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Atmospheric aerosols influence Earth’s radiative balance and weather and play a key role in
many processes related to human welfare and health, and the function of the ecosystems.
Radiometric measurements of the aerosol optical properties are not only key for the
understanding of the impact of aerosols on climate, but also useful for a wide range of
applications and activities. Despite the progress that has been achieved in the last three decades
in the development of instruments and networks for the monitoring of aerosol optical
properties, there is still much space for improvement. This review examines the current state of
radiometric observing systems and networks, and considers how these observations
complement satellite products, lidar measurements, atmospheric models and reanalyses, and
how they support satellite validation, data assimilation and climate monitoring. User
requirements are assessed across a wide range of applications. Current capabilities of the sun-
photometric systems to cover existing needs are also assessed, and finally, gaps and emerging
needs are identified to construct a roadmap for the future. The review identifies priorities for
sustained reference measurements, traceable calibration, harmonized protocols, transparent
uncertainty estimates and improved integration across observing systems. Addressing these
needs will strengthen aerosol datasets and their use in environmental research and operational
services.
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1. Introduction

Atmospheric aerosols are among the most important yet complex constituents of the Earth
system. Despite their relatively short atmospheric lifetime compared to greenhouse gases, they
exert profound influences on the climate system, atmospheric composition, ecosystem
functioning, and human health. Aerosols interact directly with solar radiation through scattering
and absorption processes, thereby modifying the Earth's radiation budget and the amount of
biologically active solar radiation reaching the surface (IPCC, 2023). They also affect climate
indirectly by acting as cloud condensation and ice nuclei, altering cloud microphysical
properties, cloud lifetime, and precipitation processes (Rosenfeld et al., 2014). Beyond climate,
aerosols influence numerous environmental and socio-economic sectors (IPCC, 2021). They
attenuate and spectrally modify the solar radiation reaching the Earth's surface, thereby
influencing photovoltaic and concentrating solar power generation, solar resource assessment,
and the accuracy of solar irradiance and power forecasting (e.g., Gueymard et al., 2018). At the
surface, particulate matter remains one of the major environmental health hazards, with fine
particles (PM2.5) continuing to rank among the leading causes of premature mortality
worldwide (WHO, 2021). Aerosols also participate in stratospheric chemistry and ozone
depletion (Fahey et al., 1993), influence atmospheric visibility, affect aviation safety during
volcanic eruptions and dust events (Jonsdottir, 2011), and play an increasingly important role
in numerical weather prediction, atmospheric composition monitoring, and climate services
(Benedeti et al., 2018; Remi et al., 2019). Owing to their multiple interactions with the
atmosphere and society, acrosols remain one of the largest sources of uncertainty in estimates
of anthropogenic radiative forcing (IPCC, 2023) and continue to motivate the development of
increasingly accurate observational systems.

Aerosols are an exceptionally heterogeneous atmospheric constituent, comprising particles that
originate from both natural and anthropogenic sources and span several orders of magnitude in
size, with highly variable chemical composition, shape, hygroscopicity, and optical behaviour.
Their atmospheric abundance and properties can change substantially over spatial scales of a
few kilometres and temporal scales of only a few hours, making their characterization
considerably more challenging than that of well-mixed atmospheric gases (Seinfeld and Pandis,
2016). Although in-situ measurements (Quincey and Batterfield, 2009) provide highly accurate
information on aerosol physical, chemical and microphysical properties, they are representative
only of the local sampling volume and therefore provide limited information about the vertical
distribution and column-integrated aerosol burden. Such observations alone are generally
insufficient for studying aerosol transport, aerosol—cloud interactions, aerosol radiative forcing,
or for validating satellite products and constraining atmospheric models. These challenges have
driven the development of passive and active remote sensing techniques capable of observing
aerosols over much larger spatial domains. Among them, passive radiometric observations have
become the cornerstone of global aerosol monitoring because they provide continuous, non-
destructive, and highly accurate measurements of the interaction between aerosols and solar
radiation, enabling the retrieval of column-integrated aerosol optical and microphysical
properties (e.g., Munro et al., 2016; Hassinen et al., 2016; Veefkind et al., 2012; Litvinov et al.,
2025).
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The interaction between aerosols, and solar (or thermal) radiation is commonly described
through a complementary set of aerosol optical and microphysical properties (AOPs), each
characterizing a different aspect of aerosol-radiation interactions. The most fundamental
parameter is the aerosol optical depth (AOD), which quantifies the total extinction of solar
radiation caused by aerosols throughout the atmospheric column and therefore represents the
overall aerosol burden (WMO, 2003). The spectral dependence of AOD in a certain wavelength
range is commonly described by the Angstrdm Exponent (AE) (Eq. 1.1). AE provides valuable
information on the dominant aerosol particle size, with lower values generally indicating
coarse-mode particles and higher values corresponding to fine-mode aerosols.

T=B-1"¢ (1.1)

where t denotes the aerosol optical depth, B is the turbidity coefficient, A is the wavelength, and
o is the Angstrom exponent.

Although AOD and AE provide a first-order description of aerosol loading and particle size,
they are insufficient to fully characterize aerosol radiative effects. Additional optical and
microphysical properties are required to describe aerosol absorption and scattering behaviour,
and particle composition. Among these, the single scattering albedo (SSA), defined as the ratio
of aerosol scattering to total extinction, describes the balance between scattering and
absorption, ranging from 0 (purely absorbing) to 1 (purely scattering), and is mostly related to
aerosol chemical composition and particle size and, to a lesser extent, particle shape
(Moosmiiller and Sorensen, 2018; Wang et al., 2021; Huang et al., 2023). The complex
refractive index further characterizes the intrinsic optical properties of aerosol particles, with
its real part controlling scattering and its imaginary part describing absorption. The angular
redistribution of scattered radiation is described by the aerosol phase function, while the
asymmetry factor summarizes the relative importance of forward and backward scattering,
depending primarily on particle size, morphology and orientation, although hygroscopic growth
and chemical composition may also influence its value (Zhao et al., 2018; Huang et al., 2023).

Because atmospheric aerosols consist of particles spanning a wide range of sizes rather than a
single characteristic diameter, their size is commonly represented by the column-integrated
aerosol volume size distribution (VSD), which is generally approximated by a bimodal
lognormal distribution (Dubovik and King, 2000). The VSD provides information on the
volume concentration and characteristic radius of both the fine and coarse aerosol modes, while
derived quantities such as the total aerosol volume concentration and modal AOD offer
additional insight into aerosol loading and dominant particle populations (O'Neill et al.,
2003;Dubovik and King, 2000). Together, these aerosol optical and microphysical properties
provide a comprehensive description of aerosol abundance, size, composition and radiative
behaviour, forming the basis foraerosol remote sensing, radiative transfer calculations, climate
studies, atmospheric composition monitoring and an increasing number of operational
environmental applications (IPCC, 2013).

The ground-based comprehensive characterization of aerosol optical properties relies primarily
on passive radiometric observations of direct solar irradiance and diffuse sky radiance acquired
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at multiple wavelengths. Unlike most atmospheric observing techniques, which provide either
local in-situ measurements or information on individual aerosol parameters, multi-spectral
radiometric measurements simultaneously constrain both the aerosol burden and its optical and
microphysical characteristics through physically based inversion algorithms (e.g., Nakajima et
al., 2020; Dubovik and King, 2000). Direct solar irradiance measurements provide accurate
retrievals of AOD, the AE, and precipitable water vapour (PWV), whereas diffuse sky radiance
measurements contain additional information on aerosol scattering properties and particle
microphysics. By combining these complementary measurements, inversion algorithms can
retrieve aerosol VSD, the real and imaginary parts of the refractive index, SSA, aerosol phase
function, asymmetry factor, and, in some retrieval schemes, particle depolarization and modal
aerosol properties. Consequently, passive radiometric observations provide one of the most
complete descriptions currently achievable of the atmospheric aerosol column from a single
observing system.

Over the last three decades, this measurement principle has become the foundation of several
international observing networks. The AErosol RObotic NETwork (AERONET) remains the
largest and most widely used global network, providing standardized aerosol products through
inversion of measurements acquired by CIMEL Sun—Sky radiometers (Holben et al., 1998;
Dubovik and King, 2000). Other international networks, including SKYNET (Nakajima et al.,
1996) and the WMO Global Atmosphere Watch Precision Filter Radiometer (GAW-PFR)
network (Nyeki et al., 2015), provide comparable aerosol products using different
instrumentation, calibration strategies and processing methodologies. More recently, major
advances in inversion algorithms, particularly the Generalized Retrieval of Atmosphere and
Surface Properties (GRASP) (Dubovik et al., 2011), have considerably expanded the
information that can be extracted from radiometric observations.

The growing reliance on aerosol optical properties for climate research and operational
environmental services has substantially increased the requirements for the accuracy,
traceability, and interoperability of acrosol observations. Recent studies showed that the aerosol
optical property uncertainty accounts for one-third to half of the total direct SW uncertainty
(Elsey et al., 2024). Aerosol optical depth has been designated by the Global Climate Observing
System (GCOS) (GCOS, 2022) as one of the Essential Climate Variables (ECVs) (Bojinski et
al., 2014) under the aerosol domain, reflecting its central role in constraining aerosol radiative
forcing, which remains one of the largest uncertainties in estimates of anthropogenic climate
forcing. GCOS specifies demanding observational requirements, including goal-level
uncertainties of 4% or 0.02 (whichever is larger), long-term stability better than 2% per decade,
high spatial resolution, and near-continuous temporal sampling. While ground-based sun
photometer networks routinely achieve or exceed these accuracy requirements, their spatial
coverage remains sparse and geographically uneven, whereas satellite observations and
atmospheric reanalyses provide excellent spatial coverage but generally with larger
uncertainties and greater dependence on retrieval assumptions and model parameterizations.
Reconciling these complementary strengths and weaknesses remains one of the major
challenges in modern aerosol observing systems.
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Ground-based radiometric observations therefore play a unique role within the global Earth
observation system (Fig. 1). Owing to their high accuracy, traceability and long-term stability,
networks such as AERONET, GAW-PFR, and SKYNET constitute the primary reference
datasets for the calibration and validation of satellite aerosol products developed by major
international space agencies, including ESA, NASA, JAXA, NOAA and EUMETSAT (e.g.,
Sayer et al., 2013; GCOS, 2022; Schutgens et al., 2020). Their role closely follows the concept
of Fiducial Reference Measurements (FRMs), providing Sl-traceable observations with
rigorously characterized uncertainty budgets that serve as independent references for satellite
missions and atmospheric composition services. At the same time, these measurements provide
the observational basis for the evaluation of numerical weather prediction systems, atmospheric
reanalyses, climate models and aerosol data assimilation frameworks, including operational
services such as CAMS and MERRA-2 (Benedetti et al., 2018; Rémy et al., 2019; Randles et
al., 2017).
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Satellite aerosol products provide

NASA ESA JAXA NOAA EUMETSAT « Aerosol optical depth (AOD)

o Aerosol type

MODIS, VIIRS Sentinel-3/5P, GCOM Meteosat (SEVIRI) -
) 3 g 4 2 o A | ab: ti .g. SSA, AAOD,
hr EarthCARE, Himawari GOES-R (ABI) Metop (IAS]) : szz‘;;,:ggufgrfeg !

3mi
¢ Global coverage

observations

Calibration Validation
using reference observations using independent

Ground-based radiometric networks

Fiducial Reference Measurements (FRMs) SRR T on afi axees s

Key characteristics (FRMs)

¢ Sl-traceable observations High-accuracy, traceable and long-term observations « Open and consistent datasets
o Rigorously characterized Standardized processin:
i AERONET GAW-PFR SKYNET % el
uncertainty budgets
X - - * Long-term records (decades)
e High accuracy and Direct Sun + sky radiance Direct Sun (precision) Direct Sun + sky radiance . 5
long-term stability Multi-wavelength Multi-wavelength Multi-wavelength, * Widely used for satellite

polarization (in some sites) calibration/validation, model
evaluation and data assimilation

Independent reference for AQD, SSA, size distribution, AOD, Angstrom exponent, N R
satellite missions and refractive index, ... water vapour, ... A(:D. SSA, S:jle distribution,
atmospheric composition services ISR Do
1
L Model evaluation and data assimilation
[ using independent ground-based observations

v

Numerical weather prediction Atmospheric reanalyses Climate models Aerosol data assimilation services
5T 2 ids = P APy L IR L -
,»‘r,gﬁ o"‘f‘.’.—a : b &y e - R e N .
Vel @ i : ¢ j*’ ey O G~ - S opernicus
« L 4 ) .:»Atx. Atmosphere Monitoring Service
‘\L 4 3 A — - \*l"-’ e NN 4 (CAMS) MERRA-2
=S o _— —= T « Assimilation of aerosol observations
o Evaluation of aerosol analyses * Long-term consistency o Evaluation of aerosol radiative effects « Support to operational atmospheric
* Improvement of forecast skill ¢ Independent validation ¢ Constraint of model uncertainties composition services

Figure 1. The role of ground-based observation networks in the Earth observation system.

Despite the remarkable progress achieved during the last three decades, important challenges
remain. Significant differences still exist among international observing networks regarding
instrumentation, calibration strategies, cloud-screening methodologies, inversion algorithms,
uncertainty characterization, quality-control procedures and data products. These differences
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complicate the direct comparison and combined exploitation of aerosol datasets, limit the
interoperability between observing systems, and ultimately reduce the consistency of long-term
climate records and operational aerosol products (e.g., Dubovik et al., 2019; Nakajima et al.,
2020; Laj et al., 2024). Addressing these challenges has become a major objective of
international initiatives including the WMO Global Atmosphere Watch programme (GAW),
ACTRIS, ESA's FRM programme and collaborative networking activities such as COST
Action HARMONIA, which aim to improve harmonization, traceability and standardization of
aerosol observations across different instruments, networks and applications.

Beyond atmospheric research, aerosol optical properties play a central role in studies of the
Earth's radiation budget, radiative transfer, biologically active solar radiation and solar energy
applications (Hader and Sinha., 2005; Grant, 2007; Chen and Blankenship, 2011; Wild, 2012;
Bais et al., 2018; Papachristopoulou et al., 2024; Bais et al., 2005; Ansari et al., 2025; Taylor et
al., 2015; Hamill et al., 2016; Krishnaveni et al., 2025), epidemiological studies and exposure
assessment (van Donkelaar et al. 2010, 2016), aviation safety (e.g.,Prata & Tupper, 2009;
Horwell & Baxter, 2006), and contribute to agricultural and ecosystem studies by improving
the understanding of aerosol-induced changes in diffuse radiation, vegetation productivity and
carbon uptake (e.g., Mercado et al., 2009; Kanniah et al., 2012).

Against this background, the present review provides a comprehensive assessment of ground-
based radiometric measurements of aerosol optical properties. Rather than focusing exclusively
on measurement techniques or retrieval algorithms, the review adopts an application-oriented
perspective that links aerosol observations with the requirements of user communities. Building
upon recent advances, the review evaluates the capabilities and limitations of current observing
systems, discusses ongoing harmonization and standardization efforts, and identifies the
remaining scientific, technological and operational challenges. Emphasis is placed on the
complementarity of ground-based observations, satellite measurements and atmospheric
models, the evolving requirements of different user communities, and the opportunities offered
by next-generation retrieval algorithms, integrated observing systems and operational
environmental services. It aims to summarize the current state of the art, and to provide a
roadmap for the future development of harmonized, traceable and application-oriented aerosol
observing systems capable of supporting both scientific research and operational decision-
making in the coming decades.

Funded by
bt the European Union

Harmonia-cost.eu



https://harmonia-cost.eu/
https://harmonia-cost.eu/

p

International network for harmonization of
. atmospheric aerosol retrievals from ground
[) based photometers

2. Current Capabilities
2.1. Ground based

2.1.1. Measurement principles

Ground-based passive radiometric observations of aerosol optical properties rely primarily on
direct-solar irradiance and diffuse sky-radiance measurements at multiple wavelengths
(Wendisch et al., 2004). Direct-Sun observations AOD after accounting for molecular and
gaseous contributions, while the Langley-plot method is widely used for calibration and
determination of extraterrestrial signals (Shaw, 1983; Toledano et al., 2018). Spectral AOD
measurements allow derivation of the Angstrom exponent (AE), which provides an
approximate indication of aerosol particle size but depends on the wavelength range over which
it is derived (Eck et al., 1999; Schuster et al., 2006, Kaskaoutis et al., 2007). Because direct-
Sun measurements primarily constrain aerosol extinction, diffuse sky-radiance observations are
required to retrieve additional properties such as SSA, VSD and refractive index (Wang and
Gordon, 1993; Nakajima et al., 1996; Dubovik and King, 2000). Angular measurements using
almucantar, principal-plane and hybrid scanning geometries provide complementary
information on aerosol scattering and microphysical properties, although their performance
depends on scattering-angle coverage and cloud contamination (Holben et al., 1998; Tonna et
al., 1995; Sinyuk et al.,, 2020; Herrero-Anta et al., 2025). Measurements at multiple
wavelengths improve sensitivity to different aerosol size modes, while polarimetric
observations provide additional constraints on particle size, refractive index and non-sphericity
(Dubovik et al., 2006; Dubovik et al., 2019). Advanced inversion frameworks such as GRASP
can combine intensity and polarization measurements to improve the retrieval of aerosol
microphysical and optical properties (Dubovik et al., 2019). More analytical information on
measurement principles, calibration, retrieval equations, scanning geometries, cloud screening
and associated limitations is provided in Appendix 1.

2.1.2. Data availability, coverage, and accessibility.
Main Global GB networks

Three major international networks currently provide extensive ground-based passive
radiometric observations of aerosol optical properties: AERONET, SKYNET and the WMO
Global Atmospheric Watch Precision Filter Radiometer network (GAW-PFR). Although
the three networks share the common objective of providing long-term observations of aerosol
optical depth and related atmospheric properties, they differ substantially in their
instrumentation, measurement geometries, calibration approaches, processing algorithms, data
products and operational philosophies (e.g., Karanikolas et al., 2024). These differences are
important when observations from different networks are combined or used for long-term
intercomparison and validation.

AERONET (AErosol RObotic NETwork) (Holben et al., 1998) is the largest of the three
networks and was developed by NASA Goddard Space Flight Center in collaboration with the
PHOTONS programme. With observations extending back to the early 1990s and hundreds of
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active sites distributed globally, AERONET provides one of the most extensive long-term
datasets of ground-based aerosol observations. Its principal instrument is the CIMEL CE318
series of automatic sun-and-sky photometers, which has evolved through several generations
and configurations. Standard instruments measure direct solar irradiance and diffuse sky
radiance at multiple wavelengths, typically covering 340-1020 nm, while extended
configurations can include longer wavelengths and additional capabilities such as polarization,
ocean-colour observations and surface bidirectional reflectance characterization. The
combination of direct-Sun and sky-radiance observations allows AERONET to provide spectral
AOD and AE measurements together with a broad range of aerosol optical (e.g., SSA,
asymmetry parameter) and microphysical properties (e.g., VSD) obtained through inversion of
sky-radiance observations (Holben et al., 1998;Dubovik and King, 2000,Sinyuk et al., 2020).
The network also provides TWV and quantities such as lidar ratio and radiative fluxes.

AERONET has progressively evolved from a primarily research-oriented observing network
into a highly standardized operational infrastructure, with a strong emphasis on satellite
validation, long-term monitoring and the provision of quality-controlled data products. Direct-
Sun measurements are calibrated through determination of the extraterrestrial signal using
Langley-plot calibration for reference instruments and calibration transfer for field instruments.
Sky-radiance measurements are calibrated independently using laboratory radiance standards,
with the calibration procedure traceable to radiometric standards. The current AERONET
processing chain applies standardized cloud screening, calibration and inversion procedures
and provides data at different quality levels, ranging from unscreened near-real-time
observations to fully cloud-screened and quality-assured products.

SKYNET is another major international sun-and-sky radiometer network, developed primarily
through Japanese research groups and coordinated through several regional subnetworks
(Nakajima et al., 1996, 2020). It includes more than 100 observation sites, with particularly
extensive coverage in Asia and Europe. Its principal aerosol instrument is the PREDE-POM
series of sun-and-sky radiometers, which are available in several configurations and measure
direct solar irradiance and diffuse sky radiance at wavelengths extending from the near-
ultraviolet to the near-infrared (NIR). Depending on the instrument configuration, the
measurable spectral range can extend from 315 to 2200 nm. SKYNET therefore provides
spectral AOD and AE from direct-Sun observations, while inversion of sky-radiance
measurements provides aerosol VSD, refractive index, SSA, phase function, asymmetry factor,
lidar ratio and related aerosol properties. The instruments can additionally provide total-column
ozone and TWV. Historically, SKYNET operated through relatively decentralized regional
subnetworks, each with its own processing and quality-control procedures. More recently, data
management has become increasingly centralized through the International SKYNET Data
Center (ISDC), facilitating more consistent access to the observations and products. SKYNET
also differs from AERONET in its calibration philosophy. In particular, the Improved Langley
Plot method is widely used for on-site calibration, although Langley calibration at high-altitude
sites and comparisons with reference instruments are also employed. Sky-radiance calibration
is based on an on-site solar-disk scanning approach.
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The WMO Global Atmosphere Watch Precision Filter Radiometer network (GAW-PFR)
(Nyeki et al., 2015; Wehrli, 2000; Kazadzis et al., 2018) provides a complementary observing
system focused primarily on accurate and stable measurements of direct solar irradiance and
long-term aerosol optical depth. The network is based on the Precision Filter Radiometer
developed at the World Radiation Monitoring Center (PMOD/WRC) and comprises core and
associated stations distributed globally, with many sites located in relatively remote
environments where the influence of local pollution sources is limited. The standard PFR model
measures direct solar irradiance at four wavelengths, nominally 368, 412, 500 and 862/863 nm,
and has been incorporated into the WMO reference framework for AOD observations.
Compared with AERONET and SKYNET, the PFR does not routinely acquire angular sky-
radiance measurements and consequently has a more limited set of operational aerosol
products, principally AOD and AE. Nevertheless, its emphasis on radiometric stability and
long-term observations makes GAW-PFR particularly valuable for climate monitoring and
network intercomparison.

All three networks provide observations across a wide range of environments, including urban,
rural, coastal, high-altitude, desert-influenced and remote sites, and have overlapping spectral
channels that facilitate intercomparison. In particular, AOD observations around 500 nm and
862—870 nm provide useful common reference points among the networks. Despite these
common features, the networks are not directly interchangeable. Differences occur in
nominal and effective wavelengths, field of view (FOV), instrument optical characteristics,
calibration procedures, ancillary atmospheric information, cloud-screening algorithms,
temporal sampling, retrieval algorithms and data-quality criteria. The main differences between
the three networks are summarized in Table 2.1. These methodological differences are
particularly important because even apparently comparable AOD observations can exhibit
systematic differences when measured by different instruments or processed using different
algorithms. This issue, together with differences in calibration and retrieval procedures, has
motivated a large number of dedicated intercomparison campaigns and long-term collocated
observations and is discussed in detail in the following Section.

