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Abstract: With the launch of the Sentinel-5 Precursor (S-5P, lifted-off on 13 October 2017), Sentinel-4
(5-4) and Sentinel-5 (S-5)(from 2021 and 2023 onwards, respectively) operational missions of
the ESA/EU Copernicus program, a massive amount of atmospheric composition data with
unprecedented quality will become available from geostationary (GEO) and low Earth orbit (LEO)
observations. Enhanced observational capabilities are expected to foster deeper insight than ever
before on key issues relevant for air quality, stratospheric ozone, solar radiation, and climate.
A major potential strength of the Sentinel observations lies in the exploitation of complementary
information that originates from simultaneous and independent satellite measurements of the same
air mass. The core purpose of the AURORA (Advanced Ultraviolet Radiation and Ozone Retrieval
for Applications) project is to investigate this exploitation from a novel approach for merging
data acquired in different spectral regions from on board the GEO and LEO platforms. A data
processing chain is implemented and tested on synthetic observations. A new data algorithm
combines the ultraviolet, visible and thermal infrared ozone products into S-4 and S-5(P) fused
profiles. These fused products are then ingested into state-of-the-art data assimilation systems
to obtain a unique ozone profile in analyses and forecasts mode. A comparative evaluation and
validation of fused products assimilation versus the assimilation of the operational products will seek
to demonstrate the improvements achieved by the proposed approach. This contribution provides a

Atmosphere 2018, 9, 454; d0i:10.3390/atmos9110454 www.mdpi.com/journal/atmosphere


http://www.mdpi.com/journal/atmosphere
http://www.mdpi.com
https://orcid.org/0000-0002-8902-2040
https://orcid.org/0000-0002-0077-5338
https://orcid.org/0000-0002-0540-187X
http://dx.doi.org/10.3390/atmos9110454
http://www.mdpi.com/journal/atmosphere
http://www.mdpi.com/2073-4433/9/11/454?type=check_update&version=2

Atmosphere 2018, 9, 454 2 of 15

first general overview of the project, and discusses both the challenges of developing a technological
infrastructure for implementing the AURORA concept, and the potential for applications of AURORA
derived products, such as tropospheric ozone and UV surface radiation, in sectors such as air quality
monitoring and health.

Keywords: Copernicus program; atmospheric Sentinels; ozone profile; ultraviolet surface radiation;
data synergy; fusion; assimilation; applications

1. Introduction

In the past decade, data synergy strategies have been used for the generation of operational
products from space-borne missions sensing the Earth’s atmosphere (e.g., [1,2] and references therein).
Nonetheless, they have not yet reached the level of maturity needed for extensive applications and
their products are normally classified as research products. This tendency was also confirmed in
the context of the atmospheric Sentinel operational missions of the ESA /EU Copernicus program to
be launched from 2023 onwards. Sentinel-4 (5-4) will perform observations from the geostationary
orbit of the MTG-S (Meteosat Third Generation-Sounder) satellite with first priority on monitoring
air quality over Europe. Sentinel-5 (S-5) will operate from the polar sun-synchronous low Earth orbit
(LEO) of MetOp-SG (Meteorological Operational satellite—Second Generation) focusing on air quality,
stratospheric ozone, solar radiation and climate.

The atmospheric Sentinel missions will rely on:

e measurements acquired at wavelengths from the ultraviolet to the reflected infrared by the UVN
(Ultraviolet-Visible-Near Infrared) spectrometer of S-4, and by the UVNS (Ultraviolet-Visible-Near
Infrared Shortwave) spectrometer of S-5; and

e data in the spectral range of the emitted infrared made available by the EUMETSAT IRS (Infrared
Sounder) and by IASI-NG (Infrared Atmospheric Sounding Interferometer—Next Generation)
also part of the MTG-S and of the MetOp-SG payloads, respectively.

With the aim of minimizing the data gap between on-going LEO missions and the S-5 (currently
planned for launch in 2023), the S-5 Precursor (S-5P) mission was launched on 13 October 2017. It carries
the TROPOMI (Tropospheric ozone Monitoring Instrument)instrument, which has an observing
capability that spans the ultraviolet to shortwave infrared spectral band.

