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1. Introduction

This Harmonia meeting marked the first Workshop of Working Group 4 (WG4). It was held at the
Physikalisch-Meteorologisches Observatorium Davos / World Radiation Center (PMOD/WRC) on
October 8, 2025. The meeting brought together over 20 participants, most of whom attended in
person.

The Workshop featured a total of 14 presentations delivered by both scientists and representatives
from software and instrument manufacturers. The objective was to foster collaboration between these
groups and to initiate discussions on improving measurement techniques and results, in line with the
main goals of WG4, which are outlined below:

WG4: (Industry engagement towards innovative hardware, software products) will create a hub among
scientists and the industrial sector including instrument and software developers. The main aim is to
demonstrate the possibilities of improvements based on synergistic and standardization aspects (WG1
to 2) and also inform on the needs of new technologies towards specific end user goals (WG3). Main
tasks within this working group are to:

e Identify new value-added products resulting from synergistic approaches. Create an
assessment of current measurement uncertainties versus user needs and defining a road map
towards future measurement improvements needed.

e Establish a collaboration platform among scientists and instrument manufacturers aiming on
instrument hardware improvement, linked with retrieval algorithms, towards improvement of
aerosol retrieval accuracy.

e Suggest software, hardware and other aerosol retrieval improvements including low sensors
assessment and share the information with major industrial developers inside and outside
HARMONIA network.
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2. Presentations Summaries

2.1. CIMEL CE318-T Operational Experience and Development Needs
(by Pablo Gonzalez Sicilia, AEMET - TRAGSA)

This presentation was based on the Cimel CE318-T sun-photometer. First, the technical characteristics
of these instruments were described and explained, including the main parts of the instrument, the
spectral range and the procedure of measuring.

After this brief introduction, the measurement capabilities and products obtained from these
photometers were listed. For each one of them, the measurement method, the calibration and the
uncertainties were described, as well as the wavelengths involved.

Knowing the main characteristics of the instrument, some current issues were introduced, which
mainly concern to hardware problems. Among other issues, recent results show the UV channels need
to be improved, especially in lunar measurements or low aerosol conditions. Moreover, regarding not
only UV but also NIR, it is proposed as a future improvement to expand Cimel’s spectral range in both
directions. Apart from this one, other future projects were presented, such as the creation of an
oceanic network based on ship-borne photometers or the harmonization of lunar AOD measurements,
since yet there is no agreement in which model, correction or calibration method is better for this kind
of measurements.

Questions/discussion:

e The example for UV wavelength given in the presentation (300 nm) is something which is
nowadays being studied in order to find the one which works best to retrieve aerosol
information. It is not necessarily 300 nm, but the goal is for it to be around that wavelength,
so it is shorter than the current shortest wavelength.

e The Cimel calibration still has issues that need to be studied, especially the ones regarding the
absolute calibration of the instrument.

2.2. CIMEL photometer & other passive instruments (by Stéphane
Victori, CIMEL)

After a brief introduction of how AERONET was created, the main technical specifications of the Cimel
CE318-T were exposed. There were also shown the rest of the Cimels instruments as well as the filters
they have.

Cimel communicated the scientific community that the improvement of the four-quadrant sensor of
the CE318 is still being improved. It will be replaced soon by a new four-quadrant with a multi-pixel
approach. In addition to these, there were explored some of the future projects of Cimel company,
which included a ship-borne network of photometers, new filters, as well as the enlargement of the
CE318 spectral range using a sandwich detector to measure visible and near infrared wavelengths in
only one channel. Also, some new projects based on the development of new instruments where
shown.

Questions/discussion:

e Julian Grébner and Natalia Kouremeti, both researchers from PMOD/WRD, reminded that in
their institute, some of the issues Cimel presented, had already been tackled in the past.
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Regarding the problem with the UV filters, they propose the use of black filters before the
interference filter. They also showed the PFR tracking method as an example to solve the four-
quadrant tracking issue.

e Some of the future projects proposed was the “Sandwich detector” as can be seen in figure
below. However, the use of just only one channel to measure most of the wavelengths could
cause some inconveniences, such as avoid the obtention of AOD at 1020nm with two different
channels, which is generally useful to identify problems in the instrument such as dirt or the
malfunction of a part of the instrument.

Sandwich detector

Current : two channels = Si & InGas 1.9 pm detector

Future (?):
* one single channel with Si-InGaAs sandwich detector
* Second channel: UV, NIR, TIR,

Tests are delayed: to start in 2026

== Spectral rasparse

CimeEL

e [t wasalso mentioned the cooling down issue for the IR channels. The company suggest cooling
them down from 2000nm onwards. But if it is not much higher, and AOD is the object of study
(as happens with some Cimels instruments in Izafia), then the cooling down is not that crucial.

2.3. Industry Engagement towards Innovative Hardware & Software
Products- Examples from European Metrology Projects (by Julian
Grébner, PMOD/WRC)

In this presentation, several examples in which meteorology-related scientist and companies have
satisfactorily collaborated were exposed.
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An improved diffuser for the Brewer spectroradiometer.
European Metrology Research Programme SolarUV 2011-2014.

» Collaboration between Kipp&Zonen, CMS-Schreder and the project consortium.

Brewer spectroradiometer |.  Diffuser material characterisation Il.  Monte-Carlo ray-tracing lll. Commercial product

EMRP

- pmod ' wrc

The slide taken from the presentation shows one of these examples. Generally, these collaborations
function as a symbiosis between both interested parties. Companies aim to create the best possible
product to increase their sells and make business. On the other hand, scientist need these instruments
in order to get better results and reduce uncertainties. In this example, the product was a light diffuser
for a brewer spectrometer. Usually, the company produce several prototypes and need the scientist
knowledge and experience to try them and decide which one is better and how to improve it. An
important remark from the presentation is to keep in mind that the benefits of these collaborations
usually appear in the long term.

Questions/discussion:

In this case there was no after discussion since the talk itself was a discussion to show how companies
and scientist can obtain benefit from each other.

2.4. Prede POM photometer - user input (by Monica Campanelli, CNR,
Skynet Europe)

The aim of this talk was to emphasize the importance of the collaboration between the users and the
manufacturer of the Prede POM and also the necessary dialogue between them in order to improve
the system. The main technical properties of the POM were shown but also from the previous versions
of it, explaining how Prede improved them over time in order to fulfil user’s requests.

Apart from these improvements, they were also presented some of the issues which still need to be
faced, especially cloud-screening to compare different databases. After that, she mentioned the
importance of the intercomparison campaigns and the importance of having long term data.

Questions/discussion:
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e Regarding the cloud screening methods, there are still issues to solve, since for example the
removal of points which the algorithm thinks that are cloud, but they are not, such as high
AOD events. There was a discussion comparing different cloud screening algorithms (Aeronet,
CAELIS), but the conclusion was that still there is no agreement in which is better, or how they
are working for lunar data in some networks. The main issue is that comparing few data,
provides good results, but the more amount of data taken, the worse the comparison will be.

2.5. Precision Filter Radiometer (PFR) & Precision Spectro-Radiometer
(PSR) Development (by Natalia Kouremeti, PMOD/WRC)

The PFR and PSR instruments were developed at PMOD/WRC in 1998 and 2010, respectively, through
close collaboration between the PMOD technical department (manufacturer) and scientists to meet
contemporary scientific needs. Specifically:

e PFR:developed in response to WMO requests for robust, high-precision sunphotometers with
long-term stability for high-quality direct solar irradiance measurements and aerosol optical
depth (AOD) monitoring at background stations.

e PSR: developed to address the lack of robust, stable, portable spectrometers for direct solar
irradiance measurements and spectral AOD retrievals.

PMOD/WRC'’s dual role as user and developer drove a lengthy process of development, optimization,
and upgrades of both instrument types. Technical characteristics, characterization procedures, and
corrective actions to improve both instruments were presented (e.g., field of view, stray light).

Emphasis was placed on the latest PFR series (2019) as an example of an upgrade driven by close
collaboration between users (PMOD/WRC scientists) and the manufacturer, in contrast to the 2005~
2008 upgrade series, which was manufacturer-led. Long-term deployment of PFRs under varied
environmental conditions, together with detailed characterization, identified the main instrumental
sources of uncertainty in AOD retrievals. These were addressed in the design and optimized where
possible within commercial constraints to preserve backward compatibility.

The advantages of hardware improvements over post-processing corrections are demonstrated in the
detailed uncertainty budget of a PSR instrument, which attains a combined expanded relative
uncertainty of 1.8% in the 400-900 nm spectral region (Figure 2.5). Although PSR was not a major
commercial product for PMOD/WRC, it highlighted the need for high-quality, portable, and stable
spectroradiometers.

Questions/discussion:

e The audience wondered which are the plans for the PSR. The PFR belong to their own network,
is a PSR network planned? Which is the future for these instruments?
Natalia Kouremeti answered that there is no network intention for the near future. In the
current state of the PSRs, the maintenance costs are too high and there are instruments in the
market which can obtain similar results with lower costs. So, for the moment there are just 7
instruments globally distributed over 4 stations.
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Figure 2.5: Irradiance uncertainty budget of a PSR. Grébner J and Kouremeti N 2019 The Precision Solar
Spectroradiometer (PSR) for direct solar irradiance measurements Solar Energy 185 199-210,
DOI:10.1016/J.SOLENER.2019.04.060

2.6. Metrology for Filter- and Spectro- Radiometers (by Saulius Nevas,
PTB)

Ground-based passive remote sensing techniques use radiometric measurement methods. The
respective measuring instruments — including filter radiometers, also known as sunphotometers or
spectroradiometers — are used to determine solar spectral irradiance or sky radiance. Sl-traceable
calibrations of the instruments require respective transfer standard with traceability to the SI and
appropriate calibration setups. The calibrations include also characterisations of all relevant
instrumental properties, affecting measurement results and contributing to the measurement
uncertainties. E.g., the calibration of a spectroradiometer includes characterisation of the wavelength
scale, spectral responsivity, bandpass functions, spectral stray light, the linearity of the detector system
and all other specific properties of the respective device, such as the field of view or temperature
coefficients.

As a results of an Sl-traceable calibration, both filter-radiometers and spectroradiometers are traceable
to the Sl units W and m (Figure 2.6). At the top of the radiometric traceability chain is an absolute
cryogenic electrical substitution radiometer, which is used to measure the power of a monochromatic
well-defined beam irradiating a secondary radiometric detector, e.g. a Si trap detector. The obtained
spectral power responsivity is transferred to further transfer standard detectors by using an
appropriate calibration setup with a monochromatic spectrally tuneable source. By adding a
radiometric aperture with a calibrated area to the radiometric detector, the spectral irradiance
responsivity is obtained. Such a detector can be used as a reference to calibrate the spectral irradiance
responsivity of a filter- or a spectroradiometer in an appropriate setup, such as a spectrally tuneable
laser-based setup TULIP at PTB. Absolutely calibrated filter radiometers are employed to determine
the radiometric temperature of a high-temperature blackbody radiator, which is used then in
combination with an aperture of calibration area as a primary source for spectral irradiance. The
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spectral irradiance is transfer via substitution to secondary standards and further transfer standards.

Both filter- and spectroradiometer can be calibrated thus against primary or transfer standards for
spectral irradiance.

Detector-based | Cryogenic radiometer | W]
:l Detector
A
| Detector [ |+| Aperture [me] | [sz] [ source

Source-based

H Monochromatictuneable source |

High®temperature®lackbody
B
|

A
Filter Radiometer [sz]
w
Blackbody + aperture [m]

Spectroradiometer
w
Transferstandards | [———] h
m?2 - nny :

Monochromatic tuneable source H

DN
[W m?] (Filter radiometer)

DN !
Filter- or spectroradiometer ‘ [sz-nm] (Spectroradiometer)

Figure 2.6: Traceability chains for radiometric calibrations of filter- and spectroradiometers using detector- or
source-based transfer standards.

The established transfer standards for spectral irradiance in the spectral range from 250 nm to 2500
nm are based on quartz-tungsten-halogen (QTH) lamps. As a result of the production phase-out of
such lamps, new-technology sources are needed to transfer spectral irradiance unit to measurement
applications. A Metrology Partnership project 221EMO5 NEWSTAND
(https://www.ptb.de/epm2022/newstand/home) is currently running with the objective to provide

new-technology transfer standard sources and detector based dissemination methods for spectral
irradiance.

Questions/discussion:

e |t was proposed to use LEDs as the new transfer elements, although people were curious if
there won't be stability problems with these ones.
About the stability issues, Saulius Nevas explained that can be found LEDs with good stability,

even more than lamps. However, the problem is with the multiple-spectral LEDs, which are
the ones with stability issues.

2.7. Gigahertz-Optik BTS Spectroradiometers (by Ralf Zuber,
Gigahertz-Optik)

The BTS-Solar/BTS2048 family are CCD-array spectroradiometer systems designed for direct and global
solar spectral irradiance measurements. Outdoor versions have low maintenance (only a filter wheel
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as a moving part), heated airflow for snow/water mitigation, and a sun tracker with a
4-quadrant diode. The system is modular with versions covering UV (=280-430 nm),
VIS—NIR (=280-1050 nm), NIR/IR up to =2150 nm, allowing full spectral coverage by

o
combining units. {‘

Key technical features include sophisticated filter-based stray-light reduction in the
UV—implemented via filter measurements between diffuser and spectrometer and an

array optics layout optimized by ZEMAX ray tracing—to preserve accuracy near the /;'-
solar edge. Direct measurement FOV is approximately +1.4° (FWHM) and the UV . %
bandpass is about 0.6 nm. o

Applications demonstrated include spectral aerosol optical depth (AOD) retrievals Figure 2.7a: BTS
across 280-2150 nm (reference: Grébner et al. 2023) and global spectral irradiance/Uy 01 solar tracker
Index monitoring (BTS2048-UV-S-WP), used in national networks such as the German

UV monitoring. The system supports Total Ozone Column (TOC) retrievals using

multiple algorithms (SolarRunner LUT, CDR/LSF by Luca Egli, etc.), with cited

publications and long-term comparisons.

Calibration is straightforward due to the cosine diffuser entrance
optic; units can be calibrated by the user, an external center, or
returned to Gigahertz-Optik’s lab. The devices are robust for
transport and support the use of calibration lamps in the field.

Decades of close interaction with the scientific community and
national metrology institutes have shaped Gigahertz-Optik core
strengths—40 years of domain know-how, a high-end in-house
ISO 17025 lab, and fully integrated expertise in optics,
electronics, mechanics, software, and calibration—allowing
rapidly knowledge of research needs into customized,
field-ready instrument and laboratory solutions.

Figure 2.7b: Traceability pyramid of Gigahertz-Optik

Questions/discussion:

e Ralf Zuber, representing the Gigahertz-Optik team, wanted to emphasize the importance of
the link with the scientific community in terms of promoting improvements of the instrument,
addressing the user’s needs (in terms of software, mechanics, calibration, etc), being able to
customize and improve their products thanks to this feedback.

2.8. Pandora Spectroradiometers and Pandonia network (PNG) (by Axel
Kreuter, Luftblick)

To begin with, due to the previous presentation, a comparison between BTS and Pandora
measurements was presented, highlighting the advantages of Pandora instrument.
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The evolution of the Pandora network was shown, which partly relies in the user’s feedback. In
addition to these, the latest findings from the PGN network were shared, covering an overview of the
entire network, including the different instruments and their corresponding products which not only
focus on AOD measurements, but also gases.

Axel Kreuter explained how Pandora can be mixed with other network/instruments products and
proposed to create a common model between them.

Questions/discussion:

e Regarding the establishment of a common model, to which all the networks will connect and
share data. It was discussed that this connection to a common model will also enable an
interaction between different networks, which will result in an improvement of them. Axel
Kreuter made an analogy on how human intelligence was developed thanks to the social
interaction between them.

2.9. Solar Radiometer comparison (by Adam R. Jensen, Technical
University of Denmark)
In the first part of the talk, it was explained the importance of comparing different versions of the same

instrument, in this case, diffuse instruments. There were also shown and explained briefly the four
main types of diffuse sensors.

One of the main goals of this experience was to study the role of low-cost sensors in comparison to
expensive, reference instrumentation to measure solar radiation. This study was performed in terms
of different aspects, not only focused on the price but also on the installation, communicatidns, etc.]

Questions/discussion:
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e After a brief discussion, the audience and the speaker concluded that low-cost sensors often
fail to meet performance expectations. It was agreed that such instruments should be
thoroughly tested and verified for accuracy before being considered for purchase.

2.10. Evaluation of aerosol measurements from ceilometers on a
European scale using synergistic GRASP retrievals from sun-
photometers and ceilometers (by Jorge Muiiiz, Universidad de Granada)

The presentation showed how ceilometer measurements can be combined with photometer data to
obtain a good characterisation of the aerosols and clouds through GRASP algorithm. More specifically,
the GRASP-pac algorithm was used for this purpose.

After these, two stand-alone methods for calculating aerosol backscatter from ceilometer retrieval
were presented, highlighting how the forward method is usually more precise, especially in the lower
layers of the atmosphere (closer to the ceilometer). To show this, and other important results, there
were compared the backscatter profiles of different stations from Europe as can be seen in the image
below.
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Questions/discussion:

e Various scientist from the audience wondered why in all the examples it was used the same
lidar ratio and proposed to adapt it weather the aerosol particles of study are fine or coarse.
e GRASP-pac provides the lidar ratio, why it or the AERONET product is not used?
Jorge Muiiiz explained that the use of a constant lidar ratio is useful when we have only a
stand-alone ceilometer without a close photometer. In the cases when these instruments are
available, lidar ratio from AERONET or GRASP-pac could be used.
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2.11. Atmospheric characterisation using LIDAR measurements (by
Arlett Diaz Zurit, Universidad de Granada)
The technical information, the importance of using Lidars and how they work was introduced at the

beginning of this talk. There were also described in detail the two main techniques of Lidar
measurements (elastic and Raman).

This presentation showed how Lidar measurements are not only useful in aerosol characterization
(providing important information such as the Angstrom exponent, lidar ratio, and depolarization), but
they can also be used to obtain information about water vapor and hygroscopic processes.

Questions/discussion:

e Since Harmonia WG4 main goal is to establish a link between users (scientists) and software
or instruments development companies, a discussion was proposed, since the following
presentation was from a Lidar manufacturer company. They wanted to know what she, as a
user, would like to ask the manufacturers to improve.