Table 1. Description of the main radiometric networks measuring aerosol optical properties.

Network AERONET SKYNET WMO GAW-PFR
Network leadership | Developed by NASA GSFC | Developed mainly | Developed at
and PHOTONS | by Japanese | PMOD WRC after
collaboration research groups led | the decision of

by Chiba University | WMO experts
(WMO, 1993)

Operational Satellite validation and long- | Research and long- | Reference/climate
philosophy/Primary | term monitoring term monitoring monitoring
role
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Number of active | About 500 active sites, | >100 sites, mainly | 12 belonging to the
instruments and | >600 instruments, global | in Asia and Europe | GAW PFR network
geographic distribution. (Nakajima et al., | and 30 PFRs used
distribution 2020) by individual
scientists/stations,
global distribution
Manufacturer/ Cimel Electronique; CE318 | Prede Co., Ltd.; | PMOD WRC
instrument models | series with constant | POM series (POM- | (Wehrli, 2000)
evolution and several | 01, POM-02, POM-
variations (polarisation, | 02 Moon, POM-01
ocean color, | Moon, POM for
BRDF). (Barreto et al., | ship). (Nakajima et
2016) al., 1996; 2020)
Direct-Sun yes yes yes
Sky radiance yes yes no
Polarization yes no no
Typical 340, 380, 440, 500, 675, | 380, 400, 500, 670, | 368, 412, 500, 863
measurement 870, 940, 1020, 1640 for | 870, 940, 1020, for | for standard
wavelengths (nm) | standard configuration. standard configuration.
configuration.
Additional
wavelengths: 315,
340, 1225, 1600,
2200
FOV Nominal: 1.2°. 0.95° to 1.0°| ~2.5 degrees
Uchi t al., | (Kazadzi t al
Determined in the PMOD (Uchiyama et al., ) (Kazadzis et al,
: 2018b) 2018b)
laboratory (MAPP project)
for reference instruments, | Solar disk scan
within the manufacturer | method, point-
specifications. source or lamp scan
method, and diffuse
plate method
(Nakajima et al.,
1986, 1996; Boi et
al., 1999)
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FWHM 2nm in the UV. | A <=380: 3 nm 3.8-5.4 nm

10nm up to 1020nm
25 nm for 1640nm.

A =400-940: 10 nm
A>=1020: 20 nm

Main products Direct sun/moon: AOD, AE | Direct sun/moon: | Direct sun: AOD,
(Giles et al., 2019) AOD, AE (Direct | AE (Kazadzis et al.,
Inversions: AOD, SD, RI, sum- Sunre&d 2018)

.. algorithm, Estellés
sphericity. et al., 2012; Moon:
Derived: phase function, | Uchiyama et al,
SSA. 2018)

Diffuse sky: VSD,
RRI and IRI, SSA,
phase function,
ASY, LR, DEP

Additional products | Radiation fluxes, radiative | Not officially | Not officially
forcing, lidar ratio, columnar | provided: provided: Aerosol
water vapor, water leaving ) size  distribution

i Cloud  properties

radiances (Ocean color). i ) parameters
(optical thickness, .
offective radius, (Karanikolas et al.,
. 2025)

water/ice phase
(Kikuchi et al.,,
2006;Khatri et al.,
2019), PWV
(Campanelli et al.,
2018;Momoi et al.,
2020;Kudo et al.,
2021), columnar
ozone (Khatri et al.,
2014)

Sky scans Almucantar (two sides), | Almucantar  (one | no
principal plane (now in | side, but both sides
disuse), hybrid (two sides), | are possible),
aureole scan for cloud | principal plane,
screening. zenith
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Sky radiance | Sinyuk et al., 2020. Skyrad pack 4.2 | no
inversion (Nakajima et al.,
1996), for solar
calibration constant;
Skyrad pack MRI
v2 (Kudo et al.,
2021)
Radiometric AOD: Langley method | On-site, Improved | Based on the WMO
calibration strategy | (reference instruments) or | Langley reference triad of
intercalibration (field | (Campanelli et al., | PMODWRC
instruments). 2007, 2024). | (Kazadzis et al.,
Sky radiance: laboratory | Langley at high- | 2018)
calibration with spectral | altitude sites and
radiance reference | inter-comparison
(integrating sphere), | with reference
traceable to NIST. instruments
Non-spherical Spheroid model included, | Only accounted for | no
particles the inversion provides | in Skyrad MRI
fraction of spherical | (Kudo et al., 2021).
particles (Dubovik et al., | Spheroids from
2006;Sinyuk et al., 2020). | Dubovik et al. 2006.
Cloud screening Giles et al. 2019. (version 3 | Smirnov et  al. | Kazadzis et al.,

processing).

(2000), Estellés et
al. (2012) and Song
et al. (2014); Khatri
and Takamura
(2009), Irie et al.,
2019., Kaufman et
al., 2006

2018

Data quality levels

Level 1.0: AOD, no cloud
screening.

L2A, L2 for ESR-
MRI and SUNRAD

L3 for calibrated
and post processed

inversions data
Level 1.5: cloud-screened
AOD and inversions. L2 for Ceres
inversion
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Level 2: cloud-screened and
quality assured AOD and
inversions.

Data access https://aeronet.gsfc.nasa.gov | https://www.skynet- | https://ebas.nilu.no/

isdc.org/

Other sensors and networks

In addition to the three major global radiometric networks discussed above, several
complementary instruments and observing systems provide aerosol optical measurements for
specific applications, environments or measurement geometries. These systems range from
spectral irradiance instruments and compact zenith-viewing radiometers to portable sun
photometers and imaging systems. Although they generally provide a more limited set of
aerosol products than the principal sun-and-sky photometer networks, their lower cost,
portability, extended spectral coverage or ability to operate in environments where conventional
sun photometers are difficult to deploy makes them valuable components of the broader aerosol
observing system.

Zenith-viewing radiometers and multifilter rotating shadowband radiometers (MFRSRs)
(Alexandrov et al., 2008; Almansa et al., 2017) provide an important complementary approach
to conventional sun-tracking photometers. A rotating shadowband can alternatively expose and
shade the detector, allowing measurements of GHI and diffuse horizontal irradiance (DHI).
DNI can subsequently be derived from these measurements and used to retrieve AOD through
the Beer—Bouguer—Lambert law, together with appropriate corrections for molecular scattering
and gaseous absorption and an instrument calibration based on Langley-plot techniques. This
approach provides a relatively simple alternative to conventional sun-tracking systems and has
the additional advantage that the same observations can be used for surface-radiation
applications. The MFRSR is the most established example of this measurement concept. It
combines measurements at several narrow spectral bands in the VIS and NIR spectral regions
with automated separation of the direct and diffuse radiation components (Harrison et al.,
1994). Spectral AOD is retrieved with typical uncertainties of about 0.01. MFRSRs have been
deployed within long-term radiation-monitoring programmes, including the Atmospheric
Radiation Measurement (ARM) programme and the Surface Radiation Budget Network
(SURFRAD), providing observations that can be exploited simultaneously for aerosol
characterization and surface-radiation studies. The use of several narrow spectral channels also
allows the spectral dependence of aerosol extinction to be characterized through AOD and AE
retrievals. Recent developments have further extended the spectral capabilities of this approach
into the ultraviolet (UV). Michalsky and McConville (2024) demonstrated the retrieval of both
ozone and aerosol optical depth using an ultraviolet MFRSR.

Acrelated but simpler approach is represented by the ZEN system developed by Sieltec Canarias
in collaboration with the Izafia Atmospheric Research Center (Almansa et al., 2017). Unlike
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conventional sun photometers, ZEN uses a narrow-band radiometer viewing the zenith and
therefore does not require solar tracking. The ZEN-R41 measures zenith sky radiance at 440,
500, 675 and 870 nm, while the later ZEN-R52 additionally includes a 940 nm channel for
TWYV measurements. The original ZEN-LUT retrieval approach uses a radiative-transfer look-
up table generated with libRadtran, containing zenith sky-radiance values simulated for
different aerosol optical depths and dust conditions. Observed zenith sky radiances are
compared with the look-up table to estimate AOD, avoiding the need for direct-Sun
measurements. Almansa et al. (2020) subsequently extended the ZEN system and demonstrated
the ZEN-R52 configuration, including the water-vapour channel. The reported uncertainty of
the ZEN-LUT AQOD retrieval is approximately + 0.01 + 0.13 x AOD. More recently, the
GRASP-ZEN approach introduced by Herrero-Anta et al. (2023) substantially expanded the
information that can be obtained from zenith-viewing measurements. Instead of restricting the
retrieval to dust aerosol and AOD, GRASP-ZEN uses the four-channel ZEN-R52 zenith sky-
radiance measurements at 440, 500, 675 and 870 nm as input to the GRASP inversion
framework. The methodology allows AOD to be retrieved for different aerosol types and
additionally provides estimates of the fine- and coarse-mode aerosol volume concentrations
and their total volume concentration. Reported AOD uncertainties are approximately +0.03 at
440 and 500 nm and +0.02 at 675 and 870 nm.

Brewer spectrophotometers provide another complementary source of aerosol observations,
particularly in the UV spectral range (e.g., Lépez-Solano et al., 2018). Originally developed for
routine measurements of total-column ozone and spectral UV irradiance, Brewers provide
spectrally resolved direct-Sun observations that can also be exploited to retrieve AOD (e.g.,
Meleti and Capellani, 2000). Over the past two decades, several methodologies have been
developed for retrieving AOD in the UV (Meleti and Capellani, 2000; Cheymol and de Backer,
2003; Sellito et al., 2006; Kazadzis et al., 2007) and, in some approaches, aerosol absorption-
related properties such as SSA (Bais et al., 2005; Fountoulakis et al., 2019). Brewer MkIV
instruments are particularly valuable in this context because their extended spectral range
includes measurements in the visible region, allowing AOD retrievals at wavelengths around
425-453 nm in addition to the UV (Diemoz et al., 2016). The long observational records of
Brewer instruments (longer, in some cases, than most synchronous radiometers), together with
their extensive deployment within global atmospheric monitoring networks, provide an
important opportunity to combine aerosol and UV observations and to extend long-term aerosol
records toward shorter wavelengths (Lopez-Solano et al., 2018). The European Brewer
Network (EuBrewNet) provides a coordinated framework for Brewer observations, centralized
processing and quality control, further enhancing the consistency and accessibility of these
measurements (Rimmer et al., 2018). Nevertheless, compared with dedicated sun—sky
photometers, Brewer-based aerosol products remain more uncertain, and more limited in terms
of the number of aerosol optical and microphysical properties that can be retrieved routinely
(e.g., Lopez-Solano et al., 2018).

All-sky cameras represent a complementary technology for aerosol observations. By recording
the angular distribution of sky radiance over a very large portion of the sky, they can provide
information traditionally obtained from scanning sun-and-sky photometers, while offering the
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additional capability of characterizing cloud conditions simultaneously (e.g., Olmo et al., 2008;
Antufia-Sanchez et al., 2021; Logothetis et al., 2023). Both, empirical and physically based
retrieval approaches have been demonstrated. Cazorla et al. (2008) used neural-network
methods to estimate AOD from sky-imager observations, while Romén et al. (2022)
demonstrated the use of normalized, uncalibrated sky radiances with the GRASP inversion
framework to retrieve AOD and particle-size information. More recently, machine-learning
approaches have been applied to partially cloudy scenes, demonstrating the potential of all-sky
cameras to extend aerosol retrievals beyond the clear-sky conditions required by conventional
sky-radiance inversions (Scarlatti et al., 2024). All-sky cameras are also particularly promising
for nighttime aerosol observations. Lunar sky-radiance measurements can be combined with
lunar AOD observations to retrieve aerosol microphysical properties, while stellar photometry
provides a complementary approach that does not depend on the phase or visibility of the Moon.
Roman et al. (2017) demonstrated retrievals of aerosol refractive index, spherical fraction and
size distribution using lunar almucantar measurements from high-dynamic-range sky-camera
images combined with lunar photometry. More recently, Roman et al. (2025) developed a star-
photometry approach based on observations of predefined stars, including cloud screening and
Langley-plot calibration, and demonstrated its potential for obtaining nighttime AOD without
requiring laboratory calibration. This approach has been implemented in the GOA-SCAN
network, where camera observations have been validated against independent Sun—sky—Moon
photometers at several stations.

Compact portable sun photometers provide another important extension of aerosol
observations, particularly for shipborne and distributed measurements. The Microtops II
(Ichoku et al., 2002) is a handheld multichannel sun photometer capable of measuring AOD
and total-column water vapour and is the standard instrument used within the Maritime
Aerosol Network (MAN) (Smirnov et al., 2009), a component of AERONET. MAN provides
shipborne AOD measurements over the oceans, where fixed ground-based networks are
necessarily sparse. Microtops instruments are calibrated using transfer procedures linked to
AERONET reference instruments and are processed using standardized AERONET algorithms,
with reported AOD uncertainties generally not exceeding approximately £0.02. MAN therefore
provides an important complement to continental ground-based networks and contributes to the
characterization of aerosol distributions over oceanic regions.

Calitoo (7emun) is a handheld sun photometer (Djossou et al., 2018; Bayat and Assarenayati,
2023) that represents an even more compact and low-cost approach. Developed in the context
of the GLOBE educational programme, the handheld instrument provides AOD at 465, 540 and
619 nm and has been shown to retrieve AOD with an estimated uncertainty of approximately
+0.02 (Léon et al., 2021; Garcia et al., 2025). Its low cost makes it particularly attractive for
distributed observations and citizen-science or educational networks. Calitoo observations have
also been used for dust-monitoring applications and are now collected in the CALINET
database, providing an example of how inexpensive instruments can contribute to spatially
dense aerosol observations when appropriate calibration and quality-control procedures are
applied (Bayat and Assarenayati, 2023; Masoumi et al., 2025).
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Other sensors: Other passive remote-sensing systems can provide complementary aerosol
information beyond conventional filter-based sun photometers. Multi-Axis Differential Optical
Absorption Spectroscopy (MAX-DOAS) instruments (Wagner et al., 2004, 2011) measure
scattered solar radiation at multiple elevation angles and exploit differential absorption features,
particularly of Oa, to retrieve aerosol extinction profiles and aerosol optical depth (e.g., Irie et
al., 2009; Karagkiozidis et al., 2022). Their principal advantage is the ability to provide
information on the vertical distribution of aerosols, which is generally unavailable from
column-integrated direct-Sun measurements. For example, Gratsea et al. (2021) retrieved
aerosol extinction profiles at 477 nm from MAX-DOAS measurements over Athens and found
good agreement with independent lidar profiles, while the corresponding AOD showed
satisfactory agreement with AERONET observations. Pandora spectrometers, originally
developed for high-resolution measurements of atmospheric trace gases such as Os, NO:z and
HCHO, provide another potentially valuable source of aerosol information (Herman et al.,
2009). Pandora systems perform high-resolution direct-Sun and sky-radiance measurements in
the UV—visible spectral range, and dedicated developments have demonstrated the retrieval of
AOD and column-integrated water vapour from Pandora observations. The use of Pandora
measurements also provides an important synergy for aerosol observations because accurate,
high-frequency NO: measurements can be used to account for the variable NO: absorption
contribution to AOD retrievals in the UV and short-visible spectral range, where the effect can
be significant (Masoom et al., 2024). Array spectroradiometers and dedicated solar
spectroradiometers (Zuber et al., 2018; Grdbner et al., 2023) provide another complementary
approach by measuring the direct solar spectrum over a broad wavelength range. The
UVBTS/BTS-Solar system, based on the Gigahertz-Optik BTS array spectroradiometer, can
be configured for direct spectral solar irradiance measurements in the UV and extended into
the visible and near-infrared . Spectral AOD can be derived from the direct irradiance using
Beer—-Lambert—Bouguer/Langley-type approaches. Recent intercomparison work has
demonstrated the potential of BTS spectroradiometers for SI-traceable spectral AOD
measurements, including wavelengths extending from the UV into the near-infrared. The BTS
AOD measurements have been evaluated in Grobner et al., (2023) and Karanikolas et al.,
(2025) showing uncertainties of less than 2%. The EKO MS-711 grating spectroradiometer,
which measures direct spectral normal irradiance over approximately 300—1100 nm can be also
used for aerosol observations. Garcia et al. (2020) demonstrated good agreement with a
reference AERONET-Cimel sun photometer, although the relatively large 5° field of view of
the MS-711 introduces enhanced circumsolar radiation that can bias AOD, particularly at
shorter wavelengths and under high aerosol loading. Applying radiative-transfer-based
circumsolar-radiation corrections substantially improved the agreement with AERONET.
Subsequent work using EKO MS711/MS712 spectroradiometers further demonstrated
simultaneous retrievals of AOD and precipitable water vapour from direct-Sun measurements,
with AOD correlations exceeding 0.99 against a reference CE318 sun photometer at 380—1020
nm.

Other specialized systems include Sun/Moon photometers, which extend aerosol observations
into the nighttime using lunar irradiance, and astronomical photometers, which can exploit
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stellar observations to characterize atmospheric extinction and retrieve nighttime AOD (e.g.,
Barreto et al., 2013, 2017). Together, these systems broaden the temporal, spectral and vertical
information available from ground-based aerosol observations and illustrate the increasing
convergence between aerosol, trace-gas, solar-radiation and astronomical atmospheric-
monitoring infrastructures.

2.1.3. Intercomparison and standardization efforts.

Despite the common objective of providing accurate and long-term aerosol observations, the
major ground-based radiometric networks have historically developed largely independently,
resulting in differences in instrumentation, calibration procedures, ancillary atmospheric
information, cloud screening, retrieval algorithms and data processing. As a consequence, AOD
measurements obtained from nominally equivalent wavelengths and collocated instruments
may exhibit systematic differences that are not necessarily related to actual atmospheric
variability. Intercomparison activities are therefore essential for quantifying instrumental and
methodological differences, establishing traceability to common references and identifying
procedures that can improve the consistency and interoperability of aerosol observations (e.g.,
Kazadzis et al., 2018; Toledano et al., 2019).

Many dedicated campaigns and long-term colocated measurements have been conducted to
evaluate the consistency of the principal aerosol photometers and networks (e.g. Cuevas et al.,
2019). These include campaigns addressing both daytime and nighttime observations, different
instrument types and calibration approaches. The first multi-instrument nocturnal
intercomparison campaign at the Izafia Atmospheric Observatory in 2017 compared two lunar
photometer types and a stellar photometer and provided an assessment of the influence of
calibration procedures and lunar irradiance models on nocturnal AOD retrievals (Barreto et al.,
2019). Earlier work at Izafia had also demonstrated the importance of lunar irradiance
modelling and calibration for obtaining consistent nighttime AOD observations (Barreto et al.,
2017). More recent daytime intercomparison activities have included the QUATRAM
campaigns in Rome and Davos (Karanikolas et al., 2024;Campanelli et al., 2024), as well as
campaigns at Ny-Alesund, Lindenberg and other reference sites (e.g., Mazzola et al., 2012;
Doppler et al., 2023). These experiments have provided controlled datasets for assessing
differences between CIMEL, PREDE and PFR instruments under a range of aerosol and
atmospheric conditions. The HARMONIA COST Action has subsequently brought these
existing campaigns together within a common framework through Working Group 1 (WG1),
with the objective of developing a scientific roadmap for the homogenization of aerosol
measurements and retrievals (Doppler et al., 2023, 2024, 2025).
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Figure 2. Boxplot of the statistics of AOD differences for all instrument comparisons at both
locations during the three QUATRAM campaigns. Panel (a) shows the results for 500 nm, while
panel (b) shows those for 870 nm. In all cases, the PFR is used as the reference instrument. The
black line indicates the median difference, the size of the boxes represents the distance between
the median and the standard deviation, and the error bars indicate the 5th and 95th percentiles
of the AOD differences. The green boxes correspond to the differences between the original
POM AOD and the reference, while the red boxes represent the POM AOD differences obtained
using the calibration retrieved through transfer from the PFR. The blue boxes correspond to
the differences between CIMEL and PFR. For the Rome 2019 campaign, two different POMs
were compared with the same PFR, with POMCNR shown on the left and POMSPZ on the
right. Figure originally published in Karanikolas et al. (2024).

One of the most comprehensive long-term comparisons has been performed between GAW-
PFR and AERONET-CIMEL observations. Using more than 70,000 synchronous one-minute
measurements collected between 2005 and 2015, Cuevas et al. (2019) found generally good
agreement between the two networks at their common wavelengths, with more than 95% of the
observations satisfying the relevant WMO traceability criteria at 440 and 500 nm and
approximately 98% at 870 nm. Nevertheless, systematic differences were identified at shorter
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wavelengths and under conditions dominated by coarse aerosols. Differences in instrument
field of view were found to be particularly relevant under dust-dominated conditions because
the larger contribution of forward-scattered radiation can affect the measured direct irradiance
and consequently the retrieved AOD (Cuevas et al., 2019).

Intercomparisons involving SKYNET have provided further evidence that differences between
networks can originate not only from the instruments themselves but also from calibration and
retrieval procedures. Karanikolas et al. (2024) compared AOD retrievals from GAW-PFR and
SKYNET at 500 and 870 nm using measurements acquired in Davos and Rome during the
2017-2021 period. The study showed that the SKYNET AOD obtained using the Improved
Langley Plot (ILP) calibration was systematically lower than the corresponding PFR AOD,
with differences varying between the two sites and campaigns. In contrast, when PFR
calibration transfer was used to recalculate the SKYNET/PREDE AOD, the absolute median
differences were generally below 0.005, demonstrating that a substantial part of the observed
discrepancy was associated with calibration rather than intrinsic instrument performance.
Comparisons with colocated CIMEL instruments also showed generally good agreement, with
most median differences below 0.01. Ongoing efforts within SKYNET aim to further improve
the Improved Langley Method. Recent advances by Kumar et al. (2026) indicate that using a
more recent radiative transfer model (Skyrad MRI v2, Kudo et al., 2021) together with an
iterative technique can improve the accuracy of calibration factors and lead to closer agreement
with AOD measurements from AERONET and GAW-PFR.

Differences may arise at several stages of the observation and retrieval chain (Kim et al., 2008;
Khatri et al., 2016; Karanikolas et al., 2024). Although the principal networks use physically
similar formulations for converting direct-solar measurements into AOD, differences in the
ancillary datasets and computational conventions adopted in these steps can introduce
systematic discrepancies. This is particularly important when long-term observations from
different instruments or networks are merged, because methodological changes may appear as
artificial temporal discontinuities and compromise the homogeneity of derived climate records.
An important approach for separating instrumental from retrieval-related differences is
therefore to reprocess measurements from different instruments using common equations,
ancillary information and computational conventions. This approach has been explored using
long-term colocated datasets such as the Lindenberg observations, where CIMEL, PREDE and
PFR measurements are available under essentially identical atmospheric conditions (Doppler
and Becker, 2025). Such datasets allow differences between instruments to be examined first
using the original network-specific processing and subsequently using a common retrieval
framework. The comparison therefore provides a means of determining which component of
the observed differences is attributable to the instrument and which originates from calibration,
ancillary data or retrieval methodology.

