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Abstract. This study explores the potential to retrieve aerosol properties with the GRASP algorithm
(Generalized Retrieval of Atmosphere and Surface Properties) using as input measurements of zenith sky
radiance (ZSR), which are sky radiances measured in the zenith direction, recorded at four wavelengths by
a ZEN-R52 radiometer. To this end, the ZSR measured at 440, 500, 675 and 870 nm by a ZEN-R52
(ZSRzen), installed in Valladolid (Spain), is employed. This instrument is calibrated intercomparing the
signal of each channel with coincident ZSR values simulated (ZSRsiv) at the same wavelengths with a
radiative transfer model (RTM). These simulations are carried out using the GRASP forward module as
RTM and the aerosol information from a collocated CE318 photometer belonging to the AERONET
network (Aerosol and Robotic Network) as input. Dark signal and the signal dependence on temperature
are characterized and included in the calibration process. The uncertainties on each channel are quantified
by an intercomparison with a collocated CE318 photometer, obtaining lower values for shorter
wavelengths; between 3% for 440 nm and 21% for 870 nm. The proposed inversion strategy for the aerosol
retrieval using the ZSRzen measurements as input, so-called GRASP-ZEN, assumes the aerosol as an
external mixture of five pre--calculated aerosol types. A sensitivity analysis is conducted using synthetic
ZSRzen measurements, pointing out that these measurements are sensitive to aerosol load and type. It also
assesses that the retrieved aerosol optical depth (AOD) values in general overestimates the reference ones
by 0.03, 0.02, 0.02 and 0.01 for 440, 500, 675, 870 nm, respectively. The calibrated ZSRzex measurements,
recorded during two and half years at Valladolid, are inverted by GRASP-ZEN strategy to retrieve some
aerosol properties like AOD. The retrieved AOD shows a high correlation with respect independent values
obtained from athe collocated AERONET CE318 photometer, with a determination coefficient (%) about
0f 0.86, 0.85, 0.79 and 0.72 for 440, 500, 675 and 870 nm, respectively, and finding uncertainties between
0.02 and 0.03 with respect to the AERONET values. Finally, the retrieval Finallyitisstadied-the goodness
of other retrieved-aerosol properties, like aerosol volume concentration for total, fine and coarse modes
(VCT, VCF, VCQ) is also explored.- The comparison against independent values from AERONET presents
2 values of 0.57, 0.56 and 0.66, and uncertainties of 0.009. 0.016 and 0.02 um?/um? for VCT, VCF, VCC

respectively.
Keywords: zenith sky radiance, ZEN, GRASP, acrosol optical depth, AERONET, photometer

1. Introduction

Atmospheric aerosols constitute the biggest source of uncertainty in the assessment of Climate Change
as assessed by Myhre et al., (2013), and yet, one decade later, netsignificantimprovements-have beenmade
on-thisrespeet-this issue still remains (ForsterCissé et al., 20221). This is largely due to their high spatial
and temporal variability across the globe and the complexity of its interaction with clouds (aerosol-cloud
interactions) and solar radiation (aerosol-radiation interactions) (Boucher et al., 2013).

For a better understanding of aerosols and their behaviour and interactions, i#-is#eeded-a high spatial
and temporal monitoring coverage_is required. Satellite measurements provides, in general, a high spatial
resolution covering the whole Earth, but with a low temporaltine resolution. On the other hand, some global
ground-based networks, like AERONET (AEecrosol RoObotic NEFetwork; Holben et al., 1998), were
established to monitor aerosols around the globe. fthe-ecase—efF AERONET;—thisnetwork counts with
hundreds of stations distributed worldwide and imposes standardization of instruments, calibration,
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processing and_data distribution. The standard instrument of AERONET is CE318 photometer
manufactured by ¢Cimel Electronique SAS), which records measurements of sun (and-alsetanarinreecent
medelsor lunar, if available) irradiance and sky radiance in several wavelengths. Aerosol optical depth
(AOD) can be derived using sun (or lunar)the measurements, efsun{ertanarifavatable}-such as in the
case of AERONET,; applying the Beer-Lambert-Bouguer law on the instrument’s output voltage as
described in Holben et al. (1998) and Giles et al. (2019). AERONET also employs an inversion algorithm
to retrieve s-mere-complex aerosol properties, like aerosol size distribution and refractive indices;. This
algorithm considers -asing-an-inversion-algorithm-that uses-as-input-sky-sky radiances at different angles
and wavelengths, tegether-along with the AOD, -valaesas input (Sinyuk et al., 2020).

Another inversion algorithm is the-GRASP eede-(Generalized Retrieval of Atmosphere and Surface
Properties; www.grasp-open.com), which is a free and open-source code that allows a flexible retrieval of
aerosol properties using measurements taken from many different instruments and a combination of them
(Dubovik et al., 2014; 2021). The continuous development and versatility of the code enable the

Xploratlonaﬁews—te—e)ep}e% of new-alternatives for its application alternatives—to—apply—the—ecede—toto

different instruments. In this seaseregard, some authors_have utilized —used-GRASP to retrieve aerosol
properties using as input, among others, data fromasinputreasurements;amengothers;of: satellites (Chen
etal., 2020; Wei et al., 2021); nephelometers (Espinosa et al., 2017); multi-wavelength AOD (Torres et al.,
2017), AOD and sky radiance from photometers with signal from lidars (Lopatin et al., 2013; Benavent-
Oltra et al., 2017; Tsekeri et al., 2017; Molero et al., 2020) or ceilometers (Roman et al., 2018; Titos et al.,
2019; Herreras et al., 2019); stand-alone all-sky cameras (Roman et al., 2022), and their combination with
lunar photometers (Roman et al., 2017) and lidar (Benavent-Oltra et al., 2019).

A new instrument that could be used for GRASP retrievals is the ZEN-R52, manufactured by (Sieltec
Canarias S.L.j, which has already been used to retrieve AOD values by other methods (Almansa et al.,
2020). The ZEN-R52 measures the-zenith sky radiances (ZSR) at five different wavelengths every minute,
giving continuous ZSR values during daytime at 440, 500, 675, 870 and 940 nm (this latter channel is

dedlcated to the %md-yLretrleval of water Vapour) A%—advaﬂﬁag%&m—mstmmeﬂt—haﬁte{—mewng—pafﬁ—aﬂd—

eb{-ammg—a—h-lgher—spaﬂ-a%eevefage One advantage of thls instrument is that it does not have moving parts

and is cheaper than more complex photometers. This affordability could enable the installation of multiple
instruments, thereby achieving a higher spatial coverage. Almansa et al.; (2020) presented the ZEN-R52
and developed a method to retrieve AOD values from ZSR using a look-up table (LUT) created for the site
of study, Izafia (Canary Island, Spain), considering uniquely dust aerosol, which is the main aerosol £ype
in the area due to the proximity to the Saharan desert.

In this framework, the main objective of thie presents work is to develop a new methodology to retrieve
AOD and other aerosol properties with GRASP, using calibrated ZSR at 440, 500, 675 and 870 nm from a
ZEN-R52 instrument. This retrieval strategy is not linked to the place of study and therefore it allows to
distribute the instrument worldwide, avoiding the need to create a different LUT for each site. In addition,
we propose an in-situ method for the calibration of the ZEN-R52.

Following this Section 1, dedicated to the introduction, Fthe paperfelowing—paper is struetured
organized as follows.: Section 2 gathers information regarding the instrumentation and retrieval methods
employed, as well as a description of thes-the sitestadyloeation. The procedure and results of the radiance
calibration efthe ZSR-at-thefour-wavelengthsused-areis explained in Section 3. ;-while-Section 4 is used
to evaluate-and-drive a sensitivity study of the algorithm employed for the retrieval of aerosol properties.
Finally, an analysis of the aerosol properties restlts-ebtained-retrieved using the prepesednewly developed
methodology fertheretrieval-of aerosel prepertiesare-is shown in Section 5, and Section 6 summarizes the

main conclusions of the study.

