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Metrology for aerosol optical properties
Overview
The overall aim of this project is to enable the SI-traceable measurement of column-integrated aerosol optical
properties retrieved from the passive remote sensing of the atmosphere using solar and lunar radiation
measurements. In order to validate and improve the current aerosol optical property retrievals using state-ofthe-art inversion models, radiometers of the three largest aerosol monitoring networks will be calibrated at NMI
laboratories, and portable devices for the in-field calibration of network radiometers will be developed. The
goal is to standardise aerosol optical properties retrieval by shortening the calibration chain, reduce calibration
downtime of network radiometers and establish their consistent dissemination including their uncertainty.
Need
Global climate assessments require harmonised and quality-controlled datasets. This implies measurements
preferably traceable to the SI and cross-network wide implementations of calibration and post-processing
procedures.
Atmospheric aerosols are minor constituents of the atmosphere, but a critical component in terms of impacts
on the climate. Their properties have been recognised as Essential Climate Variables (ECVs) by the Global
Climate Observing System (GCOS). As pointed out in all previous IPCC (Intergovernmental Panel on Climate
Change) reports, aerosols continue to contribute the largest uncertainty to estimates and interpretations of the
Earth’s changing energy budget.
Long-term monitoring of aerosol ECVs including their uncertainties is needed for observing sensitive changes
in the Earth climate system. Currently the three main global surface-based networks measuring column
integrated aerosol optical properties in Europe, AERONET Europe, GAW-PFR and SKYNET Europe, operate
over hundred stations with complex calibration strategies based on artefact reference devices. The lack of an
appropriate metrological framework in the calibration, operation, and data processing of these networks render
the whole monitoring concept very convoluted, time consuming, labour intensive, and uncertain.
Calibrations of reference radiometers are performed at only two stations world-wide (Mauna-Loa, Hawaii or
Izaña, Tenerife). The subsequent calibration of network radiometers based on such reference artefacts relies
on instrument stability and instrument redundancy and not on objective metrological concepts. The current
field calibration procedure of calibrating network radiometers at centralised calibration stations outdoors
requiring perfect weather conditions means long calibration times and therefore excessive downtime at
monitoring stations.
Emerging technologies such as compact array spectroradiometers or portable Fourier spectrometers offer the
potential for enhanced atmospheric products providing significantly more information on the radiative forcing
impact on climate.
The need for an objective assessment of uncertainties of the retrieved aerosol properties is an inherent
property of traceable measurements, which is currently lacking in all three main global aerosol monitoring
networks. The databases providing access to the network data do not offer concurrent uncertainty estimates.
Objectives
The overall goal of this project is to enable the SI-traceable measurement of column-integrated aerosol optical
properties (ECVs) for assessing the radiative forcing impact on the climate. These properties are retrieved
from the passive remote sensing of the atmosphere using solar and lunar radiation measurements that are
largely lacking traceability to the SI. The specific objectives of the project are:
1. To develop calibration methods and traceable devices for SI-traceable laboratory and in-field
calibrations for radiometers measuring direct solar spectral irradiance and sky radiance, in the spectral
range 310 nm up to 1700 nm with an expanded uncertainty of 1 %. Instruments measuring lunar
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irradiance were included into the scope of the objective following the expressed needs of the
stakeholders.
2. To validate the methods for zero airmass extrapolation by means of traceable ground-based solar
spectral irradiance measurements and comparison to satellite-based solar extra-terrestrial spectra.
Due to the growing importance of lunar irradiance measurements to retrieve AOD during night-time
conditions (e.g. polar winter), validations of lunar irradiance phase models will also be addressed.
3. To develop a comprehensive uncertainty budget for aerosol optical properties, such as aerosol optical
depth, aerosol size distribution, and aerosol single scatter albedo, retrieved from remote sensingbased measurements of direct and scattered solar radiation, enabling its inclusion in the corresponding
data archives of the aerosol monitoring networks, with the relevant calibration and traceability
information.
4. To facilitate the take-up of the developed technology and measurement infrastructure developed in
the project by the measurement supply chain (NMIs, DIs, and calibration laboratories), standards
developing organisations (WMO CIMO, WMO GAW SAG) and end users (e.g. ground-based and
space-based remote sensing and atmospheric science communities). In addition, to support the
European Metrology Network for Climate and Ocean Observation.