The accumulated evidence from intercomparison campaigns indicates that the major ground-
based networks are generally consistent within their stated uncertainties, particularly for AOD
in the visible and near-infrared spectral ranges, but that systematic differences remain under
specific conditions, including low aerosol loading, high solar zenith angles, strong coarse-mode
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aerosol loading and at shorter wavelengths. Future standardization efforts should focus on
establishing common reference procedures, traceable calibration standards, harmonized
retrieval conventions, transparent uncertainty characterization and interoperable data products.
Such an approach would maximize the scientific value of combining observations from
different networks for climate monitoring, satellite validation, atmospheric composition studies
and operational aerosol services.

2.2. Satellite and model data

2.2.1. Satellite sensors

Satellite remote sensing provides the spatial coverage required to characterize the distribution
and evolution of aerosols from regional to global scales. Unlike ground-based radiometric
networks, which provide highly accurate but spatially localized column-integrated
observations, satellite instruments can map aerosol properties over remote regions and oceans
where surface observations are sparse or unavailable (Remer et al., 2008). Depending on the
observing geometry, spectral coverage and polarization capabilities, satellite instruments can
provide information on AOD, AE, fine- and coarse-mode contributions, aerosol type,
absorption, particle size and shape, and, for active sensors, aerosol vertical distribution (e.g.,
Mishchenko et al., 2009; Li et al., 2009; Cairns et al., 2009; Winker et al., 2013; Tsikerdekis et
al., 2022;Fu et al., 2023; Yang et al., 2023; Donovan et al., 2024). The retrieval of these
properties nevertheless depends strongly on surface reflectance, cloud screening, aerosol
models, viewing geometry and the availability of suitable ancillary information. Consequently,
ground-based observations remain essential for calibration, validation and uncertainty
characterization of satellite aerosol products (e.g., Su et al., 2023). A wide range of satellite
instruments has been developed for aerosol remote sensing. A list of the main satellite-born
instruments is provided in Table A2.1 in Appendix 2.

The Moderate Resolution Imaging Spectroradiometer (MODIS) instruments aboard Terra
and Aqua have provided one of the longest and most widely used global records of satellite
AQOD, with retrievals adapted to dark vegetated and bright surfaces and ocean environments
(Remer et al., 2008; Levy et al., 2013). The Visible Infrared Imaging Radiometer Suite
(VIIRS) on Suomi-NPP and NOAA-20 extends this capability with improved spatial coverage
and spectral information, supporting AOD, aerosol-type retrievals and detection of smoke and
dust (Pei et al., 2025). Multi-angle and polarimetric observations provide additional
constraints beyond conventional single-view multispectral measurements. The Multi-angle
Imaging SpectroRadiometer (MISR) retrieves AOD together with information on aerosol
size, type and, under favourable conditions, particle shape and plume characteristics (Kahn &
Gaitley, 2015). The POLDER series demonstrated the added sensitivity of multi-angle
polarimetry to aerosol microphysical properties, including particle size, refractive index and
non-spherical particle fractions (Waquet et al., 2013). Building on this heritage, the European
Multi-viewing, Multi-channel, Multi-polarisation Imager (3MI) on MetOp-SG is designed
to exploit combined spectral, angular and polarization measurements to better constrain aerosol
optical and microphysical properties (Fougnie et al., 2018). Ultraviolet observations provide
complementary information, particularly for absorbing aerosols. The Ozone Monitoring
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Instrument (OMI) and TROPOspheric Monitoring Instrument (TROPOMI) have been
widely used to derive UV aerosol indices and monitor absorbing aerosol, including mineral
dust and biomass-burning plumes. Their sensitivity to absorbing particles and reduced
dependence on visible/near-infrared surface-reflectance assumptions makes UV measurements
complementary to conventional AOD retrievals (Torres et al., 2007;Trees et al., 2025).
Thermal IR observations, (e.g. from the Infrared Atmospheric Sounding Interferometer
or IASI onboard the Metop satellite series) allow intrinsic sensitivity to only mineral aerosols,
such as desert dust and volcanic ash. In addition, it allows a limited sensitivity to the aerosol
altitude (Vandenbussche et al., 2026).

Active satellite sensors provide information that passive radiometers generally cannot, most
importantly the vertical distribution of aerosol. CALIOP aboard CALIPSO established a multi-
year global record of aerosol backscatter and extinction profiles and polarization-based aerosol
typing (Winker et al., 2009). The next generation is represented by ATLID aboard
EarthCARE, a high-spectral-resolution, polarization-sensitive lidar providing aerosol
extinction, backscatter, depolarization, optical depth and aerosol classification profiles.
EarthCARE's multispectral imager (MSI) provides complementary measurements of clouds
and aerosol (van Zadelhoff et al., 2024; Hiinerbein et al., 2024). Geostationary observations
provide a complementary advantage through high temporal sampling. Instruments such as
Himawari AHI, GOES ABI and Meteosat SEVIRI enable observations at intervals of
minutes to tens of minutes, supporting the monitoring of rapidly evolving dust and smoke
plumes, aerosol transport and diurnal variability, as well as air-quality and solar-energy
applications (Ceamanos et al., 2023; Fu et al., 2023; Gueymard et al., 2023). Their retrieval
accuracy, however, remains dependent on surface characterization, cloud screening and
viewing geometry.

Together, these systems demonstrate the increasing diversity of satellite acrosol observations.
While conventional multispectral sensors provide robust AOD records, multi-angle and
polarimetric instruments add constraints on aerosol microphysics, active lidar provides vertical
structure, and geostationary platforms provide high temporal resolution.

2.2.2. Reanalysis datasets

CAMS EACH4 (Innes et al., 2019) provides an independent global atmospheric composition
reanalysis based on the ECMWEF Integrated Forecasting System and an aerosol model coupled
to the atmospheric composition system. The system assimilates satellite aerosol observations
and provides total and component-resolved aerosol properties, including AOD associated with
dust, sea salt, sulfate, black carbon and organic matter, together with AE and aerosol absorption
and scattering properties (Inness et al., 2019). MERRA-2 is NASA’s global atmospheric
reanalysis for the satellite era, based on the GEOS-5 Earth system model coupled to the
GOCART aerosol module. It assimilates bias-corrected aerosol optical depth (AOD)
observations from ground- and space-based remote-sensing platforms and provides globally
consistent information on aerosol loading, including component-resolved distributions of dust,
sea salt, sulfate, black carbon and organic carbon, as well as aerosol optical thickness and
vertical aerosol properties (Randles et al., 2017; Buchard et al., 2017). The different
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assimilation strategies and model formulations used by MERRA-2 (Gelaro et al., 2017;
Randles et al., 2017; Buchard et al., 2017) and CAMS are important when comparing their
products because differences between the datasets do not necessarily represent differences in
the actual atmospheric aerosol field but may arise from model assumptions, emissions,
assimilation methodology and the observations assimilated.

AOD and AE evaluations against AERONET have generally demonstrated that both MERRA -
2 and CAMS reproduce the broad spatial and temporal variability of aerosol optical properties,
although systematic differences remain. In particular, underestimation can occur during
episodes of very high aerosol loading, while the performance of AE is generally more variable
than that of AOD (Sun et al., 2018; Mukkavilli et al., 2019; Shi et al., 2019; Gueymard et al.,
2020; Ansari and Ramachandran, 2023; Su et al., 2023; Moustaka et al., 2026). Their long
temporal coverage has nevertheless made these datasets particularly valuable for studies of
long-term changes in total and species-resolved aerosol optical depth (Che et al., 2019; Sun et
al., 2019; Cao et al., 2021; Yao et al., 2021; Yousefi et al., 2021).

In addition to operational reanalyses, coordinated model intercomparison activities provide
another important source of information on the global aerosol distribution. AeroCom (Aerosol
Comparisons between Observations and Models) is an open international initiative that
coordinates aerosol modelling experiments and evaluates global aerosol simulations against
available observations, including ground-based and satellite-derived aerosol optical properties
(GliB et al., 2021). AeroCom experiments provide a framework for examining differences
among aerosol models arising from emissions, transport, chemistry, removal processes, aerosol
microphysics and assumptions linking aerosol mass and size to optical properties. A major
strength of AeroCom is therefore not the production of a single best aerosol dataset, but the
systematic quantification of model diversity and the identification of processes responsible for
differences between simulations.
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Figure 3. Annual maps of the MACv4 aerosol climatology at current conditions for the mid-
visible AOD (550nm wavelength). The top row presents maps for total AOD and contributions
from (sub-micrometer) fine-mode (AODf) and (super-micrometer) coarse mode (AODc)
aerosol. Below the AODc map (col3) are its contributions from seasalt and mineral dust. Below
the AODf map (col2) are its contributions from seasalt, sulfate, organic matter and soot
(coll/rowd). For comparison to AOD and AODY, anthropogenic fine mode estimates since 1750
(using AeroCom 1 emission data, ‘ant AC1’) and since 1850 (using AeroCom 2 emission data,
‘ant AC2’) are offered. Also shown are estimates for anthropogenic coarse mode mineral dust
AOD (‘aDU’) from land-use changes. Values to the lower left indicate annual global averages.
Note, that maps and global averages for BC and aDU (anthropogenic dust) are artificially
multiplied by 10 to fit the common color scale.

A further development is represented by the MACv4 aerosol climatology (Kinne, 2019; Vogel
et al., 2022), which combines information from AeroCom modelling with long-term ground-
based sun-photometer observations, particularly AERONET observations over land and
Maritime Aerosol Network (MAN) observations over oceans. The methodology uses
observations to constrain regional patterns of total, fine-mode and coarse-mode AOD and
absorption AOD and subsequently derives contributions from major aerosol components,
including sulfate, organic matter, soot, mineral dust and sea salt. Because the component
contributions are associated with prescribed size distributions and refractive indices, the
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resulting climatology can provide not only AOD but also related single-scattering properties
such as SSA and the asymmetry factor for radiative-transfer applications. The current MACv4
framework additionally provides spectral and temporal information suitable for climate and
radiative-effect studies.

AeroCom and MACv4 therefore occupy a different position from satellite retrievals and
operational reanalyses. Satellite products provide observations with broad spatial coverage,
reanalyses provide dynamically consistent four-dimensional fields through data assimilation,
while AeroCom provides a framework for model evaluation and intercomparison and MACv4
provides an observation-constrained aerosol climatology. Together, these resources
substantially extend the information available from ground-based observations and provide
essential datasets for climate modelling, atmospheric composition studies, satellite validation
and radiative-transfer applications.

2.3. Complementarity and challenges

Ground-based observations, satellite retrievals and numerical models provide complementary
information on atmospheric aerosols and their interactions with radiation. Their respective
strengths and limitations arise from differences in spatial and temporal sampling, measurement
geometry, retrieved quantities and dependence on assumptions or ancillary information. No
single observing system can therefore provide a complete description of the highly variable
aerosol field, making their integration essential for comprehensive aerosol monitoring and
modelling.

Ground-based networks such as AERONET, SKYNET and GAW-PFR provide accurate,
traceable and temporally resolved measurements of column-integrated aerosol optical
properties. Observations at intervals of minutes to tens of minutes allow short-term variability
and transport processes to be resolved, while sky-radiance and polarization measurements can
provide additional information on aerosol size distribution, refractive index, SSA and particle
shape. Their main limitation is spatial representativeness: individual stations characterize
relatively small areas and provide limited information on horizontal distribution and vertical
structure. International networks partially compensate for this limitation, but their spatial

sampling remains much sparser than that of satellite observations (Li et al., 2020; Kahn et al.,
2023).

Satellite observations provide extensive spatial coverage, including remote continental regions
and oceans where ground-based measurements are sparse (Urraca et al., 2025; Dong et al.,
2026). They are particularly valuable for investigating aerosol transport, emission sources and
plume evolution. Multi-angle and polarimetric sensors provide additional constraints on aerosol
size, absorption and type, thermal IR sensors provide dust and ash specific data, active lidar
provides vertical information, and geostationary platforms offer high temporal sampling for
rapidly evolving dust and smoke events. However, satellite retrievals are affected by cloud
contamination, surface reflectance, viewing geometry and assumptions concerning aerosol
properties (Dubovik et al., 2019;Winker et al., 2009;Cho et al., 2024;Remer et al., 2024;Levy
et al., 2013). Polar-orbiting sensors also sample the atmosphere only at discrete overpass times
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(Remer et al., 2024). While AOD retrievals are relatively mature, products such as SSA,
refractive index, size distribution and particle shape remain considerably more uncertain and
less standardized (Dubovik et al., 2019; Dong et al., 2026).

Airborne platforms can be also used to complement ground-based remote sensing because they
can be employed for sampling the upper atmosphere using in-situ payloads. These include
aircraft, balloons and Unmanned Aerial Vehicles (UAVs). Different aerosol and cloud in-situ
instrument packages can be deployed to provide insight into, e.g., the particle size and the
composition. Remote sensing retrievals of volume size-distribution such as the one used in
SKYRAD have been validated, amongst others, against such type of observations (e.g.,
Nakajima et al, 2020; Kudo et al, 2021). Moreover, the combination of airborne in-situ
observations with remote sensing can be used for closure on the aerosol properties to gain a
more holistic view (e.g., Tsekeri et al, 2017). It is generally important to design experiments
such as to combine remote sensing observations to airborne in-situ methods, as it allows to
close the uncertainty gap.

Numerical models and reanalysis systems provide a complementary perspective by
representing aerosol emissions, transport, chemical transformation, cloud interactions and
removal processes within a physically consistent framework. They provide continuous four-
dimensional fields and can therefore overcome many observational sampling limitations.
Models also support source attribution, emission-scenario analysis, radiative-effect estimates
and forecasting, while systems such as MERRA-2 and CAMS combine simulations with
observations through data assimilation. Their uncertainties arise from emissions, aerosol
microphysics, chemical processes, deposition and parameterizations, as well as from the quality
and representativeness of the observations used for model evaluation or assimilation
(Yumimoto et al., 2024;Zhang et al., 2026).

The complementarity of these approaches is particularly evident for key aerosol parameters.
AOD can be accurately measured by ground-based sun photometers, mapped spatially by
satellites and continuously represented by models through vertically integrated aerosol
extinction. AE can be derived from spectral AOD measurements and modelled aerosol size
distributions. Aerosol size distributions are constrained in greater detail by advanced ground-
based sky-radiance and polarimetric observations, while satellite multi-angle and polarimetric
measurements provide spatially distributed but generally less constrained information. SSA,
which is critical for aerosol absorption and radiative effects, remains sensitive to aerosol
loading and measurement uncertainty. Vertical aerosol profiles, meanwhile, require
complementary observations such as ground-based or satellite lidar because they cannot be
reliably obtained from conventional column-integrated measurements alone.
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3. User Requirements Across Disciplines

3.1. Solar radiation and radiative transfer modelling

3.1.1 User requirements and aerosol inputs for radiative transfer modelling

Accurate radiative transfer (RT) simulations require a realistic representation of atmospheric
aerosol conditions, as aerosols constitute one of the dominant sources of variability in surface
solar irradiance (SSI) under cloud free skies (Gueymard, 1993). Through scattering and
absorption processes, aerosols attenuate the incoming solar radiation beam, redistribute energy
between the direct and diffuse components, and modify the spectral distribution of solar
radiation reaching the Earth's surface. Consequently, aerosol effects influence not only the
magnitude of global horizontal irradiance (GHI), but also direct normal irradiance (DNI), and
diffuse horizontal irradiance (DHI), all of which are essential inputs for solar-energy
applications and atmospheric studies (e.g., Eltbaakh et al., 2012; Obregén, M.A. et al., 2018;
Kosmopoulos et al., 2017). Because RT models explicitly describe aerosol-radiation
interactions, their performance depends directly on the quality and representativeness of the
aerosol information used as input (e.g., Raptis et al., 2018; Ruiz-Arias & Gueymard, 2018;
Ruiz-Arias et al., 2015; Belluardo et al., 2016; Witthuhn et al., 2021; Elsey et al., 2024).

Sensitivity analyses by Obregon et al. (2018) identified AOD as the most influential
atmospheric parameter controlling irradiance under cloudless skies. SSA determines the
fraction of extinction due to scattering relative to absorption and therefore governs the
partitioning of solar radiation between atmospheric heating and surface irradiance. Under
certain atmospheric conditions, SSA can be equally significant with the AOD, especially at
shorter visible and UV wavelengths, and at environments where strongly absorbing aerosol
species dominate (Kazadzis et al., 2005; Raptis et al., 2018; Fountoulakis et al., 2019; Witthuhn
et al., 2021). The aerosol phase function, commonly approximated by the asymmetry parameter
(2), controls the angular redistribution of scattered radiation and is particularly important for
accurately simulating diffuse irradiance. Spectrally resolved AOD, SSA and g (or, if available,
the phase function instead of g) are required to reproduce wavelength-dependent irradiance and
to support applications relying on spectral solar radiation. Increasing aerosol loading strongly
reduces DNI, while the reduction in GHI is smaller because part of the attenuated direct beam
is redirected into the diffuse component. Although the vertical distribution of aerosols has only
a minor effect on shortwave irradiance at the surface and at the top of the atmosphere, it strongly
influences radiometric quantities and heating rates within the atmosphere. These differences
can be large during episodes with elevated aerosol layers, such as dust intrusions (Fountoulakis
et al., 2022). Since default extinction profiles are commonly used in RT models, vertically
resolved information from lidar and ceilometer networks, spaceborne lidars or atmospheric
composition models can reduce this source of uncertainty (Granados-Munoz ET AL., 2019;
Bazo et al., 2023)

The required aerosol information also depends on the intended application and the desired
accuracy (e.g., Belluardo et al., 2016; Ruiz-Arias et al., 2018; Kahn et al., 2023). Climatological
aerosol datasets may be sufficient for long-term climatological studies. In contrast, operational

Funded by
bt the European Union

Harmonia-cost.eu




p

International network for harmonization of
. atmospheric aerosol retrievals from ground
[) based photometers

applications increasingly require observations with high spatial and temporal resolution that
capture the strong variability of aerosol properties. This is especially true during mineral dust
outbreaks, biomass-burning episodes, and pollution events, when rapid changes in aerosol
loading and composition can substantially alter surface irradiance within a few hours (e.g.,
Gueymard, 2012; Masoom et al., 2023; Kouklaki et al., 2026).

3.1.2 Accuracy requirements and uncertainty propagation

The value of aerosol observations for radiative transfer applications depends not only on the
availability of aerosol optical properties but also on their accuracy, temporal resolution, and
representativeness. Although relatively few studies have systematically quantified the
propagation of aerosol uncertainties into simulated surface solar irradiance (SSI) (Belluardo et
al., 2016; Witthuhn et al., 2021; Roman et al., 2014 a,b), they consistently demonstrate that the
required accuracy depends on the irradiance quantity of interest. In particular, uncertainties in
AQOD have a substantially larger impact on DNI and DHI than on GHI, because changes in the
direct and diffuse components partially compensate when integrated into global irradiance.
Consequently, applications relying on DNI, such as concentrating solar power (CSP), impose
considerably stricter accuracy requirements on aerosol products than applications based
primarily on GHI.

The highest simulation accuracy is currently achieved when RT models are driven by high-
quality ground-based aerosol observations. Under these conditions, uncertainties associated
with individual aerosol optical properties can be below 1% (Belluardo et al., 2016), while the
combined uncertainty in broadband GHI, accounting for aerosol properties, water vapour,
ozone, surface albedo, solar zenith angle and the extraterrestrial solar spectrum, is
approximately 3—6% (Roman et al., 2014a,b). In contrast, simulations based on satellite-derived
aerosol products generally exhibit larger uncertainties because of retrieval errors, reduced
temporal sampling, and the use of temporally averaged aerosol fields. Reported uncertainties
reach approximately 4-10% for broadband shortwave irradiance and 8—17% for ultraviolet
irradiance, highlighting the sensitivity of RT simulations to the quality of aerosol inputs
(Roman et al., 2014b). Uncertainties in the AOD from CAMS reanalysis, quantified against
collocated AERONET observations, translate into relative uncertainties in clear-sky GHI that
generally remain below 5—6 %. DNI is considerably more sensitive, with relative uncertainties
frequently abovel8% over major aerosol source regions, such as areas affected by desert dust,
biomass burning and persistent anthropogenic pollution, and can reach 25-35% in certain
seasons under high aerosol loading (Moustaka et al. Prepr, 2026).

3.2 Solar Energy

3.2.1 Why the solar-energy sector needs aerosol observations

Atmospheric aerosols influence the performance of both photovoltaic (PV) and
concentrating solar power (CSP) systems by modifying the quantity, angular distribution, and
spectral composition of solar radiation reaching the Earth's surface (Papachristopoulou et al.,
2022). Through scattering and absorption processes, aerosols attenuate the direct solar beam,
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enhance diffuse irradiance, and alter the spectral distribution of incoming radiation, thereby
affecting the energy available for solar conversion. In addition to these direct radiative effects,
aerosols influence cloud formation and cloud optical properties, introducing further variability
in the available solar resources (e.g., Varga, 2025, Varga et al., 2026).

The magnitude of these effects depends strongly on aerosol loading, composition, and optical
properties. Different aerosol types, including mineral dust, biomass-burning smoke, urban
pollution, and marine aerosols, affect solar-energy production in different ways, with episodic
dust and smoke events often producing the largest short-term reductions in available solar
irradiance (e.g., Kouklaki et al., 2023, 2026).

The role of aerosols in solar energy applications
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Figure 4. Overview of the role of atmospheric aerosol in solar energy applications.

Radiometric measurements provide the primary means for quantifying aerosol optical
properties (AOPs), forming the basis (Fig. 3.1) for improved solar resource assessment,
performance modeling, and forecasting of solar energy systems (Papachristopoulou et al.,
2024). Conventional fixed-tilt PV systems utilize both global and diffuse irradiance and thus
direct and scattered light are both important (e.g., Papadimitriou et al., 2026; Ruiz-Arias et al.,
2018). Such systems are usually sensitive to photons with wavelengths that are shorter than ~
1200 nm. Thus, measurements of the spectral AOD and the spectral SSA in this range are
necessary for applications related to such systems.

AOD, specially for high solar zenith angles.In contrast, CSP and tracking systems depend
predominantly on DNI, making them considerably more sensitive to Furthermore, CSP systems
use irradiance in the entire spectral range (i.e., including the solar infrared spectral region)
which introduces an additional need for spectral AOD measurements at wavelengths longer
than 1200 nm. CSP installations experience an additional atmospheric loss because reflected
radiation is further attenuated along the optical path between heliostat mirrors and the central
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receiver (e.g., Hanrieder et al., 2017). As a result, accurate characterization and forecasting of
aerosol optical properties are essential for reliable solar resource assessment, power
forecasting, plant operation, and investment planning, particularly in regions frequently
affected by desert dust or severe pollution events.