2. Data and method
2.1 Site and instrumentation

2.1.1 Valladolid GOA-UVa station

The place of study is located in Valladolid (Spain), a medium-sized city with a population of about 400000
inhabitants, including the metropolitan area. The city’s climate is Mediterranean (Csb K&ppen—Geiger
climate classification). It presents predominantly ‘clean continental’ aerosol with frequent episodes of
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Saharan desert dust intrusions, especially in summer, when the highest AOD monthly mean values are
reached (Bennouna et al., 2013; Roman et al., 2014; Cachorro et al., 2016).

The Group of Atmospheric Optics of the University of Valladolid (GOA-UVa) manages an
instrumentation platform installed on the rooftop of the Science Faculty (41.6636° N, 4.70582° W; 705 m
asl), where diverse remote sensing instruments continuously run providing complementary information
about radiance, clouds, water vapour, trace gases and acrosols. Two instruments from this station are used
in this work: the CE318 photometer and the ZEN-R52 radiometer. The corresponding calculations and
additional information will be referred and obtained for this location.

2.1.2  CE318 photometers and AERONET products

Since 2006 the GOA-UVa has been one of the calibration facilities in charge of the calibration of

AERONET standard instruments and is currently part of the European infrastructure ACTRIS (Aerosol,
Clouds and Trace Gases Research Infrastructure). The group is also actively contributing to the solar and
moon photometry research (Barreto et al., 2019; Gonzélez et al., 2020; Roman et al., 2020). Due to
calibration purposes, the GOA-UVa has almest-always two reference AERONET photometers (masters)
continuously operating on its rooftop platform for the calibration of the—ffield instruments by
intercomparison with these masters. The CE318 measures direct sun (and lunar for the recent model CE318-
T; Barreto et al., 2016) irradiance at several narrow spectral bands by means of a rotating filters wheel.
These direct measurements are used to derive the AOD (Giles et al., 2019) for all the available filters with
and uncertainty of +0.01 for wavelengths longer than 440 nm and +0.02 for the UV (Holben et al., 1998).
Sky radiances at several wavelengths are also measured by the CE318 on different scanning scenarios, and
these sky radiances are combined with AOD values in the AERONET inversion algorithm to obtain
microphysical and optical aerosol properties like aerosol volume size distribution and complex refractive
index (Sinyuk et al., 2020). The sky radiances are calibrated against a calibrated integrating sphere
following AERONET standards, obtaining an uncertainty of 5% ferthese-measurements-(Holben et al.,
1998).
In this work, we use AOD, sky radiance values and retrieved-inversion aerosol products frem—tnversions
from AERONET version 3 level 1.5, which is quality assured. These data hawvebeencan be directly
downloaded from the AERONET webpage (https://aeronet.gsfc.nasa.gov), which include near-real-time
automatic cloud-screening and quality control filters (level 1.5). The inversion products with a sky error
above +05% have been rejected in this study to warranty the quality of the retrievals.

2.1.3  ZEN-RS52

The main instrument used in this work is the ZEN-R52 radiometer, installed in the GOA-UVa
platform since April 2019. Since that moment the ZEN-R52 has been continuously operating in Valladolid,
except for some short malfunction periods caused by technical issues. This study uses the recorded data
from April 2019 until September 2021. The device was jointly developed by Sieltec Canarias S.L. and the
Izafia Atmospheric Research Center (IARC) to monitor AOD from sky radiance measurements at the zenith
direction and at different spectral bands (Almansa et al., 2017; 2020). The instrument has five filters with
nominal wavelengths centred at 440, 500, 675, 870 and 940 nm with a bandwidth of 10 nm and an estimated
precision of +2 nm in the central wavelength. Each filter is placed over a silicon diode 356—1050-am)with
a 16-bit resolution, over a high dynamic acquisition range. The 940 nm filter was recently included in this
new version for precipitable water vapour retrieval, but this channel willis not be used in this work since i
isit focusesed on-en aerosols. The ZEN-R52 optical configuration achieves a field of view smaller than 22°,
It is equipped with a small aluminium weatherproof and protected by a thick borosilicate BK7 window,
with no moving parts. All of ef-this is mounted in such a way that the collimated sky radiance in the
direction of the zenith reaches te-the sensors. The instrument results-resultste-be very robust and can operate
in a wide temperature range, between —40° and 85°C. A more detailed technical description of the
instrument can be found in Almansa et al. (2017; 2020).

The zenith sky radiance measurements at all channels are made simultaneously, providing an
output signal in analogic-to-digital units (ADU) every minute. This output is the computed average of 30
samples taken within the minute. For each measurement, it is also; providiaged alse—aa variability
parametersn errer(ZEN errervariability) asseetated-to-the-measurementthat describes both the -atmospheric
variability and the noise of the ZEN-R521 within the minute of measurement, which is calculated as which
is-the standard deviation of the 30 samples.
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2.2 GRASP methodology

GRASP contains mainly two independent modules: the ‘forward model’ and the ‘numerical
inversion’. The first one is a radiative transfer model (RTM) used to simulate atmospheric remote sensing
observations for a characterized atmosphere. The second module, based on the multi-term least squares
method (Dubovik and King, 2000), is used in combination with the RTM for a statistically optimized fitting
of the observations to retrieve aerosol properties from radiometric measurements (Dubovik et al., 2014).
This provides the algorithm with high flexibility since different constrains can be applied to the retrieval
and can be modified #-erdertoto adapt the retrieval forte each specific situation. It is important to mention
that GRASP works with normalized radiances (Igrasp), which are related with the measured radiances as:

I grasp = I'meas * T/Eg (1)

Where Iness is the radiance measured by the instrument and Eo is the extraterrestrial solar
irradiance, both expressed in the same units. The standard ASTM-E490 solar spectrum has been used in
this work for the normalization of Eq. (1). This spectrum was calculated for moderate solar activity and
medium Sun-Earth distance; therefore, it has been corrected from Sun-Earth distance for each day of the
year. This way, the normalization factor must be applied when using data in radiance units as input to
GRASP and to transform the output normalized radiances from GRASP into radiance units.

2.2.1. Forward module

The GRASP forward module is a RTM based on the Succesive Orders of Scattering approach
(Lenoble et al., 2007; Herreras-Giralda et al., 2022) which requires information about aerosol, gas, site
coordinates and date-time together with the solar zenith angle (SZA) to characterize the atmosphere
scenario. In this study, gases and aerosol information are extracted from AERONET direct and inversion
products-avatableat-Valadelid station. For the gases-gases, it has been used the gases optical depth (GOD).
—whilefFor theusedthe aerosols, -informationit hasve been used the size distribution (in 22 log spaced bins
of radius), sphere fraction and complex refractive indices at 440, 675 and 870 nm. Complex refractive index
at 500 nm has been interpolated from the values at 440 and 675 nm. The bidirectional reflectance
distribution function (BRDF) data is also used as input in GRASP. In this case-Theused the BRDF values
areis extracted from an 8-day climatology created for the place of study using satellite data; specifically,
the MCD43C1 product from MODIS V005 collection (Schaaf et al., 2011) for the 2000—2014 period (see
Roman et al. 2018 for more details about these climatology values).

The ZSR hasve been simulated at 440, 500, 675 and 870 nm with the GRASP forward module
using all the mentioned input data whenever it was available. These simulations have been used for
calibration purposes as can be observed in Section 3, but also for the sensitivity analysis with synthetic data
of Section 4.2. ZSR simulations are also performed for Section 4.1, but in this case the aerosol properties
have been obtained for precalculated aerosol types instead of real data from AERONET.

