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ABSTRACT:

Aerosols are liquid or solid particles with diameters between 2.5 and 10 pm suspended in the lower layers of the atmosphere.
Aerosol Optical Depth (AOD) is a relevant parameter that quantifies their concentration in the atmosphere. It is usually estimated
from sun photometer measurements at specific wavelengths. The objective of this work is to implement a simple inversion algorithm
to retrieve AOD at six different wavelengths (340, 380, 440, 500, 675 and 870 nm) using solar direct normal spectral irradiance
ground measurements from a relatively low cost collimated spectroradiometer (EKO MS-711) at a low-altitude site in Montevideo,
Uruguay. The results obtained are compared with AERONET products for the same site, including AOD and Angstrom coefficient.
The results of AOD for all wavelengths show a consistent negative mean bias (MBD, unitless), between -0.005 and -0.015, and
dispersion (RMSD, unitless) between 0.021 and 0.015 (to be compared to a mean reference AOD of 0.097). These metrics improve
considerably for very clear days, MBD up to + 0.001 and RMSD under 0.007 (to be compared to a mean reference AOD of 0.058).
These results are considered to be a first step in implementing the methodology and acquiring local knowledge about AOD retrievals

using relatively simple instrumentation.

1. INTRODUCTION

Aerosols is a generic term that refers to solid or liquid sus-
pended particles in the lower layers of the atmosphere, typically
with diameters between 2.5 and 10 pm. They can be originated
by natural sources as volcano eruptions, dust storms, sea salt,
etc., or by anthropogenic sources as pollutant emissions and
biomass burns. Their concentration, size distribution and opti-
cal properties play an important role in several areas, such as
the Earth’s energy balance (Chen et al., 2010), cloud formation
(Seinfeld et al., 2016), human health (Johannson et al., 2015)
and atmospheric radiative processes in general affecting the so-
lar irradiance reaching the ground surface (Gueymard and Ruiz-
Arias, 2016). Their measurement and monitoring using simple
instrumentation is key in the efforts to advance in climate action
and sustainable development objectives.

Aerosol Optical Depth (AOD) is a quantification of the radiative
extinction (due to scattering and absorption) caused by aerosol
content in a vertical column of the atmosphere, at a specific
wavelength (WMO/GAW, 2016). The most common technique
used to estimate AOD consists of measuring the monocrhomatic
solar direct normal irradiance, and estimating the attenuation
that occurs between the top of the atmosphere (TOA) and the
surface level, using a combination of the law of exponential at-
tenuation (Lambert-Beer-Bouguer Law) and the Langley Plot
method (Holben et al., 1998; Giles et al., 2019) to estimate
the intensity of the direct normal irradiance that the same in-
strument would have measured at TOA. This approach uses an
inversion algorithm which implies a well-characterized under-
standing of the other attenuation processes involved, such as
Rayleigh scattering and attenuation by gas absorption. While
traditionally sun photometers have been used for this purpose,
the advancements in commercial spectroradiometers have made
them a viable alternative to retrieve AOD with acceptable ac-
curacy. For instance, in recent research (Garcia-Cabrera et al.,

2020; Qiao et al., 2023; Grobner and Kouremeti, 2019), an EKO
MS-711 collimated spectroradiometer was used to retrieve AOD
at multiple wavelengths, demonstrating that it is possible to
obtain accurate AOD estimates with a commercial spectrora-
diometer. The procedure used is similar than the one used in
this work (described in Section 2), and the results are shown in
Table 1.

MBD RMSD
A (nm) | Garcia Quiao  Garcia  Quiao
340 0.007 na <0.001 na
380 0.005 0.003 <0.001 0.026
440 0.005  -0.011 0.001  0.024
500 0.005 <0.001 0.002  0.020
675 0.006 0.009 <0.001 0.021
870 0.003  -0.012 <0.001 0.020

Table 1. Comparison of retrieved AOD ), from EKO MS-711
measurements against AERONET estimates (Garcia-Cabrera et
al., 2020; Qiao et al., 2023). Performance is evaluated with the
mean bias deviation (MBD, unitless) and the root mean squared

deviation (RMSD, unitless), relative to the reference mean
values.