Although not included as part of the operational processing of the atmospheric Sentinel,
synergistic approaches to data analysis deserve high priority in the investigation of scientific and
technological advancements required to achieve the above mentioned upgrading from research to
operational algorithms and systems. This challenge is taken up by the three year project AURORA
(Advanced Ultraviolet Radiation and ozone Retrieval for Applications) funded by the European
Commission under Call Space, EO-2-2015: Stimulating wider research use of Copernicus Sentinel
Data of the Horizon 2020 Framework Program. The idea at the core of the project is to investigate the
potential of the joint use of an innovative data fusion method and state-of-the-art data assimilation
systems to generate advanced quality geophysical products, merging the complementary and
redundant information content of multiple independent measurements of the same air mass into
a single outcome (Figure 1). The focus of the study in terms of atmospheric target is the vertical
profile of ozone. The motivation for this choice is twofold. On the one hand, ozone is among the
minor constituents of the terrestrial atmosphere that benefit greatly from synergistic data processing,
as demonstrated by previous studies [3-6]. On the other hand, accurate knowledge of the vertical
distribution of ozone from the surface to the top of the atmosphere is of immediate relevance
for all primary objectives of the atmospheric Sentinel measurements: from air quality, to climate,
to stratospheric ozone and to solar radiation.
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Figure 1. Schematic diagram of the AURORA data flow, adapted from Figure-3 of [7].

2. Objectives and Scope

The overarching objective of the AURORA project is to reduce the complexity of managing the
high data volume provided by the atmospheric Sentinels of the Copernicus program and increase
product quality with respect to the operational outcome of individual instruments. The main priorities
and overall scope of the work plan build upon three pillars: science, technology and application.
These pillars contribute to an end-to-end procedure that, starting from measurements acquired in
different spectral regions by the (GEO) S-4 and the (LEO) S-5P and S-5 instruments, generates a unique
geophysical ozone product, in both analysis and forecast modes, from the assimilation of fused data.

As can be anticipated from reading Section 1, AURORA aims to accelerate and capitalize on
the transition of synergistic data products from research to operation. The focus is on the vertical
distribution of atmospheric ozone and, in particular, on the determination of partial columns of
tropospheric ozone, the total ozone column and the UV surface radiation. Demonstrating the
applicability of the AURORA concept to ozone is, however, a predecessor to potential exploitation to
other atmospheric targets and to a wider set of advanced products.

The activity for the design, development and implementation of a prototype processing system
capable of working with synthetic data in conditions that replicate as closely as possible those of the
operational environment is currently on-going. The intent is to make ready an integrated assembly
of procedures and modules for synergistic exploitation of S5-4, S-5p and S-5 operational data once
they become available. At the same time, the system is developed to maximize compatibility with
existing or planned services such as CAMS (Copernicus Atmospheric Monitoring Service) and C3S
(Copernicus Climate Change Service) to potentially foster a future integration of sub-systems created
and tested in AURORA into these services.

Finally, one of the central drivers of AURORA is the pressing need of a growing number of
end-users—from scientific to commercial communities—to have rapid and comprehensive access to
the information contained in massive amount of spaceborne measurements of the same target on
the part of multiple independent datasets. For these reasons, another specific objective is to make
all the available information accessible in the most user-friendly way possible by means of software
interfaces constructed for each source of data, a database with geographical extension (geo-database),
web-services with innovative visualization tools, and automatic data access. The application-oriented
goal of the activity is the development of two downstream services that start from requirements
expressed by identified potential customers and reach a pre-market version at the end of the project [8]).
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3. Atmospheric Scenarios and Data Simulation

Simulations of various ozone products (total column and profiles) from the future S-4 and S-5
instruments are carried out using retrievals applied to synthetic spectra generated in the UV, VIS and
TIR (abbreviations not defined in the text can be found in the glossary at the end of the article) spectral
ranges for selected atmospheric scenarios defining the state of the atmosphere, providing information
on meteorology, atmospheric composition and surface albedo. Two important considerations have
been made for the atmospheric scenarios:

1. They have been produced with a system that is substantially different from the one used for the
assimilation of simulated data.
2. They need to provide a realistic characterization of the state of the atmosphere.

