Dear Editor, Dear reviewers,

We thank both reviewers for their positive and constructive comments on the first version of the
manuscript. We have taken into account their suggestions as described below. These corrections
have led to a new version of the manuscript, which we hope to be considered for final publication in
Atmospheric Measurement Techniques.

In this letter, we provide response to all Reviewer Comments. For a clear and easy-to-follow
sequence, every comment is copied in Italic and is followed by our answer, in which the changes that
have been done in the new version of the manuscript are addressed. The page and line references
can be found in the “track-change” file.

Response to Reviewer Comments 1
Major comments

1. The procedure to create the synthetic datasets it not clear. What is clear is that a lot of effort
and time has gone into this part of the work, but then the procedure is introduced in what it
looked to me a chaotic way. First you talk about the Monte Carlo approach to calculate the
radiances, then you mention a global sensitivity analysis whose purpose is not clear, then you
mention the use of the OPAC tables. | was not sure whether the AODs were retrieved from the
simulated FCI radiances and how. | really got lost in this section. Please rewrite it all keeping
in mind that most readers are not familiar with how to create a synthetic AOD dataset. Give
enough details, but do not get carried away.

This section has been completely re-written, aiming at clarifying the methodology and at pointing out
the essential steps and results. As you may see in the new version of the manuscript (Section 3), the
method consists in adding an error perturbation to the NR AOD, which variance is deduced from a
sensitivity analysis taking into account the FCl characteristics. The sensitivity analysis is used to
compute a look-up-table that provides the RMSE of AOD as a function of key parameters. This
methodology has never been published and so we consider that it deserves to be presented and
explained with enough details. But we acknowledge that some unnecessary details were misleading
in the previous version of the manuscript. They have been removed (two tables and two figures) or
summarized. Also, part of the method description, that is not essential to the understanding of the
article, have been exported in an appendix.

2. At the end of section 3, you conclude that only a few profiles can be assimilated over the
continent. This is an important result but at the same time undermines the concept of the
paper which is to highlight the usefulness of the high temporal resolution data from the
geostationary sensors. Besides, it is important to keep the study realistic, but with an OSSE
you can go wild and seek to demonstrate the untapped potential of the instrument. For
example, what would happen if you were able to use the full temporal resolution of the
instrument and not only hourly data? Have you thought of these issues? What is completely
unrealistic and what is pushing the limit of the technology? | do not feel you had the time to
address these important questions. While this may be subject of future work, you need to
comment on this and add your insight.



Since we consider assimilation of FCI data for regional-scale pollution with a 0.2° model, the study
does not fully exploit the temporal and horizontal high-resolution of FCI. Our objective is to assess
how much the VIS04 channel is useful for air pollution in Europe with a 0.2° resolution model using
hourly observations. We agree that out study does not fully exploit the potential of FCI, and that this
guestion needs to be addressed address. To clarify this question, the new version of the manuscript :

- In the introduction, it has been clarified that the study focuses on regional scale pollution
(page 3, line 29),

- Includes a discussion (Section 6), in which a whole paragraph addresses the potential of the
high-resolution of FCI,

- In the conclusion, a perspective has been added about the exploitation of FCI at high
resolution (page 17, lines 26-29).

3. You only selected one wavelength (444nm). | am sure this was due to the amount of work
needed to generate the synthetic dataset but your choice needs to be better justified as it is
rather limiting.

In the introduction, the choice of this wavelength has been justified by the fact that it is new
compared to SEVIRI and that it is the shortest one, theoretically favourable for the detecting fine
particles. In the new manuscript, in order to clarify and expand the justification:

- because MOCAGE cannot assimilate AOD at several wavelengths simultaneously, only one
wavelength was chosen. The introduction brings forward the argument (page 3, line 31) that
the study focuses on the more relevant wavelength (the shortest) a priori for fine aerosol
detection,

- In Section 2.3 (Assimilation system PALM), we provide more argument why MOCAGE cannot
assimilate AOD from several wavelengths simultaneously; a sentence has also been added at
the beginning of Section 3.

4. In some parts the paper reads too academic. For example, the long list of verification metrics
including the formulas is not needed. Please change that.

The formulas and definition of verification metrics have been removed (page 7).
5. For all figures, particularly the PM maps, the legends have to be bigger.

The PM maps have been zoomed in and their legends have been improved, in a similar manner for
the figures of the article and of the supplementary material document.

6. Some of the tables can be eliminated. | found table 3 particularly cumbersome. Please
consider presenting the information in a more concise way.

Table 3 has been removed and reference to Ceamanos et al (2014), where the same information may
be found, has been added (page 18, line 10). Some other figures and tables, mostly related to Section
3, could be removed from the manuscript without losing the essential information, so they have
been removed.



Other comments:

Page 2 Line 20: please use also this reference. Peuch, V. and Engelen, R.: Towards and operational
GMES Atmosphere Monitoring Service, ECMWF Newsletter, 132, 20-25, 2012.
Done (page 2, line 25)

Page 3 Line 20: Please expand the overview of the OSSE approach and provide more references.