The objective of this work is to retrieve AOD at six different
wavelengths: 340, 380, 440, 500, 675 and 870 nm, using solar
direct normal spectral irradiance ground measurements from a
collimated spectroradiometer (EKO MS-711) at the AERONET
site in Montevideo, Uruguay, and evaluate the accuracy of the
AOD estimates, using as reference the AOD reported by

AERONET at the same site. The method selected to be im-
plemented is an inversion algorithm that combines the Lam-
bert Beer Bouguer Law with the Langley Plot Method, and the
wavelengths of interest are selected in order to match the AOD
products of AERONET database.This work is a first a approach
on the subject and aims to acquire local knowledge about the
retrieval of AOD with this equipment in particular, to then be
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able to estimate AOD from solar spectral irradiance measure-
ments in other sites of the region were there is no availability
of a sun photometer (for instance, there is only one AERONET
site in Uruguay).

2. METHODOLOGY

The methodology used to estimate AOD is schematized in Fig-
ure 1. Spectral irradiance measurements of the solar beam are
taken with an EKO MS-711 DNI spectroradiometer of wave-
length range: 300-1100 nm, at 1-minute frequency.

Measure

Select .
Retrieve AOD;, Compare to
iriP;Z?;?ie wavelengths: with algorithm =~ AOD; from
A(nm
with MS-711 ) AERONET

Io(2) - Langley Plot
Figure 1. Methodology scheme.

The measurements are taken at the rooftop of the College of En-
gineering in Montevideo, Uruguay (latitude = -34.9182°, lon-
gitude = -56.1665°, altitude = 58 m.a.s.1.), were the AERONET
measurements with the sun photometer are routinely made. The
period considered is during spring in the southern hemisphere,
from September to November, 2022. The spectroradiometer
MS-711 has a wavelength interval of 0.3—-0.5 nm, a Full Width
at Half Maximum (FWHM) < 7 nm and a Field of View or
FOV = 5°. The measured spectral irradiance is interpolated to
1 nm intervals, using linear interpolation. Figure 2 shows the
spectral irradiance measured (blue) at one example instant and
the vertical lines (green) indicate the wavelengths of interest
for the AOD retrieval. The instrument is mounted on an EKO
STR-22G sun tracker that uses a GPS sensor and sun sensor
system for accurately tracking the sun. Since the FOV captures
an area larger than the solar disc, some circumsolar irradiance
is counted as beam irradiance, because of this a circumsolar
correction is included in the inversion algorithm.
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Figure 2. Example of measured spectral irradiance.
2.1 Data Used

To apply the inversion algorithm, each irradiance measurement
selected must simultaneously comply:

i) correspond to clear-sky and stable atmospheric conditions

ii) have a simultaneous AERONET measurement available

iii) passing strict visual inspection to discard instants that could
correspond to unstable atmospheric conditions, cirrus clouds,
erroneous measurements.

AERONET measurements of 1.5 quality level already include
a clear sky selection (Holben et al., 1998), in this work that
selection is double checked with an automated clear sky selec-
tion algorithm based on Reno and Hansen (2016) criteria, us-
ing the auxiliary Global Horizontal Irradiance (GHI) measure-
ments, plus visual inspection on the integral of the direct nor-
mal spectral irradiance measured. Furthermore, once the pre-
liminary Aerosol Optical Depth, 74,;()), is retrieved for every
wavelength, a manual post processing stage is applied, to dis-
card instants where 7, ;(\) shows anomalous values and this
coincides with suspiciously unstable sky conditions in the inte-
gral of the direct normal spectral irradiance.

The final selection consists of 2629 instants from 46 different
days. These are distributed in the morning (26%), noon (29%)
and afternoon (45%) (Figure 3).
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Figure 3. Selection of clear-sky instants for two sample days
(November 1 and 2, 2022).

