'_TNOz ()‘>mN02 + THZO()\>TI/LH20 +70, (A)WJOZ T 7o, ()‘)mos ] (®)

where the different air masses have the following expressions:
1

~ Mo, = . (Kasten and Young, 1989; G d, 2001 9
A0 = o 0) 1 0.50575(96.07995 — f) oot asten and Young neymard, 2001) ©)
! (Kasten, 1966) (10)
Mg~ M, = ; ,
20 065(0) + 0.0548(92.65 — )~ 1452
_ ! (G d, 1995) an
TNz = G0 8) + 602.30(90 — 8)05(27.96 + ) 54536 1 1Y HATE
R+h
mos3= + ; (Komhyr et al., 1989) (12)

BT SR+ (R+r)2sin?(0)

where R (6370 km) is the mean radius of the Earth, r is the station height above mean see level in km, and A is the mean height

of the ozone layer in km (22 km).
3.2 AOD retrieval method
The AOD retrievals have been calculated from Eq. 8, as follows:

1
AOD = —[InDN1,(A\)=InDNI(A)=Trmr—(TN0,(N) NG, +TH,0(AN)MH,0 +T0, (M0, +T0s(A))mo,] (13)

Mg - =

H-we-group-Grouping the gases contributions such as 74,5, the AOD expression is reduced to:

1
AOD = —[InDNI,(\) — InDNI(X) — Trmg — 7gasm] (14)

mq
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Table 2. Wavelengths characteristics of Cimel and spectral corrections used in the calculation of AOD.

Nominal central wavelength (nm) Filter Bandpass (nm) Spectral Corrections

340 2 Rayleigh, NO2, O3
380 4 Rayleigh, NO2
440 10 Rayleigh, NO-
500 10 Rayleigh, NO2, O3
675 10 Rayleigh, O3
870 10 Rayleigh

In this work, we have calculated the EKO AOD at the same nominal wavelengths as those of the Cimel (340, 380, 440, 500,
675 and 870 nm), by integrating the measured irradiance on the considered bandpass (see Table 2), following the methodology
used by AERONET (Holben et al. (2001); Giles et al. (2019), and references herein). For thiseach wavelength, we have taken
into account the spectral corrections shown in Table 2. The-All wavelengths have been corrected by the Rayleigh scattering
(see Sect. 3.1). Furthermore the 340, 380, 440 and 500 nm wavelengths-are corrected from nitrogen dioxide (NO2) absorption,

and-being the optical depth is-calculated using the OMI total column NO; OMl-menthly-average-climatologyclimatological
monthly averages, and the NO, absorption coefficient from Burrows et al. (1999).The 340, 500 and 675 nm channels are

A AR AARAARAAAANAAAAATAAAANAAAAAANAANAAN

corrected of ozone, using the ozone values from the Izana WMO-GAW reference Brewer spectroradiometer.

3.3 Corrections in AOD under relatively high CSR

The full opening angle and the FOV are normally used indistinctly in the literature, which should not be confused with the
viewing angle. Therefore, we use the term FOV for referring to the full opening angle. As we remarked in the introduction, the
WMO recommended for AOD retrieval the use of instruments with FOV lower than 2.5° and slope angle of 1° (WMO, 2008).
As the EKO MS-711 was designed for DNI measurements, it has a larger FOV of 5°, twice the WMO recommended value for
AOD retrievals. To account for the different geometries, we have applied a correction to the EKO irradiance measurements. In
this section we explain the methodology applied to the measurements and comparisons with Cimel AOD.