The end of the introduction (page 4, lines 1-11) has been re-ordered to make a specific paragraph on
the OSSE approach. This paragraph has been expanded with more references and now it points out
the main potentialities and limitations of OSSEs

Page 5 Line 10: are 6 bins used for all aerosols, including sulphates, nitrates etc?
Done (page 5, line 20)

Page 5 Line 23: “parameterized” instead of “made”
Done (page 6, line 1)

Page 6 Line 9: Please add Benedetti et al, 2009 (Benedetti, A., Morcrette, J.-J., Boucher, O., Dethof, A.,
Engelen, R., Fisher, M., Flentje, H., Huneeus, N., Jones, L., Kaiser, J., et al.: Aerosol analysis and
forecast in the European centre for medium-range weather forecasts integrated forecast system: 2.
Data assimilation, Journal of Geophysical Research: Atmospheres (1984-2012), 114, 2009) to the
reference list for the AOD assimilation approach.

Done (page 3 line 20, and page 6 line 17)

Page 6 Line 18. Is the computation of the optical properties performed online or off-line and tabulated
in a look-up table.
It is done off-line ; we have completed the manuscript accordingly (page 7 lines 26-27)

Page 7 Lines 10-30. Please rewrite in a less academic way. Maybe you do not need to put formulas for
all of the metrics.
Done

Page 8. Line 7. This is not useful, please explain what 1-5 means.
Done (page 7, lines 29-30)

Page 8 Line 12: remove “a bit”. The underestimation of PM in global aerosol models is a general
problem, due to unresolved emissions and coarse resolution. Even a resolution of 0.2 does not allow
to resolve all the regional and urban pollution features.

Done (page 8, line 1)

Page 8 Line 30. It is unusual that AOD is overestimated. The explanation on page 9 line 10 is unlikely.
At the global scale, Sic et al (2015) showed also that MOCAGE tends to overestimate AOD, despite
PM at surface are underestimated. We aknowledge that other models tend also to underestimate
AOD (Morcrette et al, 2009). The comparison of our NR with AERONET stations show that the bias is
almost positive for all stations in Europe. This can be explained by assumptions in MOCAGE and in
the AOD calculations : the vertical profiles of emission injections, the size distribution of aerosols and
the hypotheses that underlie the computation of optical properties.

This part of the manuscript has been rephrased (page 8, lines 24-34).

Page 9 Line 23: why was only one wavelength selected, and why the 444nm?
Referring to the general comments this section is not clear to me and would benefit from substantial
rewriting.



Done

Page 13 Lines 24-32. You are effectively saying that your experimental set-up is not adequate to
explore the potentiality of the instrument due to limited spatial resolution. This is actually not ideal
for an OSSE. Would it be possible to run the model at higher resolution or downscale somehow the
synthetic AOD? | am not suggesting this extension for this study, but perhaps for a follow-on.

A discussion (Section 6) has been added, that addresses this question.

Page 14 Line 5. Please explain how convergence is connected to thinning. Usually thinning is applied
to avoid using correlated observations in the assimilation, without accounting for the correlation
errors (off-diagonal elements of the R matrix).

Our argument that thinning is useful to speed up convergence is based on some experiments that we
have done using these observations and MOCAGE-PALM. We have rephrased this sentence (page 12,
lines 27-28).

Page 14 Line 18. Use another adjective instead of “great”.
« great » has been removed (page 13, line 10).

Page 14 Line 19. | missed the supplementary material. Was it accessible?
Yes, it is on the same webpage as the article, besides the manuscript.

Page 16 Line 8-9. Where does the improvement in the vertical profile come from? AOD does not
contain information in the vertical distribution of the aerosols.

We have added an argument there (page 15, lines 2-4), based on the published work of Sic et al
(2016).

Section 6. The conclusions are fine but this is where you should elaborate more what you would do to
extend this study. For example you could comment on trying to increase the resolution of the model
to produce synthetic measurements that are closer to the future capabilities of FCl (or something
along these lines).

This question is addressed in the discussion (Section 6). Besides, the conclusion has also been
expanded following this line.

Response to Reviewer Comments 2

- To identify the value of the new instrument it should ideally be compared to the current situation.
Currently most operational models assimilate surface observations of PM10 and PM2.5 and some
also AOD observations from e.g. MODIS. It would be beneficial to show the added value of the FCI
observations on top of these common observations. How beneficial are these observations from the
geostationary instrument as compared to observations from an orbiting satellite with lower
temporal resolution. Perhaps an experiment could be done with assimilation of only one observation
per day, as compared to the hourly observations, do you see an added value? Can the satellite
observations replace or add value to the surface observations (which are much cheaper). This is
something is really miss in the discussion to support the value of this instrument for aerosol
modelling.

In the new discussion section, we have added a discussion on this issue. This discussion includes the
results of a new simulation called AR3LEO, in which only pixels at 12UTC are assimilated every day.

- I would suggest more room for discussion of the results. There is a large focus on the areas/cases
where it goes well, but some discussion is required on the situations where it does not work so well.
The assimilation distributes the increments based on the fractions, so it can not correct for errors in
the size distributions. The same holds for the vertical distributions. The AOD does not provide any



vertical information, so what happens when the vertical profile is wrong, such as for example in
figure 16 bottom right, you can see that the system does not work in these cases. So when the AOD

in underestimated but the surface PM is overestimated (or the other way around), the AOD
observations will increase the PM at all levels also at the surface, leading to worse results. This
discussion on AOD-PM relationship and the importance of having correct vertical distributions or
vertical information is missing and should be added. Especially since you are showing that your NR
shows overestimation of AOD and underestimation of PM, when you would use that version of the
model for assimilation I think you would get problems

In section 6, some more discussion on how important the vertical distribution of aerosols is and
about the relationship between AOD bias and PM bias has been added. This discussion follows the
presentation of the results in Section 5 about the vertical distribution of PM of CR3 and CR4 and the
biases at surface of AR4.