AERONET

The Aerosol Robotic Network (AERONET, https://aeronet.
gsfc.nasa.gov/) from NASA (Holben et al., 1998) has a mea-
surement station in Uruguay, located at Montevideo (in the same
rooftop where this study is being performed). The site is equipped
with a CIMEL sun photometer with FWHM of 10 nm for all
wavelengths, except for 340 and 380 nm where it is 2 and 4 nm
respectively. Its FOV is 1.2°. Regarding aerosols, the variables
used from AERONET are AOD at wavelengths 340, 380, 440,
500, 675, 870 nm, as well as the Angstrom exponent, o, be-
tween each two wavelengths. This network also provides infor-
mation of the site pressure in hPa and the total column content
of ozone (O3) and Nitrogen Dioxide (NO2) (but these last two
come originally from the Ozone Monitoring Instrument, OMI).

2.2 Inversion Algorithm
The law of exponential attenuation (Lambert-Beer-Bouguer) states
1) = Io(A) e ™™™ 0))

where: I(\) is the solar beam spectral irradiance measured at
ground level. I()\) is the spectral irradiance at the top of the at-
mosphere. Itis computed as Io(\) = Is(\) X F,, where I is the
reference solar spectral irradiance estimated using the Langley
Plot method (Subsection 2.4) and F), is the orbital correction
factor. In Eq. (1), m is the relative air mass and 7(\) the total
optical depth.
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Contributions to attenuation are: Rayleigh scattering (r), aerosols
(a), water vapor (H20), absorption by atmospheric gases NOs,
O3 and Os:

T(A)m =7-(A) mr + Ta(A) Ma + THy0(A) ME 0+
T™NOy (A) mNO, + 705 (A) Mmog 4 T0,(A) Mo, (2)
The relevant absorptions for the required wavelenghts are de-

scribed in Table 2. Note that, for these particular wavelenghts,
water vapor plays a negligible role (Giles et al., 2019).

Wavelength, nm  Optical depths

340 Try TNOg» TO3
380 Try TNOs
440 Try TNOo
500 Tr, TNOg» TO3
675 Tr, TO3
870 T

Table 2. Relevant optical depths considered in Eq. (1), for each
wavelength of study.

The relative air masses corresponding to each relevant process
are calculated as follows. The inverse air mass related to Rayleigh
scattering is (Kasten and Young, 1989)

m, ' = cos 0+ 0.50575 x (96.07995 — 04,) %% (3)

where 0 is the solar zenith angle (radians) and 4.4 is its expres-
sion in degrees. The inverse air mass related to the VO3 optical
depth (Gueymard, 1995) is

Myo, = cosf + 602.30 x g, (117.960 — geq) "> *7° (4)

€g

The inverse air mass related to aerosols (Kasten, 1964) is
mg " = cos 0 4 0.1500 x (93.885 — 04ey) 2% (5)

and the air mass related to Ozone (Komhyr and Grass, 1989) is

RanA? —1/2
mo, = [1 — ( Ri}:) sin? 6:| (6)

where R = 6371.229 km is the mean radius of the Earth, h = 22
km is the mean height of the stratospheric ozone layer and h is
the station height above mean sea level, in this case hs = 0.058
km.

Regarding the optical depths, Rayleigh optical depth is calcu-
lated as (Hansen and Travis, 1974)

p 0.008569 0.0113 = 0.00013
Tr()\):ITO'TX<1+ 2 + a > (7N

where po = 101.325 kPa is the atmospheric pressure at sea
level, p is the measured atmospheric pressure in kPa at the site
and A the wavelength in um. The Nitrogen Dioxide optical
depth is the product of its column density and its absorption
Cross section,

TNO, (A) = Un0, - TNO, (N) ®)

where uno, (molecules/cm?) is the nitrogen dioxide column
obtained from AERONET and o y0, () (cm?/molecules) is the
absorption cross section for N O obtained from HITRAN (Roth-
man et al., 1992), as the average of the cross sections corre-

sponding to 220 K and 294 K. Similarly, the optical depth for
Ozone is
703 (A) = uo, - 00;5(A) )

Where the total Ozone column (uo, in cm?/molecules) is given
by AERONET. The absorption cross section for O3, oo, () in
cm?/molecules, for A\ = 340 nm is obtained from HITRAN,
using the average of the cross sections corresponding to 5 tem-
peratures (193, 213, 253, 273, 293 Kelvin) and for A = 500 and
675 nm, it is as given in (Burrows et al., 1999).