3.2.2 Aerosol information requirements for solar-energy forecasting

Solar-energy nowcasting and forecasting have become essential components of modern power-
system operation, enabling improved grid stability, energy trading, plant operation, and
maintenance scheduling (Yang et al., 2022; Sengupta et al., 2021). Although clouds are the
dominant source of variability in SSI  , aerosols become equally important under clear-
sky conditions, particularly in regions (see Fig. 4) with high solar-energy potential where
cloudiness is limited but aerosol loads are frequently elevated, such as regions that are in the
proximity of large deserts (e.g., Kosmopoulos et al., 2017; Fountoulakis et al., 2021).
Consequently, operational forecasting systems increasingly require accurate predictions of
aerosol optical properties in addition to cloud information. Forecast aerosol information can be
incorporated into solar-energy prediction systems through several approaches. These include
aerosol climatologies, persistence forecasts derived from ground-based observations, satellite-
based retrievals, chemical transport models coupled with numerical weather prediction (NWP)
systems, and fully integrated global atmospheric composition forecasting systems (Breitkreuz
et al.,, 2009; Jimenez et al., 2016; Razagui et al., 2021). Table 3.1 summarizes the principal
sources currently used in solar-energy applications.

Table 2. Main aerosol property sources currently used in solar-energy applications

Source of aerosol

Dataset Citation
forecast
Global atmospheric | Copernicus Atmosphere | Flemming et al., 2017, Eskes et al.,
models Monitoring Service (CAMS) | 2024

Goddard Earth Observing | Molod et al., 2015
System, Version 5 (GEOS-5)

Ground or satellite | AErosol RObotic NETwork | Holben et al., 1998; Giles et al., 2019
based observations (AERONET)

® persistence

MODerate resolution | Levy et al., 2013; Wei et al., 2019
forecasts .
Imaging
* ca‘lculated ‘ Spectroradiometer (MODIS)
climatological
values
aerosol climatologies Tegen Tegen and Fung, 1994;

Tegen et al., 1997

Funded by
bt the European Union

Harmonia-cost.eu




p

International network for harmonization of
. atmospheric aerosol retrievals from ground
°® based photometers
e ®
MACv2 Kinne, 2019

3.2.3 Operational aerosol forecasting systems and applications

Among the currently available global atmospheric composition forecasting systems, the
Copernicus Atmosphere Monitoring Service (CAMS) and NASA's Goddard Earth Observing
System Version 5 (GEOS-5) are the two systems most widely used for solar-energy
applications. Both provide operational forecasts of aerosol optical depth together with aerosol
speciation and additional optical and microphysical properties through freely available services
(Flemming et al., 2017; Molod et al., 2015; Eskes et al., 2024). Early work by Schroedter-
Homscheidt et al. (2013) quantified the aerosol forecast accuracy required to support CSP
applications and demonstrated that substantial improvements in aerosol prediction were needed
before day-ahead DNI forecasts could reach operational accuracy requirements.

More recently, Hou et al. (2025) evaluated CAMS day-ahead AOD forecasts using AERONET
observations and quantified the propagation of aerosol forecast errors into clear-sky DNI
forecasts through radiative transfer modelling. CAMS generally outperformed persistence
methods at urban and industrial locations, while persistence forecasts remained superior during
several intense dust episodes, highlighting the continuing difficulty of forecasting mineral dust
transport. The study further showed that none of the evaluated approaches consistently achieved
the aerosol forecast accuracy necessary to limit day-ahead DNI errors below approximately
5%, particularly over dust-prone regions. Similar conclusions have been reported using GEOS-
5 aerosol forecasts (Bunn et al., 2020) and WRF-Solar simulations incorporating forecast
aerosol fields (Yoon et al., 2026), confirming that dynamic aerosol forecasts consistently
outperform climatological assumptions but that forecast errors remain a limiting factor during
rapidly evolving aerosol events.

Forecast aerosol products have also been successfully integrated into operational solar-energy
nowcasting systems. The NextSENSE?2 platform (Papachristopoulou et al., 2024) incorporates
CAMS aerosol forecasts together with cloud observations to produce 15-minute solar
irradiance forecasts up to three hours ahead. Evaluation over Europe and North Africa
demonstrated only a small positive CAMS AOD bias (~10%), corresponding to a mean GHI
bias below 1%. Independent validation during a one-year field campaign in Athens (Raptis et
al., 2023) further showed that CAMS forecasts perform close to observational uncertainty under
typical conditions, while wildfire events remain challenging because rapidly changing local
emissions are difficult for operational forecasting systems to capture.

Overall, these studies demonstrate that aerosol forecasting has progressed considerably during
the past decade, although further improvements remain necessary, particularly for applications
relying on accurate DNI prediction in desert and biomass-burning regions.

3.2.4 Spatial and temporal observation requirements

The temporal and spatial requirements of aerosol observations depend strongly on the intended
application. For process studies, aerosol measurements should resolve rapid variations
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associated with dust fronts, pollution plumes, wildfire smoke, and boundary-layer evolution.
Such studies ideally require observations with sampling intervals of the finest possible temporal
resolution, together with simultaneous measurements of solar irradiance and power production.

For operational nowcasting, acrosol optical properties should be available in near real time with
temporal resolutions of approximately 5—15 minutes, consistent with current operational
photometer networks such as AERONET and SKYNET. Such temporal resolution is generally
sufficient for use in operational solar irradiance nowcasting systems (Papachristopoulou et al.,
2024). Operational forecasting typically requires updates every 1-3 hours, matching the
frequency of current global atmospheric composition models.

Spatial representativeness constitutes an equally important requirement. Aerosol properties
may vary substantially over relatively short distances owing to local emission sources, coastal
influences, complex terrain, or elevation gradients. Consequently, urban and industrial
environments may require observation spacing of approximately 5-10 km to adequately
represent local aerosol variability. Conversely, in desert regions dominated by mineral dust,
aerosol fields are generally more homogeneous, and longer station spacing can be sufficient to
characterize regional aerosol conditions relevant for solar-energy applications. For
climatological solar-resource assessments, hourly aerosol observations are generally adequate
because long-term averages rather than short-term fluctuations dominate the uncertainty.
Similar spatial representativeness requirements apply, although more dense observations
remain desirable over complex terrain and polluted metropolitan areas where aerosol gradients
can remain significant over relatively small spatial scales (e.g., Teri et al., 2025).

3.2.5 Current capabilities for solar energy applications

Current observing and forecasting capabilities already provide much of the aerosol information
required by operational solar-energy applications. Ground-based networks such as AERONET
and SKYNET routinely provide high-quality observations of AOD and other aerosol properties,
while satellite instruments including MODIS, VIIRS, Sentinel-3, and geostationary platforms
deliver regional aerosol monitoring with near-global coverage. Operational atmospheric
composition services such as CAMS and GEOS-5 further provide forecasts of aerosol optical
properties ready to use into solar-energy forecasting systems.

3.3. Atmospheric modelling and data assimilation

3.3.1 Radiometric aerosol observations for atmospheric composition monitoring

Accurate monitoring of atmospheric aerosols is essential for understanding their sources,
transport, transformation and removal, as well as their impacts on air quality, weather, and
climate. Radiometric measurements are a cornerstone of atmospheric composition monitoring,
providing long-term, quality-assured observations of aerosol optical properties that support
research, operational services and climate applications (Benedetti et al., 2018; IPCC, 2021).
Unlike in situ observations, which sample aerosols locally, radiometric measurements
characterize the atmospheric column, making them particularly valuable for atmospheric
composition modelling and data assimilation (Holben et al., 1998; Dubovik et al., 2002;
Benedetti et al., 2018). Ground-based sun-photometers routinely retrieve products that provide
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key constraints for aerosol transport models, radiative-transfer calculations and aerosol
climatology (Kahn et al., 2023; Benedetti et al., 2018).

Observational requirements vary according to the application. Operational forecasting
primarily requires near-real-time AOD observations with well-characterized uncertainties and
sufficient spatial coverage for data assimilation (Benedetti et al., 2018; Kahn et al., 2023),
whereas climate applications demand long-term stability, calibration traceability and temporal
consistency to detect multi-decadal changes (GCOS, 2022; IPCC, 2021; Weatherhead et al.,
1998). Process studies additionally require comprehensive aerosol optical and microphysical
properties, including aerosol absorption and particle size, for investigating aerosol processes
and evaluating numerical models (Samset et al., 2018; Kahn et al., 2023). No single observing
system satisfies all these requirements, making complementary observations from multiple
platforms essential (Benedetti et al., 2018; GCOS, 2022).

Ground-based networks such as AERONET and SKYNET provide the most accurate and
internally consistent aerosol optical observations available and serve as the primary reference
for validating satellite products, evaluating atmospheric composition models and supporting
aerosol data assimilation. Satellite sensors, including MODIS, VIIRS, MISR, POLDER and the
latest geostationary imagers, complement these measurements by providing near-global spatial
coverage, although generally with larger retrieval uncertainties and more limited sensitivity to
aerosol absorption and vertical structure (Levy et al., 2013; Benedetti et al., 2018).

3.3.2 Aerosol data assimilation and operational forecasting systems

Aerosol data assimilation has become a fundamental component of modern atmospheric
composition forecasting, combining observations with physically based numerical models to
produce the most realistic estimate of the atmospheric aerosol state. By continuously correcting
model initial conditions, data assimilation reduces uncertainties associated with emissions,
transport, deposition, aerosol properties and meteorological forcing, thereby improving both
short-term forecasts and long-term atmospheric analyses (Benedetti et al., 2009; Bocquet et al.,
2015; Benedetti et al., 2018). It now underpins operational services such as the Copernicus
Atmosphere Monitoring Service (CAMS), NASA's Global Modeling and Assimilation Office
(GEOS), the Navy Aerosol Analysis and Prediction System (NAAPS) and several regional
forecasting systems (e.g., Carrassi et al., 2018).

Radiometric aerosol observations provide the principal observational constraint for these
systems. AOD remains the most widely assimilated aerosol variable because it is routinely
retrieved from both ground-based sun-photometer networks and numerous satellite sensors, has
well-characterized uncertainties and provides a robust measure of atmospheric aerosol loading
(Benedetti et al., 2009; Moustaka et al., 2026; et al., 2020; Eskes et al., 2024). While AERONET
observations primarily serve as reference measurements for calibration, validation and
independent evaluation, satellite retrievals from sensors such as MODIS, VIIRS and
geostationary imagers provide the spatial coverage required for global operational analyses
(Levy etal., 2013; de Leeuw et al., 2015; Shi et al., 2014).
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Current operational systems generally assimilate retrieved AOD using variational (3D-Var and
4D-Var), Ensemble Kalman Filter (EnKF) or hybrid ensemble-variational approaches that
optimally combine observations with model forecasts while accounting for uncertainties in both
(Schwartz et al., 2014). The assimilation updates aerosol mass concentrations and, indirectly,
emissions and transport pathways. More recently, developments have focused on direct
radiance assimilation and inverse modelling of aerosol emissions, reducing retrieval-related
uncertainties and improving the consistent use of observations from multiple satellite sensors
(Benedetti et al., 2009; Carrassi et al., 2018). Figure 5 illustrates the aerosol 4D-Var
assimilation framework implemented within the ECMWF Integrated Forecasting System (IFS).
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Figure 5: Schematic overview of the ECMWF Integrated Forecasting System (IF'S) aerosol 4D-
Var data assimilation procedure.

Despite these advances, operational assimilation still relies predominantly on AOD, which
provides only limited information on aerosol composition, absorption, particle size and vertical
distribution. Consequently, several aerosol properties that strongly influence atmospheric
chemistry and radiative effects remain only weakly constrained (Kahn et al., 2023; Yang et al.,
2023; Segers et al., 2023). Emerging observations from multi-angle polarimeters, lidar systems
and advanced ground-based inversion products offer the potential to assimilate additional
variables—including SSA, aerosol layer height and particle size distribution—thereby
improving both aerosol forecasts and radiative-transfer simulations (Benedetti et al., 2018;
Bond et al., 2018; Kahn et al., 2023).

Forecast quality depends not only on assimilation algorithms but also on the quality, latency
and representativeness of the assimilated observations. Although satellite observations provide
the global coverage required for operational assimilation, these improvements ultimately
depend on high-quality ground-based observations. Networks such as AERONET provide the
reference measurements required to calibrate and validate satellite retrievals and independently
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evaluate assimilated products, ensuring the long-term reliability of operational forecasting
systems (Levy et al., 2013; Sayer et al., 2019; Popp et al., 2016; Inness et al., 2019; Moustaka
et al., 2026).

The benefits of assimilating radiometric aerosol observations are clearly illustrated by
comparisons between the CAMS EAC4 reanalysis, which assimilates satellite-derived AOD,
and a control simulation without aerosol assimilation (CTRL) (Moustaka et al., 2026). As
shown in Figure 6a, assimilation substantially improves agreement with independent
AERONET observations, with positive differences in the correlation coefficient (AR) at almost
all stations and enhanced temporal variability over Europe, North Africa and South Asia.
Overall, approximately 98% of the evaluated stations exhibit improved correlation coefficients
following assimilation. Similarly, Figure 2b demonstrates a substantial reduction in systematic
bias, with 75% of stations showing improved relative mean bias statistics compared with the
control simulation. These results demonstrate that radiometric aerosol observations provide one
of the strongest observational constraints on aerosol transport and significantly improve
operational analyses and forecasts.

A|1 - RMB|
Py, s e
—EREY W s

Figure 6: Spatial distribution of the statistical performance differences between EAC4 and
CTRL relative to AERONET observations. Panels show (a) the difference in the correlation
coefficient (AR) and (b) the difference in the relative mean bias metric (A|1—RMB)|). Positive
AR values and negative A|1—RMB| values indicate improved performance following aerosol
assimilation (updated from Moustaka et al., 2026).

Future aerosol data assimilation is expected to evolve towards integrated multi-sensor
frameworks combining radiometric observations with lidar, polarimetric satellite
measurements, in situ observations and machine-learning techniques. Such systems will
provide stronger observational constraints on aerosol optical and microphysical properties,
improve the representation of aerosol sources and transport, and enhance operational services
supporting air-quality forecasting, aviation, renewable-energy management and climate
applications (Benedetti et al., 2018; Carrassi et al., 2018; Kahn et al., 2023).

3.3.3 Aerosol reanalyses, climate data records and operational products

Aerosol reanalyses and operational forecasting products have become indispensable resources
for atmospheric composition research, climate studies and environmental services. By
combining atmospheric models with observations through data assimilation, they provide
spatially and temporally consistent descriptions of aerosol distributions that cannot be obtained
from observations alone. Reanalyses offer continuous global aerosol fields over periods ranging
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from years to decades, whereas operational systems provide near-real-time information for
environmental monitoring and decision support (Benedetti et al., 2009; Inness et al., 2019;
Eskes et al., 2024).

Major international products include CAMS, MERRA-2, NASA GEOS, NAAPS and several
regional forecasting systems. These datasets routinely provide AOD, speciated aerosol
concentrations, radiative properties, deposition fluxes, surface particulate matter and associated
meteorological variables for applications spanning air quality, climate, renewable energy and
atmospheric research (Randles et al., 2017; Gelaro et al., 2017; Inness et al., 2019; Eskes et al.,
2024).

Beyond operational forecasting, radiometric observations also provide essential constraints for
evaluating aerosol reanalyses, atmospheric composition models and Earth system models.
Measurements of AOD and inversion products are routinely used to assess simulated aerosol
loading, particle size distributions and optical properties, improving estimates of aerosol
radiative forcing and increasing confidence in climate projections (Benedetti et al., 2018; Kahn
et al., 2023). The long-term stability and traceability of ground-based observations are critical
for ensuring the temporal consistency of aerosol reanalyses and climate data records, enabling
the identification of retrieval drifts and the merging of observations from successive satellite
missions (GCOS, 2022).

3.3.4 Machine learning applications supported by radiometric aerosol
observations

The rapid development of machine learning (ML) has transformed atmospheric composition
research by enabling new approaches for aerosol retrieval, forecasting, data fusion and model
emulation. Unlike traditional numerical models, which explicitly represent aerosol processes
through physical parameterizations, ML algorithms learn complex relationships directly from
observations and model outputs. The increasing availability of long-term radiometric aerosol
measurements, together with satellite observations, meteorological reanalyses and chemical
transport model outputs, has created unprecedented opportunities for data-driven methods that
complement conventional atmospheric modelling (Reichstein et al., 2019; Irrgang et al., 2021;
Peng et al., 2023). Ground-based radiometric networks provide the high-quality reference
observations required for most supervised ML applications. Their long-term, accurately
calibrated measurements of aerosol AOD, AE, SSA, VSD and other products serve as training,
validation and benchmark datasets for aerosol retrievals, bias correction and predictive
modelling (Chen et al., 2020; Chen et al., 2022; Irrgang et al., 2021; Awais and Wang, 2025;
Mishra et al., 2025; Logothetis et al., 2024; Akgiil et al., 2026).

One of the most mature ML applications is the improvement of satellite aerosol retrievals. Deep
learning and other statistical approaches have been used to retrieve AOD from multispectral
and hyperspectral imagery, reduce errors associated with surface reflectance, cloud
contamination and aerosol type, and combine observations from multiple satellite platforms.
AERONET observations remain the primary reference for both algorithm training and
independent evaluation (Chen et al., 2020; Kahn et al., 2023). Machine learning is also

Funded by
bt the European Union

Harmonia-cost.eu




p

International network for harmonization of
. atmospheric aerosol retrievals from ground
[) based photometers

increasingly applied to aerosol forecasting, where neural networks, random forests, gradient-
boosting algorithms and hybrid physics-informed models combine radiometric observations
with meteorological variables, satellite retrievals and numerical model outputs to predict
aerosol loading, particulate matter concentrations and surface solar irradiance. The
performance of these algorithms depends critically on the availability of representative, long-
term radiometric observations spanning diverse aerosol regimes (Reichstein et al., 2019;
Irrgang et al., 2021).

3.4. Satellite validation

3.4.1 Role of radiometric observations in operational validation

Satellite-based aerosol properties offer the huge benefit of global coverage, usually once or
twice daily from polar orbits (respectively for visible and thermal infrared observations) or even
every half hour from geostationary platforms. Those space instruments however require
thorough calibration, and the data retrieved from them require evaluation at least, validation at
best. This allows to assess the satellite data quality, and also guide further algorithm
developments. Established global networks such as AERONET (Holben et al., 1998; Giles et
al., 2019; Sinyuk et al., 2020) and SKYNET (Takamura et al., 2004; Nakajima et al., 2020)
have deployed sun-photometers delivering reference aerosol observations suitable for assessing
the performance of spaceborne aerosol retrievals. Among the aerosol optical properties
obtained by satellite instruments, the majority of the evaluation studies have focused on AOD,
a measure of aerosols’ columnar load expressed in optical terms, which is the most common
retrieved aerosol parameter across various satellite instruments.

3.4.2 Validation of satellite aerosol products

Global and regional evaluation studies of MODIS AOD versus AERONET have been
performed to assess the evolution of the developed retrieval algorithms applicable over dark
land and ocean surfaces (Tripathi et al., 2005; Levy et al., 2007; Remer et al., 2008; Levy et al.,
2013; Tao et al., 2015; Mhawish et al., 2017; Wei et al., 2019), over bright surfaces (Hsu et al.,
2013; Sayer et al., 2013a), excluding ice/snow covered areas, as well as on the “merged”
products, which combine the three algorithms (Sayer et al., 2013b).

Similar studies have evaluated AOD retrieved from passive sensors such MISR (; Kahn et al.,
2005; Jiang et al., 2007; Garay et al., 2017; Ruonan et al., 2023), VIIRS (Jakson et al., 2013;
Hsu et al., 2019; Sayer et al., 2018; Sayer et al., 2019; He et al., 2021; Wang et al, 2023; Lee et
al., 2024), AVHRR (Hauser et al., 2005a; Hauser et al., 2005b; Riffler et al., 2010; Tao et al.,
2020), Sentinel-3 (Liu et al., 2021; Lipponent et al., 2022; Sogacheva et al., 2022; ), Sentinel -
2 (Obregon et al., 2019; Yang et al., 2021; Kumar et al., 2024), SPEXone (Fu et al., 2025) and
MSI (Docter et al., 2023). The GRASP algorithm (Dubovik et al., 2014; Dubovik et al., 2021)
has been applied to observations derived from satellite instruments such as
POLDER/PARASOL (Li et al., 2019; Chen et al., 2020; Schutgens et al., 2021), Sentinel 3-
A/OLCI (Chen et al., 2022), Sentinel 5P/Tropomi (Litvinov et al., 2024; Chen et al., 2024),
OMI (Ahn et al., 2014) and Himawari-8 (Li et al., 2025) providing a set of aerosol properties
including AOD, its fine and coarse counterparts, AE and SSA. Validation of GRASP-derived
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aerosol products against AERONET measurements and retrievals has demonstrated very good
performance for aerosol-load-related parameters and moderate performance for optical
properties related to aerosol size and origin.

Evaluation studies (Tang et al., 2023; Cao et al., 2023) relying on SKYNET aerosol
measurements are substantially fewer than those based on AERONET measurements because
the network comprises only a limited number of stations in Europe and Asia. Aerosol
measurements over the oceans have also been obtained through the Marine Aerosol Network
(MAN; Smirnov et al., 2009; Smirnov et al., 2011), in which sunphotometers have been
deployed aboard vessels and ships, extending observational capabilities beyond continental
areas to remote maritime regions and enclosed seas. Numerous assessment studies based on t
hese measurements have been conducted (Sayer et al., 2012; Schutgens et al., 2013; Shen et
al., 2018; Pei et al., 2023; Pearson et al., 2025), contributing substantially to the identification
of the strengths and limitations of spaceborne aerosol retrievals. In addition to assessments of
individual satellite instruments, joint evaluations of various spaceborne aerosol retrievals have
been conducted, facilitating their intercomparison within a common validation framework, as
demonstrated in numerous studies (; Kahn et al., 2007; Su et al., 2021; Bibi et al., 2015; Xiao
et al., 2016; Chen et al., 2022; Su et al., 2021; Wang et al., 2020; Osgouei et al., 2022).

3.4.3 Validation of advanced aerosol products

Spaceborne aerosol properties deriving information about aerosol particles’ size, fine/coarse
fraction, shape and composition have also been validated against AERONET
measurements/retrievals. These studies have focused on the AE (Levy et al., 2010; Schutgens
et al., 2013; Sayer et al., 2013; Sayer et al., 2018; Chen et al., 2020; Ma et al., 2026; Si et al.
2017; Fu et al., 2025; Sogacheva et al., 2022; Litvinov et al., 2021; Chen et al., 2024; Litvinov
et al., 2025), fine mode fraction (Li and Ginoux, 2025; Sogacheva et al., 2022), single scattering
albedo (Sietal. 2017; Mok et al., 2018; Jethva, H. and Torres, 2019; Litvinov et al., 2021; Chen
et al., 2024; Fu et al., 2025; Litvinov et al., 2025), and the asymmetry parameter (). The main
conclusion emerging from comparisons between AOD and non-AOD evaluation studies is that
passive satellite sensors retrieve aerosol load satisfactorily, whereas their performance in
retrieving other aerosol optical properties is poorer.

