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HIGHLIGHTS GRAPHICAL ABSTRACT

The 5-year Calitoo measurements
strongly correlate with the AERONET-
Cimel data, demonstrating their reliabil-
ity for AOD observations.

Calitoo has demonstrated remarkable
calibration stability with an estimated
AOD uncertainty of 0.032 + 0.008.

A reliable aerosol classification has been
conducted using Calitoo AOD and AE
data, which could significantly enhance
our understanding of aerosols in remote
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a valuable tool for future research, help-
ing to reduce current data gaps in global
monitoring networks.
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AOD retrievals was performed using the Monte Carlo method, yielding an expanded uncertainty (U, ,) ranging
between 0.008 and 0.050 with a mean and standard deviation of 0.032 + 0.008 for the three wavelengths.
Our results also highlight the remarkable calibration stability of the Calitoo (< 2.6%) over this 5-year period.
Calitoo AOD values were assessed using reference AOD data from Santa Cruz de Tenerife (the Canary Islands),
El Arenosillo (Huelva), and Palma de Mallorca (the Balearic Islands) AERONET (Aerosol Robotic Network)
stations. The comparison revealed a good agreement with correlation coefficients ranging from 0.727 to 0.917
and mean bias ranging from -0.030 to -0.001. Additionally, the Calitoo AOD data were compared with MODIS
(Moderate Resolution Imaging Spectroradiometer) and CAMS-ECMWF (Copernicus Atmosphere Monitoring
Service-European Centre for Medium-Range Weather Forecasts) aerosol products obtaining that Calitoo AOD
values were generally lower, showing negative mean bias of -0.063 and -0.024, respectively.

The aerosol characterizations using AE vs. AOD plots in the three maritime study regions using 5-
years of non-routine Calitoo data are similar to the corresponding aerosol characterizations performed with
simultaneous AERONET-Cimel data.

These findings underscore Calitoo’s reliability for aerosol studies in regions where AERONET instruments
or other aerosol networks are unavailable. Likewise, given the low cost of Calitoo photometers, they could
be deployed onboard a large number of merchant and passenger ships or in other remote or under-monitored
areas, providing near real-time AOD/AE data to enhance our understanding of aerosols processes or for model

or satellite assimilation/validation.

1. Introduction

Atmospheric aerosols play a crucial role in shaping the dynam-
ics of global climate and air quality through intricate interactions
with radiation and clouds. Their concentration, and consequently their
radiative impact, exhibit significant heterogeneity across space and
time, instigating climate variations at local, regional, and hemispheric
scales (Garnés-Morales et al., 2023; Li et al., 2022). Emerging clean air
regulations project a swift evolution in anthropogenic aerosol emissions
in the upcoming decades, contributing to strong, spatially intricate
trends and triggering extreme events not only near emission sources
but also at distant regions (Persad et al., 2023). According to the
sixth Assessment Report (AR6) of the Intergovernmental Panel on
Climate Change (IPCC) (Forster et al., 2021) and, despite the increased
understanding of aerosol-cloud interactions made in this report, the
uncertainty in the effective radiative forcing of aerosols (ERF,,,) rep-
resents one of the largest uncertainties in our quantification of global
climate change.

While field experiments provide the most comprehensive analysis
of the aerosol radiative impact, they offer limited temporal and spatial
information on aerosol properties (Smirnov et al., 2002). Satellite re-
mote sensing can provide global, long-term information on atmospheric
aerosols, although it is subjected to significant uncertainties due to
radiometric calibration, required assumptions on aerosol properties,
cloud contamination, or issues related to surface reflectivity (Li et al.,
2009). Remote sensing through ground-based observations allows us
to monitor aerosol micro-physical and optical properties with excellent
spatial and temporal coverage (Holben et al., 2001; Smirnov et al.,
2002; Torres et al., 2017; Cuevas et al.,, 2019, and among others).
The AErosol RObotic NEtwork (AERONET; https://aeronet.gsfc.nasa.
gov/) (Holben et al., 1998; Giles et al., 2019), the Sky Radiome-
ter Network (SKYNET; https://www.skynet-isdc.org) (Kobayashi and
Shiobara, 2015; Nakajima et al., 2020), and the Global Atmosphere
Watch-Precision Filter Radiometer (GAW-PFR; https://www.pmodwrec.
ch/weltstrahlungszentrum/worcc/gaw-pfr-network/) (Wehrli, 2000,
2005) are the most important monitoring networks due to their ex-
tensive coverage and high standardization levels.

Low-cost sensors are considered a key emerging technology for
increasing monitoring density, with the capability of providing near-
real-time and multi-pollutant spatially distributed information. Their
use could significantly impact source identification and attribution,
health and environmental justice applications, and forecast evalua-
tion (Peltier et al., 2021) (Mailings et al. 2024). These sensors have
been proven to provide a good quantification of local source impacts,
such as those within the urban-sized network concept (Toledo et al.,
2018). Their portability and compact size make them ideal for use in

mobile monitoring studies tracking high pollution events, providing
valuable insights into aerosol contributions near industrial areas or
hotspots such as wildfires, and even estimating the reduction in aerosol
impact due to COVID-19 related lockdowns (Giordano et al., 2021, &
references therein).

However, as reported in Mailings et al. (2024) and references
therein, careful evaluation of their outcomes through transparent re-
ports is needed, using appropriate validation strategies and metrics.

The Maritime Aerosol Network (MAN), as a component of the
AERONET network, is an excellent example of the establishment of
a global network composed of portable and relatively low-cost sun
photometers operating onboard ship platforms with a standardized
data processing (Knobelspiesse et al., 2004; Smirnov et al., 2009;
Adames et al., 2011). The main goal of MAN is to conduct research
on marine aerosols, dust transport, satellite retrieval validation, and
atmospheric correction (Adames et al., 2011; Smirnov et al., 2011;
Yin et al.,, 2019) with the hand-held Microtops II sun photometer
as the standard instrument. MAN is considered the largest long-term
aerosol observation network over the ocean, providing spectral aerosol
optical depth (AOD) and precipitable water vapour (PWV) information
from the Arctic to Antarctica, inheriting its legacy from the SIMBIOS
(Sensor Intercalibration and Merger for Biological and Interdisciplinary
Oceanic Studies) NASA program (Fargion et al., 2001; Knobelspiesse
et al.,, 2004). Porter et al. (2001) estimated an average uncertainty
in Microtops II AOD ship-based measurements of 0.025 (assuming 2
standard deviations) with calibration error, changes in electronics, filter
degradation, temperature effects or poor pointing at the sun (depending
on the sea roughness) as the main important contributions to the final
error term.