The DNI measurement implies that a certain amount of diffuse radiation coming from the line-of-sight of the instrument
towards the Sun, and an annular region around it, the so-called circumsolar region, is measured together with the DNI coming
from the Sun disk (DN gy n). The source of this diffuse radiation, CSR (circumsolar radiation), lies on the scattering pro-
cesses due to the presence of aerosols and clouds (Blanc et al., 2014) in the atmosphere. This CSR has a high dependence pn

e-on the particle size
her scattering on the incident beam than

Riisidnen and Lindfors, 2019)

thus large particles (such as desert dust) produce a hi

2

the smaller particles (e.g., rural background aerosols), leading this contribution to overestimate the DNI. Thus, the experimental

DNI measured by a collimated instrument maybe expressed as the sum of both contributions:

DNI=DNIsyn+CSR (15)
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Figure 2. (a) Characteristic angles of the instrument: slope angle o, aperture half-angle o and limit angle a;. On the right, penumbra

functions P(«) when (b) the three angles are known and (c) if only the half-angle angle is known. (Figure adapted from Blanc et al. (2014)).

where DNI gy v is the direct normal irradiance coming from the Sun disk and CSR is the diffuse radiation coming from the sky
that is seen by the instrument FOV. This FOV is defined by the instrument geometry and determines the amount of CSR reaching
the instrument detector. The value of the DNI measured by the instrument also depends on the atmospheric conditions, and the
specific instrument characteristics. The most important element that defines the amount of CSR captured by the instrument is
the penumbra function P (Pastiels, 1959) that defines the fraction of Sun radiation captured or not by the collimator, depending
on its angle of vision. This penumbra function can be derived from geometrical features of the instrument (Major, 1980; Blanc
et al., 2014): the aperture half-angle «, the slope angle a; and the limit angle «; (Fig. 2a). Usually the three angles are known,
being the most important the aperture half-angle «. Thus, the radiation coming from the sky with an angle higher than the oy
is outside the collimator and then not measured by the instrument.

If all angles are known the function P takes the shape of Figure 2b, but if s and «; are unknown, the penumbra function P
can be approximated as the shape on Figure 2c. In this work, we used the penumbra function P described in Figure 2c, because

a and oy are unknown, and considering that « = FOV/2 = 2.5°.
3.4 CSR simulation

Since it is not possible to obtain accurate CSR measurements, it has been simulated with the LibRadtran radiative transfer
model (Mayer and Kylling (2005); Emde et al. (2016), more information http://www.libradtran.org; last access: 7 November

2019), which provides the possibility to simulate the diffuse radiance on sky elements defined by its azimuthal and polar angles.
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We shortly describe the method followed to simulate the amount of CSR measured by the EKO MS-711. The first step is to
describe the geometry of the problem, shown in Figure 3.

For a sky point defined by the polar angle 6 and azimutal angle ¢, the sky radiance on that point is L (6,) in W m~2sr—!.
The angular distance between the considered point and the Sun position (the green arc in Figure 3), is the so-called scattering
angle, &. To obtain the angle & of each point on the sky in terms of the polar and azimuthal angles the next equation should be

used:
cos(§) = cos(SZ A)cos(8) + sin(SZA)sin(0)cos(¢ — psun) (16)

Taking into account this relation, the radiation field L can be expressed in terms of & and ¢, thus the irradiance in the solid

angle subtended by an angular distance from the Sun’s centre £, for an instrument with an aperture half-angle «, is (Blanc et al.,

2014):
21 «

I'= P& @) L(&, p)cos(p)sin(§) - dpdE (17)
/]

where P(£,¢) is the penumbra function defined in Sect. 3.3. If the Sun is in the angular field considered, the obtained
irradiance is the DNI of Eq. 15, if not, the result will be only the diffuse radiation. Thus, the key is to simulate the radiances
L(&,p) of the points in the FOV that the instrument is “seeing”. In this work, and taking into account that the instrument is
continuously pointing to the Sun, the integration is performed for £ values from a, = 0.6° to o = 2.5° with the aim to simulate
the diffuse radiation coming from a circumsolar ring, in order to compare AOD from both instruments using the same CSR.

The input parameters used in the simulations are shown in Table 3. The aerosol contribution has been included in the

simulations by using the Optical Properties of Aerosols and Clouds (OPAC package) (Hess et al., 1998). This library provides

10
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Table 3. The inputs to LibRadtran model used in this work.