Most existing validation studies of aerosol retrievals from passive spaceborne instruments have
focused on total-column aerosol optical depth, which represents the combined extinction of the
aerosol mixture, whose composition and optical properties vary geographically and seasonally
(; Tesche et al., 2019). Evaluating retrievals of individual aerosol types therefore requires the
combined use of AERONET direct-Sun measurements and derived size or optical-property
products to select cases in which the aerosol type of interest dominates the atmospheric column
(). Mineral-dust-dominated cases are commonly characterized using coarse-mode AOD
retrieved with the spectral deconvolution algorithm (SDA; O’Neill et al., 2003) at AERONET
sites within or near major dust-source and transport regions (Kliiser et al., 2011; Capelle et al.,
2018; Vandenbussche et al., 2026). Alternative approaches exclude observations with
moderate-to-high Angstrém-exponent values, which indicate substantial fine-mode
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contributions (Eck et al., 1999; Basart et al., 2009), or apply simultaneous thresholds to AOD
and the Angstrdm exponent to distinguish high-loading dust events from low-AOD coarse
marine aerosol conditions (). Within this context, Gkikas et al. (2021) proposed the combined
use of total and coarse-mode AOD, the Angstrdm exponent between 440 and 870 nm, and
single-scattering albedo at 440 and 675 nm to identify AERONET observations in which dust
dominates the entire atmospheric column. These dust-dominated observations were
subsequently used to evaluate the mid-visible dust optical depth at 550 nm provided by the
satellite-based MIDAS dataset (; 2022). This approach demonstrates how multiple ground-
based aerosol properties can be combined to isolate specific aerosol types and support the
evaluation of aerosol-type-specific satellite products beyond conventional total-AOD
validation.

3.5. Health Applications
3.5.1. Urban air quality

Urban air pollution is a major environmental and public-health concern, with particulate matter
(PM:2.s and PMio) among the most important pollutants associated with adverse health effects.
Conventional air-quality monitoring networks provide accurate measurements of near-surface
PM concentrations, but their spatial coverage is often limited. Radiometric observations
provide complementary information by characterizing the aerosol burden over much larger
areas. In particular, AOD retrieved from satellite observations and ground-based networks such
as AERONET can provide valuable information for estimating surface PM concentrations and
mapping urban air quality with high spatial and temporal coverage (Chu et al., 2016; Liu et al.,
2020; Zhu et al., 2023; Lolli, 2025).

However, AOD represents the integrated optical effect of aerosols throughout the atmospheric
column and therefore cannot be directly equated with surface PM. The relationship between
AOD and near-surface PM depends strongly on planetary boundary-layer height, aerosol
vertical distribution, relative humidity, particle size and composition, and the contribution of
elevated aerosol layers such as transported dust or smoke (Zhu et al., 2023; Lolli, 2025). Recent
observations further demonstrate that the AOD-PM relationship can vary substantially
according to aerosol layering and atmospheric conditions, with elevated aerosol layers
potentially becoming decoupled from surface concentrations (Rogozovsky et al., 2026).

Radiometric measurements can contribute to urban air-quality monitoring through several
complementary approaches, including spatial mapping of aerosol loading, estimation of PMa.s
and PMio concentrations, identification of pollution episodes, and characterization of aerosol
transport into and across urban areas. The combination of satellite AOD with surface PM
observations, meteorological parameters, chemical transport models and statistical or ML
methods is increasingly used to improve the spatial and temporal resolution of urban PM
estimates (Chu et al., 2016; Liu et al., 2020; Zhu et al., 2023; Padimala and Matli, 2024; Lolli,
2025). Recent reviews emphasize that integrated approaches can substantially extend the
information provided by conventional monitoring networks, while persistent challenges remain
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related to cloud contamination, missing satellite observations, spatial resolution, aerosol
vertical structure and uncertainty quantification (Zhu et al., 2023; Padimala and Matli, 2024;
Lolli, 2025).

3.5.2. Dust impacts on health

To-date atmospheric dust is increasingly recognized for its substantial contribution to air quality
degradation and adverse impacts to human welfare and health. The reason behind these
negative impacts is mainly twofold. First, mineral dust particles emitted and entailed in the
atmosphere, originating both from natural sources (Kok et al., 2023) and anthropogenic
activities (Ginoux et al., 2012), account to several thousands of teragrams (Tg) (1 Tg= 1 billion
kilograms) per year, making this type of aerosol one of the most abundant aerosol types in terms
of mass at a global scale (Glif} et al., 2021). This translates to frequently considerable amounts
of dust accumulating close to the Earth’s surface (Proestakis et al., 2024; 2025), even across
regions hundreds or thousands of kilometers downwind from main dust emission sources,
frequently exceeding World Health Organization Air Quality Guideline (WHO, 2021)
recommended safety thresholds for PM»>s and PMio (Table 3.2). Second, several extensive
experimental campaigns focusing on the investigation of atmospheric dust properties through
the exploitation of in-situ instrumentation measurements report on dust particle size distribution
spanning over several orders of magnitude, from less than 0.1 pm to more than 100 um in
diameter (Weinzierl et al., 2017; Ryder et al., 2018; van der Does et al., 2018; Papetta et al,
2026). In this context of particles’ size, an increasing body of epidemiological and dust studies
underline the multifaceted risks that high concentrations of mineral particles pose to human
health. More specifically, coarse dust particles are considered of low potential for harmful
health effects, mainly causing mild skin irritation and/or non-severe allergic reactions even
under conditions of prolonged exposure to high particle concentrations (Sandstrom and
Forsberg, 2008; Goudie, 2014). However, fine dust particles due to their small size can infiltrate
the lower respiratory system and even accumulate within the lungs and alveoli; thereby
increasing the risk to trigger allergic reactions (Watanabe et al., 2011) and more serious
conditions such as respiratory diseases (Wiggs et al., 2003; Middleton, 2020), cardiovascular
disorders (Martinelli et al., 2013; Middleton et al., 2008), carcinogenic outcomes (Giannadaki
et al., 2014; Steenland and Ward, 2014), while have even been associated with enhancement of
meningitis pandemic outbreaks (Pérez Garcia-Pando et al., 2014).

Table 3. World Health Organization (WHO) air quality guidelines (AQGs) for PM2.s and PMjo.

PM,s: 5 pg m? annual mean

15 pug m? 24-hour
mean

PMio: 15 pg m™ annual mean
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Figure 7: CALIOP-based dust mean mass concentration (PM;; ug m>), corresponding to the
altitudinal range 0-500 m a.m.s.l. for the temporal period 06/2006-07/2023. Cycles denote
major urban centers of population greater than 5 million (UN, 2018).

Radiometric observations provide an important observational framework for monitoring
atmospheric dust and improving its representation in atmospheric models. Ground-based sun-
photometer measurements can be used to detect dust events, characterize their intensity and
duration, distinguish coarse-dominated dust from mixtures with fine-mode pollution, and
evaluate satellite retrievals and dust-forecasting systems. Comparisons between sun-
photometer and lidar observations and regional dust models have demonstrated that radiometric
measurements can reveal biases in simulated dust loading, particle-size distributions and
transport, while also helping to identify uncertainties associated with dust emission
parameterizations (Pérez et al., 2006; Rubin et al., 2017; Xian et al., 2019).

Assimilation of satellite and ground-based AOD observations can further improve the initial
aerosol fields and subsequent dust forecasts, with demonstrated benefits extending to
approximately 48 h in some regional forecasting applications (Choi et al., 2020). Importantly,
assimilation of AOD alone provides limited information on the vertical distribution of dust. The
combination of sun-photometer observations with ground-based and spaceborne lidar
measurements can provide complementary information on the altitude, thickness and vertical
structure of dust layers, and assimilation of vertically resolved dust extinction profiles has been
shown to provide additional improvements in dust analyses and forecasts (Wang et al., 2014;
Di Tomaso et al., 2022; Yang et al., 2023). Such observations are particularly valuable for health
applications because they can help distinguish elevated transported dust layers from dust
located within the planetary boundary layer, where the potential for population exposure is
greater. Combining columnar AOD, vertically resolved aerosol observations and surface PM
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measurements can therefore improve the interpretation of dust episodes and the assessment of
population exposure.

Radiometric observations also support the characterization of dust impacts on radiation and
climate, visibility, aviation, ecosystems and agriculture, while measurements of acrosol optical
properties and solar irradiance can be used to quantify the effects of dust on photovoltaic and
other solar-energy systems (Mamouri et al., 2026). Finally, sustained multi-platform
observations provide a basis for evaluating dust emission, transport, deposition and removal
processes, identifying systematic model deficiencies, and developing more reliable operational
dust early-warning and impact-assessment systems.

3.5.3. Bioaerosols

Beyond mineral dust, atmospheric particulate matter also contains a diverse biological fraction,
including bioaerosols, which introduce additional complexity in terms of exposure pathways,
health effects, and measurement constraints.

Airborne biological particles, including bacteria, viruses, fungal spores, pollen, fragments of
organisms, and biologically active macromolecules such as endotoxins and allergenic proteins,
represent a diverse and ubiquitous component of atmospheric particulate matter. Globally,
bioaerosol emissions arise from natural sources (vegetation, soil, oceans, wildfires) and
anthropogenic activities (agriculture, waste handling, building ventilation), producing
concentrations that vary widely in space and time and often peak seasonally during pollen
release, fungal sporulation, or agricultural operations (Després et al., 2012; Frohlich-Nowoisky
et al., 2016; Katsivela et al., 2025; Gidarakou et al., 2026a). Because bioaerosols span a broad
size range (from submicron fragments and virus-laden particles to intact pollen grains
exceeding 10-50 pum), their environmental persistence, atmospheric transport, and human
exposure patterns are highly variable.

The health impacts of bioaerosols are complex and depend on particle size, composition,
viability, and accompanying chemical contaminants. Intact coarse particles such as pollen
commonly provoke allergic rhinitis, conjunctivitis, and non-life-threatening hypersensitivity
reactions in sensitized individuals (Martikainen et al., 2023; Reponen et al., 1996; Zemmer et
al., 2024). In contrast, fragmented pollen, fungal fragments, and microbial cell debris that fall
into the fine mode (<2.5 pm) can penetrate the lower respiratory tract, increase asthma
morbidity, and contribute to severe asthma episodes, particularly in at-risk populations
(D’Amato et al., 2017; Lake et al., 2017; Peden and Bush, 2015). Infectious risks are associated
with viable pathogens suspended in aerosols, as particles smaller than ~5 pm can remain
airborne for extended periods, disperse over distances, and penetrate deep into the lungs,
increasing the transmission risk of respiratory viruses and bacteria (Griffin, 2007). Non-viable
biological material, including endotoxins and mycotoxins, may also induce inflammatory
responses, while interactions with chemical pollutants can further enhance bioaerosol toxicity
and associated respiratory and cardiovascular effects (Poschl and Shiraiwa, 2015; Santl-Temkiv
et al., 2022).
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Long-range transport processes further complicate the public health picture, since bioaerosols
may be entrained into dust plumes, biomass burning smoke, or convective updrafts and carried
across regional to intercontinental scales, extending exposures far from emission sources and
potentially introducing novel allergens or pathogens to susceptible populations (Griffin, 2007,
Prospero and Mayol-Bracero, 2013). In particular, the mixing of dust with wildfire smoke can
enhance the complexity and toxicity of aerosol mixtures, due to the presence of organic
compounds, black carbon, and associated biological material (Bond et al., 2013; Gidarakou et
al., 2026b; Kanakidou et al., 2005; Masoom et al., 2023; P6schl, 2005; Poschl and Shiraiwa,
2015). Vulnerable groups, including children, the elderly, and individuals with pre-existing
respiratory or cardiovascular disease, are particularly high-risk during episodes such as
high-pollen days, fungal spore peaks, and intense smoke/dust events, as well as under chronic
exposure to inflammatory biological components. Quantifying these risks remains challenging,
however, due to the complex interplay between aerosol composition, long-range transport, and
the limited biological specificity of current measurement techniques.

Radiometric measurements contribute in studies focused on atmospheric bioaerosols, although
their application remains considerably less mature than for mineral dust, smoke, or
anthropogenic aerosols. Aerosol optical properties from ground-based sun photometers and
satellite observations can be used to identify periods favorable for enhanced biological aerosol
concentrations when interpreted together with meteorological conditions, land-cover
information, and transport modelling (Noh et al., 2013; Sofiev, 2022; Vélez-Pereira et al.,
2022).

3.5.4. UV modelling for health purposes - the role of aerosol uncertainties

The identical optical parameterizations used to derive surface PM maps from column
observations, such as single scattering albedo (SSA) and size distribution, simultaneously
dictate the transmission of solar ultraviolet radiation to the Earth's surface, impacting human
health through an entirely different biological pathway. Exposure to solar ultraviolet (UV)
radiation is essential for many biological processes and human health, including vitamin D
production and regulation of physiological functions. Nevertheless, excessive UV exposure is
associated with adverse health effects such as erythema, skin cancer, cataracts, and immune
system suppression (WHO, 2002; Munakata et al., 2006; Fountoulakis et al., 2025). For this
reason, accurate estimation and forecasting of surface UV radiation and the UV Index (UVI)
are critical for public health services, awareness campaigns, and early warning systems.

Surface UV radiation levels are controlled by several atmospheric and environmental
parameters, including total ozone, clouds, aerosols, surface albedo, solar zenith angle, and
altitude. Among these factors, aerosols represent one of the largest uncertainty sources in UV
radiation modelling due to their strong temporal and spatial variability and their diverse optical
and microphysical properties (Balis et al., 2004; Raptis et al., 2018). Absorbing aerosols such
as mineral dust, smoke, and black carbon can significantly reduce surface UV irradiance, while
highly scattering aerosols modify the diffuse-to-direct radiation ratio and the angular
distribution of radiation. Accurate characterization of aerosol absorption properties is therefore
essential for reliable UV simulations and radiative transfer calculations (e.g., Bais et al., 2005).
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Spectral UV measurements can also be exploited to retrieve aerosol absorption properties and
improve the representation of aerosol effects in UV modelling applications (Fountoulakis et al.,
2019). The Mediterranean region and other aerosol-prone areas are frequently affected by
desert dust outbreaks, biomass burning episodes, and urban pollution events, resulting in
substantial and rapidly changing aerosol-related UV attenuation. Under such conditions,
uncertainties in aerosol optical properties can lead to significant errors in UV simulations and
UVI forecasts. In particular, incorrect assumptions regarding aerosol absorption properties and
aerosol type may result in either overestimation or underestimation of biologically effective
UV radiation (Raptis et al., 2018).

Radiative transfer models used for UV simulations require accurate atmospheric inputs in order
to produce reliable UV estimates and forecasts. Ground-based spectral UV measurements and
aerosol observations are therefore essential for the validation and improvement of these models
(Kazadzis et al., 2001, Fountoulakis et al., 2025, Raptis et al., 2018). Operational UV
forecasting systems currently combine radiative transfer modelling with satellite observations,
atmospheric composition forecasts, and numerical weather prediction products. For example,
services such as the CAMS provide global UV forecasts through the synergistic use of Earth
observation products, chemistry transport modelling, and radiative transfer simulations. The
overall workflow linking aerosol observations, aerosol optical characterization, radiative
transfer modelling, and operational UV forecasting applications is summarized in Figure 8.
However, aerosol and cloud uncertainties remain among the major sources of error in these
operational systems, especially over polluted regions, mountainous terrain, coastal areas, and
highly reflective surfaces (Fountoulakis et al., 2025).
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Figure 8. Conceptual workflow illustrating the integration of satellite observations, aerosol
monitoring networks, atmospheric composition forecasts, and radiative transfer modelling for
surface UV irradiance and UVI estimation.
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Satellite-based UV products provide broad spatial coverage and are widely used for
climatological and operational applications. Nevertheless, their accuracy is limited by factors
such as the finite satellite pixel size, limited sensitivity to lower tropospheric aerosol layers,
and uncertainties in the representation of aerosol-cloud-radiation interactions (e.g., Kazadzis et
al., 2005). Ground-based monitoring networks therefore remain indispensable for validation
and quality assurance purposes.

Ground-based radiometric observations provide high-quality aerosol optical properties that are
particularly valuable for UV modelling applications. In addition, dedicated UV monitoring
stations equipped with spectroradiometers and broadband radiometers provide highly accurate
measurements of surface UV irradiance and UVI values. The high stability, traceability, and
calibration standards of Precision Filter Radiometer (PFR) measurements make them especially
suitable for long-term aerosol and UV climatology studies and for satellite validation activities.
Recent results from the Cyprus Erythemal Irradiance Forecasting System (CERYFOS) further
demonstrate the sensitivity of operational UV forecasts to aerosol uncertainties (Charalambous
et al., 2026, preprint). In particular, underestimation of AOD resulted in systematic
overestimation of UVI values, highlighting the critical importance of accurate aerosol
characterization for reliable UV forecasting applications.

Near-real-time aerosol observations are particularly important for operational UV forecasting
and warning systems. Timely information on aerosol loading and aerosol type can improve the
representation of rapidly evolving events such as dust storms, wildfire smoke transport, and
pollution episodes, which may otherwise lead to substantial forecast errors. Continuous
operation of well-maintained ground-based UV and aerosol monitoring stations is therefore
essential not only for public information and health protection, but also for the validation and
improvement of satellite products, atmospheric composition models, and operational UV
forecasting systems (Fountoulakis et al., 2025).

3.6. Aviation

AQD retrievals from ground-based instruments and satellite platforms play an important role
in aviation hazard assessment and, more indirectly, in contrail-related studies, although their
utility differs substantially between these applications.

3.6.1. Aviation hazard monitoring using aerosol optical properties

Ground-based and satellite AOD measurements support aviation hazard monitoring by
providing information on atmospheric aerosol loading, which is essential for detecting and
tracking volcanic ash plumes, wildfire smoke, and dust outbreaks that can affect aviation safety
through reduced visibility, air quality degradation, and potential hazards to aircraft systems
(Prata and Tupper, 2009; Clarisse et al., 2013). Among satellite products, the Moderate
Resolution Imaging Spectroradiometer (MODIS) instruments onboard the Terra and Aqua
satellites have historically been among the most widely used global aerosol datasets, providing
near-daily global coverage with aerosol retrievals at spatial resolutions of approximately 10 km
for standard products and 3 km for enhanced products (Levy et al., 2013). More recently, the
Visible Infrared Imaging Radiometer Suite (VIIRS) onboard Suomi-NPP, NOAA-20, and
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NOAA-21 has become a key operational sensor for aerosol monitoring, offering improved
retrieval performance and near-global daily coverage with spatial resolutions ranging from
approximately 750 m to 6 km depending on the product configuration (Jackson et al., 2013;
Huang et al., 2016). While these satellite AOD products provide valuable information for
aviation hazard monitoring, they remain limited by the lack of vertical resolution, since AOD
represents a column-integrated quantity and does not provide direct information on aerosol
altitude or layering.

Ground-based and active remote sensing observations complement satellite AOD products by
providing vertically resolved aerosol information. Sun photometer networks such as
AERONET deliver high-quality AOD measurements widely used for aerosol characterisation
and satellite validation (Holben et al., 1998). In Europe, the E-PROFILE network integrates
operational atmospheric profiling systems, including ceilometers and lidar instruments, to
provide continuous monitoring of aerosol and boundary-layer structure (Haeffelin et al., 2016).
Similarly, the European Aerosol Research Lidar Network (EARLINET) provides advanced
aerosol profiling capabilities using coordinated high-performance lidar systems designed to
retrieve aerosol vertical distributions, optical properties, and long-range transport patterns
across Europe (Pappalardo et al., 2014). The vertical information from lidar systems is essential
for aviation applications because it allows identification of aerosol layer height and structure,
which cannot be inferred from column-integrated AOD alone. (Mona and Marenco, 2016)
(Marenco and Hogan, 2011; Ansmann et al, 2011)

Spaceborne lidar observations extend these capabilities to global scales. The Cloud-Aerosol
Lidar with Orthogonal Polarization (CALIOP) instrument onboard the CALIPSO satellite has
provided global aerosol and cloud vertical profiling since 2006 (end of operations on 1 August
2023), enabling observation of aerosol layer heights, volcanic ash transport, smoke plumes, and
dust outbreaks relevant to aviation safety (Winker et al., 2009). More recently, the EarthCARE
mission introduces the Atmospheric Lidar (ATLID; commissioning phase in May 2024), a high-
spectral-resolution lidar designed to improve aerosol and cloud vertical characterisation
through enhanced sensitivity and improved aerosol typing capabilities (Illingworth et al., 2015,
Donovan et al., 2024). Together, these spaceborne lidar observations provide critical global
information on aerosol vertical structure that complements both satellite AOD retrievals and
ground-based profiling networks.

For aviation decision-making, situational awareness requires not only column-integrated
aerosol indicators such as AOD, but also information on near-surface conditions, vertical
aerosol distribution, and particle type. Operational systems therefore combine surface
meteorological observations (e.g., visibility and runway visual range measurements), numerical
weather prediction products, and remote sensing data. Ground-based profiling networks (e.g.,
E-PROFILE and EARLINET) are particularly valuable in this context because they provide
real-time information on aerosol layer height and boundary-layer structure, which directly
determines whether aerosols impact flight levels or remain confined near the surface. Satellite
AOD products (e.g., MODIS and VIIRS) provide regional-scale information on plume extent
and evolution, while spaceborne lidars (e.g., CALIOP and ATLID) add global-scale vertical
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structure information. Together, these complementary observing systems support integrated
aviation situational awareness and decision-support systems for hazard mitigation (ICAO,
2005; WMO, 2018; Scherllin-Pirscher et al., 2025).

Beyond column-integrated AOD, emerging retrieval frameworks are increasingly addressing
the lack of vertical aerosol information in passive satellite observations. In this context, the
MAPIR (Mineral Aerosol Profiling from Infrared Radiances) algorithm provides vertically
resolved aerosol concentration profiles derived from thermal infrared satellite radiances,
enabling improved characterisation of aerosol vertical structure (Vandenbussche et al., 2026).
Such approaches demonstrate the added value of moving beyond AOD-only products toward
integrated datasets that combine aerosol optical depth with vertical concentration profiles,
which is particularly relevant for applications requiring knowledge of aerosol layering in the
upper troposphere and lower stratosphere.