Arlett Diaz asked mainly for easier and better lidar measurements during daytime.

2.12. Advanced Atmospheric Applications with Raymetrics Lidar
Systems (by Ourania Soupiona, Raymetrics)

After a brief introduction of Raymetrics enterprise, the speaker showed how they are ready for science
and for operation. To demonstrate it, she presented some of their technical innovations and how they
meet ACTRIS quality requirements. The most relevant products are devoted to the calculation of
profiles of temperature, water vapor, aerosols, ozone, wind and clouds (the last one solutions for civil
aviation and meteorological agencies).

All this presented hardware is accompanied by its correspondent software, also developed by
Raymetrics. It is meant to ensure an easy management of the system from the user’s part.

Questions/discussion:

e In the previous Lidar talks, there was a lot of emphasize in the synergies between them and
other instruments to, for example, characterize aerosol. What kind of measurements should
be taken in order to make these instruments more synergistic with sun photometer data?
Ourania Soupiona explained that algorithms such as GRASP would work with the products
their instruments provide. She suggested to combine them with total column AOD data.
Moreover, she recommended people to implement their instruments data into meteorological
models.

e Qurania Soupiona encouraged everyone to keep close contact with the companies, suggesting
asking them whatever is necessary.

2.13. Simultaneous profiling of aerosol and tropospheric nitrogen
dioxide from synergetic ground-based observations of AERONET and
PGN (by Masahiro Momoi, GRASP)
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This presentation aimed to show the products of combining elements through the GRASP software. It
was explained how the combination of data from Aeronet (in this case sun photometers) and data
from Lidars provides a well-known good aerosol vertical profile. However, Lidar signal may have some
lack of information in lower layers due to overlap issues. To solve this problem, GRASP is working to
make it possible to incorporate also PGN data to this combination.

To support this idea, it was presented which are the products PGN spectrometers will add to the data
mixture, focusing on the DOAS process, which mainly allows the algorithm to obtain the slant column
density.

The different combinations of instruments showed in the presentation and the comparison between
their results can be seen in the image bellow. The result presented in this meeting showed how the
synergy between Aeronet sky radiances and multi-axis dSCD Pandonia approach can lead to a more
accurate retrieval of the aerosol profile versus the stand-alone technique, being this technique
sensitive to NO; profiles.

Aerosol profiling retrieval from all measurements:
post CINDI-3 (26 June 2024, Rotterdam de Slufter)

Radometer
?/
+
C <
radiometer _ spectrometer

(ALMWHYB) [o at477 m _‘) 14
L

radiometer
(ALWHyB) * Ceilometer

2024-06-26T09:44:57

Radiometer + spectrometer (O, at 477 nm)
Radiometer + Ceilometer
Radiometer + Ceilometer + O,@477 nm

Altitude [km]

Cut-off: 0.25km

P .
+ < @ +
Cut-off: 0.25km 1 - - , :

Cut-off: 0.25km

0
0.00 0.02 0.04 0.06 0.08 010
Aerosol concentration [um3/um2/km]

Questions/discussion:

e People from the audience asked about ceilometer first point (the one which height is ground
level). Usually, due to overlap, the ceilometer vertical profiles start above the height where
the instrument is placed (in the example above 0.25km), but in the presentation there were
points below full overlap region.

Masahiro Momoi explained that GRASP can make this assumption on its own, it is not
necessary to inform the algorithm about these points and the Pandora measurements contain
information about the aerosols at these heights.

e Another question was related to the difference between Pandonia Spectrometer and
ceilometer pointing. They asked him if its relevant the differences in pointing since the
spectrometer points to the horizon, so far away in the distance, and the ceilometer its always
pointing to the zenith of the station.
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2.14. GRASP-Cloud Platform: Empowering Research in Atmospheric and
Surface Products (by Juan Carlos Antufia, GRASP)

The presentation showed how GRASP cloud arose from ESA’s DIVA project. GRASP is an open-source
and free use algorithm. GRASP cloud is an online platform developed in order to increase the efficiency
of the scientific results and sabe them time.

There were shown some examples where GRASP cloud is being used, not only with ground based, but
also satellite data. The algorithm running in the cloud platform is also useful for any type of validation
exercise (especially satellite validation).

Finally, Juan Carlos Antufia presented the GRASP future projects, which included a user’s portal, where
they can request data, services, computational power, etc.; and a workflow orchestration, which
means a full automation of the product, being able to run in the background with no intervention
needed.

3. Users Survey:

Users of the instruments/networks related to this HARMONIA Workshop were previously asked to fill
in a survey to get their feedback in order to improve different aspects. There was a total of 67 answers,
mainly from either instruments or data operators.

Results can be seen at the end of this document, but here are the main highlights from the user’s
answers:

e Although 38% of the Filter Radiometers and Photometers users see their instruments as black
boxes (don’t understand how they work), 50% of the users are ok with it and don’t need to
know more about it or have more control over their instruments.

e Similar thing happens with the Spectral Radiometers users. Although more than half of them
believe their instruments are a black box, 80% of the total users are not interested in having
more control over them.

e 70 % of the Filter Radiometers and Photometers users don’t apply any correction to their
measurements.

e Lidar/Ceilometer and Sky Cameras users were the most disappointed with their instruments
(although the lowest grade was 5.5/7).

e 9outof 15 Lidar/Ceilometer users believe the main source of uncertainty in their instruments
is the overlap correction.

4. Main topics of the workshop, Issues discussed & Aspects
for improvement

e Scientist presented their instruments and the main issues they are currently facing with the
aim of showing manufacturers aspects for improvement and guiding them towards the
creation of better instruments.
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e On the other hand, insights from instrument manufacturers and companies developing
algorithms such as GRASP where discussed.

e Some successful science-manufacturers collaborations were shown in order to encourage
both interested parties.

e Presented new developments in measurement characterization and instrument calibration
from the scientific community.

e Companies encouraged scientist to rent their instruments to try them before a purchase, due
to the high prices.

e Discussed potential synergies in instrument advancements, not only between scientist-
companies but also between researchers from different networks.

o Reflected the perspectives of instrument users through a dedicated questionnaire, which
allowed companies to understand their users main request in a simple way.

5. Workshop Presentations:
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1. Introduction

This second Workshop of the Working Group 4 (WG4) was held in Valladolid (Spain), in the
facilities of the Group of Atmospheric Optics from the University of Valladolid (GOA-Uva) on
30 June 2026. This meeting brought together 18 participants from different European
countries, all attending in person.

This Workshop was organized in line with the main goals of WG4 (Industry engagement
towards innovative hardware, software products), which focuses on the creation of a hub
among scientists and the industrial sector including instrument and software developers.
The main aim is to demonstrate the possibilities of improvements based on synergistic and
standardization aspects (WG1 to 2) and also inform on the needs of new technologies
towards specific end user goals (WG3). The main tasks within this WG are:

o Identify new value-added products resulting from synergistic approaches. Create
an assessment of current measurement uncertainties versus user needs and defining a
road map towards future measurement improvements needed.

Funded by
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o Establish a collaboration platform among scientists and instrument manufacturers
aiming on instrument hardware improvement, linked with retrieval algorithms, towards
improvement of aerosol retrieval accuracy.

o Suggest software, hardware and other aerosol retrieval improvements including low
sensors assessment and share the information with major industrial developers inside and
outside HARMONIA network.

With these goals in mind, this Workshop included 14 presentations (summarized in the next
section) delivered by both scientists from research institutes and representatives from
software and instrument manufacturing companies, with the objective of fostering
collaboration between these groups and initiating discussions on improving measurement
techniques and results.

2. Presentations Summaries

2.1 What We Can Do with All-Sky Cameras and What We Need
(by Roberto Roman)

In this presentation Roberto Roman from the University of Valladolid introduced the all-sky
cameras. This instrument is designed to take photos of the full sky and have been used
historically for cloud observations. However, its use is not restricted to this application.
During his talk, Roberto Roman showed that all-sky cameras are useful also to: retrieve the
cloud cover applying neural networks, estimate sky radiances during the day to retrieve
aerosol properties using the GRASP code (GRASP-CAM inversion strategy) and estimate
star irradiance to calculate night-time AOD by Langley calibration, among others.

Despite all-sky cameras are less accurate and precise than other instruments, most
disadvantages can be solved. They also present many advantages like: they are cheaper,
they perform a full and quasi-instantaneous scan of the sky, they measure various
wavelengths simultaneously, and they allow to change exposure time and gain (High
Dynamic Range).

Roberto Roman also introduced his latest project, the PRESENTE All-Sky Camera Network,
which consist on 20 all-sky cameras OMEA-3C-TF installed around Valladolid. This network
is used to conduct stereophotogrammetry of clouds, which allows to obtain maps for cloud
base and top heights.

Finally, Roberto exposed the daily problems that affect all-sky cameras. These are mainly
related to the presence of birds and to dirty due to dust, rain and bird residuals. Therefore,
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cleaning tasks are crucial. In addition, the dome reflections can affect the measurements
(they can look like fake clouds); this issue should be corrected.
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2.2 Co-Designing All-Sky Camera Networks with the Scientific
Community (by Max Aragén)

Max Aragoén is part of Wematics, a R&D-native startup in atmospheric sensing, and MINES
Paris (PSL). In this presentation Max talked about his work developing all-sky cameras and
designing all-sky camera networks.

He highlighted that the main aspects to consider when designing All-Sky Camera Networks
are:

- The number of cameras to install.
- The layout of the cameras; i.e., which configuration (location) is better.
- The siting: where to place the cameras, and availability to be installed in buildings.

To analyse these aspects Wematics developed SkyTwin, an all-sky camera network
simulator that allows to simulate the images that would be observed by all-sky cameras
established at certain locations for a simulated cloud evolution. Max showed the simulation
obtained for a day in Valladolid considering the PRESENTE all-sky camera network
presented by Roberto Roman in the previous talk.

This simulator can be used to validate cloud parameters determined by other methods. The
differences between the cloud height (or other parameter) retrieved in the simulation and
the obtained by other methods can be used to estimate error maps and determine the
retrieval need (points with more error); i.e., the points where more cameras are needed to
improve the estimations of cloud height (or other parameter).

Another application of the simulator is the estimation of solar irradiance. This way, maps of
solar radiation can be obtained emulating the hole radiative transfer.
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The main conclusion of this work is that the way the camera networks are designed is very
dependent on the desired application of the cameras. In addition, Max highlighted that
SkyTwin should be improved to include aerosol scattering.

Finally, Max talked about the all-sky camera prototype they are working on, that consists in
a completely autonomous all-sky camera self-powered, self-calibrated, self-cleaned,
multispectral and with an edge recognized by Al.

SkyTwin: All sky camera network simulator

PRESENTE Valladolid all sky camera network (2025-04-26)

2.3 Using Radiance Information from All-Sky Imagers for
Simultaneous Multi-Angle Observations of Sky Conditions
(by Laurent Sauvage)

Laurent Sauvage, from Reuniwatt, presented a VIS/TIR sky imaging system designed
primarily for cloud observation, though some development has also targeted aerosols. Sky
Insight™ is the thermal infrared all-sky imager, and offers 24/7 observations without sun
flare, and Sky Cam Vision™ is the visible-range all-sky imager. These instruments are robust
to harsh weather, require a low maintenance and are easy to deploy. The imagers are
provided with intelligent self-calibrating algorithms for positioning, levelling and mask
detection; an automatic geometric calibration is performed following the sun/moon
positions. Each system is calibrated in radiance against their “golden” reference systems in
Toulouse.

These systems are aimed at the solar energy market and contrail studies, with main
applications including solar energy, airport weather monitoring, free-space optical
communications, and atmospheric research (including contrails).

The TIR system is particularly useful for cloud coverage, radiance, and cloud optical depth.
It is useful for determining cloud structure (cover, height), evolution (speed), and optical
properties. Using satellite information, the contrails can be matched to the airplane that
produced the contrails, and even detect contrails before they become visible.
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One of their key products is contrail optical depth, retrieved using radiative transfer
simulations — an important input for validating contrail models, which are currently not
very accurate. There are also synergies with ceilometers, pyrheliometers, and CIMEL
photometers. They are also working in the determination of cloud base height considering
two imagers.

Regarding aerosols, the TIR camera could help detect the impact of large particles on the
radiation field, although urban aerosols cannot be characterised with this system. It can
therefore be used in scientific research to complement sun photometer observations,
particularly for large particles. Reuniwatt expressed interest in establishing a collaboration
on AOD retrieval combined with sun photometer data.

Sky InSight™ thermal imager

20240321 150000
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2.4 Dust Clouds or Dusty Clouds: Aerosol-Cloud Interactions
and Their Impact on Solar Energy Production (by Gyorgy
Varga)

Gyorgy Varga focused his talk on the impact of Saharan dust on the solar energy production.
For this study, he has considered long time series of Saharan dust events occurring in
Hungary. Between 1976 and 2026 he identified more than 300 such events, using satellite
data and back-trajectory analysis, and has observed an increase in both the frequency and
intensity of these events in the last years due to climate change.

With respect to energy production, Gyorgy noted that around 28% of Hungary's energy
currently comes from solar sources, reflecting the broader photovoltaic (PV) boom seen
across Europe in recent years. He also highlighted Hungary’s high potential for generating
this type of clean energy, but also the limited support of governments to promoting it.

Due to the observed high impact of Saharan dust in Hungary, Gyorgy has conducted an
analysis of the impact of dust in the photovoltaic energy production. For this analysis he
studied the PV performance ratio and PV loss. He showed that there was a difference of
more than 500 MW between the 24-hour (day-ahead) schedule and the actual photovoltaic
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production during some events dust events (causing tens of millions EUR of damage) in
2022, highlighting the discrepancies between modelled/forecast energy output and the
actual energy generated. Further, he investigated the indirect effects of dust-induced cirrus
on the PV production, which appear to be increasing, and are more frequent in spring.

He concluded that atmospheric dust is very important in PV generation, and forecasting
updates must be considered in order to correctly estimate the dust load and include not
only the effects of dust deposition in the surface of the panel, but also their direct effects
on solar irradiance and indirect effects due to their role in cloud formation.
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2.5 Building Sustainable Air Quality Monitoring Networks Using
Low-Cost Sensors in Sub-Saharan Africa (by Maurizio

Bacci)

Maurizio Bacci, from CNR, shared his group's experience deploying low-cost sensors (LCS)
across Sub-Saharan Africa. The main motivation for this work is the current lack of ground-
based coverage, which needs to be increased to understand the real climatic situation and
to detect local pollution hotspots. In collaboration with a private company, they have
developed the AirQino (AQ) Low-Cost Air Quality Stations, which are equipped with sensors
for the measurement of gaseous pollutants and particulate matter. These stations have
been deployed across different environments — Europe, the Arctic, and Africa; the system
proved robust across these harsh environments. Monitoring campaigns have been
conducted in three different countries in Africa, covering more than 150 days of
observations. The main challenges were related to power supply and data transmission,
nonetheless, system downtime remained low, at under 17% across all stations.

Maurizio highlighted the many advantages of low-cost sensor systems especially in remote
areas, which include: the robustness of the AQ systems, the low economic impact in the
replacement of the system, energy autonomy, simplified maintenance and operation, easy
management of saturation by PM and cleaning, feasibility to create a network and identify
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pollution hotspots, they allow an effective transfer of the technical knowledge. It was also
highlighted the importance of performing in-situ calibration, under local environmental
conditions.

In summary, the operational considerations for designing an effective field campaign
strategy include:

- Coincident use of Reference Grade Monitors (RGM) and LCS

- The need to correct for biases (including relative humidity effects and seasonality)
- Recurring logistical challenges — recommendation to use a local site coordinator
- The need to improve data transmission (e.g. local SIM cards)

- The need to maintain a backup of all collected data

They also recommended establishing protocols for co-location and calibration and
highlighted the potential of Al to improve system performance, underlining the strong social

relevance of these systems.

2.6 Low-Cost Complementary Aerosol Observations in North
Africa: From Capacity Building to Dust Early Warning
Applications (by Africa Barreto)

This presentation provided an overview of the current status of aerosol observations across
North Africa and the Middle East, emphasising the importance of these regions as major
sources of mineral dust and highlighting the significant gaps that still exist in atmospheric
monitoring networks. It showed that many countries lack adequate observational
infrastructure and, in some cases, even air quality regulations, limiting their ability to
monitor dust events and assess their impacts on health and climate.

Africa Barreto reviewed several international initiatives led by the World Meteorological
Organization (WMO) to strengthen dust observation capabilities and early warning systems.
These included the Sand and Dust Storm Warning Advisory and Assessment System (SDS-
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WAS) and the Barcelona Dust Regional Center, which provide operational forecasts,
monitoring products, and warning services based on numerical models such as
MONARCH. In addition, collaborative projects such as CREWS, MAC-CLIMA, and KADI were
presented as key examples of capacity-building efforts through personnel training,

instrument deployment, and the development of observation infrastructures across Africa.

Finally, the presentation highlighted recent progress in capacity building through the
implementation of low-cost aerosol observing systems, including handheld Calitoo sun
photometers and low-cost particulate matter sensors. Results from several pilot projects
demonstrated the successful calibration and validation of these instruments, including the
use of artificial intelligence techniques to improve measurement quality. These initiatives
are helping to expand aerosol monitoring networks across Africa, providing valuable
observations for model evaluation, enhancing dust early warning systems, and
strengthening local capacity for atmospheric composition monitoring.

Airpart : GONO Localizaticn : Nouakchott
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2.7 A zenith looking radiometer (ZEN-R52) for the retrieval of
aerosol properties (by Sara Herrero-Anta)

In this talk, Sara Herrero-Anta presented a methodology to retrieve aerosol properties using
only measurements from a zenith looking radiometer (ZEN-R52). This instrument is robust,
does not have moving parts and is less expensive than other instruments used to monitor
aerosols, like the CE318 sunphotometers from AERONET. Therefore, it can be useful to
increase the spatial coverage of aerosols monitoring, especially in remote areas.

In the presentation, she showed that, at the wavelengths measured by the ZEN-R52 (440,
500, 675 and 870 nm), the zenith sky radiances are sensitive to the load and type of aerosol.
Therefore, they are useful to retrieve information about the aerosols. To this end, it has been
developed aninversion strategy in GRASP, called GRASP-ZEN, to retrieve aerosol properties
fromthe ZEN-R52 measurements. Due to the limited number of measurements provided by
this instrument, the inversion strategy considers the method models from GRASP, which
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considers pre-defined aerosol types. Because of this, the inversion strategy is limited to
extensive aerosol properties like AOD and volume concentration (VC) for total, coarse and
fine modes.