- The model runs are performed at a resolution of approximately 20km which is soon not really
representative anymore for regional air quality forecasts/analysis. Many models already run at a 0.1
deg resolution. Especially since the observations are available at a 2km resolution | wonder why it is
not chosen to run at a higher resolution. Somewhere it is mentioned that the goal of the study is to
evaluate the impact for continental modelling, Please elaborate a bit more on this choice and for
thediscussion part | would add the potential to look at the impact at urban scales, maybe in a follow-
up study.

Discussion has been added on this issue (Section 6).

- For the vertical distribution of the aerosol emissions, a fixed profile is used as | understand
correctly, is this not depending on the source type of the emissions, e.g. car emissions at the surface
and emissions from industry higher up

Yes, a fixed profile is used for all source type. This is the usual MOCAGE setup.

- The inclusion or exclusion of SOA is not clear throughout the paper. Somewhere it is mentioned

that SOA is added to the NR and CR1 by using a percentage of the primary carbon species. But
further along it looks as if the SOA is not included in the computation of AOD (p9, line 16-17), is that
correct? Your nature run is the “real world’ so then also the synthetic observations should include

the SOA. What is the impact of excluding SOA in the AOD synthetic observations

SOA are included in the NR (page 7, lines 19-20) and CR1 (page 10, line 22) and not in other CR
(consistently with Table 4). SOA are included in the AOD synthetic observations (like all types of
aerosols, as stated in Section 3).

- Section 3 is very hard for me to follow, it is not within my field of expertise but | get the impression
that the AOD is only computed from the model concentrations without taking into account any
radiate transfer modelling? Is this a correct assumption from my side? because then the sensitivity
of the instrument to different altitudes in the atmosphere is not taken into account which can lead
to overoptimistic results. On the other hand the errors are computed in a very accurate way. A lot of
attention goes to the simulation of these errors, which are very important for the realism of the
OSSE. However | think the amount of figures/tables and text dedicated to this part of the study is out
of proportion and needs condensation and rewriting.

This section has been completely re-written, aiming at clarifying the methodology and at pointing out
the essential steps and results. A radiative transfer model (LibRadTran, see the Appendix) is indeed
taken into account for the computation of errors. The methodology to compute AOD errors has
never been published and so we consider that it deserves to be presented and explained with



enough details. But some unnecessary details have been removed and some parts of section 3 have
been moved to the appendix and also summarized.

-p 11, Filtering: A lot of observations are removed due to filtering. This is an important comment.

The added value of geostationary satellites lies in their temporal resolution. If you only retain 1 to 4
observations per day, is there still a large added value, is this representative of the future real
situation? Please add some discussion

The filtering (or thinning) procedure that is applied is a spatial filtering. We have found that such
thinning procedure did change the assimilated fields slightly only but did save some computing time.
A presentation on temporal and spatial representativeness is developed at the beginning of Section 5
and a discussion on its implication for future use of FCI data has been added in Section 6.

- Location of observations, the observations seem to be concentrated over central Europe, how
representative are the results at the AQeR for other regions? You can see that the plots for the

entire domain provide different conclusions than the plots for the AQeR stations.

The results on maps show improvement of scores at most places of the domain. This behaviour is
thus consistent with the scores at AQeR stations.

- Validity of CR-NR: The statistical metrics have been compared to metrics from literature. Two
different papers have been used, but if | am correct both evaluating the ensemble of models which is
always better than the individual models. Have you also compared to individual model results. The
CR-NR seem to be smaller than the NR — real observations difference.

By introducing differences between the key factors that affect PM forecasts (meteorological drivers,
emissions, SOA) and by examining their impact on scores, we aim at evaluating and guaranting
sufficient differences between NR and CR.

Besides, since the work of Marécal et al (2015), most of models (and particularly the ones of MACC
and CAMS) have improved for PM forecasts and their scores are now in the range of values of the
difference between the CR and NR of our study. So it is acceptable that the CR-NR differences are
representative of real errors, particularly for CR3 and CR4.

- Only one observation per hour is used because of the system. As is suggested in the conclusion |
would make a super observation. It is mentioned that avoiding overoptimistic results is one of the
reasons for this choice but | do not agree as this will probably be done once the observations
become available in real life, so | do not see why this would lead to overoptimistic results

We agree. The comment on the over-optimistic results has been removed (page 12, line 25).

- Spatially 3 out of 4 observations are removed trough filtering for convergence of cost function,
while already a lot of observations are removed due to clouds etc. Is a larger impact of the
observations foreseen without this spatial filtering

It has been verified on a short period that thinning does not change significantly the fields. A
comment on this has been added (page 12, lines 30-31). The horizontal correlation length of the
background error covariance matrix is set to 0.4° in order to propagate the increments horizontally.

- pl., line 17 Abstract, change 4-months to 4-month
Done (page 1, line 17)

- p2. Line 6. which lead 2 which leads
Done (page 2, line 9)

- p2, line 13, Only the WHO limit values are mentioned, but it would also be good to include the
official EU limit values.