Considering background conditions in remote oceanic regions de-
fined by Smirnov et al. (2002) as AOD at 500 nm below 0.10 (mean
value of 0.07), Microtops II is considered a suitable instrument to
monitor marine aerosols, extending aerosol characterization to remote
marine locations.

Calitoo portable hand-held sun photometer (Djossou et al., 2018;
Bayat and Assarenayati, 2023), is a simple, low-cost scientific in-
strumentation for aerosol remote sensing. It can measure the sun’s
irradiance at three different wavelengths and directly calculate AOD.
This low-cost sun photometer, which costs approximately one order
of magnitude less than the Microtops, has been utilized in Western
Africa to validate the Warning Advisory System (WAS) for airborne
dust (Terradellas et al., 2018; Archer et al., 2024). Additionally, it has
been employed on the Global Learning and Observations to Benefit
the Environment (GLOBE) student platform, which promotes student
science by monitoring environmental parameters using cost-effective
equipment (Brooks and Mims, 2001; Butler and MacGregor, 2003;
Bayat and Assarenayati, 2023). Some examples of Calitoo AOD mea-
surements can be found in the literature, such as those published
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by Léon et al. (2021) and Bayat and Assarenayati (2023), although
these are based on short measurement periods or case studies. This
inexpensive instrument can be considered a valuable component of a
monitoring strategy if it provides sufficient data quality to meet perfor-
mance targets through extensive evaluation studies and validation with
independent reference instrumentation.

This article describes the analysis of the 5-year period (2018-2023)
AOD and Angstrom Exponent (AE) dataset acquired with the hand-held
Calitoo sun photometer by the crew of the Angeles Alvarifio research
vessel. Commissioned in September 2012 by the crew of the research
vessel Angeles Alvarifio, from the Spanish Institute of Oceanography
(IEO-CSIC) during all its research cruises in this period. The vessel
covered a research area approximately from 25° to 50°N and 20°W to
5°E. This extensive geographical area encompasses the Canary Islands,
the Portuguese coast, the northern Spanish coast, as well as the western
Mediterranean Sea. For it, we have organized this work as follows: in
Sections 2 and 3, we give a description of the Angeles Alvarifio vessel,
study area, the technical description of the instruments and datasets
used in this research. Section 4 describes the methodology for AOD
calculation and the uncertainty analysis. In Section 5, we present the
measurements conducted on the vessel, along with the comparative
analysis across various regions using AERONET AOD as reference data
for validation, as well as MODIS (Moderate Resolution Imaging Spec-
troradiometer) and CAMS (Copernicus Atmosphere Monitoring Service)
AOD. Finally, a summary and conclusions are provided in Sections 6
and 7, respectively.

2. Angeles Alvariiio research vessel

The Angeles Alvarifio is an oceanographic vessel (Fig. 1a,b) operated
by the Spanish Institute of Oceanography, (IEO; https://www.ieo.es/
es/) which is part of the Spanish National Research Council (CSIC)
and is dedicated to marine science research. Its focus lies in advancing
scientific understanding of the oceans, ensuring the sustainability of
fisheries resources, and protecting the marine environment.

This research vessel was launched on 21 February 2012 and com-
missioned in September 2012. It is one of the most modern research
vessels in the Spanish fleet, equipped for various research purposes such
as physical and chemical oceanography, marine geology, and fisheries.
In recent years, this research vessel has covered a region limited by 25°
to 50°N and 20°W to 5°E, participating in different research campaigns
in the Canary Islands, the Portuguese coast, the northern Spanish coast,
as well as in the western Mediterranean Sea (Fig. 2).

3. Instrumentation and datasets
3.1. Calitoo sun photometer

The Calitoo sun photometer (Fig. 1¢) is manufactured by the TENUM
company and certified by Laboratoire d’Optique Atmosphérique at
Lille (France) (https://www.calitoo.fr/). This device is a portable sun
photometer equipped with optical filters that transmit radiation at
three specific wavelengths: 465, 540 and 619 nm. Each spectral band
contains a photodiode optimized for its respective wavelength range.
The Calitoo incorporates a small aperture of less than 2 mm, ensuring
that the instrument’s recorded light intensity remains unaffected by
atmospheric scattering. The precise alignment of the small aperture is
achieved using a laser to ensure correct orientation with the optical
channels. With dimensions of 210 mm x 100 mm x 35 mm and a weight
of 400 grams (with batteries), the photometer is portable and user-
friendly. This instrument is utilized for measuring aerosol concentra-
tions in the atmosphere and analyzing their size distribution (Djossou
et al., 2018; Bayat and Assarenayati, 2023).

The Calitoo was initially designed for manual operation, although a
solar tracker is available. The device includes two openings on one side:
the first accommodates sensors for measuring incident solar radiation,
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and the second guides the operator in aligning the instrument. Sunlight
entering through this second aperture is projected onto a small target
on the front of the instrument, allowing for easy correction of its
position. Moreover, the device display provides real-time readings of
the solar intensity of each sensor. Once the operator correctly aligns the
instrument, that is, when the real-time readings reach their maximum
value, the operator only needs to press a single button on the device.
The simplicity of the instrument facilitates its use. Following Léon et al.
(2021), the uncertainty of the Calitoo AOD is estimated to be A+0.02
for all wavelengths, with an expected low calibration drift of 1% yr~!
based on post-field measurements. However, a more extensive database
will be needed to perform a robust estimation of the uncertainty in Cal-
itoo AOD, along with a comprehensive comparison with independent
measurements to verify these results.