The MERRAZ2 reanalysis [9] was selected as the most complete data source for the required fields.
In addition, the ozone climatology of McPeters and Labow [10] was selected as a priori in the different
retrieval algorithms to avoid a regularization in the direction of the true atmospheric state.

Geo-locations, observation geometry angles (e.g., solar zenith angle) and observation times are
generated for the period 1 April-31 July 2012 for both the 5-4 (geostationary coverage of Europe with
a revisit time of 1 h) and S-5 (global coverage from polar-orbit with a revisit time of one day). To be
able to develop the whole data chain within the project duration, the pragmatic decision of limiting
the amount of considered pixels had to be taken with a view of devoting attention to this particular
aspect in follow-on projects. For this reason, and irrespective of the spectral range, we sampled 1 in
every 10 S-4 scan lines, of which we selected 1 in every 10 pixels. In the case of S-5, different selection
criteria were used in the three spectral ranges. For TIR, we sampled 1 in every 5 scan lines and 1 in
every 4 pixels; for VIS, we sampled 1 in every 7 scan lines and 1 in every 7 pixels; and for UV, all pixels
were simulated. Furthermore, only clear-sky conditions (defined as the pixels with a cloud fraction
<1%, according to MERRAZ2 reanalysis data) were considered.

The TIR simulator uses an optimal estimation retrieval approach in the wavelength range
1030-1080 nm. It uses the line-by-line radiative transfer model (RTM) KLIMA [11], and a dedicated
model to simulate the cloud and aerosol effects [12-14]. Since the aerosol coefficients given by the
MERRA? reanalysis are given for the visual range, they are converted for use in the TIR range. The TIR
simulator’s output contains ozone profiles, covariance matrices and averaging kernels required for
the assimilation.

The VIS simulator performs a spectral fit in the VIS wavelength range using a DOAS approach [15].
The fit of ozone slant columns is performed with the QDOAS software, a multi-purpose DOAS
analysis software developed at BIRA-IASB. Slant columns are then converted into total columns
with air mass factors computed with the linearized discrete ordinate radiative transfer scattering
code (LIDORT, [16]). The VIS-simulator’s output consists of total ozone columns, their associated
uncertainty and averaging kernels.

The UV simulator uses the KNMI DISAMAR (Determining Instrument Specifications and
Analyzing Methods for Atmospheric Retrieval) [17] package, based on the optimal estimation
approach [18]. The RTM is the Layer Based Orders of Scattering (LABOS) algorithm which is a variant
of the adding method [19]. The small effect of aerosols [20] is ignored, and cloud-free scenes are
assumed for both S-4 and S-5. The output of the UV simulator contains ozone profiles, covariance
matrices and averaging kernels.

4. AURORA Data Processing Chain

A sequential chain was set-up to produce the AURORA outputs (tropospheric O3 and surface
UV radiation products, i.e., UV Index and UVA surface irradiances) starting from the S5-4 and S-5
(simulated) ozone data retrieved in different spectral ranges (Section 3). The components of this
chain include data fusion, data assimilation and forecasting, and additional post-processing for the
calculation of the AURORA outputs (Figure 2).
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Figure 2. Input and output products at the various stages of the AURORA data processing chain.

Data Fusion (DF) is an a posteriori method to combine observations of the same geophysical
parameter retrieved from measurements acquired by different instruments into a single estimate.
The aim is to exploit the information content of the measurements to generate a comprehensive, concise,
and—compared to individual retrievals—more accurate description of the given parameter state [21].
Traditionally, this is achieved via simultaneous retrievals. Compared to the latter, DF methods are
simpler because they do not require the implementation of a forward model, but they can lead to
information loss [22]. The method applied in AURORA is the Complete DF (CDEF, [23]) for atmospheric
vertical profiles. CDF limits the loss of information by accounting for both the retrieval errors and the
sensitivity of the retrieved profiles to the true profile, described by the averaging kernels. As part of
the AURORA studies, a generalized approach was developed to extend the applicability of the CDF
method to the fusion of products not referring to the same true values and represented on different
vertical grids, i.e., in presence of coincidence and interpolation errors [24]. Consequently, in the
AURORA data processing chain, the generalized-CDF solution, fused O3 product, is assimilated in
state-of-the-art Data Assimilation Systems (DASs) to provide accurate ozone analyses and forecasts.