The performance of the inversion strategy was evaluated conducting a synthetic study for
several artificial aerosol scenarios. This study showed that GRASP-ZEN overestimates the
AOD and VC but shows a good precision for these parameters. Finally, a comparison of the
AOD and VC obtained with GRASP-ZEN with respect reference values obtained by a co-
located CE318 sunphotometer showed a good agreement, with similar temporal evolution
and high precision with respect to the reference values.

Some design problems of the instrument were also highlighted, like the intromission of stray
light for low solar zenith angles, and a high uncertainty of the radiance measured at longer
wavelengths, which constitute the main source of error of the retrieval.

Retrieval of AOD with GRASP-ZEN
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2.8 Low-Cost Handheld Photometry for Expanding Aerosol
Observations: Capabilities, Limitations and Integration
Challenges (by Frédéric Bouchar)

The representatives of the French company Tenum, Frédéric Bouchard and Stéphane
Villeneuve, presented their low-cost handheld sun photometer, Calitoo. The company
provides instrumentation and services to Airbus and CNES and supports educational
activities within the GLOBE programme.

They outlined the system's advances and limitations: it is low-cost, durable (lasting more
than 10 years), easy to use, comes with dedicated software, and can be transported in the
pocketto any place in the world. However, the system presents a lower precision compared
to reference-grade monitors in low (AOD<0.1) and high (AOD>0.5) aerosol loads and only
measures at three wavelengths. In addition, calibration can be an issue, as it must be
renewed periodically and is not automatic, requiring human intervention, which limits the
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ability to build large datasets. Calitoo can be calibrated through intercomparison with
AERONET orvia the Langley method (which requires a high-altitude site); the accompanying
software supports this calibration process.

2.9 Handheld Photometers within Hybrid Aerosol Observing
Ecosystems: Applications and Field Experiences (by
Stéphane Villeneuve)

In this second presentation, Frédéric Bouchard and Stéphane Villeneuve focused in the
close relationship between Calitoo & CIMEL sunphotometer and the new exploration of
possible uses of the Calitoo. The Calitoo has grown together with the CIMEL
sunphotometer in LOA, which has been used to evaluate and calibrate the Calitoo.

They emphasised the important educational support of the Calitoo. The company provides
teaching materials for students aged 10-11 to help them use the Calitoo, including
exercises that also reinforce topics such as decimal numbers. It has also been used in a
group of schools, building a local network of Calitoo managed by these young scientists.
Calitoo and the PC software are also used by older students to study aerosols, and has been
even be used in the International Earth Science Olympiads; this proves that their offer is
very flexible across educational levels.

Other products related to Calitoo include Calibot (a robotic platform for automated
measurements, no longer manufactured) and Calimir (a waterproof version). Although
Calibot is discontinued, Tenum noted they could still support the community in enabling
automated Calitoo measurements on a solar tracker, controlled via USB commands. They
also presented Calinet, an online database developed jointly by LOA and ICARE/AERIS.

The presenters were asked by the audience asked why the 500 nm band — typically used in
climate studies — was not included in the selected filters. Tenum acknowledged the
feedback and indicated they may adjust the spectral bands, with an IR prototype possibly
available soon in collaboration with LOA.

CALITOO i

Aerosol photometer

The CIMEL photometer is the
big brother of the Calitoo.

CIMEL photometers has been
used by LOA to evaluate our
photometer in 2013.
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2.10 Real-Time Aerosol Detection by Interferometric
System: Development of a Prototype Device (by Gulhan
Kaya)

In this talk, Glilhan Ustabas Kaya presented a holographic microscopy system prototype for
aerosol detection — a portable optical instrument capable of remotely detect aerosol
particles across a range of sizes. It offers a cost-effective and versatile alternative to
photometers in real-time ground-level aerosol detection.

The operating principle of the instrument is based on the lateral shearing digital holographic
microscopy (LS-DHM) which involves illuminating aerosol particles with a controlled laser.
The resulting holograms are recorded and numerically reconstructed to obtain unwrapped
phase maps in 3D, which are then binarized in 2D images that are used for the particle
detection and analysis. Some test and determination of aerosol concentrations with this
prototype have already been carried out, monitoring continuously over time for different
humidity conditions. Gulhan also talked about the problem of the duplicate (twin image) in
the registered hologram, which they solve to enable the formation of the effective
interference area. In addition, they have improved modulation depth and supressed high-
frequency speckle noise.

The system prototype for in-situ atmospheric aerosol measurement has been patented and
preliminarily validated against AERONET observations. Further validation will be carried out
in the next stages of prototype development, which include the comparison against satellite
measurements and analysed by statistical methods. This will be useful to determine how
effectively satellite-based AOD products represent ground-based observations. In addition,
they need to stablish the sampling flow rate that better results produce and the calibration
procedure. Finally, they want to study the effects of environmental parameters, including
wind speed, ambient temperature, relative humidity, and atmospheric pressure on the
results obtained, and quantify the effects of ambient environmental conditions on AOD
measurements.

REDESIGNED PROTOTYPE FOR IN-SITU ATMOSPHERIC AEROSOL MEA:

* Patent No: IR 2022 009873 B, YANAL KESME SAYISAL HOLOURAFIK
MIKROSKOP! TABANLI NANO PARTIKUL ALGILAMA SISTEMI, Tark
Patent ve Mar
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2.11 Automatic Ship-Based Photometers for Enhanced
Aerosol Characterization over the Open Ocean: Towards a
Global Network (by Benjamin Torres)

In this presentation, Benjamin presented the adapted system that has been developed to
automatically measure aerosol properties onboard ships. The main motivation is the lack
of sunphotometer measurements over the oceans. This is a problem for satellite validation
over the oceans, since leaves observational gaps and little characterization of aerosol
properties in these areas.

To increase the coverage over the oceans, the LOA (Laboratoire d'Optique Atmosphérique -
Université de Lille) team has been working on an adapted shipborne CIMEL 318-T from
AERONET. This instrument has been adapted to the movement of the ship (heading,
pitching and rolling), to the hazard conditions, and has a special firmware (continuous
tracking of the sun during sun triplets). It is fully compatible with AERONET and produces
AOD data in level 0 (raw data), level 1 (sun/clouds) and level 1.5 (cloud-screening and
perfect track). Radiance measurements are also performed and used for the retrieval of
aerosol properties, but they are not corrected from boat movement. However, itis proposed
a quality control based on the standard deviation and the mean values of the pitching and
rolling angles during the measurements.

Since 2021 several campaigns onboard different vessels have been conducted. This has
allowed to record a great amount of AOD data. During these campaigns several aerosol
episodes have been identified for which some inversion retrievals have been performed.
This way, information about the volume size distribution and the single scattering albedo
has also been obtained. The values obtained are consistent with previous works conducted
in the same areas, showing the importance and quality of this new approach.

Budget: we need to foresee at least one annual visit per boat

R.V. Marion Dufresne

cimel’ 4 @L0A = (oo | I lm
ye { R -
We are still in a learning phase! .,' ;F’}fﬁ{-@"
) . d
J

Examples of visit in 2026

Photo replacement in 02/26

. &
R.V. Sarmiento de Gamboa G ,‘f

’ ¥
Photo replacement and some W WY
= ot
reparation in 05/26 = R\. Gaia Blu Two visits in 2026:
>
‘

+03/26 photo replacement

+05/26 issue computer
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2.12  Aerosol Profiling through bottom-to-top Atmosphere
from the Synergetic Observations of Sun-Sky Photometer,
Spectrometer and Lidar/Ceilometer (by Masahiro Momoi)

The retrieval of aerosol properties is very complex due to their high variability and different
properties. Because of this many kinds of observations are desired for their study. In this
talk Masahiro Momoi focused on the improvements and differences observed in the
retrieval of the aerosol vertical profile when combining different instrumentation.

For this retrieval Masahiro combines a sunphotometer from AERONET, which mainly
provides information about aerosols, a pandora spectrometer, which provides information
about gases and is more sensitive to vertical profiles near the surface, and a lidar o
ceilometer, which provides vertical resolution mainly in the lower atmosphere. This
combination allows to retrieve aerosol and gas vertical concentration profiles with good
resolution even near the surface, where the sunphotometer + lidar combination is limited.
This retrieval can be done using the GRASP code, that has been updated to incorporate
DOAS measurements, expanding the functionality of gas calculation to allow gas vertical
profile retrieval.

In the presentation Masahiro showed the vertical aerosol concentration that is obtained
when considering different pair of combinations of these three instruments for the retrieval,
at the AERONET Warsaw site. It is observed that the best vertical resolution is obtained
when combining the three instruments. He highlighted that if instead of a ceilometer we use

a lidar with 3 channels and polarization we can even retrieve trace gases profiles. With all,
this synergetic retrieval has been demonstrated, but a validation is needed and is being
planned at LOA.

Profiling from ground-based passive and active measurement synergy:
photometer + spectrometer + lidar
Synergetic combined retrieval of photometer + spectrometer (DOAS) + lidar measurements produces

advanced aerosol vertical profile from BOA until TOA. DOAS (spectrometer) fills the information near
surface where lidar can not see due to overlapping.

The approaches can be applied at collocated sites of each network (AERONET/SKYNET, PGN,
EARLINET/AD-net) for the generation of advanced Cal/Val ground truth data, such as for EarthCARE/ATLID
aerosol profile.

Funded by
the European Union
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2.13 Measurements within the Pandonia Global Network
(by Axel Kreuter)

In this talk Axel Kreuter introduced the Pandonia Global Network (PGN) — a fiducial
reference network of 215 instruments designed to be processed homogeneously and to
provide near-real-time observations — and its standard instrument, the Pandora
Spectrometer System. He focused the presentation on the innovation in hardware and
software within the global community.

Axel also discussed how measurements are processed and used as ground truth, either as
reference measurements or as the basis for developing atmospheric models. With this
context, Axel raised the issue of subjectivity in current atmospheric monitoring practices,
noting that simply compiling observations from different instruments and methodologies to
build a final climate model is not necessarily the most objective approach.

He discussed the need to reconcile models and measurements in a more objective way,
concluding that the field should move towards a synergetic network of co-located, multi-
instrument observations that actively interact with one another in order to update a

common model.

Towards synergetic networks

updating common model network interactions

A

2.14  Mindset and Strategy of a Private Company in the
Atmospheric Research Field (by David Fuertes)

David Fuertes, from GRASP-Earth, presented the perspective of a company founded to
create synergies between different instruments and techniques. Rather than focusing on a
single method or instrument, the company's strategy has been to build a system capable of
integrating different instruments and techniques. Their current objective is to manage their
own reference instruments and integrate their measurements within the same ecosystem
to treat them as a whole.

* X %
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[\ cos * * the European Union
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During his talk, David shared his experience in building and growing his company. A good
starting point for their philosophy is their motto “In principle, yes”, which reflects their
openness to new ideas and collaborations.

From his point of view, some key ideas to keep in mind when building a company are:

- Have an ambitious plan that motivates people to follow you.
- Do not forget your essence; stay true to your values.
- Look for results and share them with others (through publications, new
developments, etc.).
- Surround yourself with people who want to dream and innovate.
- Beopentoany collaboration.
- Enjoywhatyou do.
- Trytofind balance in every aspect.
These principles are also the guidelines to follow when presenting a company to new

investors and banks: mission, vision, and values.

Finally, David provided an overview of GRASP’s history, highlighting its main achievements,
the growth of the team, and the expanding community using GRASP technologies.

3. Main topics of the workshop, Issues discussed &
Aspects for improvement

This meeting was structured around several complementary topics, all of which can be
considered combined approachesfor aerosol observations, including low-cost
instrumentation, practical applications, emerging technologies, and synergistic
techniques. Together, they constitute a very interesting set of tools that perfectly
complement those presented during our previous WG4 meeting in Davos. This reflects an
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important idea: reference-grade monitors alone are not able to address all the challenges
that today's aerosol observing systems face.

The first session introduced All-Sky Cameras, covering both the scientific perspective and
the manufacturer's point of view. This technique clearly emerges as a powerful complement
to Sun-Moon-Sky photometers within the current climate observing system.

Moving to applications, we discussed the importance of accurate aerosol forecasts and the
assessment of both the direct and indirect aerosol effects for solar energy applications.

Several low-cost sensors were then presented, highlighting their potential to extend the
spatial coverage of existing observation networks. We also learned from the experience of
two European institutions working to expand PM measurements in key mineral dust source
regions across Africa. These presentations emphasized the major societal and public
health impacts of dust and sand storms (as well as air pollution in general) on a global scale.
Providing timely and reliable information to society is essential for anticipating these events
and supporting efficient Early Warning Systems.

Other low-cost instruments, such as theZEN radiometer and the Calitoo handheld
photometer, also demonstrated their potential to complementreference photometers such
as the Cimel, particularly in remote locations where deploying more sophisticated
instrumentation is challenging.

Regarding emerging technologies, we were introduced to aninterferometric aerosol
monitor as an alternative approach for in situ aerosol measurements. In addition, a
modified Cimel instrument designed for shipborne observations was presented. This
represents a significant achievement, involving not only an innovative system to
compensate for ship motion but also the development of dedicated QA/QC protocols
specifically adapted to the marine environment.

Finally, synergistic approaches played a central role throughout the meeting. By combining
different measurement techniques, these approaches can provide additional products that
cannot be retrieved by individual instruments alone while also compensating for the
limitations inherent to each method. The idea is moving towards a synergistic network of
co-located multi-instrument observations, something like a hybrid measurement
ecosystem ;)

All these developments are particularly relevant in the context of HARMONIA, where they
could play a key role in the future co-design of the next generation of aerosol observing
systems, helping to:

e improve global observational coverage;

Funded by
the European Union
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e strengthen the integration of observations with models and satellite information;
and

e enhance societal relevance and better address end-user needs.

This session prompted a broader reflection, echoed in follow-up discussion, on how to
frame industry talks (Tenum/Calitoo and similar low-cost manufacturers) in future editions
of the WG4 meeting so that they contribute more directly to HARMONIA's objectives, rather
than reading as commercial or purely technical presentations. Five themes were identified
as a more useful structure for these sessions:

e Observational gap: which concrete gap does the instrument address — e.g. lack of
AOD coverage in North Africa, the practical impossibility of deploying dense
Cimel/AERONET-type networks, mobile or citizen-science measurement needs,
capacity building — framing the instrument as part of a wider observational strategy
rather than a standalone low-cost gadget.

e Quality and traceability: an open, honest discussion of calibration approach,
temporal stability, expected uncertainty, comparisons against AERONET/Cimel,
known limitations, and environmental sensitivities — since low-cost should not be
equated with low-science.

e Complementarity rather than replacement: the value such instruments add without
substituting reference-grade instrumentation — e.g. spatial densification, intensive
campaigns, maritime observations, regional satellite validation, extreme events,
gap-filling, and support to PV forecasting.

e Integration with GRASP and hybrid platforms: how the instrument's data (formats,
APls, metadata, automation) can feed into synergistic, multi-platform retrievals
alongside lidar, satellite, and other observing systems, rather than being considered
only as a hardware product

e Future roadmap: manufacturer plans for miniaturisation, autonomy, automated Al-
based QC, multi-spectral capability, connectivity/cloud integration, and cost
reduction, as a basis for dialogue between industry and the scientific community

The suggested core message for this type of session is that the aerosol observing ecosystem
of the future will likely rely not on a single perfect instrument, but on the intelligent
integration of complementary, scalable and accessible technologies capable of filling the
major observational gaps that persist globally (North Africa, oceans, remote and resource-
limited regions) — in line with WG4's industry-engagement objective and WG3's focus on
end-user applicability.

Funded by
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Beyond the specific outcomes of each talk, the discussion held around this meeting
reinforced a broader framing that is worth carrying forward, both as a synthesis of this
workshop and as guidance for how future WG4 sessions are presented and structured.

Major observational gaps remain, particularly over North Africa, oceans, remote areas and
resource-limited regions — precisely the regions that matter most for dust transport,
climate forcing, air quality and PV production. Reference networks such as ACTRIS and
AERONET remain essential but cannot resolve this spatial problem alone, since they are
costly, limited in density and complex to maintain; this is exactly why complementary,
portable, low-cost and autonomous observing platforms are needed.

The challenge ahead is no longer only about measurement accuracy, but about integration:
the future of aerosol observing will most likely not rely on a single perfect instrument, but
on the intelligent combination of multiple, partial observations — satellites, lidar,
photometers, all-sky cameras, PM sensors, shipborne systems and radiative
measurements — brought together through frameworks such as GRASP.

At the same time, low-cost does not mean low-science: the scientific usefulness of these
systems depends on calibration, quality control, uncertainty characterisation,
harmonisation and metadata, and this discussion should remain honest and rigorous rather
than purely promotional. Ultimately, the value of meetings like this one lies in building
bridges between science, industry and end users — moving beyond companies simply
showcasing products, towards genuine co-design informed by user needs, scientific
priorities and operational applicability.

In short: this meeting was not about replacing reference instrumentation, but about
understanding how complementary, emerging and more accessible technologies can
strengthen the global aerosol observing system and help address the observational gaps
that still limit both science and its applications — building, together, the next generation of
aerosol observing systems.

4.Workshop presentations
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What We Can Do with
All-Sky Cameras and
What We Need

Roberto Roman (roberto.roman@uva.es)
Group of Atmospheric Optics (GOA)
University of Valladolid (Spain)
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All-Sky Cameras

Devices to take photos of the full sky.




All-Sky Cameras

Cloud cover and segmentation.




All-Sky Cameras

Cloud cover and segmentation.

Gonzalez-Fernandez et al. (2024: QJRMS)




All-Sky Cameras

Cloud cover and segmentation.




All-Sky Cameras

Cloud cover and segmentation.




All-Sky Cameras

Glass dome /

Fisheye Lens

Control Unit
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Sky Radiance and Aerosols

Estimate sky radiances and use them to retrieve aerosol properties (GRASP-CAM).
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Sky Radiance and Aerosols

To estimate star irradiance and calculate night-time AOD by Langley calibration.