The Calitoo observations were collected by the Angeles Alvarifio
vessel from March 2018 to September 2023 (Fig. 2). Two Calitoos were
utilized to collect our dataset. Calitoo #0236 was used in two different
periods: from March 30, 2018, to April 11, 2019, and from March 10,
2021, to September 23, 2023, while Calitoo #0405 was used for the
remaining period.

Data gaps occurred during ship stops in various Spanish harbours for
maintenance, lasting from a few days to several months. Additionally,
measurements were exclusively carried out under cloud-free conditions.
Operators were instructed to take measurements during periods of
unobstructed sunlight. The presence of sub-visible cirrus or fragmented
clouds in the field of view introduces fluctuations in atmospheric
transmission, as emphasized by Smirnov et al. (2000).

A total of 2829 AOD values were collected using the Calitoo in-
strument between March 2018 and September 2023 (Fig. 2). Among
these, 1483 (52%) were measured in the Canary Islands and along the
African coast (region I), 926 (33%) along the Spanish Mediterranean
coast (region II), 246 (9%) along the Portuguese coast (region III) and
174 (6%) along the Cantabrian coast and the Bay of Biscay (region
IV). Most measurements were taken in the early morning (between
08:00 and 10:00 UTC), comprising 44% of the total, and during the
afternoon hours (between 14:00 and 16:00 UTC), accounting for 55%.
During the measurement procedure, a minimum of three consecutive
measurements were taken within an interval of approximately three
minutes to mitigate errors stemming from measurement conditions.
Moreover, measurements were conducted under clear-sky conditions.

3.2. AERONET-Cimel sun photometer

The AOD data provided by AERONET-Cimel reference instruments
were used for comparison with values derived from Calitoo. The Cimel
photometer, as described in Holben et al. (1998), is an automatic sun—
sky scanning filter radiometer that measures AOD at 340, 380, 440,
500, 675, 870, and 1020 nm (extended wavelength versions addition-
ally include 1640 nm) with a 1.3° full field of view (FOV) (Holben
et al., 1998; Torres et al., 2013). The uncertainty in AOD measurements
from Cimel field instruments was estimated to be +0.01 in the visible
(VIS) and near-infrared (IR) ranges, which increased to +0.02 in the
ultraviolet (UV) range (340 and 380 nm) (Eck et al., 1999; Sinyuk et al.,
2012).

In this study, we utilized data from three AERONET-Cimel stations
located in Santa Cruz de Tenerife in the Canary Islands (28.47°N,
16.25°W, 52 m a.s.l.), El Arenosillo in Huelva (37.10°N, 6.73°W, 59 m
a.s.l.) and Palma de Mallorca in the Balearic Islands (39.55°N, 2.62°E,
10 m a.s.l.). Their measurements are compared with the AOD values
obtained with Calitoo in three areas: Canary Islands (26°-32°N; 20°-
12°W), Huelva (36°-37°N; 6°-8°W) and Balearic Islands (37°-42°N;
0°-5°E). We used AERONET version 3.0 level 2.0 AOD data (Giles et al.,
2019) for Santa Cruz de Tenerife for the study period, El Arenosillo
until April 2023 and Palma de Mallorca until May 2023, for the rest,
the remaining period, level 1.5 data have been utilized.
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Fig. 2. Map of localization of available Calitoo measurements on board the oceanographic vessel Angeles Alvarifio between March 2018 and September 2023. The AOD value at a

wavelength of 540 nm is indicated by the color of the dots.

Ship-borne AODs extracted from MAN, component of AERONET,
could be an important piece of information in the present study.
However, only 19 coincident observations (within a time interval of
+30 min and at a distance of less than 500 km) were accessible for this
study. For this reason, MAN data were not included in the comparison
or validation study of the Calitoo.

3.3. MODIS aerosol products

The MODIS instrument is aboard the polar-orbiting satellites Terra
and Aqua, which belong to the NASA Earth Observing System (EOS).

MODIS was launched aboard Terra in 1999 and Aqua in 2002, and al-
lows Earth observation by providing a high level of global coverage and
detail. Its radiometer sensitivity enables MODIS to capture information
in a broad spectral range. It covers 36 discrete spectral bands ranging
from the visible to the thermal infrared (0.62 to 14.365 pm). Moreover,
MODIS offers the opportunity to study a diverse array of Earth’s surface
and atmospheric properties. These spectral channels include visible,
near-infrared, and thermal bands, facilitating the retrieval of many
parameters such as land surface temperature, vegetation dynamics,
cloud properties, and atmospheric composition (Kaufman et al., 1997;
Tanré et al., 1997).
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In this study, we utilized level 2 products MODO04_3K and
MYDO04_3K (Collection 6.1; Levy et al., 2015). These products encom-
pass a diverse range of atmospheric variables, including aerosol optical
properties. With a spatial resolution of 3 km, this product represents
an enhanced version incorporating algorithmic refinements in Dark
Target (DT) Aerosol retrieval over urban areas and includes uncertainty
estimates for Deep Blue (DB) Aerosol retrievals.

3.4. CAMS reanalysis AOD

Data from the aerosol reanalysis of the Copernicus Atmosphere
Monitoring Service (CAMS) provided by the European Centre for
Medium-Range Weather Forecasts (ECMWF) (Inness et al., 2013) have
been used. This reanalysis is a robust amalgamation of satellite ob-
servations assimilated into a comprehensive global model, effectively
rectifying model biases on the contrary to observational data (Inness
et al., 2013, 2019).

Specifically, our analysis used the ECMWF Atmospheric Composi-
tion Reanalysis 4 (EAC4) dataset (Inness et al., 2019). This dataset rep-
resents an extensive global atmospheric composition reanalysis prod-
uct, merging a wide array of remote sensing and ground-level observa-
tional data into a continuous, globally available spatiotemporal dataset,
all facilitated by a sophisticated numerical atmospheric model (Inness
et al., 2019). The dataset boasts high temporal resolution data (at 3-
hour intervals) for both total and species-specific AOD measurements.
However, it is important to note that the spatial resolution is coarse,
at 0.75° x 0.75° across various wavelengths (including 469, 550, 670,
865, and 1240 nm), and our analysis focuses solely on the wavelength
of 550 nm.