Done (page 2, lines 18-19)

-p2, line 20, there are more appropriate references for the CAMS services, please add the website
and the paper from Marécal which is use further along in the paper.
Done (page 2, line 25)

- p2 line 30, MODIS is now also available in a 1x1 km product (MAIAC)
Done (page 3, line 6)

- p4, line 10-11 this sentence is unclear to me, do you mean by combining AOD and error
characteristics?
Done (page 4, lines 22-23)

- p4, line 12, CR, which should represent......(something like the current situation, the situation
without use of the observations)
done (page 4, line 25)

- p4, line 25-26. Also when you are using two different models, you should evaluate this.
Done (page 5, line 5)

-p4, line 27, as MOCAGE is used for both....
Done (page 5, line 7)

- p7, line 20, FGE is also used
Done

- Figure 2, | find it very hard to see the NR background in central Europe with all the overlying circles
and the small plots. It is mentioned that the variability and maxima are well represented, but |
cannot evaluate this when | do not see the background.

The figures have been zoomed in for better clarity.

- p8, lines 20-24. The underestimation is indeed common, | do think there are many more possible
reasons for this, such as underestimation of emissions in cold winter periods, and perhaps the
modelling of stable winter conditions with shallow surface layers.

A sentence has been added (page 8, lines 13-15).

- P8, line 16: maxima, | would change this word, as | relate maxima to the absolute maximum values,
while | think you mean the location of the mamixum values.
Done (page 8, line 2)

-p12, line 5 slowest = slower
Done (page 10, line 24)

- p13, line 2, especially the CR4: but the bias for CR4 is quite small....
It is rather CR3, which is more different to the NR than CR4. The text has been changed accordingly
(page 11, line 25).

- p13, line 24, here the purpose of the paper is mentioned, but this should be stated more clearly in
the introduction, especially the focus on the continental scale

done (page 3, line 29; page 4, lines 13-14)

- p14, line 25-28 Figure 14 versus figure 12, | found it hard to see the improvement, while a large



improvement is mentioned, maybe it would be helpful to direct the reader to some specific areas
where it is visible. Tables 9 and 10 are clear but only cover central Europe.
Done (page 13, lines 19-21)

- p15, lines 5-10 please add here the discussion of AOD-PM relation as suggested in the general
Comments
Done (page 13, lines 30-31), and also in Section 6.

- p15, line 29-20, what is meant with high spatial and temporal episode?
Correction done (page 14, line 23)

- p16, summary, please also add the case where it does not work (simulation 4 at the surface,
averaged over whole domain).

Done (page 17, line 15)

We thanks again the reviewers for their insightful and constructive comments, which have lead to
improvements to the manuscript. Besides, we have completed some additional changes regarding
format, particularly in the references.
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Abstract. The study assesses the possible benefit of aasimgilAerosol Optical Depth (AOD) from the futungaseborne
sensor FCI (Flexible Combined Imager) for air gyathonitoring in Europe. An Observing System Sintiola Experiment

FCI channel centred at 444 nm, which is the showaselength of FCI. A Nature Run (NR) and fourfeiént Control Runs
of the MOCAGE chemistry-transport model were des@gand evaluated to guarantee the robustness @3 results.
The AOD synthetic observations from the NR wereuwlized by errors that are typical of the FCI. Tleiance of the FCI
AOD at 444 nm was deduced from a global sensitigitglysis that took into account the aerosol tygpeface reflectance
and different atmospheric optical properties. Thpeeiments show a general benefit on all statikiicdicators of the
assimilation of the FCI AOD at 444 nm for aerosmhecentrations at surface over Europe, and alssiiymimpact during
the severe pollution event. The simulations withladassimilation reproduced spatial and temporatepa of PMo

concentrations at surface better than without gktion all along the simulations and especiallyidg the pollution event.

The advantage of assimilating AOD from a geostatipmplatform over a Low Earth Orbit satellite hdsoedbeen guantified.

This work demonstrates the capability of data fittw future FCI sensor to bring an added value ¢o0M@CAGE aerosol

simulations, and in general, to other chemistrggpert models.
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1 Introduction

Aerosols are liquid and solid compounds suspendedd atmosphere, whose sizes range from a fewnmeteos to several
tens of micrometers, and whose lifetime in the dsghere varies from a few hours to a few weeksn(€ldi and Pandis,
1998). Stable sulfate aerosols at high altitude laeahfor years (Chazette et al., 1995). The sauafeaerosols may be
natural (dusts, sea salt, ashes from volcanic iengtfor instance) or anthropogenic (from roadfitaresidential heating,
industries, for instance), and they can be trarisdaup to thousands of kilometers. Aerosols areMmto have significant
impacts on climate (IPCC, 2007) and on air quadityl further on human health as WHO (2014) estimated 3 million
deaths in 2012 to be due to aerosols.