Mineral dust represents a particularly important aviation hazard due to its strong impacts on
visibility, flight safety, and aircraft integrity. Dust outbreaks can lead to hazardous reductions
in visibility at airports and along flight routes, as well as increased turbulence, wind shear, and
degraded operational safety during take-off and landing. In addition, dust particles can cause
abrasion and corrosion of aircraft surfaces and contribute to engine degradation through
ingestion and high-temperature melting processes, resulting in increased maintenance
requirements and operational risk. Recent synthesis studies highlight that dust-related hazards
have contributed to multiple aviation incidents and can significantly affect both short-term
flight safety and long-term aircraft performance, particularly in regions influenced by major
dust source areas and long-range transport pathways (Scherllin-Pirscher et al., 2025). These
findings reinforce the need for dedicated dust monitoring and prediction capabilities integrated
into aviation decision-support systems, combining satellite observations, ground-based
measurements, and atmospheric modelling frameworks.

3.6.2. Contrail detection, aerosol properties, and radiative forcing assessment

Contrail detection and monitoring rely primarily on multi-spectral satellite radiometry from
polar-orbiting and geostationary platforms. Key sensors include MODIS, VIIRS, and
geostationary imagers such as ABI (GOES), AHI (HIMAWARI), SEVIRI (MSG) and recently
FCI onboard MTG-I1. These instruments enable contrail identification through combined
visible, near-infrared, and thermal infrared radiances, with thermal infrared window channels
(10-12 pm) and brightness temperature difference techniques widely used to detect optically
thin ice clouds. Visible reflectance channels provide additional sensitivity during daytime
conditions. Geostationary observations are particularly valuable for contrail lifecycle analysis
due to their high temporal resolution (515 min), allowing continuous monitoring of formation,
spreading, and transition into contrail cirrus. Early developments in automated tracking, such
as the algorithm of Vazquez-Navarro et al. (2010), demonstrated the feasibility of following
contrail evolution in satellite imagery.

Recent progress is strongly driven by machine learning approaches, which improve robustness
under complex atmospheric conditions such as cirrus contamination and variable illumination.
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Deep learning models applied to GOES-16 ABI data and trained on the OpenContrails dataset
have demonstrated strong performance in contrail segmentation and detection across different
regions and viewing conditions (Ng et al., 2023; Ortiz et al., 2025). These approaches
increasingly rely on multi-sensor radiance inputs and spatio-temporal learning strategies to
improve generalisation across satellite platforms.

A complementary aspect of current detection workflows is the use of RGB composite imagery,
particularly “aerosol” and “dust” RGB schemes, which enhance the contrast of thin ice clouds
and improve visual discrimination of contrails from surrounding cirrus and aerosol structures.
Although originally developed for aerosol and dust applications, these products are widely used
in contrail analysis because they enhance subtle cloud features and support both qualitative
interpretation and semi-automated detection. Combined with spectral methods and machine
learning approaches, they form a hybrid framework integrating physical and data-driven
information.

Quantification of contrail radiative forcing remains a central component of aviation climate
impact assessment. Contrail radiative effects depend on optical properties such as optical depth,
ice crystal effective radius, and cloud geometry, as well as solar geometry and background
atmospheric conditions (Schumann, 2005). Satellite-based approaches have enabled regional-
scale estimation of contrail radiative forcing using retrieved cloud properties combined with
radiative transfer modelling. Ortiz et al. (2024) demonstrated satellite-based quantification of
contrail radiative forcing over Europe using multi-spectral observations and aviation activity
data, highlighting strong spatial and temporal variability in aviation-induced climate effects. In
parallel, Dimitropoulou et al. (2026) proposed a rapid estimation approach for high-altitude ice
cloud radiative forcing based on satellite observations, enabling efficient assessment of aviation
climate impacts. Within broader climate assessments, Lee et al. (2021) and the IPCC Sixth
Assessment Report (IPCC, 2021) discuss aviation climate forcing and the contribution of non-
CO: effects, including contrail cirrus, while emphasising uncertainties in their quantification.

4. Gaps and Challenges
4.1. Geographic coverage gaps

Despite the remarkable expansion of ground-based radiometric networks over the past three
decades, with AERONET alone growing from a handful of prototype stations in the mid-1990s
to more than 700 active sites worldwide today, the spatial coverage of the global aerosol
observing system remains strongly uneven. Station density is concentrated predominantly in
populated continental areas of Europe, North America and East Asia, reflecting the historical
alignment of network development with scientific and institutional capacity rather than with
the geographic distribution of aerosol sources or the requirements of the applications discussed
in the preceding sections. As a result, significant observational gaps persist over regions where
aerosol variability is highest, where the impacts on climate, health and solar energy are most
acute, and where the absence of ground-based reference data most severely limits the ability to
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constrain satellite retrievals, validate transport models and support operational services. Three
categories of region merit particular attention.

4.1.1. Polar regions

High-latitude environments present a distinctive combination of scientific importance and
observational difficulty. The Arctic lower troposphere is subject to a distinctive seasonal
phenomenon known as Arctic haze (Fig. 9): the accumulation, between late autumn and early
spring, of long-range transported anthropogenic pollution, dominated by sulfate, black carbon,
and nitrate, that builds up under stable atmospheric conditions and reduced wet scavenging
during the polar winter (Schmale et al., 2021; Willis et al., 2018; Quinn et al., 2007). Scattering
aerosol components reduce the amount of solar radiation reaching the surface, while absorbing
particles enhance atmospheric heating within the haze layer. Although anthropogenic emission
reductions in Europe and Russia since the 1990s have reduced background Arctic aerosol
loading, wildfire contributions have increased during the past decade, introducing additional
variability that remains insufficiently captured by current observing systems. This makes
sustained, year-round aerosol optical depth monitoring in high-latitude environments
particularly important.
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Figure 9. Aerosol processes during polar day and night. a,b, Schematic showing aerosol
processes of climate relevance in the Arctic for polar day (a) and night (b). DMS, dimethyl
sulfide; MSA, methanesulfonic acid; CCI, cloud condensation nuclei; INP, ice nucleating
particle; IR, infrared. Illustrative temperature profiles are shown as white (T _air, dewpoint
temperature) and orange (T _air, air temperature) curves, representing different atmospheric
states during polar day in a. Yellow arrows indicate short-wave radiation, and red arrows
indicate long-wave radiation. Light-blue shapes in the ocean represent various species of
marine microorganisms. Circles in atmosphere and clouds represent secondary aerosols
formed from marine microorganisms. Yellow pentagons in atmosphere and clouds represent
INPs (figure originally published in Schmale et al. 2021).
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The austral polar environment is comparably challenging, with episodic intrusions of mineral
dust from Patagonia and Australia and biomass-burning smoke adding to a background of
marine aerosol and sea salt (Gonzalez et al., 2020; Pulimeno et al., 2026). In both polar regions,
extended periods of low solar elevation, polar night, and severe weather limit the operational
window of standard sun photometers and impose stringent requirements on instrument
autonomy, power supply, and remote maintenance. The majority of aerosol observations have
historically relied on daytime measurements, leaving a substantial gap during polar winter and
night-time periods, particularly in the Arctic (Herber et al., 2002; Mazzola et al., 2012; Graf31
and Ritter, 2019). Lunar and stellar photometry is beginning to address this limitation: the 20-
year homogenised solar—stellar record at Ny-Alesund demonstrates the feasibility of year-round
continuous aerosol monitoring (Graf3l et al., 2024). Extreme events also highlight the value of
coordinated multi-instrument observations; for example, the 2019 Svalbard aerosol episode,
involving wildfire smoke, volcanic emissions and anthropogenic pollution up to 16 km, was
characterised through combined photometric, airborne and trajectory observations (Herrero-
Anta et al., 2026).

The Polar-AOD programme has made important progress in consolidating long-term aerosol
optical depth measurements from Arctic and Antarctic stations (Pulimeno et al., 2026). Multi-
decadal records reveal a statistically significant decrease in background Arctic aerosol loading
associated with emission reductions in Europe and Russia, while episodic wildfire contributions
have increased markedly during the past decade. Nevertheless, characterisation of aerosol
variability across the full annual cycle remains uneven, particularly during polar winter and
night-time periods. The extension of photometric measurements through lunar and stellar
observations offers an important route towards closing this gap and establishing continuous,
long-term records across the polar annual cycle (GraBl et al., 2024).

High latitudes and Polar Regions also contain important mineral-dust sources, accounting for
at least 5% of the global atmospheric dust budget and covering more than 1.6 million km? across
both hemispheres (UNCCD, 2022; Meinander et al., 2022). High-latitude dust can travel
thousands of kilometres within the Arctic and towards Europe, while Saharan, Middle Eastern
and Aral—Caspian dust can also reach the Arctic and northern Europe (Groot Zwaaftink et al.,
2016; Moroni et al., 2018, 2024; Varga et al., 2021, 2023). Monitoring remains sparse and is
strongly constrained by harsh conditions and limited solar illumination; vertical aerosol
profiling is also limited, despite evidence of high-latitude dust reaching several kilometres
altitude during polar-vortex conditions. Satellite observations provide useful complementary
information, but AOD products are currently less reliable for high-latitude dust sources,
highlighting the need for additional ground-based and profiling observations.

High-latitude dust storms can be frequent and intense, particularly in Iceland, where up to 135
dust days per year have been reported and PM10 concentrations can exceed 1,000 ug m=3, with
much higher values at dust hotspots (Dagsson-Waldhauserova et al., 2014; Meinander et al.,
2022). These events represent important natural hazards, impair air quality and visibility, and
disrupt transportation and vulnerable ecosystems. The sparse observational network limits the
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assessment of their environmental and health impacts and constrains reliable monitoring of
their spatial and vertical evolution.

The most pronounced climate changes are occurring at high latitudes, where high-latitude dust
(HLD) is an important climate driver (IPCC, 2019; AMAP, 2021). HLD deposited on snow and
glaciers reduces albedo and accelerates melting, while airborne dust affects atmospheric
radiation and cloud microphysics (Meinander et al., 2022; Baldo et al., 2023; Di Biagio et al.,
2026). Its indirect radiative forcing through cloud interactions is also important, as HLD can
act as an efficient ice-nucleating particle in mid- and high-latitude mixed-phase clouds
(Sanchez-Marroquin et al., 2020). Instantaneous radiative forcing of HLD in the Arctic has
been estimated at 0.09 W m™ at the top of the atmosphere, with an additional 0.07 W m™
associated with HLD deposited on snow (Kylling et al., 2018). Icelandic dust is also
substantially more absorbing in the near-infrared than African and Asian dust (Baldo et al.,
2023), underlining the need for accurate measurements of aerosol optical properties and their
vertical distribution.

Frequent dust storms at high latitudes impair air quality, reduce visibility, disrupt transportation,
and disturb vulnerable ecosystems (Meinander et al., 2022). In Iceland, severe dust storms have
been associated with road-safety incidents, including fatalities (Jenssen et al., 2019), while
increased emergency hospital visits have been reported in Reykjavik in association with dust
storms and other particle sources (Carlsen et al., 2015). The scarcity of observations therefore
limits not only understanding of the climate effects of high-latitude dust, but also the assessment
of its environmental, health and societal impacts.

4.1.2. Maritime, remote and resource-limited environments

Open-ocean environments represent perhaps the most persistent gap in the global aerosol
observing system. Marine aerosol observations are important for ocean-colour atmospheric
correction, for the characterisation of marine boundary-layer aerosol and its interaction with
clouds, for the validation of satellite retrievals over ocean surfaces, and for understanding
aerosol deposition to marine ecosystems. The Marine Aerosol Network (MAN) (Smirnov et al.,
2009), operating hand-held sun photometers aboard volunteer observing ships, has provided
valuable data over many ocean basins, but its measurements are logistically constrained to
daytime, fair-weather conditions and are not continuous. More recently, the adaptation of a
standard CIMEL sun photometer to operate aboard the French research vessel Marion Dufresne
using an automated motion-compensation system demonstrated that AERONET-compatible,
continuous aerosol observations can be maintained over the open ocean for multi-year periods,
substantially expanding the available marine aerosol climatology and providing reference data
for satellite validation over the Indian Ocean (Torres et al., 2025). Synergistic shipborne
observations combining photometry and micro-pulse lidar further demonstrated the value of
profiling the vertical aerosol structure in marine environments, where clean background
conditions are frequently interrupted by transported aerosol plumes from distant continental
sources (Sanchez-Barrero et al., 2026).
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4.1.3. Desert and arid regions

North Africa and the Middle East are the most active dust source regions on Earth and represent
a major source of uncertainty in both climate forcing estimates and operational aerosol
forecasting (Kok et al., 2021; Moustaka et al., 2026). Despite their importance, the density of
ground-based radiometric observations across these source regions remains markedly
insufficient. Importantly, this observational gap has deteriorated over time rather than
improved. The scarcity of observations over desert and arid regions is particularly problematic
because it forces satellite retrieval algorithms and atmospheric transport models to rely on
poorly constrained assumptions about aerosol properties, particle size distributions, and
spectral behaviour precisely in the environments where these properties are most variable and
where retrieval conditions are most challenging due to bright desert surfaces.

Recent efforts to address this gap through the coordinated use of satellite products have
demonstrated both the potential and the limitations of space-based approaches in the absence
of adequate ground-based reference data. An analysis of twelve years of A-Train satellite
observations over North Africa and the Middle East revealed strong spatial and seasonal
gradients in dust lidar ratio and aerosol radiative properties that are not reproduced by current
observing network configurations, with lidar ratio estimates differing by up to 30—-40% between
sub-regions, translating into corresponding uncertainties in aerosol optical depth retrievals and
radiative effect estimates (Moustaka et al., 2026). The study explicitly identified the absence of
distributed ground-based measurements as the primary limitation preventing validation of these
satellite-derived gradients. Complementary field observations from the A-LIFE campaign,
which targeted Saharan and Arabian dust events over the eastern Mediterranean, further
illustrated that aerosol optical properties of dust from different source regions differ
substantially and that accurate aerosol characterisation in regions relevant for both climate
modelling and solar energy applications requires site-specific long-term observations rather
than regionalised climatologies alone (Mateos et al., 2026). Expanding ground-based coverage
in desert and arid regions also has direct implications for solar energy resource assessment,
since high solar irradiance potential and elevated, variable aerosol loading coexist precisely in
regions where the current photometer network is weakest. Under such conditions, the
uncertainty in aerosol optical depth alone can translate into direct normal irradiance
uncertainties well in excess of 15-20% (Moustaka et al., 2026), rendering reliable long-term
solar resource assessment difficult without dedicated local observing infrastructure.

Chen et al. (2026) revealed a structural bias in the global aerosol validation framework that
has gone largely unrecognised. Although AERONET grew from 284 to 497 active sites between
2008 and 2018, this expansion was heavily skewed toward vegetated and urban regions: the
fraction of observations from desert and bare soil surfaces (NDVI <0.2) actually declined from
25.9% to0 23.9%, even though satellite data show that more than 45% of global aerosol retrievals
originate from these same dryland areas. The apparent improvement in satellite—AERONET
agreement over this period is therefore largely a statistical artefact: when stratified by surface
type, MODIS performance over drylands remained consistently poor (RMSE > 0.16; GCOS
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fulfillment < 33%), compared with RMSE < 0.13 and GCOS fulfillment > 45% over vegetated
surfaces. Nearly half of all global grid cells with elevated disagreement between MODIS and
POLDER AOD products are located in drylands, where the mean TOA aerosol radiative cooling
is weaker by 0.24 W m™ and its uncertainty 22% higher than elsewhere — with direct
consequences for global aerosol radiative forcing estimates. These authors explicitly identify
sites in the Negev Desert, the Arabian Peninsula, the central Sahara, and the Sahel —
represented by AERONET stations SEDE BOKER, Mezaira, Tamanrasset INM, and
Banizoumbou — as priority locations for future ground-based validation efforts (Fig. 10).

D Identified grids of disagreement

Figure 10. Spatial patterns of agreement between MODIS and POLDER AOD retrievals in
2008 and identification of regions of disagreement. [Extracted from Chen 2026]

These findings underscore that the need for expanded and sustained ground-based observations
over remote, arid regions is not merely a question of spatial completeness: without a more
geographically stratified observing strategy, global validation metrics will continue to overstate
the skill of satellite aerosol retrievals in precisely the environments where aerosol—climate
interactions are most uncertain and where solar energy potential is highest.

Beyond polar, desert and maritime regions, a broader category of observational gaps exists in
areas where the cost and complexity of deploying and maintaining reference-grade
instrumentation exceeds national or regional technical capacity. Large parts of Sub-Saharan
Africa, Central Asia, tropical South America and many island environments remain without
sustained ground-based aerosol observations, despite their importance for global aerosol
budgets and for regional applications in health, agriculture and solar energy. Addressing these
gaps requires not only the development of simpler and more autonomous observing platforms,
but also investment in regional training, calibration infrastructure and data-sharing
arrangements that allow locally acquired observations to be harmonised with international
network standards. The deployment of low-cost or simplified instruments validated against
reference-grade systems represents one pathway toward filling these geographic gaps, provided
that their observational characteristics and uncertainty budgets are rigorously characterised and
transparently documented.
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4.2. Solar radiation and solar energy

Important limitations remain regarding the current capabilities for solar energy applications.
Existing ground-based networks remain too sparse to fully characterize aerosol variability near
major solar-energy facilities, particularly in regions affected by complex terrain, coastal
gradients, urban pollution, and rapidly evolving wildfire smoke. Forecast models continue to
experience difficulties in accurately predicting the timing, intensity, vertical distribution, and
optical characteristics of mineral dust and biomass-burning aerosols. Furthermore, operational
forecast systems generally provide limited information on aerosol absorption properties,
spectral variability, and vertical structure, despite growing evidence that these parameters
influence high-accuracy radiative transfer simulations and advanced solar energy modelling.

Future improvements are therefore expected to rely on tighter integration of ground-based
radiometric observations, satellite retrievals, lidar observations, and next-generation
atmospheric composition forecasting systems. Emerging observing capabilities, including
missions such as EarthCARE, together with improved aerosol data assimilation into global and
regional forecasting systems, are expected to substantially reduce uncertainties in aerosol
radiative effects and improve operational solar-energy forecasting over the coming decade.

The main gaps and requirements for solar-radiation and solar-energy applications can be
summarized as follows:

e High temporal resolution: acrosol observations should resolve the rapid variability
associated with dust fronts, pollution plumes, wildfire smoke and other evolving aerosol
events. Sampling of ~1 s may be required for process studies, while ~5—-15 min is
appropriate for operational nowcasting and 1-3 h for forecasts. Hourly observations are

generally sufficient for climatological applications (Gueymard, 2012; Papachristopoulou et
al., 2024; Teri et al., 2025).

e Accurate and spectrally resolved aerosol properties: high-accuracy RT simulations
require not only AOD but also SSA and information on the aerosol phase function,
particularly for accurately representing direct and diffuse irradiance. Accurate modeling of
the different irradiance components (DNI and DHI) is critical. Aerosol uncertainties have a
larger impact on DNI and DHI than on GHI (e.g., Kouklaki et al., 2026). Measurements in
the UV-B and NIR spectral regions are currently less frequent and less accurate than for
wavelengths between 340 and 1200 nm. Spectrally resolved AOD and SSA are required for
solar-energy applications, with measurements extending beyond ~1200 nm being
particularly relevant for CSP (Belluardo et al., 2016; Raptis et al., 2018; Fountoulakis et al.,
2019; Witthuhn et al., 2021; Ruiz-Arias et al., 2018; Hanrieder et al., 2017; Kouklaki et al.,
2023, 2026).

e Improved aerosol typing and event characterization: operational products should better
distinguish mineral dust, biomass-burning smoke, pollution, marine aerosol and mixed
aerosol conditions, particularly during rapidly evolving events, when fixed or
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climatological aerosol properties may not adequately represent atmospheric conditions
(Kahn et al., 2023; Elsey et al., 2024; Ruiz-Arias et al., 2015; Gueymard, 2012).

e Improved spatial coverage: observations should be expanded around solar-energy
facilities and in arid regions, complex terrain, coastal areas and polluted environments.
Spatial scales of ~5—10 km may be required in urban/industrial areas, compared with ~20—
50 km in relatively homogeneous desert regions (Teri et al., 2025; Papadimitriou et al.,
2026; Chen et al., 2026). Using reliable low-cost sensors can contribute towards this
direction.

e Co-located aerosol and radiation measurements: aerosol observations should be
combined with broadband and spectral solar irradiance measurements and, where possible,
solar-power production data, enabling direct assessment of aerosol impacts and validation
of solar irradiance estimates  and forecasting systems (Papadimitriou et al., 2026).

e Improved aerosol forecasting: dynamic aerosol forecasts from CAMS and GEOS-5
should be further improved, particularly for mineral dust and biomass-burning events.
Although forecast products generally outperform climatological assumptions, uncertainties
in emissions, transport, deposition, vertical distribution and optical properties remain
important, and persistence can still outperform dynamic forecasts during some intense dust
episodes (Flemming et al., 2017; Molod et al., 2015; Eskes et al., 2024; Hou et al., 2025;
Yoon et al., 2026).

e Better uncertainty characterization: uncertainties in aerosol observations and forecasts
should be explicitly quantified and propagated into irradiance and solar-power predictions,
particularly for DNI and DHI, where aerosol errors have a stronger influence on the
resulting solar radiation estimates (Roman et al., 2014a,b; Belluardo et al., 2016; Hou et al.,
2025; Moustaka et al., 2026).

e Integrated observing and modelling systems: future developments should combine
ground-based radiometry, satellite retrievals, lidar and atmospheric composition
forecasting/data assimilation to provide continuous, spatially representative and spectrally
resolved aerosol information (Kahn et al., 2023; Elsey et al., 2024).

Overall, the key challenge is no longer simply the availability of aerosol observations, but their
integration into an observation—modelling—forecasting framework capable of representing the
rapidly changing, spectrally dependent, and spatially heterogeneous aerosol conditions that
affect surface solar radiation and solar-energy production. This is particularly important for
solar-energy applications, especially in regions frequently affected by mineral dust, biomass
burning, and severe pollution.
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4.3. Atmospheric Modelling and Data Assimilation

Although substantial progress has been achieved over the past two decades in observing
atmospheric aerosols and integrating radiometric measurements into atmospheric composition
monitoring, operational forecasting and climate services, important observational gaps remain.
Addressing observational challenges will be essential for the next generation of atmospheric
composition and climate services (IPCC, 2021; Benedetti et al., 2018; Kahn et al., 2023).