4. Methodology
4.1. Retrieval of AOD from Calitoo measurements

The AOD was derived from the direct solar radiation measured by
Calitoo according to the Beer-Lambert-Bouguer law:

V() =Vo(4) - e )

where V(2) is the signal measured by the instrument at wavelength (1),
m is the optical air mass, 7(4) is total the optical depth, and V,(4) is
the instrument calibration constant in the top-of-atmosphere radiation
corrected for the Sun-Earth distance.

The calibration constant, V;(4), has been determined during stops of
the Angeles Alvarifio at the Santa Cruz de Tenerife harbour (Tenerife, Ca-
nary Islands). These stops enabled to exchange/recalibrate the Calitoo
instruments, ensuring measurement accuracy over the 5-year period.
Calibration of the Calitoo instruments took place at the Izafa high-
altitude station (IZO, https://izana.aemet.es/). Calibration procedures
were conducted, through an intercomparison analysis of coincident
Calitoo and AERONET-Cimel observations at 1ZO using Eq. (1). It is
noteworthy that the limited availability of days (2-3 days) for instru-
ment calibration was due to this port not being the vessel’s primary
operational base.

The total optical depth, z(4), can be expanded by taking into
account the contribution of different agents and can be written as:

7(4) = 7r(D) + 7,(A) + N0, (D + T1,0(4) + 70, (4) + 70, (4) 2

where 7(4) resulting from Rayleigh scattering, which is dependent on
station pressure, 7, denotes the AOD, and the remaining terms account
for the absorption by atmospheric gases.

In this study, corrections for Rayleigh scattering have been applied
to the three wavelengths, and ozone column corrections have also
been implemented at 540 and 619 nm. The remaining terms 7No, (),
TH,0(4) and 70,(4) have been deemed negligible, as confirmed by the
transmittances of each gas obtained using the MODerate resolution
atmospheric TRANsmission model (MODTRAN; Berk et al., 2000).
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Therefore, isolating the AOD in the Beer-Lambert-Bouguer law, it
can be calculated as follows:

1
AOD = m—a - [InVy(A) — InV (X)) — tx ~mR—1'03(/1)~m03] 3)
where:
1

= 4
"2 = Cos(0) + 0.0548 - (92.65 — 0)- 1452 “)
TR = § -0.008569 - 4 - (1 +0.0113 - 272 +0.00013 - 174 )

o
- L ®)
¢0s(0) + 0.50575 - (96.07995 — 0)~16364
To,(A) = ug, * Ao, (@]
R+h

mo, - ®)

B VR +h)2 = (R+1)? - 5in%(9)

In the previous equations, 6 represents the solar zenith angle, P de-
notes the pressure at the measurement site within Earth’s atmosphere,
P, stands for the standard pressure at sea level, A is the wavelength
in micrometers (pm), and up, indicates the total ozone column derived
from the monthly climatology utilized by AERONET (OMI: Ozone Mon-
itoring Instrument) spanning from 2018 to 2023 (Giles et al., 2019).
Two distinct climatologies have been employed to estimate the total
column ozone in each region: one for the Canary Islands region (Region
I) and another for the Iberian Peninsula regions (Regions II, III, and
IV) (see Fig. 2). Ao, denotes the ozone absorption cross-section based
on the work of Brion et al. (1993, 1998), R (6370 km) represents the
mean radius of Earth, r indicates the station’s height above mean sea
level in kilometers, and h denotes the mean height of the ozone layer
in kilometers (set at 22 km).

Besides, the AOD was calculated at 550 nm to compare the Calitoo
measurements with the MODIS and CAMS AOD. For this purpose, we
calculated the Angstrén Exponent (AE) from the following equation:

7,(4) = B - ATAE) ©)
where f is the atmospheric turbidity coefficient. AE is calculated with

measured AODs (r,(4,)) and (z,(4,)) at two different wavelengths (4,
= 465 nm and 4, = 619 nm) from the following equation:

AE = In(,(41)[7,(A2))/In(Ay/ A1) (10)
Therefore, the AOD at 550 nm is calculated as follows:
7,(550 nm) = 7,(540 nm) - (0.550,/0.540)AE) an

4.2. AOD uncertainty analysis

In the following section, the uncertainty analysis has been addressed
for Calitoo AOD retrievals. To do it, the guidelines outlined in the
Guide to the Expression of Uncertainty in Measurement (referred to as
GUM) were followed. Specifically, the Monte Carlo method (MCM) has
been employed as defined in the work by Gum (2008). Calculations
were performed using the MetroloPy Python module (accessible at
https://pypi.org/project/metrolopy/). The detailed steps can be found
in Garcia et al. (2021), but taking into account specific parameters for
this work. The number of iterations in each AOD retrieval was set to
10°, as recommended by the GUM, to achieve a 95% coverage interval.

The MCM has been applied to Eq. (3), in which uncertainties of
all variables were obtained from the literature (Table 1), except for V
and V,,. For V, its associated uncertainty (4V) has been evaluated for
each measurement, considering the standard deviation of the recorded
counts in consecutive measurements. Pointing errors (dependent on
sea roughness), electronic noise and atmospheric variability during
measurements are expected to impact on AV. Please note that only
those consecutive measurements in which there are a minimum of 3
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Fig. 3. (a) Frequency distribution of the relative uncertainty of the measurement counts for 465, 540 and 619 nm. (b) Time series of V,, for three wavelengths. The blue band
corresponds with the Calitoo #0236 and the orange one with Calitoo #0405. The error bars correspond to the MCM evaluations.

Table 1
Input parameters uncertainties and their corresponding references. MCM: Monte-Carlo
method.