Two DASs are used: the ECMWE IFS and the KNMI TM5DAM. These two DASs serve major
stakeholders in the user community, thus facilitating the AURORA outreach activities.

The IFS is a comprehensive Earth-system model to simulate the atmospheric dynamics and
the physical processes that occur in the Earth [25,26]. Observations, including those for ozone,
are assimilated in 12-hourly time windows with a four-dimensional variational data assimilation
scheme [27] formulated in terms of increments (e.g., [28]). Ozone is a prognostic variable in the IFS [29].
A scheme [30] is used to parameterize the homogeneous ozone chemistry with an additional term
based on chlorine activation that accounts for the heterogeneous ozone loss (e.g., [31]).

The IFS configuration used in AURORA, and operational at the time dedicated developments
for its experimentation started, does not use the prognostic ozone interactively in the radiation
scheme [32]. The latter relies on an updated 2D ozone climatology [33] generated from the CAMS
Interim reanalysis [34]. The assimilation of ozone retrievals in IFS is performed assuming that
the observation operator, which transforms the model state in an observation equivalent, can be
approximated as a box-car function (in practice, for any given observed vertical layer, the used
function is zero everywhere except over the layer it refers to, where it is equal to one). As part of the



Atmosphere 2018, 9, 454 6 of 15

AURORA project, the ozone observation operator will be improved to make use of the observation
averaging kernels. Furthermore, the ozone observation vertical correlations, which are neglected in the
operational IFS, will also be included. An ozone variational bias correction (VarBC; [35]) is available in
the IFS to correct for the systematic biases in the ozone data, and anchored in the operational system to
SBUV ozone profiles. However, VarBC will not be used in AURORA as its experimentation will use
only simulated data, for which it is not trivial to identify a suitable anchor.

IFS runs in two configurations. The first configuration is similar to that used to produce
for the ECMWF weather forecasts and its climate reanalyses (http://climate.copernicus.eu/).
The latter will be referred to as the NWP configuration. The second one benefits from an enhanced
tropospheric chemistry and was developed under several EU-funded projects (the GEMS and MACC
series, e.g., [36,37] and predecessor) aiming at building an operational capability to monitor the
atmosphere (http://atmosphere.copernicus.eu/). In particular, as part of GEMS and MACC, the
IFS was extended to forecast and assimilate reactive trace gases such as tropospheric ozone [38,39],
CO; and CHy [26,40], and aerosols [41,42]. The latter is referred to as the CAMS configuration

Some differences between the ozone analyses in the two configurations exist and are discussed
in [31]. Those differences refer mostly to the use of ozone observations, and on the tropospheric
ozone that relies on a full chemistry system for the CAMS configuration while the stratospheric ozone
model [30] is also extended and applied to the troposphere. The TM5DAM is based on the TM5 [43,44],
a global chemistry-transport model that simulates the concentrations of atmospheric trace gases
including GHG, such as carbon dioxide and methane, chemically active species (e.g., O3), and aerosols.
For computational considerations, a simplified configuration, in which only O3 and its variance are
modeled as tracers, is run. In this, the stratospheric ozone chemistry is parameterized according to
version 2.1 of the the scheme described by Cariolle and Teyssedre [30] while the tropospheric ozone
is nudged towards the climatology described by Fortuin and Kelder [45]. The ECMWF operational
meteorological fields provide the dynamical forcing for the model. Ozone profiles are assimilated
using a sequential Kalman filter [46]. An improved version of the assimilation algorithm has been
tested to assimilate simultaneously ozone profiles from GOME-2 and OMI Two experiments are
envisaged with both DASs, one using the fused products and a control experiment that assimilates the
standard Level 2 Os retrievals. The potential advantage of assimilating the former over the latter is
in the exploitation of the additional information that DF technique can preserve from the synergistic
combination of standard retrievals. The output of the DASs consists of analysis and forecast fields
(up to five days) of ozone total columns and profiles. These analyses and forecasts are then processed
to derive tropospheric O3 data and UV radiation at the surface.