Aerosols absorb and diffuse solar radiation, wHesduks to local heating of the aerosol layer and coolifighe climate
system through the backscatter of solar radiatiospace for most of the aerosols, except for btackon (Stocker et al.,
2013). The absorption of solar radiation modifies vertical temperature profile, affecting the 8igbof the atmosphere
and cloud formation (Seinfeld and Pandis, 1998)oAels, as condensation nuclei, play a significai in the formation
and life cycle of clouds (Seinfeld and Pandis, J9%8eposition of aerosols on Earth’'s surface map alffect surface
properties and albedo. All these effects showakeabsols play a key role on the energy budgetetlimate system.
Aerosols, also called particulate matter in thetewinof air quality, are responsible for seriousltieproblems all over the
world, as they are known to favor respiratory aatiimvascular diseases as well as cancers (Broak, &004). The World
Health Organization (WHO) has set regulatory linfitsaerosol concentrations, respectively 20 jiamd 10 pg.m annual

mean for PM, and PM s (particulate matter with a diameter less than 46 2.5 um, respectively) concentratiori$ie

European Union regulation introduces also,Rifaily mean limits of 50 ug.th The presence of a dense layer of aerosols- { Mis en forme : Anglais (Etats Unis), }
] Indice

can also affect air traffic by the reduction ofibikty (Baumer et al., 2008) and by risks of digtions of engines of air . :
Mis en forme : Anglais (Etats Unis) J
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planes (Guffanti et al., 2010). Therefore, it iseattial to accurately determine the evolution ef tbncentration and size of
the different types of aerosols in space and timerder to assess their effect on climate andioguality and to mitigate
their impacts. A pertinent approach to achieverginoous and accurate monitoring of aerosols otobine measurements
and models, a good example being the Copernicus ogghere Monitoring Service (CAMS)
(http://www.atmosphere.copernicus.eu/; Peuch analEng2012Fskes et al., 2018/arécal et al, 2005

Ground-based stations, which measure aerosol andagecentrations in-situ, have been used for sederades to monitor

air quality, such as the stations in the Air Qualk-Reporting program (AQeR, https://www.eea.eurepaata-and-
maps/data/agereporting-2) from the European Enmiegti Agency (EEA). Other observations can alsodss to measure
aerosols. The AERONET (AErosol RObotic NETwork) gmam (https://aeronet.gsfc.nasa.gov/) performsdtreval of the
Aerosol Optical Depth (AOD) at several ground stagi (Holben et al., 1998). Similarly, AOD obsergat can be retrieved
from images taken in different channels by imagavsard Low Earth Orbit (LEO) or GEOstationary (GEa}ellites.
Generally, AOD from satellite provides a bettertegacoverage than ground-based stations at therese of additional

sources of uncertainty, such as the surface rafleet An example of AOD product from LEO satelligethe Daily Level 2
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AOD, from the Moderate Resolution Imaging Spectiasmeter (MODIS) (Levy et al., 2013) sensor on ko@erra and
Aqua (MOD 04 & MYD 04 products). This AOD product provided at a 10 km resolution every 5 pdown to 1 km

Sensors on geostationary orbit satellites can woatisly scan one third of Earth's surface much rfrequently than low
Earth orbit satellites. The SEVIRI (Spinning EnheaicVisible and Infra-Red Imager) sensor, aboard M#@&teosat
Second Generation), is an example of a GEO sensweiding information on aerosols. Different AOD anedrieved over
lands from SEVIRI data in the VIS0.6 and VIS0.8 mhels, respectively centered at 0.635 pm (0.56 p@ri7+ pm) and
0.81 pm (0.74 pm — 0.88um). AOD products are netdefollowing different methods. Carrer et al. (2DPpresented a
method to estimate a daily quality-controlled AO&sbd on a directional and temporal analysis of Edbservations of
channel VIS0.6. Another method consists in matckingulated Top Of the Atmosphere (TOA) reflectan@esm a set of 5
models) with TOA SEVIRI reflectances (Bernard et 2D11) to obtain an AOD for VIS0.6. Another math@/ei et al.,

2012) estimates the AOD and the aerosol type blysing the reflectances at 0.6 and 0.8 um in tlorekerly scan times.
These methods derive AOD for specific channelsnftbe combined analysis of several channels ang efen using

several images if not all of a day to have infororat

Numerical models, even if they are subject to sfrare necessary to describe the variability of#m®sol types and of their
concentrations with space and time, as a completeeabservations. Aerosol forecasts on regional global scales are
made by three-dimensional models, such as the shgrtiansport model (CTM) MOCAGE (Skt al., 2015; Guth et al.,
2016). MOCAGE is currently used daily to provide @uality forecasts to the French platform Prev'@Rouil et al., 2009)

and also to the European CAMS ensemble (Maréaall,e2015). Data assimilation of AOD can be usedriter to improve |
the representation of aerosols within the modelitions Benedetti et al, 200%i¢ et al, 2016). Studies on geostationaryﬂ

sensors have also proved a positive effect of $isamalation of AOD, see e.g. Yumimoto, et al. (2D28ho assessed thig

The future geostationary Flexible Combined ImageZl( URD Eumetsat, 2010), that will be aboard theté&bsat Third
Generation satellite (MTG), will perform a full #isn 10 min, and in 2.5 min for the European RegléRapid-Scan which
covers one-quarter of the full disk, with a spategolution of 1 km at nadir and around 2 km indper. Like AHI, FClI is
designed to have multiple wavelengths and the dssion of its data into models should be benefidia aerosol

7y

monitoring., The aim of the paper is to assess tsiple benefit of assimilating measurements froeftiture MTG/FCI///

sensor for monitoring aerosolsn regional scaleover Europe.Since MOCAGE cannot assimilate, AOD at multiplei/ {supprimé

]

s

< -

Déplacé vers le bas [8]: Other studies
have shown the positive impact of
assimilating synthetic aerosol data from
future geostationary instruments in
preparation of new satellite sensors.
Timmermans et al (2009) presented the
results of assimilating synthetic AOD
together with ground-based BM
measurements and showed a positive
impact on the estimation of surface M
concentrations. Claeyman et al. (2011) also
used an observing systems simulation
experiments (OSSE) approach to evaluate
the benefit of geostationary instruments tp
monitor gas pollutant concentrations in the
lowermost troposphere.