Finally, the aerosol optical depths at each of the relevant wave-
lengths, AOD) or 7,()\), are obtained from the corresponding
I()\) measurement and Eqs. (1) and (2).

2.3 Circumsolar Correction

The EKO spectroradiometer has a FOV (Field of View) of 5°
and, as mentioned before, the CIMEL sun photometer used by
Aeronet has a FOV of 1.2°. The FOV recommended by WMO
for AOD retrievals is less or equal to 2.5° (WMO/GAW, 2004).
Thus, a larger portion of circumsolar radiation is counted as
DNI by the EKO instrument. A circumsolar correction is ap-
plied to attenuate this effect. It consists in subtracting from the
measured DNI spectral irradiance, Iops(\) (W/m?um), an esti-
mation of the circumsolar portion (CSR, W/m? um), to obtain
an estimate of the spectral irradiance that comes from within
1.2° of the Sun-Earth direction, I(\), as shown in Eq. (10). The
circumsolar ratio is the % of observed spectral irradiance that is
circumsolar, i.e. CR = CSR/Ios(A). This ratio depends on
the FOV of the instrument and the AOD) ; during the particular
instant 4, as shown in Figure 4, in this case CR is from Garcia-
Cabrera et al. (2020) and the AOD), ; is from AERONET.

I(\) = Ips(\) — CSR (10)

The procedure for correcting the measured spectral irradiance
is simple. At each instant i, using the AOD} ; from AERONET
and Figure 4, a CR; (%) value is obtained and the circumso-
lar contribution, CSR;, is estimated. Finally, the measured ir-
radiance is corrected to obtain the estimated irradiance from
Eq. (10) or, equivalentely, from I(\) = Iops(A)(1 — CR). For
high aerosol loads and low wavelengths CR may be 0.05, as
shown in Figure 4.
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Figure 4. Estimated circumsolar ratio, CR (expressed as %),
depending on the AOD level, extracted from Garcfa-Cabrera et
al. (2020).
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2.4 TOA Spectral Irradiance

The reference solar spectral irradiance that the instrument would
have measured at the top of the atmosphere, I5()) is estimated
applying the Langley Plot method. This method uses Eq. (1) to
obtain

In {1121(7)\)] =In[I;(A\)] — 7 (A) m; (11)
where the index ¢ denotes the timestamp (or “instant”) of the
measurement. Assuming a nearly constant total optical depth,
7;, the Eq. (11) implies a linear dependence between the log-
arithm of the spectral irradiance with the air mass. The lin-
ear coefficient is @ = —7;(\), and the independent term b =
In[Z;(A)]. The Langley Plot method requires stable atmospheric
conditions for its validity, so it must be applied over short pe-
riods of time and under clear-sky conditions. In a period, a
least squares regression provides optimal values for a and b.
Finally, I,(\) = e°. This procedure is commonly called the
calibration of the instrument. It is recommendable (Cuevas et
al., 2019) to have very low AOD during the instants selected
to calibrate the instrument, for example, CIMEL sun photome-
ters from Aerosol Robotic Network (AERONET) at Mauna Loa
Observatory or PFR sun photometers from Global Atmospheric
Watch (GAW) at Izafa Observatory, are typically calibrated un-
der conditions of 0.01 < AODsgp < 0.02. In this study, the
range of AOD, (AERONET) during the instants used for the
calibration is shown in Table 3.

In this work, the Langley Plot method is applied to the measure-
ments made during the clearest day selected, 2" of November
2022, within 1-hour intervals, to obtain I;; estimates for the jth
interval of steady atmospheric conditions. This day is selected
because it has the lowest AOD conditions and the highest cor-
relation coefficients (R?) in each period, thus the points have
good alignment and small errors in the linear regression, assur-
ing it is valid to apply the Langley Plot Method. The Langley
plots for two wavelengths in one example period, from 16:00 to
17:00 hs, are shown in Figure 5. The value of I, used in the in-
version algorithm is the average value between the I; obtained
that had the highest coefficient of determination (R?). The final
estimates for I,(\) and their standard deviation are shown in
Table 3.