AQD alone provides limited information on aerosol composition, vertical distribution, particle
size and absorption, while reliable observations of SSA, refractive index, coarse-mode
particles, aerosol layer height and aerosol speciation remain comparatively sparse. These
limitations constrain atmospheric composition models and operational forecasting (Benedetti
etal., 2018; Kahn et al., 2023; IPCC, 2021). Multi-decadal observations of AOD, AE, VSD and
absorption properties that are currently limited, also provide the basis for detecting trends
associated with anthropogenic emissions, natural variability and air-quality policies, while
supporting the generation of climate-quality aerosol data records (GCOS, 2022; Giles et al.,
2019; TPCC, 2021). These limitations contribute to uncertainties in aerosol radiative effects,
aerosol—cloud interactions and deposition processes, particularly during dust outbreaks,
biomass-burning episodes and other extreme events (Inness et al., 2019; Kahn et al., 2023;
IPCC, 2021). Improved observations of coarse, super-coarse and giant particles, together with
vertically resolved aerosol profiles from ground-based and spaceborne lidars, are needed to
reduce persistent uncertainties in dust transport, deposition, atmospheric lifetime and radiative
effects that remain inadequately represented in many atmospheric and climate models (Winker
et al., 2009; Ryder et al., 2019; Adebiyi and Kok, 2020; Kok et al., 2021; Fountoulakis et al.,
2024; Masoom et al., 2023; Gidarakou et al., 2026).

One more key issue remains the quantification of aerosols in the traditional sense (mass
concentrations) from remote sensing. The mass-extinction ratio, required for evaluating
concentration from optical measurements, depends on the aerosol properties and amongst those
the particle effective radius is one of the most decisive ones (Papetta et al, 2026).

The growing use of ML introduces additional observational requirements. Artificial intelligence
is increasingly applied to aerosol retrieval, data fusion, uncertainty estimation, forecasting and
the generation of climate-quality aerosol products, but its performance depends fundamentally
on the availability of long-term, representative and accurately calibrated observations.
Expanding monitoring capacity in under-sampled regions, harmonizing quality-assurance
procedures and providing comprehensive uncertainty estimates will be essential for developing
robust hybrid physics—machine learning systems capable of generalizing across diverse aerosol
regimes and extreme events. Furthermore, most current ML applications focus primarily on
AOD, whereas comparatively few exploit additional aerosol properties such as SSA, refractive
index, particle size distribution or vertically resolved observations. Expanding radiometric
measurements and integrating them with lidar, polarimetric observations and in situ data will
be essential for developing robust hybrid physics-informed ML systems capable of supporting
atmospheric composition monitoring, operational forecasting and climate services (Benedetti
et al., 2018; Reichstein et al., 2019; Kahn et al., 2023).
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Summarizing, future progress will thus increasingly rely on integrated multi-sensor observing
systems that will provide complementary constraints on aerosol loading, absorption,
composition, particle size and vertical distribution, supporting improved aerosol reanalyses,
Earth system models and climate services (Winker et al., 2009; Dubovik et al., 2019; Xu et al.,
2021; Papetta et al., 2026; Kahn et al., 2023).

4.4. Satellite Validation

Despite substantial progress in the validation of satellite aerosol products, important gaps
remain in the ability of current reference observations to fully characterize their accuracy,
representativeness and long-term consistency. These challenges are becoming increasingly
important as satellite missions provide increasingly detailed information on aerosol size, type,
optical properties and vertical distribution.

Representativeness of satellite—ground comparisons: A fundamental limitation arises from
the different spatial and temporal sampling of satellite and ground-based observations. Aerosol
properties can vary strongly in both space and time, whereas ground-based measurements are
essentially point observations and satellite retrievals represent an area corresponding to the
satellite pixel. Consequently, satellite—ground collocation can introduce substantial
representativeness and matchup errors. Multiple reference observations per day are required to
accommodate different satellite overpasses and capture diurnal variability, while year-round
observations are necessary to represent seasonal aerosol cycles. Long, continuous and
internally consistent time series are additionally required to assess the long-term consistency,
stability and trends of satellite products.

For visible satellite observations, AOD remains the most directly comparable parameter with
ground-based sun- and moon-photometry and therefore the most mature basis for validation.
Established networks such as AERONET and SKYNET provide the main continental reference
observations, while the Marine Aerosol Network extends measurements to oceanic
environments (Holben et al., 1998; Takamura et al., 2004; Smirnov et al., 2009, 2011; Giles et
al., 2019; Nakajima et al., 2020; Sinyuk et al., 2020). Nevertheless, the spatial distribution of
these observations remains uneven, limiting the representativeness of validation datasets,
particularly for specific aerosol regimes and challenging surface conditions.

Validation beyond total AOD: The validation of total-column AOD is substantially more
mature than that of aerosol properties describing particle size, type and optical characteristics.
Existing studies indicate generally satisfactory performance for aerosol loading but poorer
performance for properties such as the AE, fine-mode fraction, SSA and asymmetry parameter
(Levy et al., 2010; Sayer et al., 2013, 2018; Schutgens et al., 2013; Si et al., 2017; Mok et al.,
2018; Jethva and Torres, 2019; Chen et al., 2020, 2024; Sogacheva et al., 2022; Fu et al., 2025;
Litvinov et al., 2025; Ma et al., 2026).

The development of advanced retrieval approaches, including GRASP-based products from
POLDER/PARASOL, Sentinel-3/OLCI, Sentinel-SP/TROPOMI, OMI and Himawari-8,
further increases the need for comprehensive reference observations capable of evaluating
multiple aerosol properties simultaneously (Ahn et al., 2014; Dubovik et al., 2014, 2021; Li et
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al., 2019, 2025; Chen et al., 2020, 2022, 2024; Schutgens et al., 2021; Litvinov et al., 2024).
The relatively limited number of independent validation studies based on SKYNET also
indicates the need to broaden the observational basis beyond AERONET (Tang et al., 2023;
Cao et al., 2023).

Aerosol-type-specific validation: A particularly important gap concerns the validation of
aerosol-type-specific products. Reliable validation of individual aerosol types requires
complementary measurements (in addition to AOD) capable of identifying periods when the
aerosol type of interest dominates the atmospheric column (Shin et al., 2019). For mineral dust,
existing approaches combine coarse-mode AOD, Angstrém exponent and SSA to identify dust-
dominated conditions (Kliiser et al., 2011; Capelle et al., 2018; Grof3 et al., 2016; Gkikas et al.,
2021, 2022). These studies demonstrate the potential of multi-parameter ground observations
to support validation beyond conventional total-AOD comparisons.

A particular challenge is that coarse-mode AOD can include contributions from marine and
volcanic aerosols, making it an imperfect reference for satellite dust products. This is
especially relevant for thermal-infrared (TIR) satellite observations, such as IASI, which
provide dust-related parameters including TIR AOD, mean altitude, effective radius and low-
resolution vertical profiles (Capelle et al., 2018; Clarisse et al., 2019; Vandenbussche et al.,
2026). There are currently no directly observed ground-based reference measurements in the
TIR for these retrievals, and validation consequently relies on indirect comparisons with sun-
and moon-photometer observations. At minimum, coarse-mode AOD is required, but the
development of methods capable of retrieving dust-only coarse AOD, excluding marine and
volcanic contributions, would provide a substantially more robust reference for satellite dust
validation.

Spatial and environmental coverage: As discussed in Sect. 4.1, current reference networks
remain unevenly distributed across aerosol environments and surface types. Further
observations are needed over under-sampled and challenging environments, including
bright deserts, high latitudes, coastal transition zones and the open ocean (Moustaka et al.,
2026; Herrero-Anta et al., 2026). Joint evaluation of satellite retrievals has demonstrated the
value of geographically distributed reference observations for identifying differences between
products (Kokhanovsky et al., 2007; Kahn et al., 2007; Bibi et al., 2015; Xiao et al., 2016; de
Leeuw et al., 2018; Wang et al., 2020; Su et al., 2021; Chen et al., 2022; Osgouei et al., 2022),
but such intercomparisons remain constrained by the availability of representative reference
data.

Maritime observations are particularly important because continental networks cannot
adequately characterize aerosol conditions over the ocean. MAN has substantially expanded
this capability (Smirnov et al., 2009, 2011; Sayer et al., 2012; Schutgens et al., 2013; Shen et
al., 2018; Pei et al., 2023; Pearson et al., 2025). Recent efforts to adapt standard CIMEL systems
to shipborne applications demonstrate further potential (Garcia et al., 2025; Torres et al., 2025;
Sanchez-Barrero et al., 2026), but standardized systems with improved resistance to salt,
vibration and platform motion are still required.
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Requirements for next-generation satellite observations: The increasing use of
geostationary, multi-angle, polarimetric and hyperspectral satellite observations will require
corresponding advances in ground-based validation. Higher temporal sampling is needed to
support geostationary and multi-angle missions and to characterize rapidly changing aerosol
conditions (Karanikolas et al., 2025). Polarimetric and hyperspectral ground systems can
provide additional constraints for validating advanced retrieval algorithms, while co-located
all-sky imagers and cloud sensors can improve cloud screening and reduce satellite—ground
mismatch errors (Herrero del Barrio et al., 2026).

Operationalization, uncertainty and interoperability: A further gap concerns the transition
from individual research-based validation studies towards systematic operational calibration
and validation. Automated satellite—ground matchup services should incorporate explicit
measures of spatial and temporal representativeness and collocation mismatch uncertainty,
while standardized uncertainty budgets should account for both reference-measurement and
satellite-retrieval uncertainties (Ichoku et al., 2002; Virtanen et al., 2018; Sayer, 2020). Near-
real-time quality-controlled outputs are required to support operational validation,
complemented by consistent delayed-mode products for scientific analyses and long-term
assessment. Operational validation frameworks already demonstrate the value of standardized
spatial and temporal matching, quality screening and expected-error criteria (NASA
MODIS/VIIRS validation frameworks). Improved cloud/aerosol discrimination and
interoperable data services and APIs would further facilitate the integration of reference
observations into satellite cal/val systems and mission processing chains.

4.5. Health applications

One of the main challenges for health applications is to translate these column-integrated
observations into quantities that are directly relevant to human exposure (Chu et al., 2016; Lolli,
2025). The relationship between columnar aerosol properties and surface PM is highly
dependent on planetary boundary layer height (PBLH), relative humidity, aerosol size and
composition, and the vertical distribution of aerosol layers. Elevated dust or smoke plumes may
produce substantial AOD while remaining partly decoupled from surface concentrations,
whereas aerosol layers that mix down into the boundary layer can rapidly increase population
exposure. Recent observations highlight the importance of aerosol layering in interpreting the
AOD-PM relationship (Rogozovsky et al., 2026). Consequently, AOD should not be regarded
as a direct substitute for surface PM measurements; rather, it should be combined with surface
observations, meteorological information, vertical-profile measurements and atmospheric
models.

Vertical information is particularly important during dust and biomass-burning episodes.
Ground-based and spaceborne lidar observations can complement sun-photometer
measurements by providing information on the altitude, thickness and vertical structure of
aerosol layers, while atmospheric composition models can describe their transport and
evolution. The combination of columnar AOD, vertically resolved observations and surface PM
measurements can therefore provide a much better basis for assessing whether an observed
aerosol event is likely to contribute to population exposure. This is also important for evaluating
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and improving dust and smoke forecasts, for which radiometric observations can constrain
aerosol loading, transport and model uncertainties (Pérez et al., 2006; Rubin et al., 2017; Wang
et al., 2014; Di Tomaso et al., 2022; Yang et al., 2023).

A second major challenge is the limited chemical and biological specificity of aerosol optical
properties. AOD, AE, SSA and particle-size distributions provide valuable information on
aerosol loading, size and optical characteristics, but they do not uniquely determine aerosol
composition or source. This is particularly relevant for health applications because mineral
dust, combustion aerosols, urban pollution and biological particles can have different health
effects while exhibiting partly overlapping optical characteristics. The limitation is especially
important for bioaerosols: although pollen and other biological particles can influence aerosol
optical properties, radiometric observations alone cannot currently provide reliable quantitative
estimates of biological aerosol concentrations (Noh et al., 2013). For bioaerosols, radiometric
measurements therefore need to be considered as part of a broader observational framework.
Biological sampling, fluorescence-based techniques, molecular measurements and atmospheric
transport modelling can provide the additional information needed to identify biological
components and their sources (Sofiev et al., 2022; Vélez-Pereira et al., 2022). A major research
need is consequently the development of better-validated methods for linking optical
observations with source-specific and biologically relevant exposure metrics. Information on
aerosol source and composition could improve exposure assessment by distinguishing aerosol
events with different potential health implications. For bioaerosols, however, this transition will
require dedicated biological measurements and validation datasets because current optical
observations lack sufficient specificity (Noh et al., 2013; Sofiev et al., 2022).

One more important challenge is to translate improved observations into operational health
services and early-warning systems. Near-real-time aerosol observations can improve the
representation of rapidly evolving dust, smoke and pollution events in atmospheric models and
can contribute to more timely exposure information. The same aerosol characterization is also
relevant to UV-related health applications, since aerosol optical properties influence the amount
and spectral distribution of solar UV radiation reaching the surface. Recent work on operational
UV forecasting has shown that errors in aerosol optical depth can propagate into systematic
errors in predicted UV Index values (e.g., Charalampous et al., 2025). Integrating aerosol
observations, atmospheric composition forecasts and radiative-transfer modelling can therefore
support both particulate-exposure and UV-exposure assessments.

A particularly important observational gap concerns the lack of systematic, long-term
measurements of aerosol optical properties in the UV, and especially of SSA and AOD at UVB
wavelengths. Most operational aerosol networks provide robust and well-established
measurements in the visible and near-infrared spectral ranges, whereas spectrally resolved
measurements of aerosol absorption and SSA in the UV remain comparatively sparse (e.g.,
Mok et al., 2018). AOD measurements at wavelength shorter than 320 nm are also sparse (e.g.,
Doppler et al., 2026; Carvalho and Henriques, 2000; Grobner et al., 2001; Marenco, 2002;
Kazadzis et al., 2005; Fountoulakis et al., 2016; Hrabcak, 2018, 2025), and usually highly
uncertain (e.g., Lopez-Solano et al., 2018). Uncertainties in UV aerosol optical properties, and
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particularly in SSA, can propagate directly into estimates and forecasts of biologically effective
UV radiation and the UV Index. Systematic measurements of UV aerosol optical properties,
supported by traceable calibration and standardized retrieval methods, are therefore needed to
reduce this uncertainty and improve the representation of aerosols in health-oriented radiative-
transfer models.

4.6. Aviation

For aviation applications, requirements for vertically resolved aerosol products are generally
more critical than those based solely on column-integrated measurements.

A key challenge for aviation hazard monitoring is the limited ability of current passive satellite
aerosol products to provide vertically resolved information on aerosol type, altitude, and
aviation relevance, compounded by the sparse global coverage of aerosol profiling observations
and the need for stronger integration with operational forecasting and decision-support systems.
Addressing these gaps will require combining passive satellite observations with ground-based
and spaceborne lidar measurements, expanding operational aerosol profiling capabilities (e.g.,
EarthCARE/ATLID and E-PROFILE), developing vertically resolved aerosol products and
data assimilation frameworks, and enhancing dedicated monitoring of dust, smoke, and
volcanic ash hazards for aviation operations.

Regarding the assessment of contrails radiative forcing, the state of the art is moving toward
integrated contrail detection and radiative assessment frameworks that combine multi-spectral
observations and advanced retrieval techniques. Geostationary imagers enable high-frequency
monitoring of contrail evolution, while polar-orbiting sensors provide global consistency and
calibration continuity. Machine learning approaches increasingly enhance detection robustness
and scalability across heterogeneous datasets. These observational systems rely not only on
satellite-derived cloud properties but also on aerosol optical properties retrieved from
radiometric satellite sensors, which provide essential background information for radiative
transfer modelling and atmospheric state characterisation. They are increasingly coupled with
radiative transfer modelling, which builds on established satellite-derived cloud property
retrieval frameworks (Stubenrauch et al., 2010), to produce consistent estimates of contrail
occurrence and radiative forcing, supporting improved quantification of aviation-induced
climate effects.

A major challenge in assessing contrail-related aviation climate impacts is the large uncertainty
in contrail occurrence, persistence, and radiative forcing, driven in part by limited observations
of ice-supersaturated regions (ISSRs), difficulties in distinguishing contrails from natural cirrus
clouds, and the absence of harmonised operational frameworks linking observations,
atmospheric models, and aviation activity data. Progress will require integrating geostationary
and polar-orbiting satellite observations with machine-learning detection techniques,
improving monitoring and forecasting of ISSRs and upper-tropospheric conditions, coupling
observations (with improved characterisation of the atmospheric background properties) with
radiative transfer and contrail evolution models, and developing operational observation-based
systems to support monitoring, reporting, and verification of aviation non-CO: climate impacts.
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4.7. Other emerging needs

Agriculture, terrestrial ecosystems and the ocean are affected by aerosols through several
interconnected pathways, including changes in surface radiation, modification of the direct-to-
diffuse radiation ratio, acrosol deposition to vegetation and soil, and deposition of mineral dust
and associated nutrients to the ocean. These processes operate over a wide range of spatial and
temporal scales and remain subject to substantial observational and modelling uncertainties.
An important emerging opportunity is therefore to use radiometric observations not only to
characterize aerosols themselves, but also to provide constraints for models describing their
environmental impacts.

4.7.1. Agriculture and terrestrial ecosystems

Aerosol-induced changes in surface radiation are particularly relevant for vegetation. Scattering
aerosols can reduce direct irradiance while increasing the diffuse component, potentially
enhancing the penetration of radiation into plant canopies and modifying photosynthesis and
light-use efficiency (Gu et al., 2002; Cohan et al., 2002; Mercado et al., 2009). The response is
not necessarily proportional to the reduction in total irradiance, since the magnitude and even
the sign of the ecosystem response depend on aerosol loading, optical properties, canopy
structure and meteorological conditions. Aerosol-induced cooling and changes in atmospheric
moisture can further modify photosynthesis and evapotranspiration (Zhou et al., 2021).

These effects create a direct need for aerosol observations. Information on AOD, aerosol
absorption and spectral properties is required to “feed” crop-growth and ecosystem models and
to estimate accurately the modification of photosynthetically active radiation and its
partitioning between direct and diffuse components. Observations of diffuse radiation are
particularly important because changes in the diffuse fraction can alter canopy-level light-use
efficiency. Recent modelling studies have demonstrated that improved estimates of diffuse
radiation can substantially improve simulations of gross primary productivity, illustrating the
value of observational constraints on radiation fields for ecosystem models (Zhou et al., 2021).

4.7.2. Aerosol deposition to vegetation and soil

A second, comparatively less developed application concerns the deposition of atmospheric
particles onto vegetation and soil. Dry deposition depends on aerosol particle size and density,
atmospheric stability and turbulence, and the structure and collecting properties of the
vegetation (Pryor et al., 2008; Petroff et al., 2008). Existing measurements and modelling
studies show substantial variability in deposition velocities and indicate that differences
between models are strongly related to the representation of particle collection within the
canopy (Petroff et al., 2008a,b; Hicks et al., 2016).

Radiometric observations cannot directly measure deposition flux, but they can provide
important constraints on several of the variables controlling deposition. Spectral AOD and
aerosol absorption measurements can provide information on aerosol loading and type, while
measurements of particle size, lidar observations and meteorological measurements can
provide complementary information on aerosol size, vertical distribution and atmospheric
transport. When combined with deposition models, these observations could help improve
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estimates of deposition velocity and flux, particularly during episodes dominated by coarse
mineral dust or biomass-burning aerosol (e.g., Gronholm et al., 2009).

The ecological relevance of this process extends beyond particle removal from the atmosphere.
Aerosol deposition represents an important pathway for the transfer of nutrients, acidifying
compounds and potentially toxic substances to terrestrial ecosystems ( Mahowald et al.,
2008; Jickells et al., 2016; Kanakidou et al., 2012). Mineral dust, in particular, can modify
nutrient availability and interact with plant physiological processes (Burkhardt, 2010; Lokshin
et al., 2026). Consequently, the atmospheric aerosol burden, its optical properties and its
deposition flux should not be considered as independent quantities. Connecting radiometric
observations with deposition and ecosystem models could provide a more physically consistent
description of the sequence from aerosol transport to surface deposition and ecosystem
response.

4.7.3. Aerosol deposition to the ocean

A similar but particularly important problem occurs over the oceans. Atmospheric deposition
of mineral dust provides iron and other elements to marine environments and can influence
marine biogeochemistry and productivity (Jickells et al., 2005; Mahowald et al., 2009; Schulz
et al., 2012). However, both the magnitude and spatial distribution of dust deposition remain
poorly constrained. Model estimates over remote oceanic regions have historically differed by
more than an order of magnitude, while the fraction of deposited iron that becomes biologically
available remains highly uncertain (Schulz et al., 2012). This represents an important
opportunity for integrating aerosol radiometry with atmospheric transport and ocean-
biogeochemical modelling. Radiometric measurements, combined with lidar measurements of
vertical distribution and satellite observations, can provide constraints on the atmospheric
aerosol state before deposition. When combined with measurements of aerosol composition,
precipitation and deposition, these observations can be used to evaluate and improve
atmospheric transport and deposition models and, subsequently, the aerosol inputs used by
ocean-biogeochemical models. Schulz et al. (2012) specifically identified the need for long-
term measurements combining atmospheric and marine observations to address the coupled
processes controlling dust deposition and its biogeochemical effects.

4.7.4. Urban applications and planning

Aerosols interact with urban radiation, boundary-layer dynamics, air quality and surface energy
exchange, while the strong spatial heterogeneity of urban environments produces large
gradients in aerosol concentration and radiative conditions. These processes are relevant to
urban-scale assessments of air quality, thermal environment and solar-energy potential (Barlow,
2014; Li et al., 2017; Ulpiani, 2021). Radiometric observations could contribute to urban
modelling by providing constraints on aerosol loading and optical properties that can be
combined with satellite observations, surface PM measurements, meteorological observations
and high-resolution atmospheric models. Such integrated datasets could improve estimates of
surface radiation and help distinguish changes in aerosol optical depth associated with vertical
redistribution from changes in near-surface aerosol concentration. They could also contribute
to applications including urban air-quality assessment, photovoltaic deployment, building-
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energy modelling and evaluation of urban heat-mitigation strategies (e.g., Popovici et al.,
2018).

4.7.5. Insurance and environmental risk modelling

Modern catastrophe and climate-risk models increasingly combine physical hazard simulations
with exposure and vulnerability information, rather than relying solely on historical loss
records. Such models require spatially and temporally consistent information on the frequency,
intensity and spatial extent of relevant hazards and their associated uncertainties (Steptoe et al.,
2022; Ingels et al., 2024).The role of aerosol observations in this context is primarily indirect:
radiometric measurements can improve the representation of aerosol processes within the
atmospheric models that generate the physical variables subsequently used by risk models.
Long-term observations of AOD and other optical properties can be used to evaluate aerosol
climatology and model extremes, while high-temporal-resolution observations can constrain
individual dust and smoke events. This is particularly relevant for sectors that are sensitive to
surface radiation and aerosol episodes. For solar-energy assets, uncertainty in aerosol optical
properties translates into uncertainty in irradiance and therefore expected energy production
(e.g., Liet al., 2020; Kouklaki et al., 2026). For agriculture, persistent dust or smoke episodes
can modify radiation and photosynthesis and may contribute to crop losses (Cohan et al., 2002;
Mercado et al., 2009; Zhou et al., 2021). For urban areas, aerosol episodes can interact with
heat, air quality and visibility (Li et al., 2017; Barlow, 2014; Duarte and Duarte, 2020). In each
case, improved characterization of the aerosol state could reduce uncertainty in the hazard
component of downstream impact models.