“Background Corrected
Pixel Signal (BCPS)

Uncalibrated star irradiance (USI) is extracted from

images which background is removed. USI values | . y
are smoothed and used for Langleys for calibration |

factors that are used to convert USI in aerosol
optical depth (AOD). Romdn et al. (2025; AMT)

USI (DC/s)

| Smoothing |
\ ;

In(USI) = In(USI®) — mt




Sky Radiance and Aerosols
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Photometers:

é) accurate and precise measurements (absolute values, well calibrated)
@ Expensive, scan angle by angle and A by A (time consumption)

ﬁ Scan only various sky angles.

Q% Night-time just with Moon and between first and third quarter.




Daytime Aerosols

Daytime AOD from camera
(GRASP-CAM) correlates
well with photometer.

This method estimates
AOD values with a

precision around 0.02-
0.03.




Night-time Aerosols

. . H 1|00 Hl 00
AO D at N Ig ht_t ime frO m camera Ny-Alesund Marambio Vall+Fue+lza+And Lindenberg
correlates well with photometer AOD in |_
most of the studied locations. 3
This method overestimates AOD values |¢ |
P Lindenberg Vall+Granada Valladolid (TF) Davos
about 0.02 (MBE) with a precision around |5
<
0.03-0.04 (SD).
AOD moon photometer (534nm)
lzafia, 2022. % Sun photometer ¢ Camera ® Moon photometer
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Advantages and Disadvantages

& Cheaper.

é, Full and quasi-instantaneous scan of the sky.

% Various wavelengths simultaniously.
é, Possibility to change exposure time and gain: High Dynamic Range.

S% Less accurate and precise.
- Less resolution.

RAW images!
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Advantages and Disadvantages

& Cheaper.

é, Full and quasi-instantaneous scan of the sky.
% Various wavelengths simultaniously.

é, Possibility to change exposure time and gain: High Dynamic Range.

PS (t,)
PS (t;)

PS(t,) PS(t,)
@ Less accurate and precise.

- Less resolution. RAW images!
- Linearity. Can be calculated

PS (t,)
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Advantages and Disadvantages

& Cheaper.
é, Full and quasi-instantaneous scan of the sky.

% Various wavelengths simultaniously.
é, Possibility to change exposure time and gain: High Dynamic Range.

Q? Less accurate and precise. 1 | | | | —

- Less resolution. RAW images!

- Linearity. Can be calculated
Effective

Normalized Camera Response

- Wide spectral response.
‘ 1 wavelengths

Wavelength (nm)




Advantages and Disadvantages

ey Chraper.
|

and quasi-instantaneous scan of the skj.
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o wavelengths
- Reflections in the dome.

- Wide spectral response.




Advantages and Disadvantages

ey Chraper.
|

and quasi-instantaneous scan of the skj.
é, Various wavelengths simultaniously.

é, Possibility to change exposure time and gain: High Dynamic Range.

@ Less accurate and precise.

- Less resolution. RAW images!
- Linearity. Can be calculated
- Wider spectral response. Effective

o wavelengths
- Reflections in the dome.




Dome Reflections

Dome reflections can be misinterpreted as cloud.




3D Cloud reconstruction

20 all-sky cameras (OMEA-3C-TF) over Valladolid
- Stereophotogrammetry of clouds.
- Maps of cloud base (CBH) and top (CTH) heights.
- Dome reflections can create fake clouds!!
Herrero del Barrio et al. (2026; AMT)




Birds

Need to prevent the presence of birds like pigeons in the dome.




Birds

Options: Plastic decoy birds (crows) used to scare away other
birds.




Birds

Options: Shiny reflective strips and streamers.




Birds

Options: Reflective wind spinners that move with the wind.




Birds

Options: A decoy owl with a wind-activated rotating head.




Dirt

The main problem:




Cleaning

Animals (birds, spyders...), dust and rain (heating system
needed). Cleaning tasks are crucial.




Geometric Calibration

If we want to locate any direction (almucantar, ...) or body
(stars, Moon, ...) in the images, we need to know the zenith

and azimuth of each pixel.

ORION APP

https://goa.uva.es/orion-app/
Antuna-Sanchez et al.
(2022; PlosOne)

Zenith

90°

Azimuth

360°




Summarize

All-sky cameras can be used for multiple applications (aerosols, clouds,
solar energy, northern lights, fireballs...).

The needs vary with the application but in any case is better:

To allow the control of all parameters like exposure time or 1SO.

To capture and store raw images, preferably with high depth
resolution (at least 12-14 bits).

The pixel signal should be preferably linear.

To have a narrower spectral response.

To avoid dome reflections (reducing the dome size?).
To keep birds and other animals away.

To keep the dome clean (could be automatic?).




Thank you!

This material is based upon work from COST HARMONIA, CA21119, supported by COST
(European Cooperation in Science and Technology).

COST (European Cooperation
In Science and Technology) is
a funding agency for research
and innovation networks. Our
Actions help connect research
Initiatives across Europe and
enable scientists to grow their
ideas by sharing them with
their peers. This boosts their
research, career and
innovation.

Roberto Roman
roberto.roman@uva.es

2nd Workshop WG4 HARMONIA — Valladolid — June 2026
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Co-designing all-sky camera networks

Industry engagement towards innovative hardware, software products
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Wematics: R&D-native startup in atmospheric sensing
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Max Aragon Paul Matteschk Quentin Paletta Jose Gomez Paul Rousseau
Chief Executive Officer Chief Technology Officer Chief Intelligence Officer Chief Platform Officer Chief Operating Officer
PhD in atmospheric physics PhD in autonomous robotics PhD in AI weather forecasting PhD in geoinformatics MA in deep tech & innovation

We have done research on Earth observation, solar radiation, and atmospheric modelling at:
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Why to design all-sky camera networks?

e Count: How many sky
cameras? 6 or 47

e Layout: Which camera
network arrangement?

e Siting: Where to place
new cameras?
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SkyTwin: All sky camera network simulator

10-camera synthetic sky views
2025-04-26 11:00 UTC

2025-04-26 11:00 UTC
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PRESENTE Valladolid all sky camera network (2025-04-26)
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Application #1: Cloud height validation and siting
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Cloud height
validation for
shallow cumulus
clouds based on a
multi-view stereo
retrieval algorithm ¢

* Herrero del Barrio, C, et al.: Cloud height
mapping using multi simultaneous sky
images from an all-sky camera network,
EGUsphere [preprint],
https://doi.org/10.5194/egusphere-2026-26
94, 2026.



Application #1: Cloud height validation and siting
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Where to place new cameras to improve cloud height estimation?



Application #2: Data-driven solar irradiance estimation

(a) sRGB imagery (b) Broadband radiance (c) Cloud height (d) Cloud optical depth
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What's the value of added views and physical priors for solar irradiance?



Application #2: Data-driven solar irradiance estimation

(a) sRGB imagery

(b) Broadband radiance

(c) Cloud height

(d) Cloud optical depth
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Application #2: Data-driven solar irradiance estimation

(a) sRGB imagery (b) Broadband radiance (c) Cloud height
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What's the value of added views and physical priors for solar irradiance?



Application #2: Data-driven solar irradiance estimation

(a) sRGB imagery

(b) Broadband radiance (d) Cloud optical depth
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Application #3: Data-driven solar irradiance estimation

Surface solar
irradiance field
emulation using
multi-view imagery

Scattered

Aragon Cerecedes., et al (2026). Spatial solar
irradiance emulation of Monte Carlo ray
tracing with multi-view all-sky imagery:
EGU26-13181. Abstract from EGU General
Assembly 2026, Vienna, Austria.
hitps.//doi.org/10.5194/egusphere-egu26-1
3181

Dense

Which layout produces more accurate surface solar irradiance fields?



Application #3: Data-driven solar irradiance estimation

Scattered

Dense

600 2
GHI (W m~?) absolute error (W m~?)

Which layout produces more accurate surface solar irradiance fields?



What's next? Improve SkyTwin realism

No aerosols Aerosols Aerosols
(simple scattering) (complex scattering)

Henyey Greenstein Double Henyey Greenstein



Hardware? all-sky cameras for autonomous operations




Hardware? all-sky cameras for autonomous operations




Timeline 15:06

1126 58 4,860+ 36.83 mwh

Estimated POA — per camera (W/m? 1-min)

-0~ PROKONZ -0~ PROKON1 =-0- PROKON3

PV production — modeled (kW, 15-min)

-0~ Model




Latest innovation: Dual visible/thermal all sky camera

In summary:

Self-powering
Self-calibration
l1f-cleaning
Multispectral
Edge-Al
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Dust Clouds or Dusty Clouds:

Aerosol-Cloud Interactions
and Their Impact on Solar
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Why i1s dust (so) important?

* annual global mineral dust emission: 1-3 billion tons (50-70% from the Sahara)

* direct and indirect effects on climate system
* other environmental influences (pH; terra rossa-formation; carbon cycle, etc.)
* proxy for past environmental changes (aeolian dust deposits)

* human health and economic effects




Run: 12h 22 APR 2019 Valid: 12h 22 APR 2019 (H+00)

Barcelona Dust Forecast Center - http://dust.aemet.es/
NMMB/BSC-Dust Res:0.1°x0.1°
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The Science Behind the Polar Vortex

The polar vortex is a large area of low pressure and cold air surrounding the Earth’s North and South poles. The term vortex refers to the
counterclockwise flow of air that helps keep the colder air close to the poles (left globe). Often during winter in the Northern Hemisphere,

ECMWF ERAS (0.540.5 deg) | World (80°S-90°N, 0°E-360°E) the polar vortex will become less stable and expand, sending cold Arctic air southward over the United States with the jet stream (right globe).
Annual 2m Temperature Anomaly (°C), 1951-2000 baseline . . . o . . . 3 ..
15 The polar vortex is nothing new — in fact, it's thought that the term first appeared in an 1853 issue of E. Littell's Living Age.
Global
1.25
1 stable wavy
0.75 polar

7 vortex

weak jet
stream

05 A
/\ strong jet
0.25 WM T ‘ stream
o "
contained

-0.5
1940 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 2025

ClimateReanalyzer.org, Climate Change Institute, University of Maine

cold air
moves
south

ECMWF ERAS5 (0.5x0.5 deg) | Arctic (66.5°N-90°N, 0°E-360°E)
Annual 2m Temperature Anomaly (°C), 1951-2000 baseline

Arctic

¥ . .
Air pressure and winds
0 around the Arctic switch between
these two phases (Arctic Oscillation)
4 and contribute to winter weather patterns.
2

1940 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 2025

ClimateReanalyzer.org, Climate Change Institute, University of Maine



Saharan dust events i1n Hungary

30° 20° 10° 0 10° 20° 30° 40° 50°
300+ Saharan dust events were 2 % ?5V — Type-1
identified between 1979 and 2026 (NASA 2
TOMS and OMI Aerosol Index) by
satellite observations
BSC DREAM8b v1.0 and v2.0 numerical
dust simulations show similar
frequency of dust events

Average Aerosol Index

HYSPLIT backwards-trajectories were ___ )
applied to confirm the Saharan origin

700 hPa geopotential height, zonal and Cff
meridional wind vectors were used to =

determine different types of synoptic
meteorological patterns of Saharan
dust events (SDEs) i w i s
summarlized dry and wet deposition data
of the five available dust size-bins
of the NASA’s MERRA-2 were applied to
estimate dust deposition

i ature of Saharan d ition in the Carpathian Basin (Central

Varga, Gy. (2020). Changing nature of Saharan dust deposition in the
Carpathian Basin (Central Europe): 40 yvears of identified North African
dust events (1979-2018). Environment International 139. 105712



https://www.sciencedirect.com/science/article/pii/S0160412019349955
https://www.sciencedirect.com/science/article/pii/S0160412019349955
https://www.sciencedirect.com/science/article/pii/S0160412019349955
https://www.sciencedirect.com/science/article/pii/S0160412019349955
https://www.sciencedirect.com/science/article/pii/S0160412019349955

Saharan dust events in Hungary

I Type-1

Number of events

Deposited dust [g/m2/y]

1980 1985 1990 1995 2000 2005 2010 2015 2020
Years
—— 20 —
40 I 1979-1988 | - I 1980*-1988
I 1989-1998 @ I 1989-1998
@ @ [ 1999-2008 B~ 15) [ 1999-2008
5 S 30t [C12009-2018 | A 3 E [C_12009-2018
> o [ 12019-2023 2 =2 [ 12019-2023
5 5 8810} B
5 & 20| o =
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: : tE
z z - § ~ 5¢
0 0
1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12
Months Months Months
Decade SDEs Deposition [g/m?]
Events Type-1 Type-2 Type-3 DJF MAM JJA SON Annual DJF MAM JJIA SON
1979-1988 48 32(66.7%) 14(29.2%) 2(4.2%) 6(12.5%) 21(43.8%) 15(31.3%) 15(12.5%) 2.1 0.3(15.8%) 1.0(47.1%) 0.3(16.6%) 0.4(20.6%)
1989-1998 27 16(59.3%) 7(25.9%) 4(14.8%) 3(11.1%) 17(63.0%) 4(14.8%) 3(11.1%) 1.9 0.2(8.3%) 0.8(43.8%) 0.4(18.5%) 0.6(29.4%)
1999-2008 53 35(66.0%) 14(26.4%) 4(7.6%) 4(8.2%) 20(40.8%) 17(34.7%) 8(16.3%) 2.6 0.4(15.9%) 1.2(44.9%) 0.5(18.7%) 0.5(20.5%)
2009-2018 90 64(71.1%) 19(21.1%) 7(7.8%) 16(18.8%) 26(30.6%) 30(35.3%) 13(15.3%) 2.1 0.5(24.9%) 0.8(40.0%) 0.3(15.0%) 0.4(20.0%)
Full period 218 147(67.4%) 54(24.8%) 17(7.8%) 29(13.9%) 84(40.2%) 66(31.6%) 30(14.4%) 2.2 0.3(16.2%) 1.0(44.1%) 0.4(17.3%) 0.5(22.4%)
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Changing nature of Saharan dust deposition in the Carpathian Basin (Central )
Europe): 40 years of identified North African dust events (1979-2018) s

Gyorgy Varga

Research Centre for Astronomy and Earth Sciences, Budapest H-1112, Hungary
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Increasing frequency and changing nature of Saharan dust
events in the Carpathian Basin (2019-2023) - the new norn

Atmos. Chem. Phys., 24, 40834104, 2024 Atmospheric
https:/doi.org/10.5194/acp-24-4083-2024 "
© Author(s) 2024. This work is distributed under Chemistry

the Creative Commons Attribution 4.0 License. and Physics
o O

Sharp increase in Saharan dust intrusions
over the western Euro-Mediterranean
in February—March 2020-2022 and
associated atmospheric circulation

EU countries set new clean energy records in 2025

Selected full-year
records
(&) solar
@ Wind .
Finland
@) Renewables Wind share
reached 27%

@ Coal decline
@ Battery storage

Highest solar share
In the EU: 28%*

Emilio Cuevas-Agullé!*, David Barriopedro?, Rosa Delia Garcfa'3, Silvia Alonso-Pérez*>,

Juan Jesiis Gonzélez-Alemén®, Ernest Werner’, David Sudrez®, Juan José Bustos',

. actrillo? TP S ——— R
as ALrica b na d s Il

rardo aira Gar reto_, and Sar:

Atmos. Chem. Phys., 24, 12031-12053, 2024 AtmOSpheriC
https://doi.org/10.5194/acp-24-12031-2024 :

© Author(s) 2024. This work is distributed under Chemls_try
the Creative Commons Attribution 4.0 License. and F’hysms

Extreme Saharan dust events expand northward over the
Atlantic and Europe, prompting record-breaking PM1g
and PM; 5 episodes

Sergio Rodriguez and Jessica Lopez-Darias

i
Spain Italy Greece
Solar share rose to Grid-scale battery Coal fell to a record
a record high: 22% capacity grew by low: 5%

40% by Oct 2025 vs

2024 Cyprus
Solar share

above 20%

Source: Yearly electricity data, Ember

Renewables includes solar, wind, hydro, bioenergy and other renewables. Figures in bold indicate the

share of total electricity generation in the country; solar includes behind-the-meter

generation.*Among EU countries with solar generation > 1 TWh in 2025. Explore all data records: —
ember-energy.org/electricity-data-explorer E M B - R



PHOTOVOLTAIC POWER PRODUCTION EUROPE S0LARGIS )

- P e e —— . Photovoltaic power in Hungary

Geography:
* Carpathian Basin: low, less segmented relief;
relatively high number of sunshine hours

Energz:

* historical heritage: Russian gas and nuclear plant
(imported Russian nuclear fuel)

* no significant hydroelectric or wind energy production

* high potential in solar energy (and large forecast errors)

. PV capacity 2010-2025..
gty 5,000 -
4000 4
Capéchy ; 3.000 1
[MW]

o 12
2,000 4
‘ 1,000 4

‘ | | | |

201 02011 2012201 320142015201620172018201920202021 20222023

PVOUT: Long-term average of PV power potential, period 1994-2020 (1999-2020 in the Southeast part of this map) 200km
Yearlytotals: 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900

KWh/kWp
Dailytotals: 219 246 274 301 329 356 383 411 438 465 493

This i liensed by Solargis under the Grealive Commons Alrbution license (G BY-54 4.0). You are encouraged 1o use canlent af the rap 10 benefit yoursell and olhers in cealive weys. Far more information, please visit hitp//solargis.com/download,




Saharan dust and photovoltaic
energy production

Renewable and Sustainable Energy Reviews 193 (2024) 114289
‘Contents lists available at ScienceDirect
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Using data for the year 2022, we examined the
link between Saharan dust storm events and PV
iiﬁiiyxﬁfﬁ »%" | Fruzsina Gresina ““, Jézsef Szeberényi ®‘, Andras Gelencsér “°, e n e r g y g e n e r a t i O n

Effect of Saharan dust episodes on the accuracy of photovoltaic energy
production forecast in Hungary (Central Europe)

ARTICLE INFO ABSTRACT

ticular, the rapid decarbonisation of the energy sector in
s well as further improvement in regional air quality-the
reasingly critical and important. Photovoltaic power (PV)
o) renewable energy source globaly, which still has a
Hungary.
ing dependency of photovoltaic power production on
tinuous adjustment of electric power in the electric grid is needed. This, in tum,
e most accurate forecast of the photovaltaic energy to be produced in the ultra-short term (15 min)
term (1 day) in order to minimise last-minute and high-price energy acquisition or unplanned kicks-in
of gas-fired auxiliary power plants
In this paper, we evaluate the impacts of large-scale dust transport episodes on the accuracy of forecasts of PV
power generation. The numbers and intensities of Saharan dust storm events reaching Central Europe have
increased over the last decade, hitting a new record in 2022 with 16 (1) African dust episodes observed over

words: In order to meet global sustainability goas,
combination with geopolitical energy secy
so-called renewable energy sources

In 2022, Hungary was affected by 16 (!) Saharan
dust events

Hungary. We have shown that the semi-direct effect of atmospheric dust particles on high-level cloud formation
rather than their he reduced @th)
PV cnergy production forecasts during these events.