2.2.2 Inversion strategy

The present study aims to retrieve aerosol properties with GRASP using as input the calibrated
ZSR from the ZEN-R52 at four effective wavelengths. The versatility of GRASP allows different
approaches to model aerosols in order tote maximize the possibilities of the different retrieval schemes.
Due to the reduced amount of information produced by the ZEN-R52, the approach called ‘models’ has
been chosen (Chen et al., 2020). This is a simple and fast processing approach where aerosol is assumed to
be an external mixture of several aerosol models. In this case, the approach assumes five aerosol types
which correspond to the typical aerosols on Earth: smoke, urban, oceanic, dust and urban polluted. Each
model has a—fixed particle size distribution_(log-normal for fine and coarse modes), refractive
indieesindices, and sphere fraction, containing the already pre-calculated phase matrix, and the extinction
and absorption cross-sections (see Fig. S+1 for a representation of the size distribution of efeach model).
This way, the inversion strategy retrieves only five independent parameters: the total aerosol volume
concentration and the fraction of four models in the mixture (the fifth fraction equals one minus the rest of
the fractions). All these retrieved parameters allow to obtain other complex aerosol properties, like size
distribution parameters, weighting the individual properties of each model, which are known, by their
fraction onf the mixture. The size distribution of the five models is defined for fine and coarse modes, hence
the retrieved parameters are also calculated for these modes. Then, Fthe obtained size distribution
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parameters that-can-be-obtained-are volume median radius of fine (RF) and coarse (RC) modes, standard
deviation of lognormal distribution for fine (cF) and coarse (cC) modes, and aerosol volume concentration
for fine (VCF) and coarse (VCC) modes and the total value (VCT). AOD ean-be-alse-calenlated-anditis
gtvenatfer each wavelength is given directly in the-GRASP output. Each output, one per retrieval, provides
the relative residual differences between the measured ZSR (input) and the ones generated after the
inversion (simulated by GRASP forward module under the retrieved scenario) for each wavelength (Roman
et al., 2022). This residual information will be used to evaluate the goodness of the retrievals;-; rejeeting
the-if the residual at one or more wavelengths is above an established threshold, the inversion is rejected
(assumed as non-convergent)-esnes. This threshold, which varies with the wavelength, has been set as the
absolute value of the accuracy plus the precision for each channel of the ZEN-R52 (see Section 3.5.2).
Theis proposed strategy requires as input: the calibrated ZSR at four wavelengths, the coordinates
of the site, date, time, SZA, the BRDF values obtained from the climatology mentioned above, and the
GOD at each wavelength to account for gases effect. The GOD used in this work is obtained from a monthly
GOD climatology, which has been created using GOD datainformation retrieved—extracted from
AERONET for the 2012-2021 period in Valladolid_for this study. This proposed inversion strategy to
retrieve aerosol properties with GRASP using ZEN-R52 measurements has been named as-*GRASP-ZEN’.

3. Calibration

A methodology for the ZEN-RS52 calibration is proposed in this Section. This methodology-is can be
developed using only -a—field measurements, so it eampaign—which-deeswould not require laboratory
measurements-exeept—for-the—dark—signal-characterization. It;and-it is based on four steps: dark signal
correction, quality data filtering, temperature correction, and a final comparison against simulated values
to convert the output signal from ADU into radiance units (Wm2nm!sr!). With this purpose ZSR
simulations have been performed for the whole dataset of ZEN-R52 measurements_(April 2019 to
September 2021), using the GRASP forward module fed with the closest AERONET information (Section
2.2.1) whenever it was available within +5 minutes from the ZEN-R52 measurement; considering in good
approximation;—and-as—eheekedlater; that aerosol conditions swil-do not change significantly within 5
minutes. To ensure the quality of the simulations, Oab+only these-AERONET retrievals with a sky error

lower than 5% have been used, te-ensure-the-quality-ofthesimulations;-obtaining a total of 4725 data pairs.

3.1. Dark signal correction

For the dark signal (DS) evaluation, the instrument was fully covered with a black piece and
introduced into a thermal chamber in the GOA-UVa facilities. The instrument was subjected to a
temperature variation in the range from -10 to 50 <°C in darkness conditions. The dark signal registered by
each channel at each temperature is shown in Figure 1. It shows a constant behaviour for 440 and 500 nm
filters. On the €contrary, for the other wavelengths a stepped-staggered exponential behaviour can be seen.
Tr-erderteTo characterize this behaviour, the logarithm of the ZEN dark signal has been fitted to a three-
degree polynomial. This fitting is after rounded up to the unit to obtain a stepped-staggered fitting. The
modelled dark signal is also represented in Figure 1 by the black lines. This modelling has been used to
subtract the corresponding dark signal value to the raw signal, obtaining dark signal corrected ZSR
(ZSRpsc). The residuals between the modelled and real DS are shown in the supplementary material (Figure

S2) these residual Values are Wlthln the 1n§trument resolution for all channel%DePa&-k—ef—Ph%ﬁ&mg—aﬁd—a

3 . Lt ha% al%o been Verlﬁed that the dark Slgnal
behav10ur has remained constant over time, comparing the modelled DS against the nigh-time
measurements. In this work, theThe DS signal-has been characterized in the laboratory #-thisswerkin-erder
teto cover a high-wide range of temperatures, but it could be calculated from the night-time measurements
(dark sky) or even from day-time measurements (covering the instrument with a black piece), ~-when a
thermal chamber is no available.

3.2 Quality control filtering criteria

With the dark signal corrected, we compared the field measurements of ZSRpsc against the
simulated ZSR simulated—values-(ZSRsiv). This_first comparison is shown in_left panels in Figure 2. The
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colour of the points eeleur-in the scatter plots of Figure 2 represents the density of points per pixel as
defined by Eilers and Goeman (2004)—using—ar=50-forsmoethness; all the density scatter plots of this
paper were done in this mannerwith-the same-configuration. The determination coefficient (1) is also added
in the panels of Figure 2, showing in general good agreement for each channel between ZSRpsc and ZSRsiv
but with some outliers regarding the linear trend (see left panels a, c, e and g). These outliers present higher
ZSRpsc values than expected and they could be caused by the presence of clouds in the zenith, instrument
malfunction and others.

The ZEN-R52 measurements can be affected in different ways. For example, a possible sun stray-
light intromission when sun is very elevated can increase the measured signal, clouds presence can also
affect it, or the variation in temperature can introduce some dependency. To identify and reject the cloud-
contaminated or wrong measurements, different thresholds have been identified after the visual analysis of

some parameters in the scatter plots%evem%pafametef&km%%bea%eeﬂﬁdefeém—ﬂm&wbseeﬂeﬂ%%ZEN

n-theseatterplot. For the SZA, the 51gna1 of theZE—N— instrument is hlgher %ha&the expected for SZA values
below 30°%, which could be explained by seme-sun stray-sun-light intromissioneesingte-the-sensors-due
to-the-high-elevation-efthe-Sun. Then, ZSRpsc values recorded under SZA below 30<° have been discarded,

and but-also the values with SZA above 802° due to the low signal registered for this SZAs (See Figure S32
for a clear overview). The ZEN errer—variability parameter (Section 2.1.3) can be assumed as a cloud
presence indicator, since measurements affected by clouds should register a high ZEN errer-variability due
to the high variability-fluctuation of the sky radiances during the-_1-min measurement. An evaluation of
Figure 2 but with points classified by its ZEN errer-variability at 440 nm led us to establish a threshold of

4% for this parameter %ZE—N—eHer—mat the four channels (See Flgure S34) H—Gh%mea&kmemeﬁt—ef—aﬁy

NoNe other clear dependence of the outliers en-therest-ofthe-parametershhas been observed. The
results after applying the mentioned filters (302° < SZA < 802°; ZEN esrrer-variability < 4%) are represented
in the right panels (b, d, f and h) of Figure 2. The number of coincident measurements is reduced to 4369
points after applying the quality control but a significant improvement in the determination coefficients is
observed, rising from 0.967. 0.93, 0.85 and 0.8 to 0.99, 0.99, 0.96 and 0.95 t6-6:99-for the-440, 500, 675
and 870 nm ehannel-and-from-0-80-te-0-95-in-the-ease-of 870nmrespectively. From now on, all the ZSRpscs
measurements will used-will-be-assumed-te-satisfy this quality control unless otherwise specified.