Progress beyond the state of the art and results
Development of calibration methods and traceable devices for SI-traceable laboratory and in-field calibrations
for solar and lunar radiometers
Current solar and lunar radiometers are calibrated outdoors using the Sun/Moon as source. The resulting
calibrations are instrument specific and not traceable to the SI.
The project will provide access to the tuneable laser facilities at PTB, VSL, NPL, and SFI Davos for
characterising the spectral bandwidth, linearity and stray light of reference radiometers and spectroradiometers
of partners and selected end-users of this project. The facility of PTB will also be used to provide spectral
irradiance calibrations with uncertainties of 0.1 %, a factor of 5 improvement over current realisations.
Monitoring devices using Light Emitting Diodes (LEDs) will be developed covering the extended wavelength
range from 340 nm to 1700 nm of the discrete wavelength channels of the narrowband filter radiometers with
expected long-term stabilities of better than 0.1 % per year.
The narrowband tuneable portable radiation source developed in EMRP project ENV59 atmoz will be upgraded
to cover the extended wavelength range to 1700 nm for characterising the relative spectral bandpass of each
wavelength channel of the network radiometers.
Validation of methods for zero airmass extrapolation by means of traceable ground-based solar spectral
irradiance measurements and comparison to satellite-based solar extra-terrestrial spectra
Up to now, there are no top-of-atmosphere (TOA) solar or lunar spectra in the required wavelength range and
traceable to the SI.
Within this project, a TOA solar spectrum from 300 nm to 1700 nm with uncertainties of 1 % across the whole
wavelength will be determined. The expected uncertainty of 1 % of this TOA solar spectrum will have significant
impact not only on derivations of aerosol properties but also on atmospheric modelling applications as a
benchmark reference and on assessing solar spectra obtained by current and future solar space missions.
The ROLO (Robotic Lunar Observatory) and RIMO (ROLO Implementation for Moon-photometry Observation)
lunar phase irradiance models will be validated using lunar irradiance measurements with a target uncertainty
of 1 %.
Development of a comprehensive uncertainty budget for aerosol optical properties retrieved from remote
sensing-based measurements of direct and scattered solar radiation.
So far only sensitivity studies have been used to estimate the uncertainties of aerosol optical properties,
without a rigorous metrological uncertainty treatment following the GUM (Guide to the Expression of
Uncertainty in Measurement).
This project will adapt and extend the existing GRASP (Generalized Retrieval of Atmosphere and Surface
Properties) theoretical and software package for providing enhanced estimates of the uncertainties for all
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parameters retrieved from ground-based remote sensing, i.e. aerosol size distribution, refractive index, total
scattering, extinction, single scattering albedo.
Impact
Impact on industrial and other user communities
Industry will benefit from the developments in novel radiometric technologies developed in this project, which
are specifically aimed at promoting the use of emerging technologies for outdoor measurements of solar
spectral irradiances covering the ultraviolet to near-infrared spectrum. The improved data analysis products
and uncertainty estimates developed in this project will have an impact on European small and medium-sized
enterprises, which are already providing these services to the ground-based remote sensing networks and
space agencies.
The users of network data such as climate scientists will benefit from the comprehensive uncertainty analysis
as they will receive not only the aerosol measurement data but also an objective assessment of the reliability
of each data point, which is mandatory for producing reliable climate assessments and long-term trend
analyses. Furthermore, as these data will serve as fiducial reference for various satellite platforms and satellite
dissemination platforms, they will be able to unequivocally demonstrate their traceability and reliability. As an
example, recent (Sentinel 5P) and planned (Sentinel 5, EarthCare) missions of the European Space Agency
will benefit from the project goals.
The data harmonisation aimed at by this project will enable directly comparable aerosol optical property
measurements from the European networks and lead to consistent European aerosol products for use in
assessments of the impact of aerosol radiative forcing on the climate and environment. This activity will support
the many users involved with the European Research Infrastructure for the observation of Aerosols, Clouds
and Trace gases (ACTRIS), starting in 2025.
The reanalysis of atmospheric composition run by the Copernicus Atmosphere Monitoring Service (CAMS) will
also benefit from the data harmonisation aimed at with this project; the improvements will directly impact the
assessments derived from the CAMS reanalysis, such as estimates of aerosol radiative forcing of climate
change by CAMS Climate forcing. In addition, the Copernicus Climate Change Service (C3S) will benefit from
data linked with the past and present of climate in Europe.