1. Introduction short-to-mid-term, which poses a great challenge for strongly
h is the process of

‘The energy crisis, fuelled by mitigation-focused climate policy, sus-
tainability concerns and global geopolitics, has fundamentally increased
the importance of renewable energy production [1,2]. This is particu-
larly true for countries with a high share of imported fossil fuels in their
energy mix exposed to geopolitical risks [3,4].

there must be a continuous balance between production and consump-
tion of electric energy [5). This means that it is vital to have the best
possible estimate for electric energy production for the

E-mail address: varge 501 (G Varga)
s://doi.org/10.10
Available online 13 January 2024

ne/4.0/),

* Corresponding author. HUN-REN Research Centre for Astronomy and Earth Science.

5c1.2024.114289
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1364-0321/0 2024 The Authors. Published by Elsevier Lid. This is an open access arti

2 ables. Solar p
predicting the expected solar power output from a photovoltaic (PV)
system over a given time period. This process is important for energy

p: they can
meet their consumers' demand for electricity by balancing the supply

Beyond the geopolitical energy crisis, renewable energy investments  onl
are of particular importance for the long-term prospects of zero-carbon  and [
policies. Because of the unresolved storage of electricity ata large scale,  imp
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15 1~ | I Type-2
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Varga, Gy., Gresina, F., Szeberényi,
of Saharan dust episodes on the accuracy of photovoltaic energy production forecast

Gelencsér, A., Rostéasi,

(2024) . Effect

in Hungary (Central Europe) . Renewable and Sustainable Energy Reviews 193. 114289
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According to the system operator (MAVIR), there was a difference of more than 500 MW
between the 24-hour (day-ahead) schedule and the actual photovoltaic production
during some events (causing tens of millions EUR of damage).
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Saharan dust and
photovoltaic energy
production (2019-2023)
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Desert dust and photovoltaic energy forecasts: Lessons from 46 Saharan S

dust events in Hungary (Central Europe)

Gyorgy Varga ™" , Fruzsina Gresina ™,

Agnes Rostasi

* HUN-REN Research Centre for Astronamy and Harth Sciences, Budapest, Hungary

© ELTE Eotwis Lorind Universiy, Institute of Geography and Earth Sciences, Department

Andrés Gelencsér ™

, Adrienn Csavics “°,

Research Insitute of Bicmoleculr and Chemical Engineering, University of Pannonia, Veszprém, Hungary
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ABSTRACT

Accurate forecasts are essential for generating weather-

pply and economic reasons. These forecasts rely

on various environmental factors, which are uncertainly parameterised and influenced by climate change.

The area discussed, Hungary, is particularly exposed to such uncertainties in photovoltaic (PV) power generation due to the very rapid PV penetration in the
country's energy-mix even in a global context, and the growing impact of one of the most uncertain factors (more frequent dust events) in the forecasting.

PV production, forecast and 46 identified Saharan dust storm events (SDE) for 2020-2023 are presented. The indirect effects of dust on irradiance and PV
production and forecast errors were quantified. Scheduled values in both directions (deficit and surplus) deviated, typically towards overestimation. During dust

storm events, the deviation of both signs was larger than during non-dust states.

The effect of unforeseen cloud cover was dominant on deficit days, while on surplus days with flatter PV production curves, the decreasing cloud cover and

caused the excess production. In addition to the direct radiative

potentially the more diurnally prolonged effect of scattered radiation of dusty

reduction effect of dust and the role of warm advection in atmospheric physics, the indirect effect of dust in cloud formation processes was identified as the main
reason. On deficit days, more extensive cirrus cover caused the outage, while on days with higher irradiance than expected, cirrus with lower radiative forcing

replaced the predicted stratus cover.

1. Introduction

In the context of accelerating climate change, the contemporary
energy crisis, sustainability targets and decarbonisation cfforts have
placed phasis on producing ble energy (1-3]. In
light of the prevailing geopolitical circumstances, it is imperative to
consider not only the advancement of renewable energy production for

and consumption. As (electric) energy cannot be stored in a sustainable
way at scale [5-7], accurate scheduling of short- and mid-term energy
production is needed to guarantee the stable and efficient operation of
the grid [6). The impact of desert dust on solar energy is crucial for daily
market operations and for public or commercial entities. It influences
the amount of energy produced and its integration into the eleetricity
grid, which in turn affects the overall energy flow and the stability of the
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Saharan dust and photovoltaic energy production

Dustmass ™
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\ Dust thre

shold

P
( Data acquisition

PV generation and capacity (ENTSO-E, MEKH)
Dust column mass (MERRA-2)
Cirrus cloud properties (MODIS)
Surface irradiance (CAMS)

2

Data preprocessing

L)

D

Aggregation and averaging
PV performance ration calculation

PV production envelope

1
.

—

Event stratification

Dust-affected days
Cirrus conditions
Seasonal segmentation

Enve

lope

PV generation

_ J
<5
Mediation modeling
Linear analysis Quadratic analysis
Dust — Cirrus — PV Non-linear effects
N -
<

Bootstrap inference

Block resampling (2000 iterations)
Confidence interval estimation

{

Results and Interpreation

Direct vs. indirect effects
Robustness assessment
Physical insights




Saharan dust and photovoltaic energy production

Hungary (2019-2020)
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Saharan dust and photovoltaic energy production

o~ .

Season Condition Mean PV loss 95% CI Days // Data acquisition \
percent (n) PV generation and capacity (ENTSO-E, MEKH)
Dust column mass (MERRA-2)
Cirrus only (tOp 40.9 [36.7, 92 Cirrus cloud properties (MODIS)
M) 45.5] \_ Surface irradiance (CAMS) Y,
Dust + cirrus 43.2 [35.4, 35 s
50.7] ( Data preprocessing
Dust only (top 10%) 38.6 [33, 44.4] 65 Aggregation and averaging
Low dust & low cirrus 24.5 [22.3, 360 PV performance ration calculation
26.8] L PV production envelope y
Summer  Cirrus only (top 24.3 [20.4, 86 gl
quartile) 28.1] é Event stratification
Dust + cirrus 34.4 [27.4, 18 Dust-affected days
42-3] Cirrus conditions
Dust only (top 10%) 19.5 [15.2, 24] 51 L Seasonal segmentation y
Low dust & low cirrus 17.5 [16.2, 397 Il
18.9] 4 Mediation modeling
Autumn | Cirrus only (top 52.2 [47.4, 123 : : : :
~quartile) 57.2] Linear analysis Quadratic analysis
Dust + cirrus 58.6 [47.7, 11 Dust — Cirrus — PV Non-linear effects
67.8] S ~/
Dust only (top 10%) 38 [28.2,48] 20 p -
Low dust & low cirrus ~ 30.9 [28.1, 392 S I
33.7] Block resampling (2000 iterations)
Winter Cirrus only (top 58.9 [54.6, 177 Confidence interval estimation )
quartile) 63.1] iy
Dust + cirrus 78.3 [65.9, 6 (" Results and Interpreation
87.2]
Dust only (top 10%) 45.2 [32.8, 58] 14 Direct vs. indirect effects
Low dust & low cirrus  41.7 [38.7, 345 Robustness assessment
Physical insights

44.9] _ J




Dust Load True Color RGB Composites Convection
(BSC Monarch) (NASA Terra MODIS (Meteosat 0 degree)

2022.03.16 : - R ‘ ¥ ClOUd formation and
’* mineral dust

indirect effects* of mineral dust
played a major role in the drops of
PV power production

(*the dust particles as ice
nucleating particles (INPs), and
cloud condensation nuclei (CCNs))

2022.03.30.

2022.04.22. |

increased atmospheric mineral
particle number concentrations can
lead to the formation of more, but

¥ ‘\ S : smaller, ice particles and cloud

2 ¥ N TN droplets for a given amount of water

2022.08.29.

2022.09.14. Eaaa ’ e ‘ SN Vapour

dust is a polymineral agent with a
wide range of grain size and shape
properties

P

2022.10.24.

has a diverse influence on cloud
formation




J March1at 8:59AM - @

0

ERNYO ES POR

2 T

HungaroMet Nonprofit Zrt.

Tegnap megérkezett egy jokora adag szaharai por, amely szép cirruserny6t hozott létre az
orszag keleti, majd kozépsé felén is. A t6llink délnyugatra orvénylé ciklon elédoldalan tovabbra §.-
is nedves, enyhe léghulldmok érkeztek, igy a szokdsos médon a sokéves atlagnal joval
melegebb volt. Ejszaka mindeniitt megvastagodott a felhGzet, és hajnalban, reggel
csapadéktevékenység is el6fordult.

Ma 0sszességében tobbfelé kell es6re, zaporra szamitani, és mivel még mindi... See more

February 29 at 12:34PM - @

Elmarad a napsités a keleti orszagrészben, a szaharai por a ludas
Boritokép: Miholdfelvétel cslitortok délelGtt
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Hatalmas cirruserny6 gatolja a napsiitést az orszag keleti felén
’ A magasban érkezett szaharai por keltette életre a nagy teruletre kiterjedd fatyolfelhGzetet.

> oy B . ~ eI

RGB Composites Convection
(Meteosat 0 degree)

Cloud formation and
mineral dust

indirect effects* of mineral dust
played a major role in the drops of
PV power production

(*the dust particles as ice
nucleating particles (INPs), and
cloud condensation nuclei (CCNs))

increased atmospheric mineral
particle number concentrations can
lead to the formation of more, but
smaller, ice particles and cloud
droplets for a given amount of water
vapour

dust is a polymineral agent with a
wide range of grain size and shape
properties

has a diverse influence on cloud
formation
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Cirrus formation: 2001-
2025

There i1s more Saharan dust in
Europe, but something has also
happened in the atmosphere

With similar dust levels, there are
differing but trend-like (?) changes
in cirrus cloud formation

More frequent cirrus shields (in
spring)
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Cirrus reflectance
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Saharan dust and photovoltaic energy in Southern Europe
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Number of days above dust threshold
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Importance of atmospheric dust in photovoltaic power generation

Environment International
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Effect of Saharan dust episodes on the accuracy of photovoltaic energy
production forecast in Hungary (Central Europe)

Gybrgy Varga®>%%", Fruzsina Gresina ¢, Jézsef Szeberényi®, Andras Gelencsér “°,
Agnes Rostasi “°



Barcelona Dust Forecast Center - http://dust.aemet.es/
NMMB/BSC-Dust Res:0.1°x0.1° Dust Load (g/m?)
Run: 12h 22 APR 2019 Valid: 12h 22 APR 2019 (H+00)

Solar power is growing in every EU country
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The main lessons we have highlighted:

Atmospheric dust has a significant impact on
PV  production and forecasting, especially
during south-to-north dust transport, which
can 1ntensify cloud formation processes.

Accurate PV production forecasts require up-
to-date dust loading data and proper cloud-
physics relationships, as coarse-resolution
aerosol climatology data alone are
insufficient.

The amount, transport dynamics, and properties

(grain size, shape) of atmospheric dust are
not fully understood, but they have diverse
effects on cloud formation processes,

requiring further study.

Climate change and the natural variability of
the climate system introduce uncertainties in

forecasts, which will grow alongside
increasing PV capacity, necessitating growing
storage capacity and 1mproved forecasting
accuracy: vulnerability of electricity
generation
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elona Dust Forecast Center - hitp: //dust.acmet.cs
MMB/BSC-Dust Res:0.1°x0.1° Dust Load (g/m?)
n: 12h 22 APR 2019 Valid: 21h 23 APR 2019 (H+33)
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Building Sustainable Air Quality Monitoring Networks
Using Low-Cost Sensors in Sub-Saharan Africa

Maurizio Bacci
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University of Valladolid, Spain
30 June 2026

@ Consiglio Nazionale delle Ricerche
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Context

Particulate matter (PM) air pollution is a major global challenge,
particularly across many African countries.

Saharan dust plays a significant role as a source of atmospheric dust
transport.

Knowledge of PM pollution levels and their impacts remains limited
across much of Africa. This is largely due to the scarcity of reliable
and routinely operating air quality monitoring stations.

The recent advent of low-cost (LC) air quality monitoring sensors
has increasingly enabled the acquisition of PM2.5 and PM10
measurements in Africa bridging the knowledge gap.



AirQino Low-Cost Air Quality Stations

AirQino (AQ) stations are low-cost (LC) air quality monitoring units developed by the Institute of BioEconomy
of the National Research Council (IBE-CNR), Florence, Italy, in collaboration with TEA Group S.p.A. The
stations are equipped with sensors for the measurement of gaseous pollutants and particulate matter (PM).

PMs measurements are obtained using the SDS011 optical particle sensors (Nova Fitness, Jinan, China),

which operate according to the laser light-scattering principle. The operating range of the SDS011 sensor for
PM2.5 and PM10is 0-1000 pg/m3, the resolution 1.0 ug/m3, and the accuracy 10%.

AQ stations have been deployed for PM monitoring in local scale networks over several European cities, and
in challenging environments such as the Arctic region and Sub-Saharan Africa.
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Sadore - Niger Ouaga - Burkina Faso

Ouaga-Burkina Faso

_m.-lf_-'l
Labé — Rep. of Guinea



Monitoring campaigns conducted over the

three areas during the following periods:

I.  Niamey, 07/01/2022-31/08/2022 (236 days);

Il. Labé, 16/03/2024-16/09/2024 (184 days).

ll. Ouagadougou, 01/03/2025-31/08/2025 (183
days),

Country Niger Burkina Faso Rep. Guinea
City Niamey QOuagadougou Labé
Population 14924141 2,415,266 1 110,795 1
(inhab.)
Census Year 2024 2019 2020
Station ID 101 106 17 614 197
. Sadore . . .
. Downtown Niamey Université Projet
Location Niamey airport (-37lm from g h KLZERBO ~ WAWATER
city centre)
Site type Urban Suburban Rural Urban Suburban
Sensor’s height 40 13 13 40 8.0
(m a.g.l.)
Operator DMN 2 Int. Airport of ICRISAT 3 ANAM 4 IRD 5
Niamey
Latitude 13.5065 13.4789 13.2355 123778 113510
(deg N)
Longitude 21128 21977 22841 —14975 —12.2687
(deg E)
Elevation 209 216 235 294 1026
(m a.s.l)

Bacci, M.; Gualtieri, G.; Katiellou, G.L.; Nana, B.; Descroix, L.; Zaldei, A.
Building and Maintaining Low-Cost Particulate Matter Monitoring
Networks in Sub-Saharan Africa: Lessons from Burkina Faso, Niger,
and Republic of Guinea. Environments 2026, 13, 351.

https://doi.org/10.3390/environments 13060351
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Operational status, power supply configurations, data transmission methods, and main challenges encountered during the
AQ monitoring campaigns addressed in Western SSA

Country Niger Burkina Faso Guinea
City Niamey Ouagadougou Labé
Station ID 101 106 17 614 197
Status ! inactive active inactive
rid power
battery backup 8 battery + solar
Power supply tested with solar panels ;;)Iiei;tery/solar panels
Transmission e  local and international SIM local SIM international SIM
e intermittent transmission (mobile poor transmission
network) no maintenance
insufficient battery during outages voltae drops cable damage
Key issues cable damage (ID 17) cau*ii datf;b e (caused by
difficulties in sourcing spare parts Sing 5aps animals/humans)

Downtime (%)

Tests

difficulties in using solar panels

personal security
4.2 0.5

power supply (battery, solar panels)
connectivity (local/international

SIM)

3.0

16.8

co-location with TSI
DustTrak

difficulties in using
solar panels
4.2

installed with
battery and solar
panels

1 As of 10 June 2026.



When monitoring systems meet the real world...

Termites inside battery
enclosure

Damaged cables due to
improper handling

\

IR ERREGENEES NSy

005

Missing basic
hardware (e.g.
screws) on local
markets

And...

Low-quality replacement
batteries

Poor-performing solar panels
Plastic cable ties breaking
during installation

Buried cables cut during
agricultural activities
Beehives built inside radiation
shields

Spider nests blocking
ventilation ducts (during
power outages)



Advantages of Low-Cost Sensors (1/2)

Robustness

The AQ sensors demonstrated robustness when deployed in extreme African environments, as they did not
show any drifts due to malfunctioning. They operate unattended over campaigns lasting 6-8 months with high
data recovery rates, ranging from 76% (Ouagadougou), 85% (Niamey) and 95% (Labé).

Redundancy and Risk Mitigation

In environments exposed to theft, vandalism and electrical failures, LC units enable a redundancy-based
monitoring approach. The replaceability of these instruments means that the loss of a sensor (theft or voltage
fluctuations) has a negligible economic impact compared with the loss of a high-end PM analyser.

Energy Autonomy and “Invisibility”

Power outages and solar panel theft can be considered issues closely associated with hardware size and energy
demand. A key advantage of LC sensors is their low power consumption. PM-monitoring LC sensors, which are
generally based on the optical light-scattering principle, typically consume only a few watts or even milliwatts.

Simplified Maintenance and “Plug-and-Play” Operation

Simplified instrument maintenance represents a major advantage in contexts characterised by limited local
technical training and difficulties in sourcing small components and hardware. Moreover, LC solutions are often
designed as integrated systems with “plug-and-play” functionality.