Parameter Uncertainty Reference

V) 5% -

V, (465 nm)? +44 MCM

V(540 nm)? +43 MCM

V(619 nm)? +33 MCM

mg; my; Moy 0.065% Kasten and Young (1989)
TR 0.7% Frohlich and Shaw (1980)
uo, 15% Huang et al. (2017)

on 0.31% Tavella et al. (2023)
Sun-Earth distance 0.0001 Spencer et al. (1971)
AOD +0.01 Holben et al. (1998)

2 Units: Digital counts.

measurements were considered. In addition to that, the time needed
to perform the cited measurements should be less than 3 min, as
recommended by the manufacturer. The histogram of the uncertain-
ties (in percentage) is shown in Fig. 3(a). A maximum A4V of 5% is
observed, with most of the uncertainties being below 2%. Considering
that the Calitoo measurements in this paper were performed by trained
(scientific) staff, we have adopted a AV value of 5%, representing
a conservative assumption that can be considered valid for Calitoo
readings performed by non-qualified staff.

Calitoo’s calibration, performed at the stops of the vessel, as ex-
plained in Section 4.1, is shown in Fig. 3(b). V,, uncertainty (4V;) was
estimated using the same MCM process explained previously. In this
case, AV, values estimated with the MCM are expressed in Table 1 and
in the error bars of Fig. 3(b), which are + 44, + 43, + 33 digital counts
for 465, 540 and 619 nm, respectively. It must be noted here that, for
each channel, only the maximum obtained value in the four available
days is included in the MCM evaluation. These values translate to an
uncertainty in V, < 1.3% for all cases. The time series of V, also
demonstrates remarkable stability in all wavelengths for Calitoo #0236,
mainly considering that nearly 5 years have elapsed between the first
and last values of V,,. We found V|, relative differences in the 5-year
period of 2.6% for 465 nm, 1.7% for 540 nm and 1.9% for 619 nm,
respectively. This decay rate is similar to that found in Léon et al.
(2021).

5. Results
The Calitoo AOD time series between March 2018 and September

2023 is presented in this section (Fig. 4). A total of 2829 handheld-sun-
photometer observations were acquired (Table 2; Section 3.1). It should

Table 2

Summary of Calitoo AOD observations. Median, interquartile range (IQR) and number
of measurements (N) for AOD between March 2018 and September 2023. Region (I):
25°-35°N, 20°W-0°E, Region (II): 35°-43°N, 7°W-5°E, Region (III): 37°-45°N, 10°-7°W
and Region (IV): 43°-47°N, 7°W-0°E.

Wavelength AOD Median IQR N
Region (I) 465 nm 0.090 0.078
Canary Islands 540 nm 0.083 0.076 1483
and African coast 619 nm 0.081 0.073
Region (II) 465 nm 0.145 0.149
Mediterranean Coast 540 nm 0.116 0.136 926
619 nm 0.106 0.118
Region (III) 465 nm 0.112 0.106
Portuguese coast 540 nm 0.084 0.092 246
619 nm 0.075 0.092
Region (IV) 465 nm 0.111 0.123
Cantabrian coast 540 nm 0.097 0.113 174
and Bay of Vizcaya 619 nm 0.085 0.091

be noted that region I (52%) has the greatest number of measurements
while region IV (6%) has the lowest number. The median AOD ranges
from a minimum of 0.081 at 619 nm in the region of the Canary
Islands and along the African coast (region I), to a maximum of 0.145
at 465 nm on the Mediterranean coast (region II). The highest IQR
(interquartile range) can be found in region II, the Mediterranean coast,
with a value of 0.149 at 465 nm. In region I, the IQR is remarkably
similar in all three wavelengths, whilst more variability is found in the
other regions.

The expanded uncertainty (U,,p) of AOD has been incorporated
in Fig. 4, determined through the application of the previously cited
MCM procedure (see Section 4.2). The black arrows in this figure
indicate the calibration dates. The U, ranges between 0.008 and
0.050, with a mean of 0.032 + 0.008 for three wavelengths and no
significant drift from the calibration date. For AODygs ,,, <0.05 (11%
of the data), the U,y mean is 0.029 + 0.009. For AOD ¢ ,,, between
0.05 and 0.20 (66% of the data) the U,,, mean is 0.033 + 0.008,
while for AODyg5 ,,,>0.20 (23% of the data) is 0.036 + 0.006. The
results for 540 and 619 nm spectral bands are similar to those cited for
465 nm, with minor variations. The average uncertainty found for the
three spectral bands (0.032 + 0.008) will be considered the uncertainty
associated with Calitoo AOD measurements. This is a conservative esti-
mate that includes measurement and calibration errors as well as errors
associated with the aerosol load, air mass, Rayleigh scattering, and
gas absorption calculations. Measurement errors (4}) such as pointing
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errors, electronic noise, or atmospheric variation during measurements
are found to dominate the uncertainty analysis.

5.1. Comparison Calitoo-AERONET AOD

In this section, we deal with the comparison between Calitoo AOD
and the AOD measured in three AERONET-Cimel stations along the
route of the vessel Angeles Alvarifio, namely: (1) Santa Cruz de Tenerife
(28.47°N, 16.25°W, 52 m a.s.l.), (2) Palma de Mallorca (39.55°N,
2.62°E, 10 m a.s.l.), and (3) El Arenosillo (37.10°N, 6.73°W, 59 m
a.s.l.). The Calitoo AOD measurements used in the comparison were
filtered to lie in the surroundings of the cited AERONET-Cimel station.
Thus, the areas were: (1) 26°-32°N, 20°-12°W (Fig. 5a), (2) 37°-42°N,
0°-5°E (Fig. 5b), and (3) 36°-37°N, 8°-6°W (Fig. 5c), for Santa Cruz de
Tenerife, Palma de Mallorca and El Arenosillo stations, respectively. It
should be taken into account that the AERONET-Cimel AOD has been
determined at 465, 540 and 619 nm, by using Egs. (9) and (10) for
comparison with Calitoo AOD.