3.3 Temperature correction

In order to check the dependence with temperature of each filter-channel the ratie-ZSRpsc/ZSRsim
ratio normalized by the mean ratio +s-has been plotted against the temperature in Figure 3. In the left panels
(a, ¢, e and g) of Figure 3 all data points are represented together with the linear fit, showing a eenstant
behaviourncgligible dependence on temperature dependeney-for 440 and 500 nm. Fors-buta-cleartrendfor
675 and 870 nm channels this dependency-must-be-considered-since-nm-channels-they presents slopes of
the linear fitting of 0.008 °C™! and 0.0036 °C\-, respectively. =+These values are higher than-cempared-te
the 0.0002 °C-! obtained for the other two channels, which led us to consider a temperature correction for
675 and 870 nm. In order to despise-disregard outlirers, the ratios were grouped by 2 °°C bins and its median
was calculated whenever the group had at least 40 points. These median values are plotted against the mean
temperature of the group’s temperatures in Figure 3 right panels (b, d, f and h). The corresponding linear
fit coefficients obtained in Figures 3f and 3h has-been-established-te-be-used-to-correetthe ZSRpscat-675
and-870-nm-applyingthenextare used for the temperature dependency correction following Equation 2:

y
ZSRrc (V) = ﬁ ZSRpsc (W); A = 675,870 nm )
where ZSRpsc is the ZEN signal after dark signal correction and ZSRrc is this signal with the temperature
correction applied; a and b represent the intercept and slope of the final linear fits, respectively; y,, is the
correspondent y-axis value of the linear fit at the temperature T of 20_«°-C (arbitrary value chosen to
normahze) For 440 and 500 nm ZSRDS( and ZSRT( are equivalent since no temperature correction is
applied.

3.4. Calibration coefficients
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The calibration factors can be directly obtained by comparing the dark and temperature corrected

ZSR from the ZEN-R52 a,qamst the values 51mulated bV GRASP—Qﬂe%t-h%d-a{-leﬁgﬂal—eeHeeﬁeﬂ—qﬂal—ﬁy

deﬂ%te—eb{am—th%eakbf&&eﬂ—eeefﬁeteﬁts The den51ty scatter plots between ZSRSIM Values and ZSRTC are
shown in Figure 4. The slope of the linear fit directly represents the calibration coefficients obtained to
transform the ZSRrc signal into radiance units (Wm™2nm'sr!) for each channel. Theis calibrated ZSR
radianee-tsare named ZSRzpn hereafter.

Thesee-obtained calibration coefficients are compared toasne the ones obtained by intercomparison
with a calibrated integrating sphere at IARC facilities are-shewsn-in Table 1. Table 1 also presents the
relative differences between both calibration coefficients using the coefficients from IARC as reference;
the uncertainty involved in the latter calibration method procedure is estimated to be 5% by Walker et al.
(1991). These differences are 1.39%, -6.54%, -6.72% and -5.89% for 440, 500, 675 and 870 nm,
respectively. The proposed calibration method uses the standard ASTM-E490 solar spectrum fer
transformingto transform the unitless output radiances from GRASP, as indicated in Equation 1. This fact
can increase the relative differences between the two calibration methods, together with the lack of
temperature correction in the second one. However, when using ththe e-calibration method empleyed
heredeveloped in this study, -alews-te-use-the same normalization factor applied to the ZSR simulated by
GRASP (ZSRsim) can be applied thatJatel—will-be—applied—to the calibrated ZEN-R52 ZSRzen
measurements when using them as inputthat-wil-be-introduecedin-the- to GRASP for the inversionsnedule;.
This way it can be avoided -avetding—tethe introducetion of a systematic error due to the normalization
required by ke GRASP inversion algorithm. It means that this calibration method is better suited when
using the ZSRzen values as input for GRASP to retrieve aerosol properties, since there—is—no—needfor
extraterrestrial speetromnermalizationwe could work directly with the normalized radiances from GRASP.
For this work, it has been assumed that during the period of study the calibration has not decayed, since it
is not a long dataset. Nevertheless, a recalibration must be considered, especially if there is any maintenance
or repair task. From now on ZSRzen will stand for the calibrated zenith sky radiances measured by the
ZEN-R52 satisfying the stablished quality controls (30% < SZA < 80°; ZEN errer-variability < 4%).

3.5. ZEN-R52 vs. CE318 photometer comparison

In order to check the goodness of the calibrated ZEN-R52 measurements, the ZSRzen observations
have been compared with-against measurements recorded by collocated CE318 instruments for the whole
available dataset of ZEN-R52 measurements (April 2019 to September 2021). For the comparison,

independent-measurements extracted frem—CE318—phetometers—forfrom two different scenarios are
employedused: the cloud mode (CM) and the principal plane scanning (PPL).

3.5.1. Cloud Mode

The CE318 sun-sky photometer allows to perform measurements in the ‘cloud mode’ scenario. It
is carried out when the direct sun measurement indicates an obscured sun, and therefore the aerosol retrieval
is not possible. This scenario orientates the sensor head into the zenith direction and takes zenith radiance
measurements at 9 s intervals for each wavelength, which are obtained by successively rotating an
interference filter in front of the detector. The ‘cloud mode’ scenario was originally implemented to obtain,
during this idle time, cloud optical depth from zenith sky radiances at the spectral wavelengths employed
by the sun-sky photometer (Chiu et al., 2010) as suggested by Marshak et al.; (2000) and Barker and
Marshak; (2001).

The zenith sky radiances measured under the cloud mode (ZSRcwm) have been directly downloaded
from the AERONET network webpage. For the comparison with ZEN-R52, quasi-coincident (the closest
within +1 min) ZSRzgx and ZSRem measurements have been ebtained-paired and plotted in Figure 5,
showing a good correlation between both datasets. The deviation between them is high, likely due to the
short-time variation in the cloud radiative field. Figure 5 includes all the ZSRzgnx measurements; the filtering
to SZA values and ZEN errers-variability is not applied, since the cloud mode measurements is under cloud
presence. In this case, there is not dependence on SZA; outliers do not appear for SZA<302° values. Hence,
the ZSRzen values do not correlate with reference valuesare-enby—wreng for SZA<302° when the sun is
cloud-free, which confirms the suggested explanation that ZSRzen measurements are contaminated by stray
sun light under cloud-free conditions when the sun elevation is high (SZA<302°). In addition, it was checked
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that 86% of the ZEN-52 measurements used in this comparison (which are known to be affected by clouds),
present a ZEN error-variability > 4% at least for one channel. This also validates the proposed use of the
ZEN error-variability as a rough ‘cloud screening’.

Theis -EM-comparison against the cloud mode measurements will not be used to quantify the
uncertainty of the ZEN measurements; it is because—sinee clouds are very variable and, therefore, the
recorded signal. Therefore, we should need to compare both measurements carried out at exactly the same
time; but this is not the case since ZEN measurements are 1-min averages while CE318 photometer
measurements are quasi-instantaneous. In addition, Efor the retrieval of aerosol properties, it is necessary
to employ measurements under cloud-free conditionsfrom——clear—sky—notcontaminated by—<clouds, -

tThherefore, the results obtained in following comparison will be the reference ones.

3.5.2. Principal plane scan

CE318 sun-sky photometers allow to perform three different scanning scenarios for sky radiance
measurements. One of these scanning scenarios is-+# the principal plane (PPL) geometry, where the azimuth
angle is equal to the solar azimuth angle while the zenith angle varies measuring sky radiances-at-the-same
fixed-anglesregards-the SZA. This is done sequentially once for each channel starting at 870nm, followed
by 675, 500 and 440 nm channels for each PPL scenario. The PPL geometry allows to extract the ZSR by
linear interpolation of the PPL points to the zenith position. A In-this-situatiensthe-cloud screening of PPL
points has been made checking the smoothness of the PPL curve as described in Holben et al. (1998). The
smoothness criterion analyses the second derivative of the PPL radiances with respect to the scattering
angle. This way the PPL measurement is classified as cloud contaminated if the second derivative is
negative (the threshold is not 0 but —1 x 107 as empirically determined) at any scattering angle between 2
and 90° (Almansa et al., 2020). The obtained ZSR from this method, based on the interpolation of cloud-
screened CE318 sky radiances measured in the PPL geometry, hass been labelled as ZSRppr.