The integration of an ozone profile from surface to tropopause, required to compute the
tropospheric Oz products, is mathematically straightforward. However, inaccuracies can derive
from secondary tropopauses, pressure-to-altitude conversions, and the method used to identify the
tropopause. AURORA uses the WMO lapse-rate tropopause method, which requires a sufficiently
fine-gridded vertical temperature profile of the order of 1 km [47,48]. The algorithm benefits from
the development performed within the ESA funded O3-CCI (http://cci.esa.int/). The outputs are
analyses and forecasts of tropospheric ozone columns and profiles with uncertainty estimates, and the
tropopause altitude. The AURORA surface UV radiation products consist of local noon time UV index,
UVB and UVA surface irradiance provided in both clear-sky and cloudy conditions. The UV processor
is based on the one developed for the OMI and O3M SAF (http://o3msaf.fmi.fi/,nowAC-SAF) satellite
UV-algorithms (e.g., for GOME-2). It uses information on surface albedo, aerosol properties at UV
wavelengths, and ozone. The products in cloudy conditions require additional information on cloud
attenuation. This is provided by satellite VIS imagery on board of geostationary satellites (such as
Meteosat Second Generation).

The Data Processing Chain is integrated in the technological infrastructure of AURORA.

The result of the integration is a Prototype for Data Processing (PDP) allowing a dynamic use of
the DPC in order to emulate as closely as possible an “operational” condition.
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PDP follows a distributed approach:

e all the data related to the processing (simulated Level 2, intermediate and final products) are
stored in a centralized database in cloud (GEO-DB);

e each processing tool runs on partner premises and communicates with the database to read input
data and upload products; and

e the elaboration is supervised by a task scheduler that manages and controls the execution of
distributed processing.

At the current stage of the project, the tools are developed and tested both in terms of scientific
analysis and communication with the GEO-DB. Only data-fusion and VMR-to-column converter are
fully integrated in the prototype; the integration of TM5, UV-processing and tropospheriocO3-tools are
in progress. A preliminary experiment for the dynamic use of the prototype was conducted, to evaluate
the performance of the prototype in executing the whole processing of the AURORA simulated L2
data. Results of the preliminary experiment:

e Download L2 data from GEO-DB takes 2.5 s per orbit (average);
e  Fusion + VMR to column conversion + upload results to GEO-DB;
e  The full processing of one day of L2 data takes about 20 min.
Note that the full processing in the condition of this preliminary experiment consists of:

- complete upload to GEO-DB of all L2 simulated orbits of the day;

- complete Fusion+conversion process + upload fused data to GEO-DB; and

- only data exchange for assimilation, tropospheric O3 calculation and UV radiation products
calculation.

5. Preliminary Results of Data Fusion

The fusion of the L2 simulated Sentinels 4 and 5 measurements has already been performed and
preliminary analysis of the fused data clearly shows the quality improvement in the fused data with
respect to the L2 data. The differences between the fused profiles and the true profiles are on average
comparable or smaller than the differences between the profiles retrieved from the L2 measurements
and the true profiles, which indicates that the fusion is able to correctly merge the information coming
from the different measurements. The increase in information of the fused products with respect to
the L2 products is highlighted by a decrease in the errors and an increase in the number of degrees of
freedom. As an example that quantifies the information gain obtained with the data fusion, in Table 1,
we report the average number of degrees of freedom of the L2 products and of the fused products for
the simulated GEO measurements during the first week of April 2012.

We can see that on average the fused profiles have 0.82 degrees of freedom more than the TIR
profiles, 2.31 degrees of freedom more than the UV profiles and 4.75 degrees of freedom more than the
VIS profiles.

An important advantage in the use of fused data instead of the L2 data is the reduction of the
profiles to be assimilated. This reduction is a factor 3 in the case of fusion of GEO-GEO measurements,
a factor 2.2 in the case of fusion of LEO-LEO measurements and a factor 2.5 in the case of fusion of
GEO-LEO measurements. A complete and exhaustive analysis of the quality of the fused products
obtained in the AURORA project will be reported in a separated paper.