Anm  I,(\), Wm?um periods o (%) AOD, range
340 773.4 57 4.1 0.059-0.062
380 979.7 8 2.6 0.061-0.066
440 1605.3 8 3.1 0.054-0.059
500 1869.6 8 2.3 0.049-0.059
675 1377.3 5 2.1 0.038-0.042
870 1217.9 4 1.1 0.030-0.034

Table 3. Spectral irradiance at TOA (Is())) used in this work.
The values are obtained as the average of the Langley Plot
method over short periods intervals during 2022/11/02. The
number of short periods, the standard deviation, o (expressed as
percentage of 1) and the range of the reference AOD
(AERONET) are reported in the last three columns. *I; at
340 nm was also composed with two periods from other clear
days.

For the I ()\) values to be considered acceptable, an additional
criteria is used, that consists of checking that the difference be-
tween AOD,, retrieved in this work and AOD,, from AERONET
complies with Eq. (12) for more than 95% (Ugs) of the instants
used to find I, as recommended in WMO/GAW (2004). Fig-
ure 6 shows the AOD), calculated in this work, using the I (\)
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Figure 5. Langley plots at wavelengths = 340 and 500 nm, for
one sample period.
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Figure 6. Ugs criteria (WMO/GAW (2004), Eq. (12)) applied at
every wavelength, to determine if the values of I () estimated
return AOD ; that fall within the acceptability limits:
+(0.005 + 0.010/m,), during the instants used for calibration.

obtained, minus the AOD, taken as reference (AERONET),
during the instants used for the calibration. Different colours
and markers correspond to the six different wavelengths and the
grey curves correspond to the lower and upper limits of the Ugs
criteria. As a result, more than 95% of the points fall within the
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acceptance limits, during the instants used for the calibration.

Ugs < 0.005 4 0.010/mq 12)

2.5 Performance Metrics

The metrics used to analyze the accuracy of the AOD estima-
tions are the Mean Bias Deviation (MBD, unitless) and the Root
Mean Squared Deviation (RMSD, unitless). The MBD is de-
fined as

Il
2

1 i

MBD = —
Ni

[7a,i(A) — AODy,i] , (13)

1

where NNV is the number of estimates, 7, ; is the aerosol optical
depth obtained in this study for a given time ¢ and AOD,, ; are
the corresponding reference estimates from AERONET. A pos-
itive value of MBD indicates a systematic overestimation (or
underestimation if negative). The RMSD, defined as

i=N 1/2
1 2
RMSD = N Z [Ta,i(X) — AODy 4] (14)

=1

indicates the average dispersion of the errors. The mean ref-
erence AOD) from AERONET and the mean AOD, from this
work are also reported.

3. RESULTS

Aerosol optical depth for wavelengths 340, 380, 440, 500, 675
and 870 nm was retrieved from 2629 spectroradiometer mea-
surements using the methodology described in Section 2. The
performance metrics for these results are shown in Table 4,
including in the last column the mean value from AERONET
used as a reference. The dispersion as quantified by the RMSD
is similar to those reported for other sites shown in Table 1.
However, a significant underestimation is apparent at all wave-
lengths.

A MBD RMSD AOD,, AOD
(um) | (unitless) (unitless) This work AERONET
340 -0.005 0.015 0.121 0.126
380 -0.015 0.021 0.107 0.122
440 -0.010 0.017 0.097 0.107
500 -0.013 0.019 0.082 0.095
675 -0.006 0.016 0.066 0.072
870 -0.006 0.015 0.054 0.060

Table 4. Performance results with circumsolar correction, for
the whole period (2629 instants)

There is a large variability in the results between different days.
Table 5 shows the performance results for the clearest day se-
lected (November 2™¢ 2022). For this day, the RMSD are sig-
nificantly lower (below 0.007, unitless), and the bias also de-
creases in absolute terms but with alternating signs indicating

under-estimations and over-estimations at different wavelengths.