Parameters Input Reference
Aerosol parameters OPAC Hess et al. (1998)
AOD AOD estimated from EKO MS-711 -
Altitude 2.4 km -
Absorption Parameterization REPTRAN (fine resolution) Gasteiger et al. (2014)
Atmosphere profile Midlatitude summer Anderson et al. (1986)
Solar flux Kurucz (0.1 nm resolution) Kurucz (1994)
Slit function Function Gaussian function -

with FWHM of 6-7 nm

Radiative transfer DISORT, with spherical correction Stamnes et al. (1988)
equation solver for SZA > 60°
Surface Albedo 0.11 Garcia et al. (2014)
Ozone Column Ozone column performed with -

Brewer spectroradiometer at [ZO

Number of streams 8 -

the aerosol (and clouds) optical properties in the range 250 nm to 4000 nm. In our case, we focused the interest in the aerosol
mixtures, due to the fact the aerosols in the atmosphere are found as a mixture of different particles. In the LibRadtran package
are included the aerosol mixtures described in Hess et al. (1998). The aerosol optical properties stored in the datasets used are:
the extinction coefficient, scattering coefficient, absorption coefficient, volume phase function, single scattering albedo and
asymmetry parameter. Due to the location of the IZO station we have selected the desert mixtures for the cases of low and high
aerosol loadrespeetively.

At this point we should note that the use of 1D simulations with the DISORT (Stamnes et al., 1988) solver implies that the
Sun is supposed to be a Dirac function, while, the Sun has an angular radius of 966-42-960".12 & 6:69“-0".09 (Emilio et al.,
2012). However, Stamnes et al. (1988) demonstrated that the error in DN I gy vy simulations, when the Sun is assumed to be
a point source, is negligible with respect to the finite Sun assumption (Stamnes et al., 2000; Reinhardt, 2013) showed that
the simulations of radiances in the vicinity of the Sun performed using the DISORT and OPAC aerosols for cloud-free cases
give the same result than simulations made with the Monte-Carlo RTE solver MYSTIC included in LibRadtran (Mayer, 2009)
taking into account the angular extent of solar disk. The differences remain under 1% and even very close to 0%. Since we
want to simulate cloud-free cases, we can use the 1D, DISORT without introducing significant errors in the simulations against
the more precise Monte-Carlo simulations.

Once we have selected the input parameters, we must also select the correct angular grid in azimuthal and polar coordinates
to cover, at least, the angular region previously defined (0.6° < o < 2.5°). By using Eq. 16 we can calculate the ranges of

polar angles and azimuthal angles ¢ needed. The result of a monochromatic simulation, i.e. L(£,¢) at 495 nm for the day

11



250

255

260

L(WmZum'sr™) P L-P(WmZumsr™)
1.095E+04 18 1.095E+04

- 6844
5475

4106

9581

8213

6844

5475

4106

2738 0 2738

1369 1369

180

180

() o(°)

180

o(°)

0.000

Figure 4. Example of the (a) diffuse radiance L (Wm™2 ,umflsrfl) at 500 nm shown in colours at different SZA and ¢ (b) penumbra

function P determined from Eq 16 and (c) the product of the diffuse radiance L and penumbra function P.

26/07/2019 at SZA of ~ 14° is shown in Figure 4a. In Figure 4b the penumbra function, i.e. P(§, ) is shown, and in Figure 4c,
the result of multiply P(&,p) L(&, ). Note that the angular grid has been selected in steps of 0.1°.

The expected CSR will be obtained by integrating the radiation field P(£,¢) L(£,¢) as indicated in Eq 17. The integration
is done by using the angres tool (Mayer and Kylling, 2005) provided in the LibRadtran package which uses a Monte Carlo

integration in 2D to obtain the diffuse radiation in the considered radiation field.
3.5 AQOD retrievals with CSR corrections

Once the CSR has been determined, we apply the correction to the measured DNI taking into account the CSR simulations

explained before. Thus, from Eq. 15 the corrected DNI is:
DNIcorr=DNlIsyn—CSR (18)

This correction will lead to a DN Icorr < DN 1, with which we can retrieve an AOD with a similar expression to Eq. 14:

1
AODCORR = 7[ZTLDNIOCORR()\) — l’I’LDNICORR()\> —TRMR — Tgasm] (19)

We must note on Eq. 19 that DN I, calculated with the Langley-Plot calibration method (see Sec. 3.1), should be also cal-
culated applying a FOV correction using Eq. 8, by substituting DN I, with the corrected DNI,corr. The EKO AODcoRrRr
obtained from Eq. 19 with a DNI,corpr calculated from Eq. 18 is supposed to be “free” of any CSR contribution, then it
is straight forward to assume that the AOD¢ogp is closer to the real AOD present in the atmosphere. In order to know the
impact of the aerosol load and the FOV size in the values of the CSR simulations we have calculated the ratio of the simulated
CSR with respect to the DNI given by Eq. 15, this is the so-called circumsolar ratio (CR) under cloud-free conditions. We have
done simulations of DN gy and CSR to obtain the previously cited CR, varying the aerosol load in the range [0-0.50] and

12
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Figure 5. Simulations of CR at (a) 340, (b) 380, (c) 440, (d) 500, (e) 675 and (f) 870 nm for AOD between 0.0 and 0.50 and FOV between
0° and 5° at SZA 30°. The dashed blue and red lines represent the Cimel FOV (1.2°) and EKO MS-711 FOV (5°), respectively.

the FOV in the range [0°-5°]. The rest of the input parameters remain fixed. The results of CR in percentage (Neumann and

Witzke, 1999) for a solar zenith angle of 30° is shown for the six Cimel channels in Figure 5.

CSR
CR(A) = pyre—ragn * 10 (20)

As can be seen in Figure 5, CR increases for higher FOV and larger AOD, as expected, and for the lower wavelengths. The
dashed lines in Figure 5 indicate the FOV of the instruments used in this work Cimel (blue line) and EKO (red line). The CR
for the Cimel in all cases is lower than 1% and even 0.5% for the channels over 440 nm. For EKO the CR ranges between 2%
in the 870 nm channel and 5% for the 340 nm channel. Thus, the expected CSR maximum values in Figure 5 should be found
at these conditions: FOV of 5°, AOD of 0.50 and wavelength of 340 nm, in which a CR of 5% is found. We have simulated the
AQOD retrievals as a function of CSR. By combining Eq. 18 to 2420, we can vary CR (in fact the value of CSR) and calculate
the AOD retrieved with the corresponding DNI,coRrr-

These results indicate that the CSR impacts significantly on the EKO AOD retrievals under relatively high AOD leading to

AOQOD underestimation, with this effect being less important for the Cimel AOD retrievals because of its narrower FOV.

These results have been simulated considering the typical conditions of IZO where mineral dust is practically the onl
aerosol present (Berjon et al., 2019; Garcia et al., 2017). Simulations of the effect on CR of the eight OPAC mixture aerosols

13
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Figure 6. Simulations of CR (%) for SZA 30° at sea level for AOD values between 0 and 2, at 500 nm, for different types of aerosols for
FOV of 5°.

available in LibRadtran model, continental (clean, average and polluted), urban, maritime (clean, polluted and tropical) and
desert aerosols (Hess et al., 1998), and for a FOV=5°, are shown in Figure 6. For SZA=30°, with an AODs 0,
0 and 2 at sea level, two defined groups are distinguished: the continental and urban aerosol mixtures, and the maritime and
desert dust mixtures. It should be noted that for stations located in urban or continental (clean and contaminated) environments,
which are the majority, the correction that would have to be made to the AOD for a very high aerosol load (e.g., AOD = 1
would be much lower, between 1/3 to 1/6. than the correction that would have been performed in the case of dust aerosol.
(Figure 6 and Appendix B).

range between

4 Results
4.1 Langley calibration at Izafia Observatory

Based on the experience of Kiedron and Michalsky (2016) and Toledano et al. (2018), we have considered that the Langley
calibration is suitable if the standard deviation (o) of the fit (Eq. 8) is lower than 0.006, the correlation coefficient (R) > -0.99,
the number of valid points > 33% of the initial sample, and AOD (500 nm) < 0.025. In order to test the Langley method
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Figure 7. Examples of Langley-Plots using the UV-VIS-near IR direct-Sun measurements on 19 March 2019 at Izafia Observatory at (a) 340
nm, (b) 762 nm (O2) and (c) 940 nm (H20) nm. R: correlation coefficient.

described in Sect. 3.1, an example of Langley-Plots using the UV-VIS-near IR direct-Sun measurements on 19 March 2019 at
Izafia Observatory are shown in Figure 7.