Table 1. Average number of degrees of freedom of TIR, UV, VIS and fused measurements related to the
first week of April 2012.

Thermal Infrared Ultraviolet Visible Fused
Number of degrees of freedom 4.90 3.41 0.97 5.72
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6. Data Handling and Visualization

One of the AURORA’s challenges is the handling of the big amount of data acquired from different
satellite and non-satellite sources, i.e., the MERRA? fields, all the intermediate and final products,
and the independent data for validation. These datasets should be rapidly acquired, harmonized and
stored in a geospatial database (geo-database) designed to manage big data efficiently and provide
quick access for both the project’s internal purposes (e.g., data processing part of the project, by the
two AURORA applications, for the validation) and external usage.

The data handling needs to account for different aspects (e.g., the way data can be organized,
stored, queried, and exploited by other services, or how datasets from different sources can be
integrated) to determine a set of rules to access all datasets in a common way.

A Global System Architecture that takes into account the need to efficiently address the big
data challenges (data acquisition and storage, data processing and remote data access) is under
development. With this in mind, a set of specifications (e.g., on functionality, performance, interface,
environment, etc.) for the AURORA system and related services have been defined and documented.
This technological infrastructure supports acquisition, simulation, processing, archiving activities
within the project, and includes three main architectural components: a geo-database, and two web
interfaces, namely inner layer web-service and outer layer web-service.

The geo-database contains all data used or produced in AURORA. The inner layer web-service is the
entry-point for adding/reading data from the geo-database. It supports the data processing chain and
provides a quick access to the data stored into the geo-database. The outer layer web-service is used to
retrieve final products from the geo-database that can be either presented in the output visualization
tool (dashboard) or delivered to users.

In the design and development of the geo-database, attention was paid to comply with the
requirements on efficient data acquisition and exchange that would be needed to ensure that aspects
developed and tested during the project are considered for future integration in existing operational
services (such as CAMS, C3S, etc.).

The design of the AURORA web service follows the classical multi-tier (layer) system. In this,
each layer interacts with the others through a set of messages written in a standard format. A Web
Map Service, based on 3D geo-browsing technologies, and integrated with computational and
visual techniques, connects the geo-spatial data, stored in CF-compliant NetCDF files to the inner
layer’s server.

7. Performance Assessment and Data Validation

The Committee on Earth Observation Satellites (GEO-CEOS) and its Quality Assurance framework
for Earth Observation (QA4EO) [49] recommend that all Copernicus data and derived products are
associated with a fully traceable set of quality indicators (QI). These QI should enable the evaluation
of the fitness for purpose with respect to the user requirements. With respect to the AURORA
outputs, a distinction is made between scientific requirements in line with community-practice, and
more ambitious and application-oriented exploitation requirements [50]. The science-driven process
that produces the QI and verifies their compliance with the user requirements is denoted as data
validation. QI traceability is guaranteed by both a comprehensive documentation of their definition
and a performance assessment (PA) of the full data processing chain.

The PA of the AURORA processing chain is an internal consistency evaluation of all the AURORA
products, including those from intermediate steps, e.g., the L2 retrieval simulations in the three spectral
ranges, the fused products, and the analyses and forecasts produced by the DASs. At each stage of
the processing chain, the PA consists of comparisons of the products from the considered stage with
both the available ozone fields from previous steps (see Table 2) and the “true” state, which is directly
obtained from the atmospheric scenarios. These comparisons are quantified using either the mean or
median and spread of (relative) differences between subsequent data stages and by the propagation of
uncertainty contributions by means of the retrieval, fusion and assimilation procedures.
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Table 2. Quality indicators for different modules of the AURORA data processing chain, where FRM
stands for Fiducial Reference Measurement.

AURORA Processing Chain Performance Assessment Data Validation
Atmospheric model as “virtual truth” (VT) / /
Ozone profile retrieval -VT - FRM
Fusion of retrievals -VT -FRM
- Retrieved data
Assimilation/forecasting -VT -FRM
- Fused data

The PA additionally ascertains whether

e the full prototype data processor respects all requirements in terms of sequence of operations,
process synchronization, and execution time;

e the intermediate and final data products are identical to the products computed using standalone
tools; and

e the geo-database, web service for queries, and data transfer respect the project requirements.