Figure 7 shows the MBD (unitless) for every wavelength with
error bars of + RMSD (unitless) for the whole period (blue)
and for the clearest day (turquoise). For each case, the average
MBD is indicated as a dashed horizontal line. Biases for the
clearest day are lower at every wavelength and their average
is very close to zero. The dispersion (RMSD) is also lower.
The wavelengths of the best performance during the clearest
day are close to the UV (340 and 440 nm) with bias under +

A MBD RMSD AOD, AOD,
(um) | (unitless) (unitless) This work AERONET
340 0.001 0.004 0.070 0.069
380 -0.006 0.007 0.066 0.072
440 -0.001 0.002 0.063 0.064
500 -0.004 0.004 0.054 0.058
675 0.004 0.005 0.050 0.046
870 0.003 0.004 0.042 0.038

Table 5. Performance results with circumsolar correction, for
the clearest day selected: November ond 2022, based on 125
instants.

0.001 (unitless) and dispersion under 0.004 (unitless), followed
by 500, 870, 380 and 675 nm, which are still considered good
since biases are within £ 0.006 (unitless) for all cases.
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Figure 7. Results of MBD and RMSD for the whole period and
for the clearest day. The error bars are = RMSD (unitless).

Figure 8 shows the scatter diagrams for AOD at each wave-
length. The absolute frequency is coded in color (yellow rep-
resents higher frequency), so each plot can be read as a 2D
histogram. From a qualitative point of view there is a good
agreement between AOD retrieved from the MS-711 and the
reference AOD from AERONET. The negative bias (underesti-
mation) is apparent in each scatter plot.

Angstrﬁm Parameters
The Angstrom equation
Ta(A) =B (15)

where A is in um, describes approximately the dependence of
the AOD with ), where « is known as the Angstrom exponent
and S the optical depth at A = 1 um, (sometimes referred to
as atmospheric turbidity parameter). The Angstrom exponent,
a, is related to aerosol size with values greater than 2 indicat-
ing small particles associated with combustion byproducts, and
values less than 1 indicating large particles like sea salt and dust
(Schuster et al., 2006).

The Angstrom parameters can be estimated, under stable atmo-
spheric conditions, using 7,(\) at two or more wavelengths,
since Eq. (15) implies a linear dependence between In [, ()]
and In A, with independent term In(3) and slope —a.

This methodology is applied to the pair of aerosol optical depths:
Ta(A = 440nm) and 7, (A = 870 nm) and their corresponding
wavelengths, at every instant. The slope and intercept are found
by linear regression, obtaining «;, then « is calculated as the
average for the period.

The average values obtained for the day 2022/11/02 are re-
ported in the second line of Table 6 and compared to the average
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Figure 8. AOD,, retrieved vs. AOD\ AERONET, 2D histograms.

of the instantaneous values reported by AERONET for the same
day. The same procedure is applied to the range 340-440 nm
and the results are also reported in Table 6. The estimated value
for 340-440 nm is higher than the AERONET value, and for
440-870 nm it is lower, the difference is considered to be small
and related to the biases presented in AOD,. Furthermore, it
should be noted that the instantaneous values of «; include a
variability in each instant and for each wavelength, that is then
transferred as uncertainty in the final averaged «.. Regarding the
values obtained, Montevideo is a coastal urban site, so it is ex-

pected to have a small Angstrom exponent associated to larger
particles (for example dust and sea salt).

Since there are AOD,, at several wavelengths, it is also possi-
ble to verify that the Angstrom’s Law is valid, especially when
there are aerosols of dust type. This is done by checking the
linearity of the the logarithm of AOD, against the logarithm of
A. Figure 9 shows the results of this procedure applied to the
average AOD,’s of the day 2022/11/02, obtaining R? = 0.99.
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interval ~ wavelength @ «
index range (nm) this work ~AERONET
1 340-440 0.403 0.319

2 440-870 0.623 0.762

Table 6. Angstrom exponents « from this work vs. AERONET
(average for the clearest day).
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Figure 9. Angstrom’s Law validity, for the average AOD)’s
from the clearest day selected (2022/11/02).