The comparison between the factory calibration performed by EKO Instruments in 2016 and the IZO Langley-Plot calibra-
tion (2019) is shown in Figure 8. Fhisresultsindicate-a-highstability-ef These results indicate that the stability of the EKO
MS-711 +in the range 300-nm—*H00-nm;in-thetast-300-1100 nm during a 3 years period, between the manufacturer lamp
calibration and the Langley calibrations at IZO, is remarkable. The factory calibration and the IZO Langley-Plot calibration
three years later present differences ~ 4.8% between 350 and 1100 nm and even < 2.3% and 3.1% in the VIS and near-IR
range, respectively. The larger differences below 350 nm are attributed to the low halogen lamp signal in this region experienced
during the factory calibration, and low instrument sensitivity in this region.

Applying the previous method, DN I,()) values and their standard deviations from the EKO MS-711 measurements (from
April to September 2019 at Izafia Observatory) at the nominal wavelengths measured by the Cimel (340, 380, 440, 500, 675

and 870 nm), as a function of time are shown in Figure 9. These DN I,() values have been used in the AOD retrievals.
4.1.1 AOD retrievals

In this section, we present the results obtained when comparing Cimel AOD and EKO AOD with no CSR corrections (CSR un-
corrected AOD) and applying a CSR correction (CSR corrected AOD). The comparisons were done considering measurements
of both instruments that match within 2 minutes for all wavelengths. This approach produced a Cimel and EKO AOD dataset
with a total of 14706 quasi-coincident measurements. The results show (Table 4) that there is a good agreement (correlation
coefficient > 0.98) between EKO AOD and Cimel AOD for all channels, even for no CSR correction, except for the lowest 340

nm UV channel.
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Figure 8. (a) Calibration constants (W m™~2/nm/Count) of the EKO MS-711 spectroradiometer, and (b) relative differences between factory

calibration constants and those obtained from Langley-Plots at IZO.

Figure 9. EKO MS-711 DNI, () values, and corresponding standard deviations, between April and September 2019 at IZO, for all nominal

wavelengths measured by the Cimel (340, 380, 440, 500, 675 and 870 nm).
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Table 4. Statistics of the comparison between EKO AOD, with no CSR corrections (CSR Unc.) and implementing CSR corrections (CSR
Corr.), and Cimel AOD at 340, 380, 440, 500, 675 and 870 nm at IZO between April and September 2019. R: correlation coefficient, slope of
the least-squares fit between EKO AOD and Cimel AOD, RMS: root mean square of the bias and MB: mean bias. The results of the relative

bias are in brackets (in %).

Wavelength R Slope RMS MB
(nm) CSR CSR CSR CSR CSR CSR CSR CSR
Unc. UneCorr. Unc. BneCorr. Unc. BneCorr. Unc. BreCorr.
340 nm 0.960 0.973 1.063 0.994 0.017 0.007 0.015 <0.001
(289%)  (16.9%)  (24.5%) (-1.4%)
380 nm 0.981 0.986 1.071 1.001 0.009 0.005 0.007 <0.001
(202%)  (129%)  (14.8%) (1.2%)
UV-Range 0971 0.979 1.067 0.997 0.013 0.006 0.011 <0.001
(Mean) (24.6%)  (149%)  (19.7%) (1.3%)
440 nm 0.984 0.987 1.041 0.997 0.101 0.005 0.009 0.001
(22.4%)  (13.5%)  (18.7%) (0.6%)
500 nm 0.988 0.991 1.075 1.018 0.007 0.005 0.004 0.002
(182%)  (129%)  (12.1%) (0.4%)
675 nm 0.989 0.991 1.057 1.013 0.006 0.006 0.003 <0.001
19.7%)  (10.7%)  (11.2%) (0.5%)
870 nm 0.998 0.999 1.039 1.009 0.004 0.003 <0.001 <0.001
(18.8%) (7.3%) (0.3%) (0.2%)
VIS-Range  0.989 0.992 1.053 1.009 0.029 0.005 0.004 <0.001
(Mean) 19.5%)  (111%)  (10.6%) (0.4%)