Data validation of the intermediate and final ozone products are based on comparisons with
independent real data that represent the geophysical reality. Quality indicators are therefore based on

o the estimation of the bias and spread of the data as compared to Fiducial Reference Measurements
(FRMs, see Table 2);

e the identification of the temporal and spatial domains over which the bias and spread estimates
are valid;

e the comparison with ex-ante uncertainty estimates taking into account sampling and smoothing
difference errors [51]; and

e the assessment of the dependence of the bias and spread estimates on parameters such as time,
latitude, solar zenith angle, atmospheric temperature, fractional cloud cover, etc.

Where applicable, diagnostics related to the information content of the data (e.g., vertical
resolution, altitude registration error and vertical sensitivity) have been studied using retrieval-related
vertical averaging kernels [52]. The ozone FRMs consist of ozonesonde and lidar measurements at
about 150 ground stations around the globe that are collected in the NDACC, SHADOZ, and GAW
network databases. Considering measurement coincidences within 100 km and 3 h, 29 stations with
quality-checked FRMs are available during the April-July 2012 period. The UV irradiance validation
has become relatively standardized during the past two decades [53,54]. It normally makes use of
ground-based spectral measurements, but broadband data also are considered. The UV FRM are
provided by five instrument networks, namely the NOAA-EPA Brewer Spectrophotometer UV and
ozone Network, the COST-713 UV Index Database, the European UV Database, the National Science
Foundation UV database, and (optionally) the Public Health England network. Using 20 km and 1 h
collocations, these networks provide useful reference data at about 40 ground-based stations distributed
over Europe, the US, and the Antarctic. As the generation of surface UV data products from vertical
ozone profiles is based on radiative transfer models, the related quality indicators are determined by
the accuracy of UV-affecting parameters such as ozone, cloud parameters, snow coverage and aerosol
optical depth. For several FRM sites, ancillary measurements of these parameters are available and
included in the analysis.

8. Innovation and Exploitation

The focus of the applications for AURORA data products centers on services for the public health
sector. Two services are considered. The first one uses the AURORA data products in air quality
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applications relevant for diseases such as asthma and Chronic Obstructive Pulmonary Disease (COPD).
According to the World Health Organization, it is estimated that there are about 235 million asthma
patients and 64 million (in 2004) COPD patients worldwide (e.g., [55,56]).

The second service uses the AURORA data products to infer UV radiation levels. UV radiation is
associated with non-melanoma skin cancers and malignant melanoma [57]. It is difficult to determine
trends in non-melanoma skin cancer, due to limited registration of occurrences of this disease. It is
estimated that there are between 2 and 3 million non-melanoma skin cancers cases worldwide
annually [58] and the trend is on the increase. For instance, the annual increase rate registered
in the United States is about 4% [58].

The monitoring capabilities of UV radiation levels and air quality benefit from enhanced
atmospheric satellite data, such as AURORA-like data products, with consequences in different areas
of the health sector. Here, the expression products refer to data products resulting from a processing
chain that combines high resolution remotely sensed observations, data fusion and state-of-the-art
data assimilation systems, supported by appropriate technological applications and visualization tools.
Three dedicated application areas based on AURORA-like data are under consideration in this project
that address, in a crescendo, individuals, municipalities, and transnational organizations.

1. UV exposure and air quality for individuals: Air pollution can substantially vary with time in
urban areas. Not only can severe air pollution episodes seriously affect people who suffer from
chronic lung diseases, they can also limit outdoor activities of healthy people. Mobile applications
can be developed to help citizens plan outdoor activities when air quality is a concern. Another
application of AURORA-like data is in the field of UV exposure and can particularly—though
not exclusively—be useful for tourists. Prolonged exposure to UV radiation can be harmful.
Mobile applications can be designed to help tourists to make decisions to limit UV exposure.
Furthermore, given the large number of professions performed outdoors, an understanding of
environmental impact on employee health is important for employers. Applications based on air
quality and UV exposure can be developed of gaining such insights.