Impact on the metrology and scientific communities
The NMIs and DIs will extend their services and extend their collaboration with the scientific community by
offering not only access to their laboratory infrastructure, but also by providing essential capacity development
and collective activities aimed at creating a common decentralised European platform for radiometric
calibrations of atmospheric remote sensing instruments. Specifically, the new procedures developed for
radiance and irradiance calibrations of the network instruments will take into account specific user community
needs (wide temperature range, irradiance and radiance level changes over several orders of magnitude)
which are usually not offered by metrological institutes, thereby enlarging their portfolio and developing new
capabilities to serve the end user needs.
Both the solar and the atmospheric science communities need high resolution top-of -atmosphere solar spectra
with known uncertainties of less than 2 % in order to assess the varying spectral energy input to the Earth
system. While ground-based measurements are limited in terms of wavelength ranges not fully absorbed by
the atmosphere, they have the advantage of accessible calibrated instruments and thereby traceability of the
measurements to the SI. The solar spectrum determined in this project with targeted unprecedented
uncertainties of 1 % will serve as the reference benchmark dataset to assess current and future satellite
missions aimed at measuring the solar spectrum.
These end-user-driven developments of calibration and characterisation activities will support the EMN for
Climate and Ocean Observation, since one objective of the EMN is to develop a “one-stop-shop” for NMI/DI
services to the end-user community.
The project will standardise measurements of atmospheric aerosol optical properties from sunphotometers
and solar spectroradiometers by establishing a revolutionary calibration and characterisation scheme, based
on a mix of outdoor and laboratory-based calibration procedures. The project will develop the initial tools and
methods in synergy with the end-user laboratories of each aerosol monitoring network and establish the longterm collaboration needed to effectively implement these new techniques in a routine network calibration
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routine. This will lead to a ground-breaking change in the way calibrations have been performed so far and
transfer best laboratory practices from the metrological community to the end-user laboratories.
The scientific user community will be actively involved in the project activities to maximise the project uptake
and enhance the knowledge and infrastructure transfer required to bring SI traceability from the NMI
laboratories to the global aerosol monitoring networks. This will be achieved through project participation of
the reference institutes of the three main global aerosol monitoring networks.
Impact on relevant standards
Several major stakeholders such as WMO, ACTRIS, BSRN have produced specific guidelines and procedures
related to aerosol optical depth measurement and calibration procedures of the radiometers used for this
purpose. The outputs of this project will play a major role in revising existing (e.g. the WMO CIMO guide, BSRN
Manual) and setting new standards for the aerosol column-averaged and aerosol remote-sensing components
of the Earth Observation community at large, including the above-mentioned stakeholders. The project
partners involved in the committees of these organisations will provide input to the technical reports and
guidelines.
Longer-term economic, social and environmental impacts
More efficient calibration processes will significantly reduce the calibration costs for every network instrument,
which scales to several hundred calibrations per year across Europe. The outcome of this project will be
advanced calibration services, upgraded data analysis tools, and novel measurement instruments. These
services and products will be provided largely by the European small and medium-sized businesses, which
thereby will gain a competitive advantage also on this specialised global market.
The project will provide the framework for assessing the radiative impact of one of the most uncertain and
variable drivers of the climate system through improved measurements and associated modelling. This will
support societies in adapting to a changing climate and choosing climate mitigation strategies. Choosing the
most effective climate mitigation strategy provides the best long-term benefits to citizens at a minimum cost.
Various geoengineering proposals and ideas aiming to reduce the direct radiative forcing (e.g. through injecting
sulphate aerosols in the stratosphere) have been proposed in the past decade, based on the rationale that
even aggressive reductions in net emissions of greenhouse gases will be insufficient to limit global climate
risks. The success of such proposals depends on the proposed amount of solar dimming that is directly
proportional to the aerosol load in the atmosphere. Thus, measurement accuracy of columnar aerosol
properties is the key factor to address if such model-based scenarios could be considered realistic. The project
will directly impact scientific community dealing with these specific environmental matters, as aerosol
measurement uncertainty will be a crucial factor in evaluating issues such the aerosol lifespan, regional aerosol
concentration distribution, aerosol transport and others.
In addition, the project will have a long-term impact on public awareness bodies and private and public sectors
that are dealing with a number of issues related to health; indirect effects such as aerosol related health effects
(additional lower atmosphere aerosol pollution), ozone depletion and UV radiation changes, regional warming
and effects on the hydrologic cycle and regional weather changes.
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