310 The uncorrected EKO AOD shows slopes ~1.06 and correlation coefficients over 0.97 for all wavelengths. The RMS ranges
from 0.017 (28.9%) at 340 nm to 0.004 (18.8%) at 870 nm. These results improve significantly when taking into account the
CSR corrections for all wavelengths. Thus, for the corrected EKO AOD the correlation coefficients are ~0.98 for the shorter
wavelengths and ~1 for the rest of the wavelengths. The RMS and MB show the same trend as that for the uncorrected EKO
AQD case, that is, we find the lowest values for the higher wavelengths. The negative values of the MB (EKO AOD — Cimel
315 AQD), indicate that the EKO AOD values are normally lower than the Cimel AOD values. However, these values are within the
Cimel instrument uncertainties, +0.01 in the VIS and near-IR and +0.02 in the UV ranges (Eck et al., 1999). These results also
agree with other studies. For example, Estellés et al. (2006) and Cachorro et al. (2009) found differences between 0.01 and 0.03
in the VIS range, and between 0.02 and 0.05 for the UV when comparing Li-cor AOD with Cimel AOD. Recently, Kazadzis
et al. (2018a) found AOD differences ranging between 0.01 and 0.03 at 500 and 865 nm, respectively, when comparing AOD
320 from PSR and PFR. Recently, Cuevas et al. (2019), using long-term AOD data series from both GAW-PFR and AERONET-
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Figure 10. Box plot of the differences between the EKO AOD with (no) CSR corrections, and Cimel AOD versus AOD for the period
April-September 2019 at IZO in blue (red). Lower and upper boundaries for each box are the 25°" and 75'" percentiles; the solid line is
the median value; the crosses indicate values out of the 1.5-fold box area (outliers); and hyphens are the maximum and minimum values.

Shadings show the range of uncertainty of Cimel (0.02 for the UV range and £0.01 for VIS and near-IR ranges; Eck et al. (1999)).

Cimel radiometers reported differences in AOD ~3% lower at 380 nm and ~2% lower at 500 nm for GAW-PFR due to its
larger FOV.

The box plots of MB differences (EKO AOD — Cimel AOD) for different AOD intervals are presented in Figure 10.
In general, it can be seen that a significant improvement in the AOD retrievals is found after CSR correction, with the
corrected AOD medians being closer to 0 in all wavelengths. The improvement in AOD for AOD>0.1 conditions is—alse

remarkablementioned-as-already-(20% of the data for 340 and 380 nm, and 16% for the rest of the wavelengths) is remarkable
as already mentioned in the CSR correction section. The scatter also-is-is also significantly reduced for all wavelengths and

aerosol loads, except in the 340 nm UV channel;-. This is mainly attributed to the higher-instrument-uncertainty;-as-wel-as
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Table 5. Linear AOD-correction equations (slope and intercept) at 340, 380, 440, 500, 675 and 870 nm obtained with data measured from
April 1st to July 31°* 2019 at Izafia Observatory. Validation of the linear AOD-correction equations was performed using data obtained

between August 1°¢ and September 30*" 2019.