Advantages of Low-Cost Sensors (2/2)

Management of High Aerosol Loads (Saturation and Cleaning)

PM size distribution and chemical composition can strongly influence the accuracy of LC sensors. The SSA
environment is characterised by PM concentrations that may rapidly saturate monitoring instruments. In
reference-grade systems, the accumulation of Saharan dust requires specialised and costly cleaning
procedures to avoid compromising instrument certification. (This issue was directly encountered during the
use of a reference-grade DustTrak instrument for LC sensor calibration in Ouagadougou)

Adaptability to Local Pollution Peaks

Pollution from biomass combustion and road traffic is highly localised. Networks of LC monitoring systems
make it possible to identify specific “hotspots” (e.g., markets, road intersections and residential areas) that
would not be detected by a single central monitoring station

Local Capacity Building for Sustainable Low-Cost Observation Networks

The use of LC instruments with the active involvement of local teams in the installation, calibration, and
configuration phases, enables an effective transfer of technical knowledge and operational skills to local
experts. This capacity-building process not only increases local autonomy in managing the instruments, but
also improves the long term sustainability, maintenance, and scalability of LC observation networks by
reducing dependence on external support.



Calibration of Low-Cost Sensors

Sensor calibration is one of the most recurrent challenges associated
with the use of LC monitoring networks.

In situ calibration is particularly important in African environments,
where the optical properties of Saharan dust differ substantially from
those of urban combustion related PM. | ?,

.“Y‘




Operational considerations for designing effective field calibration strategies

Build a monitoring network by combining a reference-grade station with a dense cloud
of LC sensors.

Bias correction algorithms incorporating meteorological variables such as air
temperature, and relative humidity, returned the highest calibration accuracy (in SSA
priority: RH and Seasonality)

Considering the logistical difficulties in Sahelian environments, a valuable approach is
the “travelling sensor” strategy. In this framework, a mid-range portable instrument
(more accurate than LC sensors, yet easier to transport than reference-grade
instrumentation) is first carefully calibrated at the reference station. A technician then
carries this “portable master” instrument to the various LC nodes distributed across the
study area.

Remote data transmission via mobile telephony represent a practical solution.
However, mobile communication networks frequently experience connectivity
instability. Solutions based on local Wi-Fi connectivity or a Local data-logging systems
represent a viable alternative.




Conclusions

Low-cost (LC) sensors represent an effective solution for addressing PM2.5 and PM10 monitoring
gaps across Africa. While they cannot replace high-quality reference instruments, they can serve as
valuable complementary tools within integrated air quality monitoring systems.

The deployment of integrated networks combining official monitoring stations with LC sensors can
substantially improve the spatial and temporal resolution of PM observations, providing
measurement accuracy sufficient for both scientific research and air quality monitoring applications.

However, achieving this objective requires careful attention to the operational methodologies
adopted.

* Protocols related to co-location and calibration procedures for LC stations

Al may play a role in enhancing sensor performance (advanced calibration techniques and
algorithms for the detection and correction of systematic measurement errors)

* Environmental, logistical and technical constraints specific to these contexts must be carefully
considered during network design to avoid the risk of achieving results not commensurate with
the investment made (preliminary assessment prior to network deployment and lessons learnt)



Thank you

Maurizio Bacci
maurizio.bacci@cnr.it
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Bacci, M.; Gualtieri, G.; Katiellou, G.L.; Nana, B.; Descroix, L.; Zaldei, A. Building and Maintaining Low-Cost
Particulate Matter Monitoring Networks in Sub-Saharan Africa: Lessons from Burkina Faso, Niger, and Republic of
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[. Motivation: Health Effects +

Status of Dust Observations in
North Africa - Middle East

II. International Efforts to
Strengthen Dust Observation
and Early Warning Systems

[II.Capacity Building in Action:
Current Aerosol Observations






STATE OF

GLOBAL AIR /2025

36%

of the worlds populatien is exposed to
levels of PM,, above the least stringent

interim target of 35 pg/m* (IT-1).

Low- and middle-income countries face the
largest burden. 90% of all air pollution
deaths were in these countries:

{‘"‘f %

India and China each had more than 2 million deaths
attributable to air pollution in 2023

Bangladesh, Pakistan, and Nigeria each saw more than
200,000 deaths.

Indonesia, Myanmar, and Egypt each saw more than
100,000 deaths.

Noncommunicable diseases accounted for
6.8 million deaths.

86%

of global deaths were attributable
to air pollution in 2023,

October 2025
www.stateofglobalair.org

11%
of the global population lives in areas

where there are no national air quality
standards.

Air pollution continues to be the second

NEW WHO AIR QUALITY GUIDELINES
SET CLEAR GOALS TO HELP

IMPROVE AIR QUALITY FOR ALL

leading risk factor for early death, Flne_ 2005. short_-ter:m Air
surpassed only by high blood pressure. partt:culate Hg /m?3 Quality Guideline levels
matter
7.9 million 2021 short-term Air
deaths attributed to air pollution in 2023, Particulate 45 / . Ouality Guide"ne
o matter  \eaa 2 H9/Mm
about 1 in 8 deaths worldwide. Ievels
Of thi 1, 4.9 million deaths Qrona
1l tota & . L
ateributable 1o ar':I:ie:PMu ex::sr:re. (in an 8 hour 1 o o"g/ms
2_8 million were from household air tlme periOd)
pollution, and
470,000 were from ozone. -7
Nitrogen
dioxide
In 2023, dementia attributable to air
pollution resulted in 626,000 deaths and
11.6 million healthy years of life lost. Sulfur
dioxide
()
95%
of deaths in adults over the age of 60 =
are due to noncommunicable diseases. Carbon —
monoxide e
=

éa L J

1 in 2 chronic obstructive
pulmonary disease (COPD) deaths
@ &

More than 1 in 4 dementia HMearly 1 in 6 diabetes
deaths deaths

Recommended over a 24-hour time period

1 in 4 heart disease deaths

WHO Air Quality Guidelines set goals to protect millions of lives from air pollution.

Z-7BN
CLEAN AIR FOR HEALTH #AirPollution R Orainsamn

® 2025 Health Effects Institute. State of Global Alr. Boston, MA.



Countries without any legal regulation for
AQ Standards

z \
! Countries that contain |
I legal instruments to measure |
| ambient air quality standards |

______________

Source: Clarity

No data O pg 5ug 10pug 25pg S0ug

Source: IQAir Ea— Y

Air quality by country
Annual concentration of PM2.5 (ug/m°)



v —e) GAW .

WM o GAW World Data Centres

WDC-RSAT (World Data Center for Remote
Sensing of the Atmosphere)

WDCA (World Data Centre for Aerosols)

WDCGG (World Data Centre for Greenhouse .
Gases)

Mali

~ ‘ngef Sudan { J
A A ’
-~ ghafp LCAR. . L. m P
~ A q‘ @ : °®
@ \ @

WDCRG (World Data Centre for Reactive
Gases)

WOUuUDC (World Ozone and UV Data Centre)

WRDC (World Radiation Data Centre)

Contributing networks data
archives

CASTNET (Clean Air Status and Trends
Network)

IMPROVE (IMPROWVE Optical Aerosol)

INDAAF (International Network to study

w
@
Deposition and Atmospheric chemistry in GAW Focal Areas: .. D
AFrica) i 2
0;, GHG, RG, Atmos. Total

NADP (National Atmospheric Deposition

Program) Depos., UV Rad., Aerosols

TCCON (Total Carbon Column Cbserving .

Network) . .

% ® © » @
Other relevant data archives @ .'
o e ° &
EMEP (EMEP)
‘ ! Global & Regional e Contributing networks i Local «
NDACC (NDACC Data Center) Other elements  +
https '//gaWSiS meteOSWiSS Ch/GAWSIS/#/ Planned o Pre-operational e Operational e Partly operational
Non-reporting e Closed e Stand-by e


https://gawsis.meteoswiss.ch/GAWSIS/#/
https://gawsis.meteoswiss.ch/GAWSIS/#/

AERONET over N. Africa - Middle East

@) @) W s
" O (@) Q
_ O 'o @)
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<% 21 active stations (11 in N.Africa, 12 in Middle East) + Qatar (2, not in AERONET)

<% Active NA: Algeria, Mali, Niger (x2), Tunisia, Senegal (x2), Cameroon, Cape Verde (x2), Egypt,
Nigeria.

<% Active ME: Israel (x3), Lebanon, Kuwait, Saudi Arabia (x3), U.A. Emirates, Oman, Irak, Iran.

<% Significant gaps regarding the most important dust source.
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.
ORM WARNING ADVISORY AND ASSESSMENT

+ :

North Africa,
Regional node
Middle East

A regional/global research programme
established by the WMO in 2007 with the mission

SDS-WAS of improving WMO Members' capability to
provide timely and high-quality observations and
forecasts, thereby helping to mitigate the adverse
impacts of these phenomena on society.

& Europe

Pan-America |

Regional node
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AOD
MONARCH: Operational model Dust Surface Concentration (ug/m3) "™ 0
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MONARCH Dust Surface Conc. (pg/m’)
Valick 12h 21 Mar 2018 (H+00)
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Multiscale Online Nonhydrostatic AtmospheRe CHemistry

@ Exécution: Tous les jours a 12 UTC, 84 h prévision, 3 h intervalle
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[ Daily maximum surface concentration
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Aerosol Measurements
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CREWS & MAC-CLIMA Projects: Training of
personnel, development of new instrumentation
and installation of climate monitoring systems in
North Africa.
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European I ,
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KADI Project: Knowledge and..climate. services
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R Main problems: Technical

F I T
C EWS WARNING SYSTEMS Burkina Faso some Oct21-Aug22
A Senegal some Feb21-Apr22
PILOT PROJECT @
o OJ C ' Mauritania >1.5yr Nov21-Nov22
2020-2023 ) /_\

Cape Verde no data no data

MACCLIMA

Chad

(REWS @252 Main problems: Political instabilities & Comunication

Mali June 2025 February 2026 March 2026

Chad June 2025 September 2025 February 2026 @
Cape Verde June 2025 no data no data A

Niger June 2025 no data no data A

*NO Calitoo data on the server

& wwwmaranem - ~ " NASA-AERONET co-PI sites: Tunis (Carthage), Egypt
: P Tmm— (Cairo), Morocco (Ouazarzate), Libya (Sabha), Argelia

(Tamanrasset - GAW Twining)
20 years!
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4 LCS sensors checked and validated at Santa Cruz de Tenerife (vs BETA Monitor)
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LCS sensors checked and validated at Santa Cruz de Tenerife (vs BETA Monitor)

Plantower PMS5003 —
DUST012

ercomparison analysis.

Sensirion SPS30 — DUSTO010
Table 1: Different I8

Nova SDS011 — DUSTO011
cost sensors used in the ig

Data Filters : ¥ Parameters : PM10, Humidity
Multiple Linear Regression{MLR) ,Multiple Linear Regression with Stochastic Gradient Descent (MLR4+-5GD),
K-nearest neighbors Meighbor (KNN) and Deep Neural Netwaork (DNN)

400 . . & Tome Cano
Calibration based on Neural Network (effect of RH)! KN
m 300 . . MLR+5GD
£ Mali, Chad, Cape Vérde and Niger — MR
= oMM
5200
=
=
£ 100
0 AP i,
29-12-24 13-01-25 28-01-25 12-02-25
Date
( @REWS CLIMATE RISK & EARLY
WARNING SYSTEMS
A D KNN D ID MLR D DNN
{W ket ar Counts 1362 Counts 1362 Counts 1362 Counts 1362
‘5.;4—” ORGANIZATION Pearsan 0.94 Pearson 0.93 Pearson 0.93 Pearsan 0.95
R2 score 0.77 R2 score 0.74 RZ score 0.73 R2 score 0.88
- BIAS 3.67 BIAS 3.04 BIAS 2.84 BIAS -0.29
b\ a e m ell MSE 108.24 MSE 120.83 MSE 127.46 MSE 54.58
RMSE 10.4 RMSE 10.99 RMSE 11.29 RMSE 7.39
Agencia Estatal de Meteorologia MAE 5.E7 MAE 145 MAE 1.67 MALE 4.45
" MAPE 45.85 % MAPE 61.5 % MAPE 64.3 % MAPE 30.47 %

Pml0 = 0.76KNN+1.41 Pm10 = 0.75MLR+5GD+2.16 Pm10 = -0.49HR+3 6AMLR+20.24  PmM10 = 0,90 Mrepmmpm—



DUST SENSORS
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Daily Minimum visibility from METAR/SYNOP bulletins

o

No Data
No Dust
VV > 8Km
5 < VV < 8Km
1 <VV < 5Km
VV < 1Km

Date : 06-06-2026
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Forecast Evaluation Observations
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: refraction Index, ....
Direct SUN-MOON: Aerosols Optical Depth -AOD-, Angstrom

Exponent -AE-, Single Deconvolution algorithm -SDA- to provide
fine/coarse fraction

Data Display Controls

I Data Display Controls Astigi%h:sggm:l:sion Data Product: Reléa;?\fl?l_:’iu;lzqtc?glaglablllty for Tamanrasset_INM (select each day below):
P N o v v

AERONET AOD Data Product: Relateq Product Availability for Tamanrasset_INM (select each day below): Refractive Index (Real) Sky Scan Scenario Hybrid Show Aqua MODIS

AOD Show Terra MODIS

Water Vapor

.
Refractive Indsx (1 inary) - N

Show Aqua MODIS shracive Index maginany] Inversion Level (2024): evel 2.0 : Show VIIRS

440-870 Angstrom

Absarption Optical Depth M ' Show Diagnostic Charts
Show VIIRS hee

SDAFine(Coarse 0D Show Diagnostic Charts SELECT CHARTS FOR LARGER IMAGES
SDA Fine Mode Fraction —
- 2006][2007][2008][2009][2010][2011][2012][2013][2014][2015][2016][2017][2013] Choose day of SEP 2024
00Se year : ——
IMAGES Y 2019)|2020|(2021|2022)[20, 024 1 2 B 4 5 6 T 8 9 || 10 || 11 |12
2006 [2007] (2008 [2009][2010] [2011][2013] 2013 [2014] 2015 [2016] 2017 Choose day of SEP2024 Choose A8 15 |[16 [ 47 |[ 18 |[19 |[20 [ 21 |[22 |[23 ][ 24 |
Choose year :
¥ 2018|[2013[2020|[2021 2022”2023 202 1 2 = 4 5 6 7 ] 9 || 10 || 11 [ 12 rngon;: .Df JAN || FEB [MAR||APR|[MAY || JUN [ JUL ||AUG|| SEP 25 (26 T 27 [ 28 [ 29 || 30
Choose month of a5 |[18][a7][18][18 |20 |[21 ][ 22][ 23 ][ 24 ] :
2024 - JAN (|FEB||MAR|(APR MAY”JLIN JuL ﬁUGHSEP| 25 [ 26 |[ 27 [ 28 || 28 || 30
= Almucantar Level 1.5 data from SEP 14 of 2024 Almucantar Level 1.5 data from SEP 14 of 2024
AOD Level 1.5 data from SEP of 2044 AOD Level 1.5 data from SEP 14 of 2024 Tananr..a3§et_2_[l|l| s N 22.?98, E 5.538;_ﬂlt 1377 hr Tananr..a3§et_2_[l|l| s N 22.?98, E 5.533;_ﬂlt 1377 ny
PI : 5idi_Baika and Africa_Barreto, baikal971@gnail.con PI : 5idi_Baika and Africa_Barreto, baikal971@gnail.con
Tananrasset_INH , N 22.798, E 5.538, ALt 1377 n, Tananrasset_INH , N 22,798, E 5.538, Alt 1377 n, S5ize Distribution Almnucantar Level 1,53 14 SEP 2824 550 Almucantar Level 1.5; 14 SEP 2824
PI 3 Sidi_Baika and Africa_Barreto,|baikal9718gnail,con PI : Sidi_Baika and Africa_Barreto, baikal971@gmail.com
Level 1.5 AOD; Data fron SEP 2024 Level 1.5 AOD; Data fron 14 SEP 2024 B86332:52[skyerr=10,3%;52=75;t440=0,17] B86332:52[ skyerr=18, 3%;52=75;t448=0,17]
< 5 3 5 87:03:35[skyerr=1,9%;s=: 87:03:350skyerr=1,9%;s==65; t448=0.15]
0D_348: <08.2089: 0D_348: <8.167 + as:1 + 86116450 skyerr=1, 8%;s2=513t448=0,17]
00_380: <0.204> 0D_380% <0.165> .89 1.88 881442 48[ skyerr=1,6%3522453 £448=8,171
—#—noD_440; <0,199> [—#—A0D_4408: <0,163> L
00_560: <0.196> 0D_5608: <08.163> a.88 o o
0D_675: <0,183> Version 3 05 = 0D_675: <8,156> VYersion 3 D5 & h h
9.6 — 0D_878: <B,176> & 8.20 0D_870: <0,153> & N 887 © 8,95 [ ©
" AOD_1628: <6.171> - o B9 —{—noD_16268: <0.149% |, put T p.e6 = =
a.5 A H O - A
§ 0D0_1648: <8,148> E E 0.18 Tt U_154U. <8.129> F g E E E
a.85 —
g o : & n.17 A A E < B.90 - £
] ] T 8.16 bt 8,84 o o
g N H - H g
o 8.3 = o 8,15 = £ N 4 Z
=% c 1= C c 8,03 = =
] o S 8.14 [ = - B85 -
7 2 ] 2 B.13 5 S a.e2 |- m . 5
g g $ @.12 3 < 2 < 2
[ & [ o = a.01 - d @ )
[} In] [} [} = = 0 =
< - = B8.11 < - . | | |
0.8 8,18 8.86 - 0,80
- hh-> * BG6 a7 B8 g e 1 L2 ] ] a.e1 a,1 1 18 1688 488 608 il: 1] 108860
po-> gép b3 s b7 e b1 h3 hs| b7 he po-> ;;P Radius {r} [unl Version 3 Havelength (nn} Version 3
inefUTC} 2824 [TinelUTC} 2a24 AERONET DOWNLOAD AERONET DOWNLOAD
AERONET DOWNLOAD AERONET DOWNLOAD . tz::} ; g « More AERONET Downloadable Producis. . tz::} ; g » More AERONET Downloadahble Products
= AOQD Level 1.0 = SDALsvel 1.0 » More AERCONET » AOD Level 1.0 « SDALevel 1.0 = More AERONET
= AOD Level 1.5 « SDALevel 15 Downloadable Producis « AODLevel 1.5 « SDAlevel 15 Downloadable Products

Retumn to the World Map

Retu to the Werkd Map https://aeronet.gsfc.nasa.gov/cgi-

bin/data_display_inv_v3?site=Banizoumbou&nachal=0&year=2025&aero_water=0&level

AOD levels: level 1.0 raw data =2&if day=0&if err=0&place_code=10&DATA_TYPE=76&year_or_month=1
level 1.5 Preliminary QC

level 2.0 Datos validados (final QC/QA)