/

Supprimé: |

//{ Supprimé:

/ {Supprimé: This
/

/// { Supprimé:
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compared to the present SEVIRI sensor,
and besides, a short wavelength is

to MSG/SEVIRI, which shortest band is around 650i@arrer et al, 2010), and so assessing the beufefiiS04 over \\\{SUPP"imé: re accurate

Europe is original.
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As FClis not yet operational, an OS$Ebserving System Simulation Experimerapproach (Timmermans et al., 2015) is - {Supp.—imé: this sensor ]

used in thisstudy Jn an OSSE, synthetic observations are created &ommerical simulation that is as close as passdbl

N~

the real atmosphere (the Nature Run), and themassimilated in a different model configuration. Tdifferences between\\ h

model outputs with and without assimilation provate assessment of the added value of the assithiliatim. OSSE have \\\

been widely developed and used for assessing asidnileg future sensors for air quality monitoririgr carbon monoxide

(Edwards et al, 2009) and ozone (Claeyman et dll:2doogman et al, 2014) from LEO or GEO satellieshoz et al,
2012), and for aerosgl analysis from GEO satellitesr Europe (Timmermans et al, 2009a, 2009b). Sointkese studies

have successfully assessed the potential bendfitwfe satellites and they have helped to dedigriistruments (Claevmaﬁ\

et al, 2011), however cautions and limitations foe ®SSE for air quality have been addressed (Timmawes et al, 2009a,

2009b, 2015), such as the “identical twin probleamid the control of the boundary conditions of thedei, and the N

accuracy and the representativeness of the synibtegiervationg.

)
~

|
|
By designing an OSSE that takes into account thesgautions, the present study proposes a quargissegsment of th‘é\

\
potential benefit of assimilating AOD at 444 nmrfréCl for aerosol monitoring in Européhe OSSE and itexperimental‘\\\\ \:\
\

\
\
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Wy
\
true state of the atmosphere are presented. Thelatbn of synthetic observations is explaine&éct. 3. An evaluation of ‘\\\\\\\
fh
the control simulations is made in Sect. 4. In Sé&¢tthe results of the assimilation of FCI synithetbservations are', | N
\
presented and discussed. Finally, Sect. 6 conchhiestudy. ‘\\\ ) \\
\\\\ \ \\\\
\
\:\ | \\
W
I\
Wl
1
2.1 Experimental setup W

2 Methodology

Figure 1 shows the general principle of the OSSEffermans et al, 2015). A reference simulationledalNature Run”
(NR) is assumed to represent the “true” state efatmosphere. AOD synthetic observations are gtk combining

second kind of simulations in the OSSE is the “@@nRun” (CR) simulation. The differences betweeR’8l output and o ‘[SUpprimé: from the addition of ]

done by assimilation in the CR of the syntheticenbations. To assess the added value of the instryra comparison is
made between the output of the AR and the NR atwldesm the CR and the NR. If the AR is closer toNikethan the CR,
it means that the observations provide useful mfdion to the assimilation system. The differerioesveen AR and CR

guantify the added value of the instrument.

The NR should be as close as possible to the aatomadsphere because it serves as the referencedoge the synthetic

observations. The temporal and spatial variatidrth@NR should approximate those of actual obsems. An evaluation

4

i

- {Supprimé: ]

Supprimé: study to assess its ability to
improve the aerosols analysis, by
assimilation of 444 nm AOD

Supprimé: The general principle of

OSSEs (Observing System Simulation
Experiments) is to assess the added value of
future sensor

Supprimé: s by assimilating synthetic
observations in different simulations. Othe
studies have shown the positive impact o
assimilating synthetic aerosol data from
future geostationary

@

{

Déplacé (insertion) [8] J

-| Supprimé: instruments in preparation of]

new satellite sensors. Timmermans et al
(2009) presented the results of assimilating
synthetic AOD together with ground-based
PM, s measurements and showed a positi
impact on the estimation of surface M

concentrations. Claeyman et al. (2011) also
used an observing systems simulation
experiments (OSSE) approach to evaluate
the benefit of geostationary instruments tp
monitor gas pollutant concentrations in the
lowermost troposphere.
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Supprimé: AOD synthetic observations
from FCI VIS04 will be assimilated in
MOCAGE.{
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Supprimé: It contains a description of the
OSSE, of the MOCAGE model, and its
assimilation system.

Supprimé: approximate those between a
state-of-the-art model and the actual
atmosphet
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of the NR, presented in Sect. 2.2, includes a coisgra of the model with aerosol concentrations &@D data from
ground-based stations.
In addition, the differences between the NR andGRemust be significant and approximate those betvihe CR and the

actual observations. Ideally, the NR and CR shbeldun with different models, as the use of theesamdel could lead to

(Timmermans et al., 2015). As MOCAGE, is useddothNR and CR in the present study, a method simildh&b used in_ _ - { Supprimé: both

Claeyman et al. (2011) is proposed. Instead of GRe various CR simulations (Fig. 1) are performaddifferent
configurations, and they are assessed independamdlycompared to the NR to ensure the robustne8®e ddSSE results.

An evaluation of those differences is presente8dat. 4.