Linear AOD-correction Equations: Validation
Corrected EKO AOD = Slope*EKO AOD + Intercept 01/08/2019-30/09/2019
01/04/2019-31/07/2019

Wavelength  Slope Intercept R RMS MB R

(nm)

340 1.076 -0.019 0.997 0.005 -0.003 0.998
(59%)  (-4.0%)

380 1.073  -0.0102 0.999 0.003 -0.003 0.999
29%) (-1.6%)

440 1.066 <0.001 0.999 0.002 <0.001  0.999
24%)  (-1.2%)

500 1.056 -0.005 0.999 0.002 -0.001 0.999
29%) (-2.1%)

675 1.043 0.003 0.999 0.001 <0.001  0.999
24%)  (-1.7%)

870 1.031 <0.001 0.999 <0.001  <0.001  0.999

(14%)  (-0.02%)

instrumental error in the spectral range
between 300 and 386-am-channels—have-350 nm (17. 2%) of which 6% corresponds to stray-licht and 6% corresponds to
measurement repeatability (Zong et al., 2000), to the different FWHM between EKO (7 nm) and CIMEL (2 nm) at 340 nm,

fact that Rayleigh and aerosol scattering are higher in the UV range (Cuevas et al., 2019). Desplte these drawbacks, the im-

provement in AOD is significant performing a simple correction of the CSR estimated with LibRadtran.

The linear AOD-correction equations were determined by using data measured from April 1°¢ to July 31** 2019 (69% of
the data) at Izafia Observatory (Table 5). The validation of these linear AOD-correction equations was performed using an
independent period of data (between August Ist and September 30" 2019; 31% of the data). Note that MB—=-1-6abs(MB)
<1.6% for all wavelengths except for 340 nm for which a significantly larger MB (-4.0%) is registered. In any case it should
be noted that the CSR correction applied in this study has been made under the presence of mineral dust. It would be necessary
to verify that these CRS corrections have similar validity under moderate-high influence of other types of aerosols, such as

marine or biomass burning aerosols.
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Figure 11. AOD differences (EKO AOD — Cimel AOD) versus the optical air mass (m,). Black lines represent the Ugs uncertainty limits.

In order to check the quality of EKO AOD, we have applied the WMO traceability criteria (WMO, 2005) defined for finite

FOV instruments as:
Ugs = £(0.005 + 0.010m,,) 21

where m, is the optical air mass. The percentage of data meeting the WMO traceability requirements (95% of the AOD
differences of an instrument compared to the WMO standards lie within specific limits) is > 95% at 500, 675 and 870 nm,
taking the AERONET-Cimel as the reference (Figure 11).

The percentage of EKO AOD data meeting the WMO criteria increases considerably when we take into account the CSR
corrections, increasing from 67% to more than 86% at 340 nm, and above 95% for the rest of the channels. The poorest results
shown by the 340 nm channel (86%), might be partially explained by the. EKO’s 7nm FWHM influence on the smaller 2 and
4nm band pass UV channels. The instrument uncertainty is larger in the UV range, which is mostly associated with stray-light
in the instrument inner optics (Zong et al., 2006).

When focusing the analysis on relatively high AOD (AOD> 0.10), we found that the percentage of AOD differences out
of the WMO Uygj limits were ~3.5% (0.8% of the data) at 380 nm and 0.6% (0.3% of the data) at 870 nm, consistent with
the lower percentages of AOD differences out of the WMO U g5 reported by Cuevas et al. (2019) when comparing GAW-PFR
(FOV ~ 2.5°) and AERONET-Cimel radiometers that present a lower difference in FOV (1.2°).
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5 Conclusions

In this work, we present the characterization of an EKO MS-711 spectroradiometer. The instrument has been calibrated at
Izafia Observatory using the Langley-Plot method between April and September 2019. This calibration has been compared
with the lamp calibration performed at EKO Instruments factory in 2016, obtaining relative differences <2.3% and 3.1% in the
VIS and near IR range, respectively. These results indicate a high spectral stability of the instrument in this 3-year time period
(2016-2019).

The EKO MS-711 has been designed for spectral solar DNI measurements, and therefore it has a relatively high FOV
(5°), double the FOV recommended by WMO for AOD radiometers, and four times larger than the AERONET-Cimel FOV.
This difference in FOV might lead to a significant difference in near forward scattering under relatively high aerosol content,
resulting in a small, but significant, AOD underestimation, especially in the UV range.