4.7.6. Solar Radiation Modification

A further emerging application of aerosol radiometric observations concerns Solar Radiation
Modification (SRM), particularly stratospheric aerosol injection (SAI). SAI aims to increase
the scattering of incoming solar radiation by introducing aerosol or aerosol precursors into the
stratosphere, thereby modifying the shortwave radiation budget (e.g., Lee et al., 2026; Lange
et al., 2026). The magnitude and spatial distribution of the resulting radiative effects depend
strongly on aerosol amount, particle size, composition, vertical distribution and optical
properties. Consequently, accurate characterization of aerosol radiative properties is an
important requirement for assessing both the radiative response and the associated uncertainties
(Dykema et al., 2016; Yu et al., 2023; Huynh and McNeill, 2024).

Radiometric observations could contribute to SRM monitoring at several stages of the
observational chain. Spectral measurements of aerosol optical depth, aerosol extinction and
absorption can provide information on the magnitude and optical characteristics of an aerosol
perturbation, while lidar measurements can constrain its vertical distribution. Satellite
observations provide the spatial context required to follow the evolution and transport of an
aerosol layer, but ground-based measurements can provide continuous observations and
independent constraints for satellite retrievals and radiative-transfer models. Recent work has
demonstrated that satellite solar-occultation measurements may be capable of detecting
relatively small stratospheric aerosol perturbations, although detectability depends on the
magnitude and duration of the perturbation and on the natural variability of the background
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aerosol layer (Lange et al., 2025). Existing pyranometer and spectroradiometer networks could
provide useful observations for SRM-related research, particularly when combined with AOD,
lidar, satellite and meteorological measurements (SAPEA, 2024). Recent assessments of SRM
field experiments have emphasized the need for improved observations of aerosol properties,
vertical distribution and radiative effects, as well as coordinated ground-based, airborne and
satellite measurements (SAPEA, 2024; Kremser et al., 2016; Lange et al., 2025). Current
observing systems still contain significant gaps in aerosol properties, vertical distribution and
radiative effects relevant to SRM (ESA SRM Workshop, 2025; Hernandez-Galindo et al.,
2026).

5. Way forward

Ground-based radiometric observations will remain indispensable for advancing our
understanding of atmospheric aerosols, improving satellite retrievals, and supporting climate
monitoring and operational environmental services. Despite substantial progress in
instrumentation, retrieval algorithms and international observing networks, important
challenges persist regarding the continuity, spatial representativeness, consistency and range of
available aerosol products. Addressing these challenges requires a coordinated strategy that
preserves the strengths of established reference networks while progressively incorporating
emerging technologies and responding to the evolving requirements of satellite missions and
user communities.

Maintaining long-term observations and strengthening reference networks. A first priority
is to maintain existing ground-based networks and extend their continuous observational
records. Long, homogeneous time series are essential for identifying climatological trends,
distinguishing long-term changes from natural variability, and evaluating the effects of changes
in emissions and atmospheric composition. Their scientific value depends not only on the
duration of the records but also on the stability of instrument calibration, measurement
procedures, quality assurance and data processing. Instrument replacement, calibration updates
and changes in retrieval algorithms should therefore be carefully documented, with historical
observations reprocessed where feasible to minimize artificial discontinuities. Sustained
support for global and regional networks is particularly important because their measurements
provide reference datasets for satellite calibration and validation, atmospheric modelling and
climate data records. At the same time, network expansion should address persistent
geographical and environmental gaps. Greater coverage is needed in remote and under-sampled
regions, including deserts, high latitudes, maritime environments and areas where the operation
of reference-grade instruments is constrained by cost or technical capacity. Expansion should
prioritize locations where observations can improve both the representativeness of global
aerosol datasets and the evaluation of satellite products under challenging surface and aerosol
conditions. Regional training, calibration infrastructure and data-sharing arrangements will be
essential to ensure that new observations can be maintained over time and integrated into
established international networks. The objective should not simply be to increase the number
of measurement sites, but to establish a geographically and environmentally representative
observing system that provides reliable observations over multiple decades.
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Improving consistency and interoperability between measurements. A second priority is
to reduce systematic differences between instruments, networks and retrieval approaches.
Although established networks generally provide consistent aerosol optical depth (AOD)
measurements within their stated uncertainties, differences may arise from calibration
procedures, ancillary data, cloud screening, retrieval algorithms and computational
conventions. Such discrepancies become particularly important when measurements from
different networks are combined, potentially introducing artificial variability into long-term
records or complicating comparisons with satellite retrievals and atmospheric models. Progress
will require sustained intercomparison campaigns, common reference procedures, traceable
calibration standards and more harmonized approaches to uncertainty characterization. Long-
term colocated measurements are especially valuable because they enable instrumental effects
to be distinguished from differences introduced by data processing. Where feasible, applying
common retrieval frameworks and ancillary datasets to measurements from different
instruments would help quantify the origins of systematic discrepancies and improve
comparability. Greater interoperability should also extend to data formats, metadata, quality
flags and the transparent documentation of processing histories. Automated, uncertainty-aware
satellite—ground matchup procedures and accessible data services could further facilitate the
systematic use of reference observations in satellite validation and operational forecasting
systems. These efforts would strengthen the basis for combining observations across networks
without compromising their individual strengths or established quality standards.

Evaluating emerging technologies and expanding observational capabilities. While
reference-grade instruments must remain the foundation of high-quality aerosol monitoring,
their cost and operational requirements limit the spatial density achievable in many regions.
Low-cost sensors and simplified autonomous observing platforms offer an opportunity to
complement established networks, increase spatial coverage and capture aerosol variability at
locations that are currently poorly observed. Their potential, however, depends on rigorous
evaluation against reference instruments under a wide range of aerosol loadings, particle types,
meteorological conditions and surface environments. Characterization of calibration stability,
measurement uncertainty, environmental sensitivity and long-term performance should precede
their use in applications requiring quantitative accuracy. Rather than replacing reference-grade
observations, these technologies should initially be deployed within coordinated measurement
strategies in which high-quality reference stations provide calibration, evaluation and quality-
control support. Sky cameras and other emerging imaging technologies also deserve further
investigation. When colocated with radiometric instruments, all-sky observations can provide
information on cloud conditions, cloud—aerosol discrimination and the spatial variability of
atmospheric scenes. Such information may improve cloud screening, help identify satellite—
ground collocation mismatches and support the interpretation of rapidly changing aerosol
conditions. Their integration with radiometric measurements, cloud observations and
automated quality-control methods could improve the representativeness of validation datasets,
particularly for high-temporal-resolution satellite observations. The wider use of these
technologies will require standardized processing methods and independent assessment of their
performance, including the uncertainties associated with cloud classification and the
identification of aerosol events. Machine-learning methods may assist in extracting information
from large image datasets, provided that their outputs are evaluated against independent
observations and their limitations are documented.
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Developing new products for next-generation satellite missions. Future ground-based
measurements and retrieval algorithms should evolve in parallel with satellite observing
capabilities. Conventional multispectral instruments have established a strong basis for
validating AOD, but the increasing availability of multi-angle, polarimetric, hyperspectral and
active lidar observations creates opportunities—and requirements—for more comprehensive
validation. Future efforts should therefore extend beyond total aerosol loading towards
improved characterization of aerosol size, absorption, type, shape and vertical distribution. This
will require complementary observations, including measurements of diffuse sky radiance,
polarization and, where available, vertically resolved aerosol properties. Coordinated ground-
based radiometric and lidar measurements can provide valuable constraints for evaluating
satellite products that retrieve aerosol layer height, extinction profiles and aerosol
classification, while high-temporal-resolution observations are particularly important for
geostationary missions and rapidly evolving dust and smoke events. The development of new
products should also respond to application-specific requirements. More reliable estimates of
aerosol absorption and spectral dependence would support radiative-transfer calculations and
solar-energy applications, while improved aerosol typing and vertical information would
benefit atmospheric composition forecasting and the interpretation of aerosol impacts on air
quality and human exposure. Combining ground-based measurements with satellite
observations, atmospheric reanalyses and numerical models could further support the
development of derived products, including improved aerosol climatologies, event
characterization and uncertainty-aware estimates of aerosol radiative effects. The emergence
of new satellite missions, including EarthCARE and advanced multi-angle and polarimetric
instruments, provides an opportunity to establish coordinated validation activities early in
mission operations and to develop ground-based products tailored to their specific
measurement capabilities.

Ultimately, the way forward is not to pursue greater measurement density, technological
innovation or product complexity in isolation. Progress will depend on combining sustained
reference observations with improved harmonization, carefully validated emerging
technologies and retrieval products designed around clearly defined scientific and operational
requirements. Long-term continuity must be preserved while observational systems become
more spatially representative, interoperable and responsive to new satellite capabilities.
Through coordinated international efforts, ground-based radiometric networks can continue to
provide the traceable and scientifically robust observations needed to advance aerosol research,
improve satellite products and strengthen climate, atmospheric composition and environmental
services.
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Appendix 1: Measurement principles of radiometric retrieval of
aerosol optical properties

Ground-based passive radiometric observations of aerosol optical properties are based
primarily on measurements of direct solar irradiance and diffuse sky radiance at multiple
wavelengths. These two complementary measurement modes provide information on different
aspects of aerosol extinction, scattering and absorption and form the basis of the retrieval
methodologies used by the major global aerosol observing networks.

Solar radiation incident at the top of the atmosphere (TOA) can, to a good approximation, be
considered a collimated source directed toward the Earth. During its propagation through the
atmosphere, solar radiation is attenuated by absorption and scattering by atmospheric gases,
aerosols and clouds. Scattering by atmospheric molecules is predominantly Rayleigh scattering,
whereas aerosol and cloud scattering is generally described by Mie or more general
electromagnetic scattering theory. The combined effects of absorption and scattering constitute
atmospheric extinction. Radiation scattered away from the original solar beam can undergo
further interactions with the atmosphere, producing multiple scattering, while radiation
reflected by the surface can subsequently be scattered back toward the observer (Liou,
2002;Wendisch et al., 2004). The component of solar radiation reaching the observer directly
from the solar disk is referred to as direct solar irradiance, or direct normal irradiance (DNI),
whereas radiation arriving from other directions after atmospheric scattering constitutes the
diffuse component. The radiance associated with a particular viewing direction is referred to as
sky radiance.

Direct sun: The solar radiation reaching the uppermost layer of the atmosphere, known as
extraterrestrial radiation or TOA (Top of Atmosphere) radiation, arrives in a single incident
direction toward Earth. The intensity of this solar radiation per unit area (solar irradiance) varies
mainly with the Earth—Sun distance, causing an annual variation of approximately +3% (Igbal,
1983). Solar radiation interacts with atmospheric components, and part of it reaches the surface
where it can be absorbed or reflected back to the atmosphere. Surface reflectance (albedo) is
important since it determines the fraction of the irradiance that is reflected by the Earth’s surface
and returns to the atmosphere and may then undergo scattering back toward the observer (e.g.,
Wendisch et al., 2004). The direct solar irradiance reaching an observer at a specific wavelength
A, denoted as E, can be estimated through the Beer—Bouguer—Lambert law:

EA) = ET4(2) exp[-T ()] (Eq. 2.1)

where "7 is the extraterrestrial solar irradiance, and 7 is the atmospheric slant optical
thickness along the direction connecting the Sun and the observer. The vertical optical thickness
or total optical depth (TOD; 7), is defined as the optical thickness for the vertical direction (SZA
= 0). Thus, the previous equation can be rewritten as:

E(1) = ET4(2) exp[—-mt ()] (Eq. 2.2)
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where m represents the relative optical airmass, defined as the ratio between the slant optical
thickness and the vertical optical depth. For relatively small SZA values (below ~ SZA < 70°),
relative airmass can be approximated by the secant of the SZA, although more accurate
approximations exist, such as the widely used formulation by Kasten and Young (1989).

Taking logarithms, the equation can be linearized for a specific wavelength:

log[E(D)] = log[ET?4(A)] — mt(A) (Eq. 2.3)

If the logarithm of the direct solar irradiance E(4) is plotted as a function of the relative optical
airmass, assuming that atmospheric optical depth remains constant during the measurements,
the total optical depth and the extraterrestrial solar irradiance ET%4(2) can be obtained through
a least-squares fit. This technique is known as the Langley plot method (Shaw, 1983). Its main
advantage is that it does not require knowledge of the direct solar irradiance in calibrated
physical units nor of its extraterrestrial value. By measuring the raw signal of direct solar
irradiance, an equivalent extraterrestrial value can be derived directly in raw units (voltage,
digital counts, ...). The Langley technique is usually applied at locations where the daily
aerosol variability is small for relatively long periods (i.e., for a relatively large change in SZA).
This is fulfilled at high-altitude locations (very pristine atmosphere) and near the tropics
(relative optical airmass changes fast). For this reason, sites such as Izafia Atmospheric
Observatory and Mauna Loa Observatory are commonly used to calibrate sun photometers
(Toledano et al., 2018)

ET94(2) must always be corrected for Earth—Sun distance, typically normalized to 1 AU, which
can be easily computed from the measurement date. The Langley approach can also be extended
to other celestial targets, such as stars (Pérez-Ramirez et al., 2008; Ivanescu et al., 2021; Roman
et al., 2025) and the Moon (Barreto et al., 2013, 2016, 2017). In these cases, however, the
temporal and geometrical variability of the extraterrestrial target irradiance must be
appropriately accounted for, particularly for lunar observations, where the changing lunar phase
and illumination require dedicated calibration approaches such as the Lunar-Langley method.

The total optical depth can be expressed as the sum of the optical depths of gases, aerosols, and
clouds. If measurements are restricted to cloud-free conditions, since clouds generally block all
direct solar irradiance, then total optical depth consists only of the molecular optical depth of
gases and the aerosol optical depth (AOD; 7). The gaseous optical depth is usually separated
into its absorption component (Gas Optical Depth, GOD; z;) and scattering component
(Rayleigh Optical Depth, ROD; zz). Solar radiation absorption by atmospheric gases (ozone,
NO., water vapor, etc.) is selective and occurs in known spectral bands and lines, with well-
characterized absorption coefficients. Since gas concentrations are generally stable, GOD
values can be estimated with good accuracy using climatological or reanalysis datasets. ROD
values can be readily calculated from the atmospheric pressure at the observer’s location. Once
TOD, GOD, and ROD are determined, and cloud-free direct solar irradiance measurements are
ensured, AOD can be obtained as (Giles et al., 2019):
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Taer(D) =) — 7,(D) — (D) (Eq.2.4)

or, if different relative airmasses are considered for each component (Gonzalez et al., 2020):

mt(ﬂ,) - Z mg,xrg,x (A)_mRrR (A)
Maer (Eq. 2.5)

Taer

where the subscript x denotes the different gaseous species contributing to TOD at that
wavelength A.

The Beer—Bouguer—Lambert formulation used to retrieve AOD from direct-Sun measurements
assumes that the measured solar beam is affected only by the atmospheric extinction processes
represented in the retrieval. In practice, clouds can intermittently obscure or attenuate the solar
beam and introduce large, non-aerosol contributions to the retrieved optical depth.
Consequently, direct-Sun measurements must be subjected to dedicated cloud-screening
procedures before being used for aerosol retrieval. A number of cloud-screening and quality-
control methods have been developed for ground-based sun and star photometry (Smirnov et
al., 2000;Pérez-Ramirez et al., 2012; Estellés et al., 2012; O’Neill et al., 2016;Kazadzis et al.,
2018). These approaches generally exploit the temporal variability and spectral consistency of
the measured signal or retrieved AOD, since rapidly varying attenuation is more characteristic
of clouds than of aerosol under typical conditions. The AERONET Version 3 processing
algorithm provides a comprehensive example, combining automated cloud screening with
additional instrument and data-quality controls (Giles et al., 2019). Its cloud-screening
procedure includes tests based on the variability of successive measurements (“triplets”),
spectral and temporal consistency, and the identification of residual cloud contamination. It
also incorporates a dedicated solar-aureole algorithm for detecting optically thin cirrus clouds,
which may otherwise remain undetected by conventional direct-Sun screening. Additional
QA/QC procedures are then applied to identify instrumental anomalies, insufficient temporal
sampling and other conditions that may compromise the reliability of the retrieved AOD.

If AOD is obtained at several wavelengths, the turbidity coefficient () and the AE (o) can be
derived through a least-squares fit of the Angstrém law (Angstrom, 1929; Angstrém, 1961):

log(T,e,) = log(B) — alog (1) (Eq. 2.6)

where A is expressed in micrometers. The AE describes the spectral dependence of AOD and is
commonly used as an indicator of aerosol particle size. Lower values of a (close to zero,
typically below 1) are generally associated with coarse-mode aerosols, whereas higher values
(close to 2, typically above 1.5) indicate a predominance of fine-mode particles (Eck et al.,
1999;Schuster et al., 2006; Perrone et al., 2014). Nevertheless, the Angstrém exponent is not
independent of the spectral range over which it is derived, as aerosol optical depth spectra
frequently exhibit departures from the idealized power-law dependence (e.g., Kaskaoutis et al.,
2007).
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Direct-sun observations primarily constrain the total aerosol extinction, but they do not
independently provide the aerosol partition between scattering and absorption. The aerosol
optical depth can be decomposed into scattering and absorption components, with their ratio
defining the SSA:

Taer—sca Taer—abs
== 1 _——

Taer Taer (Eq 27)

SSA (), together with other aerosol optical and microphysical properties, can be inferred by
combining direct-sun AOD with measurements of diffuse sky radiance (Wang and Gordon,
1993;Dubovik and King, 2000).

Sky radiance results from the scattering of solar radiation by atmospheric constituents into
directions other than the direct solar beam. For a given viewing direction, the measured
radiance depends on the scattering angle between the Sun and the observation direction.
Molecular scattering is relatively well characterized and becomes increasingly important at
shorter wavelengths, whereas aerosol scattering is governed by the aerosol phase function,
which describes the angular distribution of scattered radiation and depends on particle size,
shape and refractive index (Bodhaine et al., 1999; Dubovik et al., 2002). Measurements of sky
radiance at multiple scattering angles therefore provide information on the angular structure of
aerosol scattering and, consequently, on aerosol microphysical and optical properties.

Sky radiance is also sensitive to aerosol absorption: for a given AOD, more absorbing aerosol
produces lower scattered radiance because a smaller fraction of the incident radiation is
scattered. Consequently, relative sky radiances alone generally do not provide sufficient
information to determine aerosol absorption robustly, and sky-radiance observations are
normally combined with direct-sun AOD measurements. Inversion algorithms then seek the set
of aerosol properties that minimizes the differences between observed AOD and sky radiances
and the corresponding quantities simulated using a radiative-transfer model (Nakajima et al.,
1996;Dubovik and King, 2000). Depending on the measurements and inversion framework,
retrieved quantities can include SSA, spectral refractive index and aerosol volume size
distribution.

Angular scanning geometries: The angular distribution of sky radiance is determined by the
scanning geometry adopted by the instrument. Three geometries are particularly relevant to
current sun-and-sky photometer networks: almucantar, principal-plane and hybrid scans. In the
almucantar geometry, observations are made at a constant solar zenith angle while the
instrument scans different azimuth angles around the Sun. The resulting, approximately
symmetric, measurements on either side of the solar direction provide useful information for
aerosol retrieval while also enabling cloud screening. For example, significant differences
between radiances measured at symmetric viewing directions can indicate cloud contamination
(Holben et al., 1998; Giles et al., 2019).

An important limitation of the almucantar geometry is that the accessible scattering-angle range
decreases as the Sun rises and the solar zenith angle becomes smaller. Because small scattering
angles are particularly sensitive to coarse particles, whereas larger scattering angles provide
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greater sensitivity to fine particles, AERONET generally excludes almucantar observations
obtained at SZA below approximately 40° (Tonna et al., 1995;Torres and Fuertes, 2021; Roman
etal., 2017, 2022).

The principal-plane geometry addresses this limitation by scanning within the plane
containing the Sun, zenith and observer and therefore provides access to scattering angles
greater than 90°. However, the lack of symmetric observations makes cloud screening more
difficult, which has limited its use relative to the almucantar configuration. The hybrid
geometry, introduced in AERONET, combines elements of the two approaches. It retains
symmetric viewing directions useful for cloud screening while extending the accessible
scattering-angle range, including under conditions of high solar elevation (Sinyuk et al., 2020).
In this configuration, fixed scattering angles are measured within the ecliptic plane for zenith
angles below 75°, while the scan switches to an almucantar configuration at a fixed zenith angle
of 75° above this threshold.

These angular measurements are normally performed at several wavelengths, because shorter
wavelengths provide stronger sensitivity to fine-mode particles whereas longer wavelengths
provide greater sensitivity to coarse particles. Although cloud-contaminated viewing directions
can be identified and excluded, recent work has shown that clouds outside the nominal
measurement direction may nevertheless enhance sky radiance and introduce biases into
retrieved aerosol properties. This cloud-enhancement effect represents an additional challenge
for sky-radiance-based retrievals (Herrero-Anta et al., 2025).

Polarimetric measurements: Polarimetric measurements provide an additional source of
information for aerosol characterization by measuring the polarization state of solar radiation
scattered by atmospheric particles. In particular, measurements of the polarized component of
sky radiance, commonly expressed through the degree of linear polarization or the Stokes
parameters, are highly sensitive to particle size, refractive index and particle shape. This
additional sensitivity can help constrain aerosol microphysical properties that are difficult to
retrieve uniquely from intensity measurements alone, particularly the complex refractive index
and the fraction of non-spherical particles (Dubovik et al., 2006; Dubovik et al., 2019).
Polarimetric observations are therefore increasingly incorporated into advanced aerosol
inversion frameworks, including GRASP, where intensity and polarization measurements can
be jointly analyzed to improve the retrieval of aerosol size distribution, absorption and particle
shape. Their use nevertheless introduces additional requirements concerning polarimetric
calibration, instrument characterization and the accurate representation of polarized radiative
transfer.
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Appendix 2: Satellite instruments used to retrieve aerosol parameters

Table A2.1. Satellite instruments used to retrieve aerosol parameters

Aerosol Tempo
product PO | Main Recommen
Instrume . Measurement . ral .
Satellite . . spatial . | aerosol ded Dbasic
nt principle . | sampli e e
resolutio n parameters | citation
n g
AOD, AE,
Terra /| Multispectral . fine-mode | Levy et al
MODIS Aqua passive 3-10km | Daily fraction, (2013)
aerosol type
Suomi- AOD, AE,
NPP /| Multispectral . aerosol Jackson et al.
VIIRS NOAA- | passive ~6 km Daily type, (2013)
20 smoke/dust
AOD,
particle
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