The comparison was conducted using coincident measurements
within a +2-minute interval for all wavelengths in both datasets. This
methodology yielded an AERONET-Cimel and Calitoo AOD dataset
comprising a total of 176 quasi-coincident in-time measurements for
the Canary Islands, 49 for the Balearic Islands, and 91 for Huelva.
The range of AOD values included in the comparison is broader for
the Canary Islands and the Balearic Islands (AOD up to 0.5), while the
comparison conducted in Huelva was carried out under AOD conditions
restricted to values <0.2. It is important to point out that, for this
reason, the data series measured with the Calitoo is not intended to be
used in this work to create a climatology of these three study regions,
but rather to carry out the necessary validation exercise to demonstrate
its viability for aerosol monitoring in different AOD regimes.

Fig. 5 (d,e,f) shows the scatterplots of the AOD data (AERONET-
Cimel vs Calitoo) at each Calitoo wavelength. The results reveal a good
agreement between Calitoo and AERONET-Cimel AOD (see Table 3),
with correlation coefficients (R) of 0.906, 0.879 and 0.836 for 465 nm
and 0.917, 0.883, 0.839 for 619 nm in the Canary Islands, Balearic
Islands and Huelva, respectively. It may be noted that all correlations
show a statistically significant correlation with values of p-value <« 0.01.
Root mean square errors (RMSE) and standard deviations (STD) reach

their minimum value at 619 nm for the three study regions, with a
value of 0.038-0.039 for the Canary and Balearic Islands, and 0.025
for the Huelva area. Generally, for the three wavelengths, the RMSE
values are lower for Huelva, since the range of variation in this region
is smaller. The negative values of the mean bias (MB; Calitoo AOD —
AERONET-Cimel AOD) for the three regions indicate that the values of
Calitoo AOD are typically lower than AERONET-Cimel AOD.

AOD differences (Calitoo AOD — AERONET-Cimel AOD) versus the
distance in km are shown in Fig. 5(g,h,i). The distance refers to the
separation between the point of each measurement on the ship and
the location of the AERONET-Cimel station, estimated based on the
latitude and longitude of both points. It is observed that there is no
dependence between the AOD differences and the distance, although, in
the case of Huelva, there are no measurements with a separation of less
than approximately 35 km. The farthest measurements from the ground
station were made in the Canary Islands, with some measurements
taken at a distance of almost 400 km from the coastal AERONET
station.

Based on the results presented in Fig. 5 and Table 3, it can be
inferred that there is no appreciable impact on the skill scores de-
pending on the wavelength of the Calitoo bands,nor any discernible
dependence between stations. The only noticeable variation appears
in the MB values in the Balearic Islands, which exhibit significantly
higher MB values (up to —0.030). The standard deviation values of AOD
differences indicate maximum values of up to 0.043 in the case of the
Canary Islands and Huelva, and 0.053 in the Balearic Islands. These
values fall within the expected range, considering that AERONET-
Cimel uncertainty is +0.01 in the visible range (Eck et al., 1999)
and the maximum uncertainty associated with Calitoo measurements
is 0.032 + 0.008 (see Section 5). The higher RMSE, MB and STD values
observed in the Balearic Islands may be due to the limited number of
data points used in the comparison, but also to the potential influence
of fine-mode aerosols or specific meteorological conditions affecting
the AOD variability on short spatial scale, or to the presence of some
instrumental bias.

A subsequent investigation on the capabilities of the Calitoo to pro-
vide a reliable classification of the type of aerosol has been conducted
to help explain the aforementioned differences in AOD. This comple-
mentary information is based on the relationship between Calitoo AOD
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for (g) Canary Islands, (h) Balearic Islands, and (i) Huelva.

and AE measurements (Holben et al., 2001; Hess et al., 1998; Eck et al.,
1999; Smirnov et al., 2002; Basart et al., 2009).

The scatterplots of Calitoo AE (465-619 nm) versus Calitoo
AODsy, ,,, and AERONET-Cimel AE (440-870 nm) versus AERONET-
Cimel AODs,, ,, are presented in Fig. 6. The dataset corresponding
to AODsy ,,, < 0.15 (for both Calitoo and AERONET-Cimel mea-
surements) has been selected for the study of background conditions
(maritime clean) (blue region in Fig. 6), AODsyq ,,, > 0.15 and AE
< 0.6 for dust conditions (orange region), AODs4y ,, = 0.15 and 0.6
< AE < 1.3 for mixed conditions (yellow region) and AODsy, ., >
0.15 and AE > 1.3 for polluted conditions (grey region) (Basart et al.,
2009). Following this criterion, the predominant conditions in the three
study regions are the background conditions with 75% (with a mean
and standard deviation AOD of 0.071 + 0.037), 53% (0.098 + 0.029)
and 93% (0.078 + 0.029) of the data for the Canary Islands, Balearic
Islands and Huelva, respectively. These background conditions refer
to clean marine conditions without the influence of anthropogenic
(local) aerosols. Dust conditions prevail in the Canary Islands area with
23% of the data (0.269 + 0.085), compared to 6% and 5% for the
Balearic Islands and Huelva, respectively. As reported by Barreto et al.

(2022a), the presence of the Saharan Air Layer (SAL) at subtropical
latitudes is characterized by a dust-laden layer that strongly affects
the Marine Boundary Layer (MBL) that reaches altitudes up to 6 km
in summer (Barreto et al., 2022b). According to these authors, the SAL
over the Canary Islands can be considered a well-mixed layer with gen-
erally fairly constant thermodynamic vertical features and dust particle
concentration. These nearly constant aerosol properties persist during
its long-range transport due to vertical internal mixing processes (Ryder
et al., 2018), explaining the independence of AOD differences with the
Calitoo-Cimel distance, at spatial scales of 400 km (Fig. 5). This is a
noteworthy finding, as it suggests that Calitoo measurements may be
representative of extensive areas in the subtropical region.