Barcelona
Supercomputing
Center

Ceniro Mackmal

e Supsrcompuiacicn

Station:

Choose station v

From:

01/01/2021 (m}

To:

12/29/2023 0O
Plot Graph

3z
- aemel

Agencia Estatal de Meteorologia

Calima Project Graph View

Graph Mauritania from 2021-01-01 to 2023-12-29

@REWS

CLIMATE RISK & EARLY
WARNING SYSTEMS

MACCLIMA

$ B [ C Q

q -3
5 B = @ Pred OD550
i - = -
m AOD 465 -
4 L . - L}
] Ol m AOD 540 r
] 8 £ m AoDe1s [ 2°
44 " h
] .Ié . 4 AE Alpha L
] : F: = [
d —---..- - - -‘ LA ] L} - L] - - 2
TR 7
3< st 2y !
] e 3 : - 1 !
4 . - L
Q » - -
< - i - L 15
| = . 4 | : . . :
2 4 o ' - = ] = i
| 4 ; I o - e .' il
1 t L - . -1
- ' -
i LS - " T . L
1 . g P -\: ¥ 1 " L
3 .
" T SRe I 1
5 [] N R P 24, ] |
A . ! qr‘il < R o i X ‘lu- 'i.. —J. ! ', L] - 0.5
] R o . . L
° L] 7 = L} .
] l' e .’Of‘ol. m 2 ‘t 9 % & 4 !" L
01 ooo“o.Aq.»r deg o S aats ﬁ“;‘.;? ~m “ [
. by ‘AA S Vi g. e ’9- ° .: |
h kPO T ad a A i e RV < 0
T T T T T
55’1\ Q/&” g {»@5 JLQPC’
\& )@‘\00 \\S“" \B‘Cp
,\e“Q R
Date

Download CSV file

View data table

(eyde) 37 Q



Tamanrasset (Algeria) GAW Global Station - —

10: v I " I v I v 1 " 1 ' I " I

AQD ( 500 nm)

o e AERONET :
e CALITOO

0.001 T T T T T T T 1 T T T T T T T
2017 2018 2019 2020 2021 2022 2023 2024
RGM versus LCS!!




3. CURRENT AEROSOL OBSERVATIONS V. Calitoo Sites

AOD Daily MEAN AERONET and Calitoo stations
Date : 01-02-2023
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A zenith looking radiometer
(ZEN-R52) for the retrieval
of aerosol properties

Il HARMONIA WG4 Workshop
30 June 2026 - Valladolid, Spain

Sara Herrero-Anta (sara.herrero.anta@uva.es)
University of Valladolid (Spain)

»*"*. | Funded by
“..." | the European Union




ZEN-R52 in the rooftop of the Faculty of Sciences
from University of Valladolid

ZEN-R52 radiometer
(Sieltec Canarias S.L.)

5 detectors under 5 filters: 440, 500, 675, 870 and 940 nm
Leveled and looking in the zenithal direction

Zenith sky radiance (ZSR) at 440, 500, 675, 870 y 940 nm
(WV) in analogit-to-digital units (ADU)

ZSR every minute (mean of 30 measurements taken within
the minute)

ZEN Variability (standard deviation of the 30
measurements)

Advantages: Low-cost and robust instrument without
moving parts
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Use of sky radiances for the
retrieval of aerosol properties
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Use of ZSR to retrieve aerosol properties

|:> ZSR at 440, 500, 675 and 870 nm |:> Useful to retrieve aerosol information
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GRASP (Generalized retrieval of aerosol and surface
properties)

Dubovik et al., (2021)
Inversion algorithm designed for the retrieval of aerosol and surface properties

Itis a free and open code, flexible and versatile
GRASP It admits diverse types of observations as input

POLDER [ jidar AERONET Mode: forward/inversion
\ Sentinel - 41
~a SETTINGS j‘>
= Inversion strategy % j‘> OUTPUT
GRASP (Type of obs.ervations, GRASP |
constrains,...) . Aerosol properties
I qugf,fgvj (RRI, IRI, size
SDATA j‘> distribution,...)
COLUMNAR AEROSOL | Surface reflectance Residual of the inversion
| TS AP Sl Observations (quality of the fitting)
: /U\ - ' s (AOD, sky radiances,

RCS...)



GRASP-ZEN inversion strategy

models GRASP: pre-defined aerosol properties

Q

GRASP

GRASP-ZEN

INPUT: ZSR at 440, 500, 675 and 870 nm

models method: the aerosol can be represented
as a external mixture of the 5 types of aerosol most
common in the world

OUTPUT: total volume concentration and fraction

of each of type of aerosol in the mixture

- Biomass burning
- Urban
- Oceanic

- Urban polluted
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Calibration of the ZEN-R52

ZSR . at 440, 500, 675
and 870 nm in ADU

“in-situ” calibration
Available dataset: April 2019 - September 2021
Simulation of ZSR (ZSRgjy) simultaneous to the ZSR
measured by the ZEN-R52

Aerosol and gases properties (AERONET)
Surface reflectance (BRDF)
Elevation, location, SZA, date, time...

forward mode

A
GRASP v

ZSRgy at 440, 500, 675 and 870 nm in
Wm2?m1sr1

—

w

Dark signal correction
Quality control filters:
e 30°<SZA<80°
 ZEN variability <4 % (cloud indicator)
Temperature correction
Obtention of the calibration coefficients
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Calibration of the ZEN-R52

ZEN-R52

+ 1
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GRASP-ZEN synthetic study

Fraction of .
eachofthe5 &, Aerosol created as a mixture of
types of Eo
aerosols S, the 5 types of aerosols used by
from models the models method
.1 r( lr(:1) 10.0
& " 1000 random synthetic scenarios
CVT=0.01-0.15 um3um=2 SZA = 30°, 50°y 70°
‘ crasp  Simulation of the ZEN- Gl?
Synthetic aerosol forward R52 observations Inversion Aerosol properties

retrieved in the inversion

scenarios mode ZSR a 440, 500, mode .
AOD, RRI, IRI, size 675, 870 nm .AC.)D, BRI, IRI, S|z.e.
distribution, sphericity

distribution, sphericity

parameter
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f SYN INV
m_ég ’ Real aerosol scenarios; it does not have

Aerosol properties to be a mixture of the 5 types of
retrieved from AERONET aerosols used by the models method
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GRASP-ZEN synthetic study

Scenarios as a random mixture of the 5
types of models
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Retrieval of AOD with GRASP-ZEN
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Retrieval of VC with GRASP-ZEN
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ZSR measurements from the ZEN-R52 are sensitive to load and type of aerosol and therefore are useful
to retrieve information about aerosols.

The calibration coefficients obtained with the proposed in-situ calibration are similar to those obtained
through laboratory calibration. It is observed that the accuracy and uncertainty is worse for longer
wavelengths.

The synthetic study shows that the inversion strategy GRASP-ZEN is limited to the obtention of
extensive aerosol properties, like AOD and volumen concentration (fine and coarse modes and total).

GRASP-ZEN tends to overestimate AOD at all wavelengths, particularly under realistic aerosol
conditions, but shows strong agreement with AERONET (r© = 0.72-0.86), especially at shorter

wavelengths.

The Md and standard deviation of the differences between the total volume concentration obtained
with GRASP-ZEN and AERONET are 0.01 and 0.02 pm3 pm'z, respectively, with even smaller values for the
fine and coarse modes. These results indicate that GRASP-ZEN is able to retrieve volume concentration
with good precision and accuracy.

The ZEN-R52 radiometer is presented as a potential, more affordable alternative for obtaining aerosol
properties in remote areas, or even at locations where a co-located CE318 photometer is available, in
order to increase the temporal resolution of certain aerosol properties.

13



‘e O s [ o | Fundedy
. H A R M O N | A EEEEEEEEEEEEEEEEEEE ..~ | the European Union
IN SCIENCE & TECHNOLOGY
International network for harmonization of
@ atmospheric aerosol retrievals from ground
© based photometers

-i...

Thank you for your attention!
tMuchas gracias por vuestra atencion !

Optica

Lalls

Laboratory for Disruptive
Interdisciplinary Science




CALITOO

Aerosol photometer

- Origin of the Calitoo

- How does it work ?

- Advantages and limitations
- Calibration methods




TENUM
Design office
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CALITOO |

The origin

Educational activity between Tenum and the CNES
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CALITOO 5

The origin

2006

CNES : Calipso and Globe => Educational program to initiate student to measure aerosols
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CALITOO

Prototypes

€
Coftfoor
Cali H;:.:m

,__\Enum
&Aa\
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CALITOO 8

Aerosol photometer

ot > -
\ 7 2 / / /
[In(N:[=] )=In(N)] };/
ta= dg’ ?0 PR
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CALITOO

Aerosol photometer

Generate
binary data
Data display
Light
sensor
RGB
Screen
< pp—
Location GPS Microcontroller
Date & hour
Solar elevation /
Flash
Pressure Power 8SMB
sensor supp|y

‘ Battery j

Data
transmission

Push
button

Data
storage
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Data
transmission

Pressure
sensor

CALITOO

Aerosol photometer

Light
sensor by o T
RGB ; i

Generate
binary data

Data display
Data
storage
Screen
Microcontroller
Location
Date & hour Push
Solar elevation button
[ Battery
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ADVANTAGES
LIMITATIONS

o
g
%
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CALITOO _______

Aerosol photometer |

Low cost, made with durable

components. —

Easy to use with only one button

SO8E Pr,

| &cnes L@\ “@

cnes

CENTRE NATIONAL
CETUOES SAMTIALES

WG4 Harmonia - Valladolid — 30 june 2026 um




13

CALITOO

Aerosol photometer

The quality of an instrument is mainly
the quality of its calibration

Each device is calibrated at the
Aeronet photometer reference
site : Izana, in Tenerife

Calibration campaign need an _—
extensive preparation.

Agencia Estatal de Meteorologia

Aerosols, Clouds, and Trace gases
Research InfraStructure Network
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CALITOO :

Aerosol photometer

CALITOO SOFT v2.9 - TENUM 2018 X CALITOO - DATA VISUALISATION

Calitoo software for reading, : - ——— 5
processing, displaying and : - .
transmitting AOD data to Calinet I

09:10:00  09:30:00 095000  10:1000  10:30:00 10:50:00 11:1000 113000 115000 121000 12:30:00 125000 13

00 133000 135000 141000
Operations Data Source #0104
Graphi
a a Cen er_ ot onT Datalevel: ()10 @15 ()20 Date:2017-06.27 Measures:10 Level:15 Aerosol Class Angstrom Raw Data
CALITOO #0104 - 2017-06-27
455 0
0 Years > 2
— 618 nm 5 22
Mnnlhs = 2 # Measures
o
— 465619 ym %
5 Alpha curve visible |21 | n | Day | Time \Elev \M \Rnwus\mwuo\mwsﬂ\wnss\Aoﬂm\Aonm ~ § 16+ [ Fine and coarse particles
F 1 21 os0814 03218 03203 5 14 [Ioesert dust
Savein15 B | 3 27 095427 | 488 137 1802 | 1715 | 1411 | 03630 | 03524 | 03483 5o i
R 4 m wew me wm owme | me e e ome owr £ o Dok
M |5 27 104455 579 118 1983 1863 1526 | 03650 | 03548 | 03487 £ (| origin
[}
4 6 11108 | 637 (112 2101 1967 1605 0,3431 03322 0,3273 ] 3
< I Save Picture
o4
& @ |ewar | wo 10| 2z | 2o |t | 03w | 032sa | 03 |
P |9 | 27 130135 849 100 2202 | 203 | 1674 | 03511 | 03370 03287 002040608 1 12141618 2 2224
P 10 27 141345 | 739 104 2150 2007 1645 0,3564 0,3435 03316 v

Atmospheric Optical Depth at 465 nm

And finally, the Calitoo is easy to put in your pocket and travel
the world
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CALITOO :

Aerosol photometer

The device is not
automatic which explains |
why the volume of data
generated is very low.

o T—

WG4 Harmonia - Valladolid — 30 june 2026 @um




CALITOO 3

Aerosol photometer

@) Lackof precision in light AOD (<0,1) and high AOD (>0,5)

Canal Vert (540nm) Ratio Photomeétre #46/Calitoo 0045
0,6

0,55

0,5

0,45

o
N

0,35

o
o 2
o w

o
(]

y =1,0548x - 0,015
=0,9909

OT Photomtre #46

AOT
o =
A

0,05

0

0 005 0,1 0,15 0.2NET ESafifi§o0.4 0.45 05 0,55 06
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CALITOO :

Aerosol photometer

' Only 3 wavelengths : Lack of precision in particle detection field

Particles size distribution
Diameter pm
0 0,01 01 1 10 100 1000 10000

e

Tabacco smoke

Dust of limestone

) Beach

Forest fire smoke  » Dust storm sand
L]

Ashes
|
Fine Coarse
Clay sand > sand ><Gravel

1l CB%/% oo @V:

Fine Coarse
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CALITOO :

Aerosol photometer

CALITOO - AERONET INTERCALIBRATION - O X
0,055
0,05
0,045
Intercalibration with aeronet o
u 0035
(Cimel) data. T
0025{- P et
el
0,024
0015 x e
e use Aeronet data to create it
0,005 e
ree virtual curves wi e A DO A B e
07:00 07:20 07:40 08:00 08:20 08:40 09:00 09:20 09:40 10:00 10:20 10:40 11:00 11:20 11:40 12:00 12:20 12:40 13:00 13:20 13:40 14:00 14:20 14:40 15:00 15:20 15:40 16:00 16:20 16:40 17:00 17:20 17:40 18:00 18:20 18:40 19:00
same wavelength as calitoo.
Inter-Calibration #0300'“
Operations Parameters
Blue 465 - 28 data used Min, Max CNo to exclude
Date : 2018.06-18 Measurements used : 84
Variation= 0,349 % cno: [EEEN DEEE EEN
New 465_ClNo. Min: B [ [ Graph
Currentdss_cNo= 3100 ax: ¥ ' ' (OCalitoo CNo () Virtual Calitoo AOT @) All Aeronet AOT
Gresnb iRk Intercalibration data
Variation= 0,610 %
yow 540, o n | Time |RAW4B5 | RAW540 |[RAWG19 | M | |CNo465 | |CNo540 | |CNo619 | “AOT440" |AOT465 | “AOT500" |AOT54D | AOTE19 | “AOTE75" | Angstrom ~
Curront40_cho 1073923 1943 2332 1893 324 M 346 M| 3443 @ 2503 0019682 | 0,018372 | 0018120  0,016463 0,013059 0011723 1246264
= 2 07398 1950 2339 1895 320 B 343 & | 343 | 2499 0019706 | 0,018333 | 0018132 0016472 0013068 0011730 1247612
Red 619 - 28 data used 3 07:40:37 1955 2344 1894 318 W 3433 ~ 3438 c4 2493 0,019733 0,018417 0,018146 0016483 0,013078 0,011737 1249125
Verafion=_ 0870 % | 4 o75p17 2080 2455 1953 282 W 3441 W | 3469 | 2500 0019971 | 0018547 | 0018036 | 0016325 0012828  0.011424 1,338644
CoERED 5 07:5246 2083 2451 195 280 B 434 P | 346 | 2500 0019952 | 0018526 | 0018066 0016293  0,012802 0011397 1,341890
Ci 1t 619_CNo = 2400
arrentfin e 6 | 075319 2091 2460 1959 279 W 41 M| s | 2501 0019931 | 0,018503 | 0018031  0,016257 0.012770 0011365 1,346583
(R 7 080724 2207 2559 2007 246 B 3440 W | 3467 & 2501 0020002 | 0018625 0018143  0,016428 0013043  0,011664 1.290501
Update device 8 08:08:06 2222 2563 2019 245 W 3456 ~ 3468 ~ 2514 0,020004 0,018626 0,018143 0016426  0,013039 0,011659 1291781
Create Calibration Bulletin | 9 | 08:67:54 | 2493 2789 2151 175 B M8 R Mu | P 2536 0020770 | 0,019023 | 0018548 0016412 0012311 0,010727 1589894
10 0856839 2487 2171 2136 174 B M3 R M B 2516 0020780 | 0,019022 | 0018547 0016398  0,012275  0,010687 1509848 v
< >

CETUOES SAMTIALES
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CALITOO 3

| Aerosol photometer

LANGLEY Calibration — o x

Data Curves
Blue (465 nm) Green (540 nm) Red (619 nm)
78
. a1 2 e
o 775
Langley : a method without |
. 7 77
f A Z 79 H H
retrerence aevice § % %
. =) =765
K 78 578 s
7 75
77
76 7,55
751 761 751
0 05 1 o2 25 3 35 0 05 1 15 2 25 3 35 0 05
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| | .
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Green 540 & > | June 1203 45878 5 wnenesEY IIH: = IIHH:-:- ,-9,9257;:3,9141,-4,76;1196’ e
Correlation R* = 0,0984 Dey) 2018-06-20;13:37:07;
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‘ y @ 1 072357 | 147 1819 1997 1304 394 | 750604 | 7,59940  7,49776 e O e S S
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New 619_CNo - [HEZETNN @ 5 072919 158 1886 2041 1832 367 | 754221 | 7,82120 751318 2018-86-20;13:41:87;
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y 50,0292;0,0165;4,02;1,00
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50,028850,0134;4,69;0,99
Create Calibration Bulletin @ 10 o404 183 2049 2171 1923 318 | 7625011 | 768294 756164 2018-06.20;13:42+:46;
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\J
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CALITOO 1

Aerosol photometer

- CIMEL & Calitoo

- Calitoo at school

- Exploration of possible uses
- Calinet
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CALITOO 3

Aerosol photometer

The CIMEL photometer is the
big brother of the Calitoo.

CIMEL photometers has been
used by LOA to evaluate our
photometer in 2013.




CALITOO “

Aerosol photometer

Since 2014, CIMEL
photometers and
Aeronet network are
used to calibrate
Calitoo devices.
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Sainte-Marie-Cappel school. CALITOO e 2

10-11 years old students.