The PPL dataset is not directly available in the AERONET webpage; then, it has been extracted

from CAELIS database (Fuertes et al., 2018; Gonzalez et al., 2020). ZSRzex and ZSRppr measurements
within 1 min, are compared in Figure 6. Upper panels (a-d) of Figure 6 show the density scatter plots of
ZSRzen against the reference ZSRppr, where a high correlation between both datasets can be observed for
all the channels, varying the determination coefficients frem-between 0.94 (at 870 nm) teand 0.99 (at 440
and 500 nm). In general, the number of outliers is higher for longer wavelengths.
In order to evaluate the uncertainty of the ZSRzen measurements using ZSRppr. as reference, the relative
differences between ZSRzen and ZSRppr (AZSRzen-prr) have been evaluated and represented in frequency
histograms in the bottom panels (e-h) of Figure 6. These panels also include the mean (mean bias error;
MBE), median (Md) and standard deviation (SD) of AZSRzen-ppr. The median values, less sensitive to
outliers, are close to zero (Md = 1.36%, -1.39% and -0.22% for 440, 500 and 675 nm, respectively)
indicating that the ZSRzgn are accurate regarding the reference ZSRpp values, except for 870 nm channel,
whieh-whose Md value of 4.99% points out an overestimation of the reference ZSR values. Nevertheless 5
£The precision decreases for longer wavelength channels, from SD values of 3.00% and 4.62% for 440 and
500 nm, respectively, to SD=12.54% and 21.37% for 675 and 870 nm. These accuracy and precision values
will be used in the convergence criteria mentioned in Section 2.2.2.

All these statistical parameters have been calculated also considering the calibration coefficients,
without temperature correction, obtained at IARC with a calibrated integrating sphere. These parameters,
and the previously obtained by the proposed method of this work, are shown in Table 2 #-erdertoto ebserve
check which calibration provide ZSR values closer to the reference ZSRppr, values. The results of Table 2
show that the ZSR obtained with the proposed calibration method, based on intercomparison with ZSR
simulations 5-is, in general, more accurate and precise except for 440 nm. Although the results of Table 2
for 440 nm are worse for the proposed calibration than for IARC calibration, the results are still good for
the proposed method with MBE close to 0_(1.96 % respect 0.73% for [ARC) and a low value of SD (3%
respect 2.95% for IARC). The ZSRzen values from IARC calibration are not temperature corrected, which

could be-behind-efpart-efpartially explain the observed differences.

AdltheseThese results indicate that the ZSRen-ZEN-R52 measurements at440-and-500-nm-valuesare

rere-accurate-and precise-than-at675-and-870-nm-—Then,; ZSRzpn-measurements-are more reliable at shorter
wavelengths, and, therefore, should have-mere-weightbe given more importance than those corresponding

to longer ones in the aeresel-retrieval of aerosol propertics—than—the—measured—forlongerones—sinee




417
418
419
420
421
422
423

424

425
426
427
428
429
430
431
432
433
434
|435
436
437
438
439
440
441
442
443
444
445
446
447
|aas
449
450

451

452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469

rreasurements-at-440-nm-and-500-nm-are-mere-trustable. The inversion module from GRASP code takes
inte-aceountconsiders the weight-importance of each measurement through the so-called ‘noises’; allowing
to associate a different ‘noise’ or reliability to each channel, considering them as normal distributions—
this—ease. ThereforeThe—the obtained-standard deviations collected in-ef Table 2 (using the calibration
proposed in this work), associated with the ZSRzgn uncertainty, are used to this end wi-be-introdueed-for

each-channel-in GRASPforthethe GRASP-ZEN method-te-aceountfor-the-differentreliability-ofeach
channel.

4. Sensitivity analysis

In order to analyse the capabilities of the proposed inversion strategy to invert ZSRzen measurements
with GRASP, a detailed sensitivity analysis is carried out in this section using synthetic data.

As mentioned in Section 2.2.2, the chosen method to obtain aerosols properties, considers five aerosol
types or ‘models’, which have fixed size distribution, refractive indices and sphere fraction. The method
must retrieve aerosol properties from measurements of ZSRzen at 440, 500, 675 and 870 nm, which is a
limited information. Sky radiances depend on aerosol concentration and type, among other factors like the
scattering angle and SZA; hence they are commonly used to retrieve aerosol properties by measuring them
at different scattering angles and wavelengths (Nakajima et al., 1996; Roman et al., 2022). Figure S45
shows, in the supplementary material, the sky radiances in the zenith direction, modelled by GRASP for
different aerosol concentrations, and how they are sensitive to changes in the AOD and aerosol type for the
five aerosol types used by the inversion method. This figure shows that for higher SZA (Figure S45; panels
i-1) the ZSR values are less sensitive to aerosol type and concentration, since different scenarios show
smaller differences in the corresponding ZSR, due to the lower signal in these conditions. Nevertheless, for
lower SZA conditions (Figure S54; panels a-d) shew-there is a clear sensitivity to type and aerosol load for
AOD at 440_nm, at least for values —belowbelow 0.7;; Lmit—thatvalues above 0.7 weuld—represent
charaeterizesare assumed for-and extreme AOD events (Mateos et al., 2020) and therefore isare unusual.

To explore the limitations of the retrieval of aerosol properties following the proposed inversion
strategy, two different tests have been carried out. For both tests, artifieial-synthetic aerosol scenarios have
been created and used as input to the GRASP forward module to simulate the ZSR thatthe ZEN-R52swould
registerunder these synthetie-scenarios (ZSRsyn). Since the ZSRsyn values are artifieralymanually created
and not real measurements, they will be randomly perturbed following a Gaussian distribution defined by
the uncertainty of each channel previously calculated for the ZEN-R52 to create realistic observations
(similar to Torres et al., 2017 and Roman et al., 2022, among others). The perturbed ZSRsyn will be then
used as input forin the inversion module, following the GRASP-ZEN method. It will provide the retrieved
aerosol properties as output, which will be labelled with the subindex ‘INV’ referring to ‘inversion’. The
test will beis focused on the eapability-teretrieveretrieval of AOD values-and size distribution properties.

4.1. Scenarios from the combination of five aerosol types

In thiThis test the ereatesrandom-synthetie-aerosol scenarios are formed by a random mixture of
the five aerosol types used by the ‘models’ GRASP inversion strategy (see Section 2.2.2). We-aim-hHere
we aim to assess the capabilities of the retrieval of aerosol properties if the observed aerosol wasis actually
a pure mixture of these five types of acrosol. To this end, -random fractions_of-ef each aerosol type are
selected together with are-seleetedtogetherwith-aa random total aerosol concentration chosen in the interval
from 0.01 to 0.15 um*/pum?, which will be used in combination with the fixed aerosol properties from each
model, creating a total of 1000 scenarios. The simulations have been made for three different SZA —~valaes
(30, 50 and 70<°), but we will focus here in the SZA=50° situation, which would represent a half-way and
common scenario for the latitude of Valladolid.

Figure 7 shows the retrieved AOB{AOD\v_retrieved);-asingas-input-the-pertarbated ZSRzpn-of
eachereatedrandem-—seenario for SZA equal to 502°, against its-the original synthetic AOD watae-(AODsyn).
The same graphs for SZA values—ofat 30° and 70°° are shown in the Figure S65 of the supplementary
material. In general, the data deviation increases for high AOD values, which are less frequent. For SZA
equal to 50°, the method overestimates the aerosol load for all the wavelengths, with MBE ranging from
0.23 at 440 nm to 0.11 at 870 nm. The best results are obtained for SZA = 30°, with absolute mean bias
errors lower than 0.002 for all wavelengths and the lowest uncertainty (standard deviation lower than 0.66);
while for SZA = 70¢° the method slightly underestimates the AOD with MBEs ranging from -0.004 to 0. It
is important to point out that the convergence capability of the method decreases for high SZAs, being the
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convergent inversions a total of 43.2% and 43.6% at SZA=30° and 502° respectively but only 27.1% for
SZA=70%; considering that there are initially 1000 scenarios. These results could be related to the
dependence of the ZSR sensitivity on the SZA, which is higher for lower SZA, and therefore would make
easier for the method to find a solution.

For the size distribution the frequency histograms of the absolute differences between the inverted
and the synthetic parameters are shown in Figure 8 to-havefor a clear overview of the results obtained (thea
direct scatter plot comparison can be seenisshews in Figure S76). For the current synthetic test, the retrieval
of size distribution properties is very accurate and precise, showing Md values very close to zero for all the
properties. For the volume median radius and standard deviation of the lognormal distribution the precision
is high, with SD < 10% for both fine and coarse modes. --In the case of butthepreeisioniswersefor-the
aerosol volume concentration the uncertainty is higher, with an-SD values of abeut 0.03 (34.63-2%). 0.01
(20.4%) and 0.02 pm?/um? (53.9%) for the total, fine and coarse respectively-coneentration. These results
could be explained, at least in part, due to the fixed size distributions for the ‘models’, which present similar
RF, RC, oF and oC values and, therefore, it will not show an important variation when combining them,
but contrary, the aerosol volume concentration is an extensive property and therefore can have a higher
variation.