4. CONCLUSIONS AND DISCUSSION

Aerosol optical depth (AOD) at 6 wavelengths (340, 380, 440,
500, 675 and 870 nm) was successfully retrieved from solar
direct normal spectral irradiance measurements at one site in
Uruguay for a 46-day period. The measurements were made
with an EKO MS-711 spectroradiometer, a commercially avail-
able and relatively low-cost instrument. The inversion algo-
rithm used is based on the law of exponential attenuation and
uses the Langley Plot method over a selected day (2022/Nov/02)
to obtain the spectral irradiance that the instrument would mea-
sure at the top of the atmosphere. A circumsolar correction
procedure was applied to compensate for the relatively large
field of view (FOV) of the EKO instrument with respect to
AERONET sun photometers.

The AODs obtained were compared to AERONET estimations
based on a CIMEL Sun photometer for the same site. A perfor-
mance with dispersions (RMSD, unitless) between 0.015 and
0.021 was obtained, and a consistent negative bias (MBD, unit-
less) between -0.005 and -0.015 was observed at all wavelengths
and during the whole period (to be compared to a mean AOD
of 0.097), indicating an underestimation of AOD’s from EKO
measurements. For the clearest day selected (2022/Nov/02), the
performance improves considerably, with MBD’s of £ 0.001
for 340 and 440 nm, and in the + 0.006 range for the worst
cases (at 380, 500 and 675 nm). The dispersion (RMSD) re-
mains below 0.007 for this day (to be compared to a mean AOD
of 0.058). These results are comparable to those from previous
works (Table 1), which also include circumsolar corrections.

The performance of the AOD results is strongly affected by
the extraterrestrial spectral irradiance estimate for the instru-
ment, I;(\). This parameter is estimated using the Langley
Plot method. It is preferable to estimate I5(\) using measure-
ments performed at high altitude sites, under very stable atmo-
spheric conditions and with very low AOD. In our case, the

measurement site is located essentially at sea level (height is
56 m asl) and the altitude of Uruguay is below 600 m over all
its territory, so it was not possible to perform high altitude mea-
surements. In order to estimate Is(\) with acceptable preci-
sion, a strict selection of the instants used in the calibration was
made, selecting low AOD conditions and double checking the
clear sky and stability conditions. Applying this methodology,
it was possible estimate values of I () for the six wavelengths,
and use them to retrieve AOD, that met the acceptability limits
Uygs recommended (WMO/GAW, 2004; Kazadzis et al., 2017)
(this implies that during the instants used for the calibration,
the differences between AOD,, from this work and AOD, from
AERONET were within +0.005 + 0.010/mg, for more than
95% of the samples). For this reason, the results are considered
satisfactory for a preliminary calibration, however, it is noted
that in international comparisons, for full compliance of the
traceability recommendations, more than 1000 measurements
with AODsgo between 0.04 and 0.2 should be considered, and
a minimum of five days of measurements.

The performance metrics (bias and dispersion) improved signif-
icantly for a selected clear sky day with very stable atmospheric
conditions. This suggests that instants with trace cirrus clouds
or variable conditions might be selected and the small fluctua-
tions in the irradiance can reflect as errors in the AOD estimates.
Since the AOD inversion algorithm is only valid for clear sky
instants, it is important to precisely detect the clear sky instants
and discard false positives.

Regarding the simple circumsolar correction procedure applied,
it improved significantly the AOD, estimates, particularly in
the higher AOD), values for each wavelength. It is recommend-
able to incorporate it in retrievals based on instruments with
FOV’s larger that 2.5°.

These preliminary results for AOD retrieved from low-cost mea-
surements look promising. Future improvements to this method-
ology include correcting the negative bias, improving the clear
sky and stable atmospheric conditions selection, expanding the
number of sites to other AERONET locations and comparing
with other satellite data sources. In particular, the negative bias
of the AODs estimates over all wavelengths during the period
can be associated to the I5(\) estimated, which shows large un-
certainties. This can be improved by a larger set of measure-
ments, in which more short periods with clear sky, stable at-
mospheric conditions and low AOD) become available. This
problem will be addressed in future work exploring different
alternatives for the calibration methodology (Campanelli et al.,
2007).
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