The teacher’s objectives are : Aerosol photometer
- read decimal numbers

- read invisible sky parameters

- complete, read and explain a graph
- talk about environment problems

LEGENDE

I Folution feux de biomasse

[0 métange de particules
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CALITOO |

Aerosol photometer

REPUBLIQUE : P L )
FRANCAISE { AN e”ﬁ'”
Liberté o/

% CTorrn cnes

Egalité

Fraternité
CENTRE NATIONAL
D'ETUDES SPATIALES

Levons les yeux au ciel
Older students (15 18 ya) LES DIFFERENTS TYPES D’AEROSOLS

use the Calitoo and the PC
software to study aerosols.

e
Le Calitoo est un photometre qui permet de déterminer le taux d'aérosols
présents dans |'atmosphére et de caractériser leur répartition en taille ( fumées,
gaz polluant, cristaux de glace, poussieres). Pour cela, il mesure I'épaisseur
optique de 'atmosphére & différentes longueurs d'onde.

Les élaves de terminale T04 et TOB en enseignement scientifique ont réalisé une
expérience_permettant de comprendre comment caractériser la taille des
aérosols a I'aide du Calitoo.
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CALITOO |

Aerosol photometer
Wa /. A = =

[/

IESO® 2017
Valbonne University
(near Cannes)

(*) International Earth Science
Olympiad
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CALITOO 9

EDUMED 2021

A group of schools,
use several Calitoo £
and share data
together.

PIERRE PUGET ‘%
TOULON

WG4 Harmonia - Valladolid — 30 june 2026 @um




e g B &
WG4 Harmonia - Valladolid — 30 june 2026 ~—&NUm s




11

CALHOOBOT

Aerosol photometer

We have worked with a trainee to test an automatic

methode of measurement :
The CALIBOT (2017)

i

Raspbemy Pi
Wersion A+
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CALHOOBOT :

Aerosol photometer
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Aerosol photometer

In 2022, a startup named MIRATLAS has
contacted us to design a waterproof
Calitoo to measure automaticaly Aerosols
every sunny days all the year.

T'!')
WG4 Harmonia - Valladolid — 30 june 2026 € :gnum




CALIHFOOMIR i

Aerosol photometer

{ +

immwﬁm | o | Rayteian | Ozone | Taols

CALIMIR £23100001 - ME5
" OPE
L

g
——
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CALITOQ SOFT v3.1 - TENUM 2022 x |
"_/ : _\

< K K

a | Calitoo network

iData CNo Rayleigh Ozone Tools

\ .: z #0306" | /LCC;/H?;\( AE R I S
) Y 4 il | [ S

CALINET Data Upload

#0300 i
c . PCt.‘\L.:5erls‘\zFungD_'l'tE;JYU-I\;\CaIitUUDala‘\USUU\MUU_Z0'\0300_20170701_20.1xt Afte r AO D measureme nts take n

Pl S .
K by the Calitoo, you have to
b - C:\Users\FRED_TENUNM\CalitooData\0300\0300_CALIBRATION\0300_AEROMNET\CALO300_20180618

_AER pdf

‘ B View Sequence - C\Users\FRED_TENUM\CalitooData\030000300_CALIBRATION\0300_AERONET\CALD300_20180618 d OWn |Oad d ata I n yo u P C Wlth

_AER txt

| | ;’Eégis;dr?\FREDjENUM\CaIitooData\USUU\USUUjALIBRATION\[]EUUfAERONE'I"\CAL0300720240512 th e C al ItO 0 P C Software ]

Upload in progress... - C:\Users\FRED_TENUM\CalitooData\030010300_CALIBRATION300_AERONET\CALD300_20240512
Sticker _AER txt

C ‘ ::tlz:jz::elr_:i:::z[1]9+239r\.'iceﬂles Then’ you Can Send data to the
e e covecnon saverce Icare Aeris data center by an

fane Copy next files :

it 300 Log Internet link.
e 2 -> status_busy
End: 2026-07-02 v

-= news.txt
-> 0300_20170421_161304_10 txt

-» 0300_20230717_130943_10 txt

| ¢
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DATA ACCESS

b m‘?
!i’%ﬁ; ERIS Home PROJECTS SERVICES CATEGORIES ABOUTUS C A LI N E I

B CALINET BROWSE INTERFACE Calitoo network :

Select o marker on the map to plat data from that instrument

S 2 z
Photometer selection j

i i i on
[ |intrument filter (e.g. n1,n2,n3-n4,..) | Start: 2025-04-02 ; o

End: 2026-06-23 i | | -

o7

Data level selection
10 ~

~ Date range selection ww

Start[2025-0424  |End[2025-06-06 |
330 active instruments-sites match the current selection criteria

o4

a1

az

o1

Satellite data set selection
| No data set ~

Select a marker on the map to plot data from that instrument

1
LHFS&?S’N_: Lon=20.40° W -~ r
X v Calitoo #0464 u
i 03 e aoT46S
- 0.8 —e— AOTS40
= Te— AOTS19
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< > & £
b 01 &
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8 &
g <
W Indian <0 0
Dcean
-0.2
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2025

¢

WG4 Harmonia - Valladolid — 30 june 2026 um A cnes




CALINET i

Calitoo network

Satellite data set selection

[Aqua/MODIS RGB v|
100% Overlay opacity

12026-03-31 |Image date

Select o marker on the map to plot dato from that instrument

g 4 _P’ @ :

Lat=30.89" N : Lon=13.64" W !
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Internatlonal network for harmonization of atmospheric:
aerosol retrievals from ground based photometers -

ReaI-Time Aerosol Detection by Interferometric Systerh:
- -Development of a Prototype Device
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RESEARCH MOTIVATION

To develop a portable optical sensing system capable of real-time detection and
concentration measurement of atmospheric aerosols under outdoor conditions.

To investigate the effects of environmental factors on system performance and AOD analysis.

To establish a cost-effective and versatile alternative to conventional photometric aerosol
monitoring systems through real-time ground-level aerosol detection and measurement.



e ——

MULTIDISCIPLINARY COLLABORATION

Prof. Dr. Senol Hakan KUTOGLU, Map (Geomatics) Engineering . ) . A
Prof. Dr. Seda TIGLI AYDIN, Biomedical Engineering Res. Asst. Duygu DEMIRCAN , Electrical and Electronics Engineering
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PROPOSED METHODOLOGY (LATERAL SHEARING DIGITAL HOLOGRAPHIC Mli
SYSTEM
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Conditioned Cabinet

Micropipete
~

Window
Particles Glass

Nitrogen Humidity-
Gas Temperature
Controller

Established under cont

Ustabas Kaya, G , Kocabas S, Kartal S, Kaya H , Tekin IO,
Aydin RST , Kutoglu SH. 2022. Detection of airborne
nanoparticles with lateral shearing digital holographic
microscopy. Optics and Lasers In Engineering. Volume
151,106934

Kocabas S, Ustabas Kaya G, Tekin 10, Kaya H, Kutoglu SH, Aydin RST.
2025. A novel intelligent optical system for detection of nano particles:
Imaging viriis mimicking samples in the air. IEEE ACCESS. Volume 13.




ELIMINATION OF THE DUPLICATE (TWIN IMAGE) IMAGE PROBL

The captured hologram obtained
with LS-DHM system

Reconstructed 3D phase image
obtained from the hologram

Hologram affected by the
overlapping (twin-image)

Thlckntgs(pm)

¥(pm)

problem

Hologram after elimination of the
overlapping (twin-image) problem

1.2

0.8
0.6
0.4

0.2




Captured holograms for different sample
3D phase image
Binarized phase image

12 g x10°® g 1.5
£ 0 g
; 28 1 ..'5
1 3 2
& 0 &=
b 0 29 ’
After optical alignment optimization, particle - ‘]‘°° ' v ki [
- : o ylprre)
holograms are recorded and numerically sooll =
reconstructed to obtain unwrapped phase maps. =
1000 Ll 1000 | 2 2(um) X108 1000 W

The 2D phase images are then converted into
grayscale and transformed into binary images
for particle detection and analysis.
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Aerosol samples will be transported to the central
sensing volume through an S-shaped air-sampling
channel designed to prevent interference from
external light sources.

The sensing chamber will operate
as a dark enclosure with dedicated
optical  windows  for  laser
transmission, enabling continuous
measurements under both daytime
and nighttime conditions.

A pen-type flow meter will be used to perform
measurements at different suction rates and
determine the optimal airflow that provides the
highest correlation with satellite-derived data.

For outdoor aerosol monitoring, a
fan-assisted sampling system wi
be used to draw ambient aerosol
into the central channel at controlled
and adjustable flow rates.

The central measu
airflow system will
isolated from the opti
minimize vibration-in
errors.



AEROSOL GENERATION /OUTDOOR SAMPLING PROCEDURE

Aerosol measurements acquired at different sampling flow rates will be compared with satellite-
derived aerosol data to determine the optimum operating conditions.

The effects of environmental parameters, including wind speed, ambient temperature, relative
humidity, and atmospheric pressure, will be investigated through correlation analyses using
meteorological data.

The obtained correlation results will be used for prototype calibration, ensuring accurate and reliable
outdoor aerosol measurements.

The calibration process will be completed during the prototype installation phase, eliminating the need
for additional calibration during field measurements.

The effects of ambient environmental conditions on AOD measurements will be investigated and
quantified.



AEROSOL GENERATION / OUTDOOR SAMPLING PROCEDURE
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Ghasempour, F., Sekertekin, A., Kutoglu, S.
H. 2021. “Google Earth Engine based spatio-
temporal analysis of air pollutants before and
during the first wave COVID-19 outbreak
over Turkey via remote sensing”, Journal of
Cleaner Production, 319, 1-20.

Ground-based aerosol measurements obtained from our
system and MCD19A2 AOD data derived from the Terra
and Aqua MODIS sensors will be compared evaluated usi
statistical methods.

The relationship between the two datasets will be analyzed
using the correlation coefficient (R), Root Mean Square
Error (RMSE), standard error, and bias metrics, while the
temporal consistency of AOD variations will be examined
through correlation plots.

Daily and monthly AOD maps will be generated and compared
with the AOD measurements obtained from our proposed
optical prototype system.

This assessment will help determine how effectively satellite-
based AOD products represent ground-based observations.



EXPECTED OUTCOMES

The sensing system will operate as a dark enclosure with dedicated optical windows for laser
transmission, enabling continuous measurements under both daytime and nighttime conditions.

* Development of a low-cost, novel, portable, real-time interferometric aerosol monitoring
system

» Real-time aerosol monitoring and measurement

« Validation using the MODIS sensors onboard the Aqua and Terra satellite-derived aerosol
data

« Contribution to the European research network and standardization calibration
procedures for AOD measurements within the Harmonia activities







HARMONIA

Aerosol Profiling through bottom-to-top Atmosphere
from the Synergetic Observations of
Sun-Sky Photometer, Spectrometer and

Masahiro Momoi, Anton Lopatin, Marie Charlotte Stockhardt, Elena Lind,
Manuel Veloso, Lucja Janicka, Dominika Szczepanik, Oleg Dubovik,
Marcos Herreras-Giralda, Benjamin Torres, Tatyana Lapyonok, Axel Kreuter,
Alexander Cede, and lwona Stachlewska

GRASP @

-
§\ *UNIVERSITY
I_LJI:TBI_ICK ;531

EARTH OBSERVATION TECHNOLOGIE ") \:v)j',ﬁ& OF WARSAW

LDA

EEEEEEEEEEEE




Atmospheric aerosolis complex
- Chemical component
- 4-dimensional dynamics
- Spatial
- Vetical
- Temporal

Many (kind of) observations are desired!

- Lidar (optional: tilt observation)
- AERONET photometer
- PGN spectrometer
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Profiling from ground-based passive and active measurement synergy:
photometer + spectrometer + lidar

Vertical profile =~ _— \

Spectrometer Lidar/Ceilometer

[

Columnar properties

AERONET calibrated absolute radiances: Photometer
Standard AERONET observation protocol;
PGN spectral measurements: ) Almucgntar v Hvbrid
Differential slant column densities of O,0,; S g
Sensitive near surface L =5
Lidar vertical profiles: ‘g ‘ 0

Back-scattering, depolarization, extinction; B S B S
Limited in lower atmosphere

- — - -




Profiling from ground-based passive and active measurement synergy:
photometer + spectrometer + lidar

Retrieved properties

AERONET calibrated absolute radiances: . Total aerosol columnar: size distributions,

Standard AERONET observation protocol; complex index of refraction, SSA, non-sphericity
At different elevation angles (similar to fractions. etc.:

multi-axis DOAS but at AERONET i ] _
channels) Ael_'ospl vertical profile: concentration and
PGN spectral measurements: extlnctlon. _

Differential slant column densities of 0,0,; | | - Gas vertical profiles: NO,, HCHO, H,O0, etc.

Sensitive near surface
Lidar vertical profiles:
Back-scattering, depolarization, extinction;

Limited in lower atmosphere [

Photometer Spectrometer Lidar




Profiling from ground-based passive and active measurement synergy:
photometer + spectrometer + lidar

Synergetic combined retrieval of photometer + spectrometer (DOAS) + lidar measurements produces
advanced aerosol vertical profile from BOA until TOA. DOAS (spectrometer) fills the information near
surface where lidar can not see due to overlapping.

The approaches can be applied at collocated sites of each network (AERONET/SKYNET, PGN,
EARLINET/AD-net) for the generation of advanced Cal/Val ground truth data, such as for EarthCARE/ATLID
aerosol profile.
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Surface database generated by
eneralized “etrieval of Atmosphere and Surface Properties
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SKY measurement differences between AERONET and PGN

/AERONET standard SKY retrievals: 440, 675, /PGN standard SKY measurements: 300 )

870, 1020 nm filter bands -
’ 530 nm at spectral resolution of 0.6 nm per
AERONET standard SKY measurements: 340, FWHM, 0.1 ﬁm sampling P

380, 440, 500, 675, 870, 1020, 1640 nm filter bands

\_,Absolute radiance calibration of all channels / \ No absolute radiance calibration Y

(a) Side view

Stratospheric

Almucantar -
L S 9 Hybrid - é e e e e -

......................

(8
______ O _____ S - S
< T >
—————————————————————— lnttrunt Rt DA TR S I Y -,-‘:"
Vertical sky scan from the horizon at a
Horizontal sky scan from the sun at a fixed fixed azimuth angle: maximum

zenith angle: minimal sensitivity to profiles sensitivity to near surface profiles



Products and processing of AERONET and PGN
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Multi-axis dSCD (gas) sensitivity to aerosol
information at low elevation angles

Aerosol vertical profiles effect on dSCD(O,)
measured at low elevations angles

Aerosol microphysical properties effect
on dSCD (O,) at low elevations angles
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Aerosol profiles from radiometer + spectrometer
CINDI-3 (26 June 2024, Rotterdam de Slufter)
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How about to combine with lidar
in addition to the synergy of AERONET and PGN?

Photometer 7.7, ‘ Spectrometer Lidar/Ceilometer
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Aerosol profiles from radiometer + spectrometer + lidar/ceilometer

CINDI-3 (26 June 2024, Rotterdam de Slufter)
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Aerosol profiles from radiometer + spectrometer + lidar/ceilometer
CINDI-3 (26 June 2024, Rotterdam de Slufter)
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Aerosol profiles from radiometer + spectrometer + lidar/ceilometer
CINDI-3 (26 June 2024, Rotterdam de Slufter)
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Aerosol profiles from radiometer + spectrometer +
CINDI-3 (26 June 2024, Rotterdam de Slufter)

Pilot demonstration over Warsaw site with PollyXT lidar 22bins+CR: AERONET like approach
. . Mixture of spherical * dV(r)/dlnr,
University of Warsaw A (Cpn)% and spheroidal (1- ¥ * 1), k@)
Cqpon)% particles * wo(A), Py(4,0)

Photometer 380, 440, 500, 675, 870, 1020 nm P . v )

(AERONET) Nimax

Spectrometer 360 nm (long scan) v(h) Smooth é

(PGN) 477 nm (short scan) £

Lidar - PollyXT Backscattering: 355, 532, 1064 nm ] U Radius fum]

(ACTRIS/EARLINET) Depolarization: 355, 532 nm il . o,(h,%) = v(h)Tet
Cut-off: 0.6 km V(h) B.(h,1) = v(h)T®/S

Retrieval combinations

AERONET + PGN + Lidar
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Spectrometer v V4
Lidar / Ceilometer v v

References Lopatin et al. (2021) This work (last year) This work




Profiling from ground-based passive and active measurement synergy:
photometer + spectrometer + lidar

Test case of clear sky day

AERONET direct sun measurement PollyXT Lidar measurement
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Profiling from ground-based passive and active measurement synergy:
photometer + spectrometer + lidar

Test case of clear sky day

Retrieved aerosol mycrophysics
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Profiling from ground-based passive and active measurement synergy:
photometer + spectrometer + lidar

PollyXT Lidar measurements (at 532 nm) Pandora dSCD measurements (at 360 nm)
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Sensitivity to NO, profiles in simulated synergetic radiances +
dSCD(0O,) + dSCD(NO,)

NO, profiles used in the synthetic tests

Table 2. Description of the trace gas profiles shown in Fig. 2. The
VCD and the maximum number concentration pmax are given in

units of 10! molec cm™—2 and 10!! molec cm—3, respectively.

Description

TGO No trace gas
TG1 Exponential, 1 km scale height

5.00
19.99

0.48
1.90

TG2 Exponential, 1 km scale height

TG3  Exponential, 250 m scale height 993 3.2/
TG4 Box profile, 100 m height 5.00 5.00
TGS Box profile, 200 m height 5.00 2.50
TG6 Box profile, 1 km height 10.00 1.00
TG7 Gaussian at 1 km, 300 m FWHM 10.00 1.31
TG8 NOj; balloon sonde (CINDI-2, 20160914) 17.73  3.30
TG9 NO; balloon sonde (CINDI-2, 20160921) 40.88  5.82

Radiometer (AERONET): AOD (sun) + ALM/HYB +

Vertical scan (SKYP)

Spectrometer (PGN): dSCD of NO2 at 477 nm
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—— Retrieved
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Summary

e GRASP has been updated to incorporate DOAS measurements
o Expand the functionality of gas calculation to allow gas vertical profile retrieval

e Synergetic aerosol profile retrieval scheme was developed from photometer, spectrometer, and

lidar measurements.
o The synergetic retrieval was demonstrated from the AERONET Warsaw site

o Validation is needed => Planed at ACTRIS Lille site with tilted lidar observation.
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