2.2 MOCAGE

The CTM model used in this study is MOCAGE (Modéke Chimie Atmosphérique a Grande Echelle, GutH,e2(4.6),
that has been developed for operational and rdsganposes. MOCAGE is a three-dimensional moddi tozers the
global scale, down to regional scale using two-wested grids. MOCAGE vertical resolution is notfamn: the model has
47 vertical sigma-hybrid altitude-pressure levetnf the surface up to 5 hPa. Levels are densertheasurface, with a
resolution of about 40 m in the lower tropospheré &0 m in the lower stratosphere.

MOCAGE simulates gases (Josse et al., 2004; Dwfbat., 2004), primary aerosols (Martet et al., 208k et al., 2015)
and secondary inorganic aerosols (Guth et al, 208&psols species in the model are primary spediesert dust, sea salt,

black carbon and organic carbon, and secondargamic species: sulfate, nitrate and ammonium, fdrfnem gaseous

precursors in the model. Feacl) typgof aerosolgprimary and secondarythe same 6 bin sizes are used between 2 nm/and{ Supprimé: all

50 pm: 2 nm -10 nm - 100 nm - 1 pm - 2.5 pm - 10-188 um. All emitted species are injected everyriifs in the five

lower levels (up to 0.5 km), following an hyperfwotiecay with altitude: the fraction of pollutantaitted in the lowest level
is 52 %, and then respectively 26 %, 13 %, 6 % ar# in the four levels above. Such a vertical réfpan ensures

scheme. Carbonaceous particles are emitted usitigsiem inventories. Sea salt emissions are sindilagng a semi-
empirical source function (Gong, 2003; Jaeglé et28l11) with the wind speed and the water tempegas input. Desert
dust are emitted, using wind speed, soil moistu@ surface characteristics based on MarticorenaBandametti (1995)
which give the total emission mass, that is thetritiuted in each bin according to Alfaro et aB4&). Secondary inorganic
aerosols are included in MOCAGE using the modul®RKOPIA Il (Fountoukis and Nenes, 2007), which selthe

thermodynamic equilibrium between gaseous, liquidl @olid compounds. Chemical species are transfbrine the

RACMOBUS scheme, which is a combination of the RAGkRheme (Regional Atmospheric Chemistry Mechanism;
Stockwell et al., 1997) and the REPROBUS schemadfRe Processes Ruling the Ozone Budget in thatdSphere;

Supprimé: In the case of using the sam%

[ model, i

)

N { Supprimé: s

_ - { Supprimé: u




[l

10

15

20

25

30

(2016).

MOCAGE uses meteorological forecasts (wind, presstemperature, specific humidity, precipitatios) iaput, such as
Météo-France operational meteorological foreca@nfARPEGE (Action de Recherche Petite Echelle Gedachelle), or
ECMWF (European Centre for Medium-Range Weatheeéasts) meteorological forecast from IFS (Integrderecast

et al., 2001) and a diffusion scheme (Louis, 13#8)used to transport gaseous and particulateespeci

2.3 Assimilation system PALM

(3D-FGAT) algorithm. This method consists of miranig the cost functiod:
J(o %) = J(8 %) + [o( 5 %) = 2(80TB 1ox+2¥N (d; — H; 5 x)TR7 (d; — H; § x), (1)

whereJ, andJ, are respectively the part of the cost functiomatesl to the model background and to the obsensgtier-

Mis en forme ... [2]

x - ¥ is the difference between the model backgroxhand the state of the systemd; = y; - H; x°(t) is the difference
between the observatighand the background in the observations space at titieH; is the observation operatdt, its
linearized versionB is the background covariance matrix; &ds the observation covariance matrix at tifgne

The general principal for the assimilation of AG@Benedetti et al, 2009% the same as in Skt al. (2016). The control

incrementx®, is obtained, which is a 3D-total aerosol conaaign. This incremend is then converted into all MOCAGE

aerosol bins according to their local fractiongha# total aerosol mass in the model background.rékelt is added to the

background aerosol field at the beginning of theleeyThen the model is run over the 1-hour cycleggth to obtain the

analysis. The state at the end of this cycle isl asea departure point for the background modebfuhe next cycle.

The observation operatbt for AOD uses as input the concentrations of alsh(6) of the seven types of aerosols and the

associated optical properties. For this computadisn, the control variabbe is converted into all MOCAGE aerosol bins

according to their local fractions of the total @l mass in the model background. The AOD is cdetpior each model

layer to obtain, by summing, the AOD of the totaluenn. The optical properties of the different aerosol types issued

from a look-up table, that is computed from Mie code schemef Wiscombe (1980, 1979, revised 19%@) spherical and7[ Supprimé: is computation is ba{ﬁ
homogeneous particleShe refractive indicezomefrom Kirchstetter et al. (2004) for organic carbeomd from the Global

Aerosol Data Set (GADS, Kopke et al., 1997) foreotlaerosol species. The hygroscopicity of sea sailts secondary
inorganic aerosols are taken into account basedesher (1985).