2. Air quality monitoring for cities: We are increasingly aware of the impacts of increased
urbanization around the world, in combination with increased traffic and industry, on air
quality and of its related socio-economic consequences. Effective measures to improve air
quality require accurate information over entire urban areas. It is difficult to obtain such
information from ground-based sensors globally. AURORA-like data have the potential to foster
the development of air quality services for cities. While the core project will focus mainly over
Europe, a collaboration with the TEMPO and GEMS communities, currently under discussion,
can pave the way replicating these services in North American and Asian cities.

3. UV and air quality measurements for transnational organizations: The routine monitoring of
air quality and UV radiation levels cross border is also of primary relevance for organizations
that aim to provide information to policy makers, such as (transnational) environmental agencies.
The prospect of a collaboration with the TEMPO and GEMS communities could extend the area
of influence beyond Europe to East Asia and North America.

9. Conclusions

This paper has provided an initial overview of the AURORA project, co-funded by the H2020
research program. It has illustrated the background and basic rationale of the ongoing and planned
activities, in addition to its primary scientific, technological and applicative objectives. AURORA
adopts state-of-the-art technological solutions to take on the demanding task of bridging the gap
between scientific advances and innovative applications and services based on the mass of new
generation satellite data.

The concept of incorporation drives the project and puts the priorities and future outcomes into
perspective. On the one hand, the core idea at the root of AURORA is the scientific proof-of-concept
of the potential of data fusion techniques and data assimilation models for analysis and forecast of
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atmospheric measurements from space. The ultimate goal of the effort is to demonstrate the superior
performance of a synergistic approach to processing remote-sounding observations. In this way,
it fosters longer-term adoption of synergistic products by operational missions such as Copernicus
atmospheric Sentinel and, in particular, by existing services such as CAMS and C3S.

On the other hand, high priority is also assigned to the development, implementation and testing
of a technological infrastructure capable of running the complete data processing chain of AURORA.
This is not only propaedeutic to upgrading synergistic data processing from research to operation.
It also serves the short-to-medium term purpose of delivering advanced quality ozone products
to potential stakeholders and early adopters of the AURORA concept, who might be interested in
developing new applications and services from direct and derived products of assimilation of fused
atmospheric Sentinel data.

AURORA is committed to disseminating project results, initiatives and opportunities for
interaction and collaboration within the project lifetime, as well as for follow-up activities.
Regular updates on the evolution of the work plan and on specific events are published on the
home page of AURORA (http://www.aurora-copernicus.eu/). The web-site of the project is also
hosting a Call for Ideas for university students and high school students in member states of the
European Union proposing applications or services based on AURORA's products.
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Acronym  Definition

AC-SAF Atmospheric Composition - Satellite Application Facility

CF Climate and Forecast

DOAS Differential Optical Absorption Spectroscopy

ESA European Space Agency

GAW Global Atmosphere Watch

GEMS Geostationary Environmental. Monitoring Spectrometer

GEO Geostationary Orbit

GHG Green-house Gases

GIS Geographic Information System

GOME-2  The second Global Ozone Monitoring Experiment

IFS Integrated Forecasting System

KLIMA Kyoto protocoL and Informed Management of the Adaptation
LEO Low Earth Orbit

LIDORT LInearized Discrete Ordinate Radiative Transfer

MACC Monitoring Atmospheric Composition and Climate

NDACC Network for the Detection of Atmospheric Composition Change
NOAA National Oceanic and Atmospheric Administration

03-CCI The Ozone Climate Change Initiative

O3M SAF  Satellite Application Facility on Ozone and Atmospheric Chemistry Monitoring
OMI Ozone Monitoring Instrument

RTM Radiative Transfer Model

SHADOZ  Southern Hemisphere ADditional OZonesondes

TEMPO Tropospheric Emissions: Monitoring POllution

TIR Thermal InfraRed

T™M5 Transport Model version 5

TM5DAM  TMS5 Data Assimilation Model

uv UltraViolet

UVA UltraViolet A

UVB UltraViolet B

VIS Visible

WMO World Meteorological Office
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