Not only dusty conditions, but also clean marine conditions are
expected to result in minimal variability of AOD (Smirnov et al.,
2002), unlike polluted environments. The Canary Islands and Huelva
do not contribute to the pollution events, while measurements taken
in the Balearic Islands were affected by pollution in 22% of the cases.
Cases of aerosol mixture also turned out to be a high percentage in
the Balearic Islands (18%) compared to 2% in the rest of the areas.
These findings align well with those reported by Lyamani et al. (2015)
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Statistics of the Calitoo-AOD and AERONET-AOD comparison performed between March 2018 and September 2023 at Canary Islands (26°-32°N,
20°-12°W), Balearic Islands (37°-42°N, 0°-5°E) and Huelva (36°-37°N, 8°-6°W). N is the number of measurements; RMSE is the root mean
square error; MB is the mean bias; STD is the standard deviation. The fit parameters are also included: R (Pearson Correlation coefficient;
p-value), slope, and intercept.

Wavelength Slope Intercept RMSE MB STD R (p-value)
465 nm 0.903 0.015 0.043 —0.002 0.043 0.906 («0.01)
Canary Islands 540 nm 0.885 0.016 0.044 —-0.003 0.043 0.900 («0.01)
(N 176) 619 nm 0.907 0.008 0.039 —-0.002 0.039 0.917 («0.01)
465 nm 0.997 0.030 0.060 —0.030 0.053 0.879 («0.01)
Balearic Islands 540 nm 0.919 0.038 0.056 —-0.024 0.053 0.838 («0.01)
(N 49) 619 nm 0.910 0.021 0.038 —-0.008 0.038 0.883 («0.01)
465 nm 0.928 0.012 0.030 —0.006 0.030 0.836 («0.01)
Huelva 540 nm 0.806 0.016 0.033 —-0.001 0.030 0.727 («0.01)
(N 91) 619 nm 0.781 0.015 0.025 —-0.001 0.025 0.839 («0.01)
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Fig. 6. Scatterplots of the values of Calitoo AE (465-619 nm) versus Calitoo AODsy, ., (closed circles) and AERONET AE (440-870 nm) versus AERONET AODs,, . (open circles)
for (a) Canary Islands, (b) Balearic Islands and (c) Huelva. The regions indicate the threshold limits established for background (marine clean) (AODsy, ,,, < 0.15; blue color),
dust (AODsy ,,, = 0.15 and AE < 0.6; orange color), mixed (AODs,, ,, > 0.15 and 0.6 < AE < 1.3; yellow color) and aerosol polluted conditions (AODsy, ,, > 0.15 and AE >

1.3; gray color).

over the western Mediterranean and Rodriguez et al. (2015), Cuevas
et al. (2017), Barreto et al. (2022b,a) in the subtropical eastern North
Atlantic region.

The predominance of fine mode (polluted or mixed aerosols) in this
area with high AOD and AE values is hypothesized to be behind the
higher MB and STD observed in Fig. 5 and Table 3.

The same classification performed with AERONET data (Fig. 6,
shown with open dots) yields similar results, except for polluted con-
ditions in the Balearic Islands. In this case, maximum differences of
21% were observed (22% in Calitoo measurements, compared to 43%
in AERONET-Cimel measurements). Differences below 10% were ob-
served for the remaining aerosol regimes and stations, suggesting that
variability in fine-mode AOD is likely the cause of the differences
observed in Figs. 5 and 6, as well as in Table 3.

5.2. Comparison MODIS and CAMS AOD versus Calitoo data

The Calitoo AOD at 550 nm was compared with the AOD data at
550 nm retrieved from the operational MODIS AOD product at a 3-km
resolution (MODO04_3K) and the CAMS EAC4 reanalysis datasets, for the
period spanning from 2018 to 2023 (Fig. 7). Comparisons were made
by aligning measurements from both databases within a +30-minute
window. For MODIS data, measurements within a 5 x 5 pixel square
around the satellite overpass were considered, as outlined in previous
studies (Ichoku et al., 2002; Léon et al., 2021). The CAMS reanalysis
has a spatial resolution of 0.75°x0.75° and a temporal resolution of
3 h (Inness et al., 2013, 2019). For the MODIS database, 237 matches
with the Calitoo measurements along the coast of Spain were found
(Fig. 7a), and 1113 matches were found for CAMS (Fig. 7b).

The correlation and statistical metrics for the comparison between
MODIS and CAMS AOD with Calitoo AOD are presented in Table 4,

considering four regions (labeled I to IV). The slope closest to one is
found in region IV for Calitoo vs. CAMS, with a value of 1.024, while
the worst is in region III for Calitoo vs. MODIS at 0.529. Notably, the
best slope for Calitoo vs. MODIS is 0.711 (region IV), and the worst for
Calitoo vs. CAMS is 0.614 (region III).

The comparison between Calitoo and MODIS generally shows worse
skill scores than the comparison between Calitoo and CAMS (Table 4).
Nevertheless, it should be noted that the number of available coincident
measurements is quite different for CAMS and MODIS, mainly due to
the higher temporal frequency of the CAMS reanalysis, as outlined at
the beginning of this section. In the case of the Calitoo-MODIS compar-
ison,A the slopes (0.53-0.71) are lower than those reported by Gupta
et al. (2018) for the Europe-Mediterranean region (1.06) in the 2000—
2015 period. However, correlation coefficients (0.69-0.87) and RMSE
values (0.09-0.15) are similar to those found by these authors (0.79
and 0.11, respectively). A MB (Calitoo-MODIS) of —0.063 was found for
the four regions, pointing to a general overestimation of MODIS AOD in
agreement with the values found by Gupta et al. (2018) by comparing
with AERONET-Cimel in the Europe-Mediterranean region.

Low intercept and RMSE values were found in the Calitoo-CAMS
comparison in all regions (Table 4), with the exception of region IV
(0.081 and 0.197, respectively), which is attributed to the low number
of AOD pairs in this region. RMSE values range between 0.053 and
0.063, which are consistent with the results retrieved by Kapsomenakis
et al. (2022) along a 19-year study period (2003-2021) using all the
available AERONET observations over the Northern Africa, the Middle
East and Southern Europe (NAMEE) region. Correlation coefficients
(R) for regions I and II (0.84-0.85) are also in agreement with the
results published by Kapsomenakis et al. (2022) and Langerock et al.
(2024) in the NAMEE region. MB values (Calitoo-CAMS) of —0.034,
—0.026 and —-0.013 (not shown in Table 4) were found in regions I,
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Fig. 7. Map of available Calitoo measurements on board the ocean-graphic vessel Angeles Alvarifio coinciding with (a) MODIS AOD and (b) CAMS AOD measurements between
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Table 4

AOD comparison statistics for Calitoo with MODIS and CAMS between March 2018 and September 2023. The regions represent (I) the Canary Islands and the African coast, (II)
the Mediterranean coast, (III) the Portuguese coast and (IV) the Cantabrian coast and Bay of Vizcaya. The statistical parameters are defined in Table 3 and n.s. indicates that the

p-value is not significant.