However, the AOD retrievals from an EKO MS-711 spectral DNI measurements show a rather good agreement with those
from an AERONET reference radiometer. The AOD comparison was held at Izafia Observatory between April and September
2019. Quality assessment of the EKO MS-711 AOD has been performed by comparing with coincident AOD from AERONET
at 340, 380, 440, 500, 675 and 870 nm considering measurements of both instruments as close as 2 minutes between them, with
a total of 14706 analyzed data-pairs. The skill scores of the AOD comparison are fairly good with a RMS of 0.013 (24.6%)
at 340 and 380 nm, and 0.029 (19.5%) for longer wavelengths (440, 500, 675 and 870 nm), with AOD being underestimated
by the EKO radiometer. The MB (EKO AOD - Cimel AOD) are 0.011 (19.7%) for 340 and 380 nm and 0.004 (10.6%) for
440, 500, 675 and 870 nm. These results improve considerably when we take into account the CSR corrections to EKO AOD
because of the higher EKO FOV. The CSR differences between EKO and AERONET-Cimel were obtained using LibRadtran
model. When comparing EKO AOD corrected values the RMS is reduced to 0.006 (14.9%) at 340 and 380 nm, and to 0.005
(11.1%) for longer wavelengths, while MB is reduced to <0.001 (1.3%) for 340 and 380 nm, and <0.001 (0.4%) for 500, 675
and 870 nm. These values are within the Cimel instrumental uncertainty (£0.01 in the VIS and near-IR, and £0.02 in the UV
ranges).

Following WMO recommendations we have analysed the percentage of EKO AOD — Cimel AOD differences within WMO
Uygs limits defined for finite FOV instruments, we found that with no CSR-corrections >96% of the AOD differences fell within
the WMO Uys limits at 500, 675 and 870 nm. After applying the CSR-corrections, the percentage of AOD differences within
the WMO Uys limits were >95% for 380, 440, 500, 675 and 870 nm, while for 340 nm the percentage of AOD differences
within the WMO Uy increased only to a modest 86%. The known greater AOD uncertainty in the UV range along with stray-
light problems not fully corrected in this instrument seem to be behind the poorer AOD agreement with AERONET-Cimel at
340 nm.

The EKO-MS711 has proven to be an instrument, which despite having been designed for solar radiation measurements,
can provide high quality AOD measurements in the VIS and near-IR ranges with excellent results when compared with the
AERONET-Cimel reference radiometer, which, in turn has shown a very good AOD traceability with the WORCC AOD world

reference.
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410 Appendix A:

Abbreviations

AEMET State Meteorological Agency of Spain
AOD Aerosol Optical Depth

415 BapMon Background Atmospheric Pollution Monitoring Network
BSRN Baseline Surface Radiation Network

CIMO Commission for Instruments and Methods of Observation
CSR Circumsolar Radiation
DNI Direct Normal Irradiance

420 FOV Field of View
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FTIR Fourier Transform Infrared Spectrometer

GAW-PER Precision Filter Radiometer Network

GNSS Global Navigation Satellite System
425 IARC Izana Atmospheric Research Center
1ZO Izana Observatory
MB Mean Bias
NDACC Network for the Detection of Atmospheric Composite Change
NIST National Institute of Standards and Technology
430 NOAA National Oceanic and Atmospheric Administration
OPAC Optical Properties of Aerosols and Clouds
PSR Precision Solar Spectroradiometer
RMS Root Mean Square
SKYNET SKYradiometer NETwork
435 SURFRAD SURFace RADiation Budget Network
SZA Solar Zenith Angle
UV Ultraviolet Range
VIS Visible Range
WMO World Meteorological Organization
440 WORCC World OpticalDepth Research and Calibration Center
WRC-PMOD World Radiation Center- Physical Meteorological Observatory

Appendix B:

Numerical values of the CR (%) simulations for SZA 30° at sea level for AOD values between 0 and 2, at 500 nm, for different
445 types of aerosols for FOV of 5°.
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