4.2. AERONET scenarios

The same procedure than-in-theprevieustestis developed in this test-ene but using realistie aerosol
properties-scenarios retrieved at Valladolid by AERONET. In this case, the AERONET retrieved aerosol
properties (size distribution, refractive indices, etc.) are used directly as input forin the GRASP forward
module to simulate the ZSR values. For this new test, all the available inversions (almucantar and hybrid
scans) from AERONET for the coincident ZEN-R52 measurement period (2019-2021) with aré sky error
< 5% have been usedebtained, achievingobtaining a total of 5321 synthetic scenarios. With this test we
aim to assess the capabilities of the method to retrieve the aerosol properties when the ZSR-eomefrom-an
aerosol scenario correspond to -eleserte-real acrosol conditions and not necessarily to a mixture of the five
mentioned aerosol types. In this situation the ZSRsyn simulations are made for the corresponding date and
time at which the AERONET inversion product was retrieved, achieving a wide variety of SZA values (18°
o< SZA < 78%).

Figure 9 presents the comparison between the AODny, obtained from the inversion of the
perturbed ZSRsyn as-iaputinwith -GRASP-ZEN-methoed, and AODsyn_from ferthese- AERONET synthetie
scenarios. This comparison reveals a clear overestimation of the inverted AOD values compared to the
original ones for the four wavelengths, ranging the MBE values from 0.01 to 0.04 and the Md from 0.01 to
0.03 for the differences between both datasets. These results could be related with the previous results of
AODfer overestimated-AODtion at SZA = 50°°, but in this situation the-everestimationit -is not related
withte the SZA, since it has been checked that points with different SZA are homogeneously distributed. 5
Ttherefore, AODsyx-is-always-the overestimatedion occurs by-the-ebtainedfrom-GRASP-ZEN-for all SZA.

The standard deviation of the AOD differences, which can be associated with a the theoretical uncertainty’

-l-H—A:QDH\_\;Of the method is &bev&@—@%—bemg—() 05 for 440 and 500 nm, 0.03 for 675 nm—whieh—af%higher

A@D—449—nm—a{—SZ—AJJG% and 0. 02 for 870 nm.-

The reason for the observed overestimation could be in the limitations of the GRASP-ZEN method
based on the ‘models’ approach, which only allows to retrieve aerosol properties within the properties of
the five aerosol types. It means that, for example, if the real aerosol has a median radius of fine mode bigger
than the ones of the five ‘models’, then the GRASP-ZEN retrieval will underestimate the real median radius
of fine mode and this difference will be compensated unbalancing other aerosol properties to fit the
measured ZSR and the synthetic ZSR values of the retrieved aerosol scenario (to reduce the residual
differences in ZSR values).

To explore this hypothesis, the retrieved size distribution properties have been compared with the
synthetic ones. The frequency histograms for the absolute differences between the inverted and the
synthetic properties are shown in Figure 10 (the direct scatter plot comparison can be seen in Figure S78).
The retrieved volume concentrations present median differences regarding the synthetic ones about 0.01
um?/um? for VCF and VCT, while thismedian-valseisand very close to zero for the VCC. Similarly to the
AOD, the volume concentration present a theoretical uncertainty of 0.01 um?/um? for the fine mode and
0.02 pum*/um? for coarse mode and the total. The retrieved fine-intensive properties underestimate the
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reference values, being the median values of their differences about -14% and -10% for RF and oF,
respectively, and -10% and -4% for RC and oC, respectively.

This lack of accuracy is the main difference between the results of Figure 10 and Figure 8. As
mentioned before, we would expect a higherbig accuracy and precision in the retrieved values of the volume
median radius and standard deviation for the ‘models’ combination scenarios test (Section 4.1), since the
scenario can be perfectly reproduced by GRASP-ZEN because it is a combination of the same models used
in the inversion module; however, for a real acrosol scenario (the test for AERONET scenarios of this
subsection), these properties could be impossible to obtain with enough accuracy since they present wider
range of size distributions than the offered by the ‘models’ approach. Similar results are expected for the
real and imaginary refractive index and other optical properties, due to the limitations of the ‘models’
approach.

The results of this section conclude that the GRASP-ZEN method is useful for the retrieval of
AOD but notr for some size distribution properties, like the volume median radius and standard deviation
of fine and coarse modes. Therefore, we will focus on the retrieval of AOD at 440, 500, 675 and 870 nm
and VCF, VCC and VCT.

5. ResultsGRASP-ZEN application to ZEN-R52 database

Once the ZSRzen measurements have been-ebtained—fromZEN-RS2-by—the—ealibration—method
propesed-in-Seetion3 calibrated, and the GRASP-ZEN method has been proved in Section 4 as capable to

retrieve sere-aerosol properties—tike-AOD, the GRASP-ZEN methodology has been applied to ah-the
wholethe available dataset from-of ZEN-R52 measurements at Valladolid at the moment of the study;-. As
resultebtaininga, a total of 222663 GRASP-ZEN retrievals have been obtained between April 2019 and
September 2021. This dataset has been obtained using ZSRzen measurements which satisfy the filtering
criteria;regardingSZA—andZEN-error; determined in Section 3.2. The retrievals which-do—not-present
eneugh-considered as non-convergeneet have been removed, which led to a total of 170637 retrievals. This
convergence check is based on_the evaluation of the residuals effrom the inversion process (see Section
2.2.2). A cloud-screening filter is applied, based mainly on the retrieved AOD at 500 nm, following a
similar procedure as Giles et al. (2019) for cloud-screening in AERONET version 3. Three checks are
applied for this cloud-screening: smoothness, stand-alone and +3c. The smoothness check is done by the
analysis of the AOD variation at 500 nm: for each two subsequent values, if the variation is higher than
0.01/min the retrieval with larger AOD at 500 nm in the pair is removed. After the smoothness, the stand-
alone check is applied: all single retrievals remaining-which are more than 1 hour apart from the closest
available retrieval are removed. Finally, for each day, the daily mean and standard deviation are calculated
for the retrieved AOD at 500 nm and for the Angstrom Exponent (AE; Angstrém, 1964) obtained with the
four retrieved AOD values (440, 500, 676 and 870 nm). To satisfy the +3c check, the retrieved AOD at
500 nm and AE must be within the daily mean +3c (triple standard deviation). Values not satisfying this
requirement are removed. A final dataset with 126112 points satisfying the convergence and cloud-
screening criteria is obtained.