Calitoo AOD-MODIS AOD

Calitoo AOD-CAMS AOD

Region Slope Intercept RMSE R (p-value) N Slope Intercept RMSE R (p-value) N

(0] 0.681 —0.004 0.094 0.864 («0.01) 78 0.801 —0.007 0.053 0.849 («0.01) 314
(I 0.585 0.035 0.151 0.693 («0.01) 129 0.807 0.004 0.063 0.838 («0.01) 636
(1 0.529 0.049 0.106 0.872 («0.01) 14 0.614 0.021 0.055 0.686 (<0.01) 65
av) 0.711 0.048 0.123 0.423 (n.s.) 16 1.024 0.081 0.197 0.269 (n.s.) 29
Total 0.614 0.024 0.130 0.732 («0.01) 237 0.786 0.006 0.066 0.783 («0.01) 1113

II and III (average of —0.024), pointing to a general overestimation
of CAMS AOD in the three regions. These values are in agreement
with the annual MB (AERONET-CAMS) between —0.03 and 0.01 in
the Mediterranean region found by Kapsomenakis et al. (2022) but
not with the AOD underestimation over the subtropical North Atlantic
and the Sahel belt expected for CAMS (Kapsomenakis et al., 2022;
Langerock et al., 2024). A more extensive comparison database would
be necessary to conduct a more accurate comparison.

6. Summary

In this paper, we present a 5-year assessment of AOD and AE
data acquired from the hand-held Calitoo sun photometer onboard the
oceanographic vessel Angeles Alvarifio. The Calitoo device quantifies
solar irradiance at three specific wavelengths (465, 540, and 619 nm).
The observational period extends from March 2018 to September 2023,
encompassing a total of 2829 measurements. This extensive dataset
provides AOD and AE information for various regions, including the
Canary Islands and the African coast (region I: 52% of the data), the
Mediterranean coast (region II: 33%), Portuguese coast (region III: 9%),
Cantabrian coast and Bay of Biscay (region IV) with 6% of the data.
Data gaps occurred during ship stops for maintenance. The median AOD
of this dataset ranged from 0.081 at 619 nm in region I to 0.145 at
465 nm in region II. The IQR was highest in region II at 465 nm (0.149)
and lowest in region I at 619 nm (0.073).

A Monte Carlo method was employed to estimate the uncertainty in
the Calitoo AOD, resulting in an expanded uncertainty (U,,p) ranging
from 0.008 to 0.050, with a mean value of 0.032 + 0.008 for the three
wavelengths.

AERONET-Cimel AODs were used as reference information in a
validation analysis of the Calitoo AOD values in the Canary Islands,
Huelva, and Balearic Islands. In particular, three AERONET stations
were used in this validation analysis: Santa Cruz de Tenerife, El
Arenosillo (Huelva), and Palma de Mallorca. The comparison showed

a good agreement, with correlation coefficients ranging from 0.727
to 0.917 for the three wavelengths at the three stations. RMSE was
lowest at 619 nm for three study regions, with a value of 0.038-0.039
for the Canary and Balearic Islands, and 0.025 for the Huelva area.
Calitoo AOD values were generally lower than those of AERONET-
Cimel (MB ranging between —0.030 and —0.001), within the combined
uncertainties expected for Cimel and Calitoo. Calitoo AOD and AE
information have also proven reliable for classifying aerosol types,
which could significantly improve our understanding of aerosols in
remote or under-monitored areas.

A subsequent AOD comparison analysis between Calitoo-MODIS
and Calitoo-CAMS shows negative mean bias of —0.063 and —0.024,
respectively. These values indicate a general overestimation by MODIS
and CAMS in the study regions. However, a more extensive comparison
database is needed to draw more precise conclusions about the effects
of diverse aerosols and their climatology on the satellite products.

7. Conclusions

The study provides a comprehensive evaluation of the Calitoo hand-
held sun-photometer’s performance in measuring AOD, using
AERONET-Cimel information as the reference. A subsequent compar-
ison analysis compared its data with established satellite (MODIS)
and atmospheric composition reanalysis (CAMS) products. The key
conclusions are as follows:

+ Calitoo has demonstrated remarkable calibration stability over
the 5-year period covered in this study (<0.26%), with an es-
timated AOD uncertainty of 0.032 + 0.008. This is a signifi-
cant finding, as low-cost sensors are often prone to sensor-to-
sensor variability and rapid decay rates, complicating their use
as effective components in monitoring networks.

+ Calitoo measurements show strong agreement with AERONET-
Cimel data. Small AOD underestimation (between —0.030 and
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—0.001) and high correlations (>0.73) are the main results ob-
tained in the AOD validation conducted under different aerosol
regimes.

Our results confirm that Calitoo measurements are representative
over large spatial scales in the subtropical region, particularly
under marine clean and dusty conditions.

A reliable aerosol-type classification has been conducted using
Calitoo AOD and AE data, which could significantly enhance our
understanding of aerosols in key areas.

The methodology and data series presented in this study can
serve as a foundation for future Calitoo deployments and vali-
dation/assimilation plans for satellite and modeling products, as
well as its potential integration with other observational plat-
forms. Given the low cost of the Calitoo, it can be deployed
onboard a large number of merchant and passenger ships or in
remote and under-monitored land areas, providing near real-time
AOD/AE data for comprehensive aerosol studies. This helps to
fill significant gaps in existing global atmospheric composition
monitoring networks, thereby enhancing the robustness of aerosol
monitoring efforts.
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