5.1 Aerosol Optical Depth

The AOD retrieved by GRASP-ZEN using the ZSRzen measurements (AODgrasp zen) has been
compared against independent AOD measurements from AERONET (AODagroner) derived from CE318
sun-sky photometers collocated with the ZEN-R52 at Valladolid. Figure 11 shows the complete time series
evolution of AODgrasp zen together with AODagroner, both at 440 nm. Despite some AODgrasp zEn
outbreaks which are not reproduced by the AODagroneT, both datasets show in general a similar temporal
evolution. Figure 12 shows a more detailed view of these data in a shorter period, from 16 to 22 June 2020,
with high availability of data from both GRASP-ZEN and AERONET datasets for the four avatable
wavelengths. A lack of AOD values in the GRASP-ZEN dataset around mid-day is observed; it is explained
by the rejection of ZEN-R52 measurements for SZA below 302-°, which, in the analysed period and latitude,
occurs around mid-day. In Figure 12 (panels a—d) it can be also observed that both GRASP-ZEN and
AERONET datasets vary with time in a similar way for all the wavelengths, with AOD values from
GRASP ZEN slightly overestimating the AOD values from AERONET atall Wavelengths F&«guf%l%—épaﬂel
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To perform a more quantitative analysis of the correlation between these datasets, a match-up of
AERONET AOD (AODAERONET) data-with GRASP-ZEN AOD (AODGRAS[ZEN) values within 1.5 minutes
has been made, obtaining a total of 37787 coincident points per wavelength. The AOD data from GRASP-
ZEN is represented against the coincident AOD from AERONET in a density plot in Figure 13 for each
wavelength (panels a- d). This figure (panels e-h) also shows in the bottom panels the frequency histograms
foref the differences between both AOD datasets. AODgrasp zen presents a higher correlation with
AODagronet for shorter wavelengths, ranging r2 from 0.86 at 440 nm to 0.72 at 870 nm. In general, the
AOD at 675 nm, and especially at 870 nm, presents more deviation between the data pairs than for the
shorter wavelengths. Some outliers presenting high AODgrasp zen values can be appreciated, especially at
shorter wavelengths; it could be caused by some spurious measurements likely contaminated by clouds that
pass the cloud-screening criteria, or recorded with dirtiness, rain droplets or dust over the instrument (it
must be frequently cleaned). AOD from GRASP-ZEN generally overestimates the AERONET values, as
synthetie-the sensitivity study of Section 4.2 pointeds out, with median values of the differences of
AODgrasp zen with respect to AODagroner between 0.01 and 0.02 for all wavelengths; similar values
appear for MBE, ranging from 0.01 to 0.03. The uncertainty in the retrieved AODgrasp zen is estimated by
SD to be 0.03 for 440 and 500 nm and 0.02 for 675 and 870 nm using as reference the values provided by
AERONET, which are within the theoretical uncertainty obtained in the previous section for the AOD.-

5.2 Aerosol volume concentration

Regarding the total aerosol volume concentration, the retrieved-values retrieved with GRASP-
ZEN and the ebtaired-ones from AERONET alengfor the wanalysed-hole periodperied are shown in Figure
14. The time evolution shows generally a similar behaviour for both datasets with exception of some VCT
extreme values more frequent in the GRASP-ZEN database. Here it can be also seen that for this parameter
there is a hlgher temporal coverage from GRASP ZEN than from AERONET %%beew%%wa}ﬂe%the

The VCFE, VCC and VCET values from both datasets are shown in Figure 15 for the week from 16
to 22 June 2020 (same days than Figure 12), showing again a similar behaviour for the two datasets. Figure
15 also reveals that the GRASP-ZEN values are noisier and everestimates-higher than the AERONET
values, especially for the fine mode.

T-erderte-perform—a-For a more quantitative analysis for-of the correlation between VCEF, VCC and
VCTE from GRASP-ZEN and AERONET datasets a Wnchronlzatlon -with a time window of =5 min was
done,ma g 2 » - 3
§—mma{e9—af%ehe%e& obtammg a total of 4356 commdent pomts for each Volume concentration. A hlgher
temporal range is selected here because the inversion products are less frequent than AOD. In addition, we
assume that these aerosol properties should not change significantly in 5 minutes.

The GRASP-ZEN volume concentrations are represented against the coincident AERONET ones in
the density scatter plots of the upper panels of Figure 16 for fine, coarse and total values. Bottom panels of
Figure 16 also show the frequency histograms of the differences between GRASP-ZEN and AERONET
values of VCF, VCC and VCT. The best correlation is obtained for the total volume concentration, with a
r? of about 0.66, while for fine and coarse volume concentration the determination coefficients -isare 0.57
and 0.56, respectively. Despite the lower correlation coefficients, the retrieved volume concentrations are
rather precise, with median values ofvalues-ofthe-median-of the differences between GRASP-ZEN and
AERONET datasets about-of 0.006 and 0.005 um?/um? for fine and coarse modes, respectively, and 0.010
um?/pum? for the VCT. The highest dispersion of the uneertainty—differences in en-theretrieved-volume
concentrations isis obtained for+4n the VCT, which presents a SD value about 0.0200 pm?*/pm?; while for
fine and coarse modes these values are 0.009 pum?*/um? and 0.016 pm’/um?, which are close to the
uncertainty effered-byof AERONET products, 0.01 pm?/um?. These results are again within the theoretical
uncertainty obtained in the previous section.

All-ef the results of this paper have been obtained using the GRASP-ZEN methodology based on the
‘models’ approach, which is a suitable option for the current isswe-study due to the reduced number of
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radiometric observations provided by the ZEN-R52. However, the versatility of GRASP code allows
different strategies for the retrieval of aerosol properties. In this sense, we have considered other strategies
in this study to choose the one which provides the best results. These strategies are based on the temporal
multi-pixel approach offered by GRASP (Lopatin et al., 2021), that constraints the variation of aerosol
properties in time, forcing them to vary smoothly. The multi-pixel approach was firstly used in combination
with the ‘models’ approach. In order to avoid the problems derived of having fixed aerosol models with
fixed aerosol properties, the temporal multi-pixel was also used assuming the size distribution as a bimodal
(fine and coarse modes) log-normal distribution and the refractive indices have no dependence on
wavelength. None of these methods significantly improved the retrieval of aerosol properties-butstightly
redueeit; likely-dueto-the-intruston-of contaminated-measurements-that-nflueneed-theretrieval-but they
did reduce the computation time (the data of a full day are inverted all at the same time). Nevertheless,
these strategies could be considered for future aerosol retrievals.

6. Conclusions

This paper has explored the capabilities to calibrate a ZEN-R52 radiometer using the GRASP
(Generalized Retrieval of Atmosphere and Surface Properties) code and to retrieve aerosol properties from
measured zenith sky radiances (ZSR) at four wavelengths. The ZSR values measured by the ZEN-R52
radiometer for solar zenith angle (SZA) values below 302° are contaminated by stray sun light intromission
and, hence, should not be used. For some latitudes this would result in the absence of measurements for
mest-of-the-timea substantial amount of time, and therefore a technical improvement in the instrument to
correct this issue is recommended to the manufacturers.

The proposed methodology for the calibration of then ZEN-R52, using simulated ZSR values has been
contrasted, showing discrepancies lower than 6% respect to the calibration coefficients obtained against an
integrating sphere. This proposed methodology incorporates the advantage that it includes the
normalization used by GRASP, so the need to use an extraterrestrial-speetracxtraterrestrial spectrum to

normalize the data when using it as 1nput to GRASP can be avoided. —aﬂd—t—h%E%l?ef%t—h%E%H—ﬁel—aﬂ-}LH%%d—Fe

A new inversion strategy, called GRASP- ZEN has been proposed to retrieve aerosol properties with
GRASP code using the ZSR values measured by ZEN-R52. An analysis with synthetic data has concluded
that ZSR measurements are useful to derive aerosol optical depth (AOD), since these measurements are
sensitive to aerosol load and type for the ZEN-R52 channels, at least for AOD at 440 nm below 1 _for SZA
< 50° This sensitivity decreases when SZA increases due to the decrease on the intensity of the ZSR values.
A—eeuple-oftestsTwo different tests with synthetic data have revealed that the GRASP-ZEN inversion
strategy generally overestimates the AOD for all channels under real aerosol scenarios.

The GRASP-ZEN method has been applied to ZSR measurements recorded with a ZEN-R52
radiometer at Valladolid (Spain) for two years and half. A direct comparison of some retrieved aerosol
properties against independent AERONET (Aeerosol Roebotic Netetwork) products has pointed out the
accuracy and precision of the aerosol properties retrieved by GRASP-ZEN. The correlation between the
AOD retrieved by GRASP-ZEN and AERONET is high, with determination coefficients (r?) about 0.86,
0.85, 0.79 and 0.72 for 440, 500, 675 and 870 nm, respectively. The uncertainties on the retrieved AOD
values are between +0.02 and +0.03 considering the AERONET values as reference. AERONET offers
uncertainties about +0.01 for wavelengths above 440 nm, and therefore the uncertainty achieved by the
proposed method is higher that the offered by the reference value.

With respect other aerosol properties, the GRASP-ZEN retrieval is limited for the intensive properties,
like complex refractive index and some size distribution parameters due to the use of the ‘models’ approach
of GRASP. Nevertheless, the retrieved volume concentrations, which are extensive properties, have been
compared against the same independent AERONET products to quantify the relative accuracy and precision
in these concentrations retrieved by GRASP-ZEN. The 12 obtained comparing the volume concentrations
obtained with GRASP-ZEN with respect to the AERONET reference values show low values for the fine
(0.57) and coarse (0.56) modes, while for the total volume concentration a higher value (0.66) has been
obtained. Nevertheless, the median and standard deviation of the differences on volume concentration
between GRASP-ZEN and AERONET are lower than 0.01 pm®/gsa®-and 0.02 pm®/pum?, respectively, for
beth-fine-and, coarse mode-and-alseand total concentration. These results have indicated that GRASP-ZEN
is capable to retrieve the aerosol volume concentrations with good accuracy and precision.
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This paper shows the potential of a simple and robust radiometer like the ZEN-R52 as a possible
alternative for aerosol properties retrieval in remote areas_or even in places with a collocated CE318
photometer in order to increase the time resolution. The proposed methodology would require of a previous
coincident period of measurements collocated with an AERONET CE318 photometer to achieve the
calibration, and later could be deployed in a remote site in order to broaden the aerosol monitoring network.
This methodology also represents a major advance over the former ZEN-LUT proposed by Almansa et al.
(2020) for aerosol properties retrieval, since it is not linked to the place of study. This paper also assesses
the capability from GRASP to retrieve aerosol properties using only ZSR at 440, 500, 675 and 870 nm. The
uncertainty and bias found in the retrieval show the limitations of the instrument and inversion strategy, but
also demonstrate that the ZEN-R52, together with the developed GRASP-ZEN strategy, can provide useful
information about the AOD and aerosol volume concentration for total, fine and coarse modes. Thisecan-be
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Table 1. Calibration coefficients obtained using simulations of zenith sky radiance (Coef-SIM) and the
ones obtained at the IARC against a calibrated integrating sphere (Coef-IARC). The relative difference (A)
between both coefficients is included assuming Coef-IARC as reference.

) (nm) Coef — SIM (W/m’nmsr) Coef- IARC (W/m*nmsr) A (%)
440 3.2928e-05 3.2485e-05 1.39
500 1.1426¢-05 1.2223¢-05 -6.54
675 2.0734e-05 2.2221e-05 -6.72
870 1.6840e-05 1.7901e-05 -5.89

Table 2. Determination coefficient (r?) between ZSRzpn and ZSRpp. and the mean (MBE), median (Md)
and standard deviation (SD) of the A differences between ZSRzen and ZSRppr at 440nm, 500nm, 675 nm
and 870 nm using the calibration coefficient obtained in this paper with simulated ZSR values and the ones
obtained with an integrating sphere at IARC in parenthesis. N represents the number of coincident ZSRzen
and ZSRppr data pairs.

) (am) D MBE (%) __SD (%) ___Md (%) N
440 (gjgg) ((1):32) (3:(9)(5)) ((1):31'2) 1327
This paper 00 (833) (_é).g;) (3:82) (_51 5369) 1317
(Ao 675 (gjgg) (134.7667) (323‘2‘) (i(())'.2926) 1289
870 (gjgj) égii% éﬁ;) (24(5.9996) 1165
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945 d) 500nm, f) 675 nm and h) 870 nm. Linear fit (red line), determination coefficient (r?) and its equation and
946 number of data points (N) are also shown.
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Figure 6. (a-d) Density scatter plot of the calibrated ZEN-R52 measurements (ZSRzgn) against coincident zenith
sky radiances derived from AERONET PPL measurements (ZSRzg~.ppr) at a) 440 nm, b) 500 nm, ¢) 675 nm
and d) 870 nm. Linear fit (red line), its equation, determination coefficient (r?) and number of data pairs (N) are
shown. (e-h) Frequency histograms of the AZSRzgn-pp1, differences in AOD from ZEN-R52 and AERONET PPL
e) 440 nm, f) 500 nm, g) 675 nm and h) 870 nm. The mean bias error (MBE), median (Md) and standard
deviation (SD) of the differences are also shown.
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IFigure 7. Density scatter plot of the AOD retrieved by GRASP after the inversion of synthetic ZSR (AODjnv)
against the initial AOD (AODsyn) obtained for synthetic scenarios created from the combination of five aerosol
types for SZA=50° at a) 440nm, b) 500nm, c¢) 675 nm and d) 870 nm. Linear fit (red line) with its equation,
determination coefficient (r*) and number of data points (N) are shown. Mean bias error (MB), median (Md)
and standard deviation (SD) of the absolute and A (between brackets) differences between the inverted and

synthetic AOD are also included.
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Figure 8. Frequency histograms of the absolute differences in the aerosol size distribution properties retrieved
by GRASP after the inversion of synthetic ZSR (INV) and the ones initially obtained (SYN) for synthetic
scenarios created from the combination of five aerosol types at SZA=50". The mean bias error (MBE), median
(Md) and standard deviation (SD) and their corresponding value for the A differences (between brackets) are
also shown. These size distribution properties are volume median radius of fine (RF) and coarse (RC) modes,
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Figure 9. Density scatter plot of the AOD retrieved by GRASP after the inversion of synthetic ZSR (AODnv)
against the initial AOD (AODsyn) obtained for synthetic scenarios created from AERONET retrievals at a)
440nm, b) 500nm, ¢) 675 nm and d) 870 nm. Linear fit (red line) with its equation, determination coefficient (r?)
and number of data points (N) are shown. Mean bias error (MB), median (Md) and standard deviation (SD) of
the absolute and A (between brackets) differences between the inverted and synthetic AOD are also included.
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Figure 10. Frequency histograms of the absolute differences in the aerosol size distribution properties retrieved
by GRASP after the inversion of synthetic ZSR (INV) and the ones initially obtained (SYN) for synthetic
scenarios created from AERONET retrievals. The mean bias error (MBE), median (Md) and standard deviation
(SD) and their corresponding value for the A differences (between brackets) are also shown. These size
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997 distribution properties are volume median radius of fine (RF) and coarse (RC) modes, standard deviation of
998 log-normal distribution for fine (6F) and coarse modes (¢C), and aerosol volume concentration for fine (VCF)
999 and coarse (VCC) modes and the total (VCT).
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1002 Figure 11. Time series evolution of aerosol optical depth (AOD) at 440 nm retrieved by GRASP-ZEN and by
1003 AERONET at Valladolid for all the ZEN-R52 available dataset (April 2019 to September 2021).
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1006 Figure 12. (a-d) Time series evolution of aerosol optical depth (AOD) at a) 440 nm, b) 500 nm, ¢) 675 nm and d)
1007 870 nm retrieved by GRASP-ZEN and by AERONET at Valladolid for a week period in summer 2020 (16 to 22
1008 June). (¢) AOD retrieved by GRASP-ZEN for all ZEN-R52 channels plotted together.
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1010 Figure 13. (a-d) Density scatter plots of the AOD retrieved by GRASP-ZEN (AODgrasr_zex) against coincident
1011 measurement from AERONET (AOD4groner) at a) 440 nm, b) 500 nm, ¢) 675 nm and d) 870 nm. Linear fit (red
1012 line), its equation, determination coefficient (r*) and number of data pairs (N) are shown. (e-h) Frequency
1013 histograms of the absolute differences in AOD from GRASP-ZEN and AERONET at e) 440nm, f) 500nm, g) 675
1014 nm and h) 870 nm. The mean bias error (MBE), median (Md) and standard deviation (SD) are also shown.
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1017 Figure 14. Time series evolution of the total volume concentration (VCT) retrieved by GRASP-ZEN and by
1018 AERONET at Valladolid for all the ZEN-R52 available dataset (April 2019 to September 2021).
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Figure 15. Time series evolution of volume concentration for fine (VCF) and coarse (VCC) modes and the total
(VCT) retrieved by GRASP-ZEN and by AERONET at Valladolid for a week period in summer 2020 (16 to 22

June).
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Figure 16. (a-c) Density scatter plot of the volume concentration for fine (VCF) and coarse (VCC) modes and
total (VCT) retrieved by GRASP-ZEN against coincident retrievals from AERONET. Linear fit (red line), its
equation, determination coefficient (r?) and number of data points (N) are shown. (e-h) Frequency histograms
of the absolute differences between both datasets. The mean bias error (MBE), median (Md) and standard

deviation (SD) are also shown.
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