While the observation operator is designed to at#ienAOD of any wavelength from the UV to the HRe assimilation

system MOCAGE-PALM cannot assimilate data of seveevelengths simultaneously (Sét al, 2016). This limitation is
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due to the choice of the control vector, whichhe 8D total aerosol concentration: assimilatindedi#nt wavelengths

simultaneously would require to rethink and to extehe control vector, for instance splitting it bgrosol size bins or ([

Supprimé: ; Diehl et al., 201... f( 4]

types. This explains why the study focuses on sis@lation of AOD of a single wavelength. |

Mis en forme : Anglais (Etats Unis)

2.4 Case study i

Il introducing

Supprimé: has been improved, by
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The period extends from thé' df January to the 30of April 2014, and includes several days of PMiytan over Europe.

|
[
|

i

Supprimé: into the model, to

From the ¥ to 18" of March, a secondary particles episode (EEA rep@t4) occurs, while from 39March to &' Aprila | ‘q‘:‘ll

Mis en forme : Anglais (Etats Unis)
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dust plume originating from the Sahara Desert pyafss Northwards to Europe (Vieno et al., 2016). [ }‘u‘f‘“
The MOCAGE simulation covers the whole period frdamuary to April 2014, on a global domain at 2hatson and a ‘

“ Supprimé: severa...tatistical in

5

5

Mis en forme

nested regional domain, that covers Europe, froffN2® 72 °N and from 26 °W to 46 °E, at 0.2 ° desion (see Fig. 2). A i

4-month spin-up is made before the simulation. N is forced by ARPEGE meteorological analysis. &iuns of | |
il
Iy

chemical species in the global domain come from NIAZ (van der Werf et al., 2006; Lamarque et &01@, Granier et al., i
U

),
|

Supprimé: is defined as:{

2 fi-oi
MNMB = Ezgvzlmzi, 4
and varies between - 2 and 2.9

The

2011) for anthropogenic gas species and biogergcisp are from GEIA for the global and regional dom ACCMIPJ é\i;‘,‘u !

il
{

Mis en forme

project emissions are used for anthropogenic ocgand black carbon emissions at the global scdie. TNO-MACC-III ,‘%
[

Supprimé: R...otmM...ansS...u

=5

inventory for year 2011 provides anthropogenic einiss in the regional domain. TNO-MACC-III emisséoare the latest .‘"j\; i

Mis en forme ... [9]

update of the TNO-MACC inventory based on the metihagy developed in the MACC-II project describedkiuenen et ('\,“j“ i
al. (2014). These anthropogenic emissions are el on our regional domain, at the boundary ef MPACC-III ]

inventory domain by emissions from MACCity. Dailiomass burning sources of organic and black cadmshgases fro
1 '

1
r

Supprimé: the F...ractional G...ross
E...rror (FGE) is used in this study. Itis
defined as:

FGE =251, 1020, (5).

and varies between 0 and 2.1

Another indicator is the factor of 2

the Global Fire Assimilation System (GFAS) (Kaigtral., 2012) are injected in the modghg NR includessecondary),

I
organic aerosols (SOAN order to enhance its realism angwtell fit the observations made at ground-basedostsitover

(FactOf2), which represents the fraction of
the forecast dataset ranged within a factg

of 2 from the observation datasq ... [10]

=

40 % in winter, from the primary carbon speciethi@ emission input.

The NR is compared to real observations from AERONEOD observations and AQeR surface concentratioss)g
ansguaregrror (RMS

anhjas (B) modified normalizedneanbias (MNMB),

Pearson correlation measures the linear relatibmdss the two datasets, the Spearman correligiarmean to asseiir,
BN

monotonic relationshjp.

Supprimé:
The ...earson correlation coefficiefyf
and is often used to measure the extent fo
which patterns in the forecast dataset match
those in the observation dataset in a linea
aspect. It ranges from -1 to 1 and has the
following formula:{

L (i=)(0i-0)
Rp = == Nogos , (6)
wheref ando are the means of the datasg

anda; ando, are the standard d( " 7157
Mis en forme .. [11]

=

==

\
The AQeR stations are mainly located over Westennoe (Fig. 2).After selection of the surface stations that are

representative of background air pollution (follogiJoly and Peuch, 2018597 and 535 stations are respectively used for.

42

Mis en forme .. [13

Supprimé: a...monotonic relationship
between the datas... If rg deno [14]

. Mis en forme ... [15]
the PMo, PMys comparisop. Figure 2 represents the mean surfaceentration of the NR and selected AQeR ' [ Supprimeé: (9) )
measurements over the domain, from January to Rpfi. The left panel shows the R\oncentrations of the NR in the R { Mis en forme : Anglais (Etats Unis) J

background and the AQeR concentrations as cirdiéevthe right panel shows the B¥concentrations. The concentration

7

Supprimé: Stations, classified as 1 to 5
have been selected following Jq{"16]
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variability and particularly thécation ofmaxima are reasonably well represented. Over thedean continent, the NR and
AQeR data show clear maxima in the center of Eurfipeboth PM, and PM;s concentrations, even if the NR
underestimates these maxima.

Table 1 shows the statistical indicators of thimparison for hourly surface concentrations in;P&hd PMs. A negative
mean bias is observed, around -6.23 |ij(m-35.1 %) for PN and -3.20 ug.m (~ -24.7 %) for PMs. The RMSE is equal
to 16.2 g1t for PMy, and 11.9 pg.mfor PM, s while the FGE equals to 0.56 and 0.543. The famfttwo is equal to 64.7
% and 67.5 % for PM and PM . Pearson and Spearman correlations are respgcfivid2 and 0.535 for Pidand PM s
and 0.537 and 0.602 for Ryand PMs. The NR underestimation is greater for Blthan for PMs in relative differences.
This suggests a lack of aerosol concentrationfiénRM ., s(concentration of aerosols between 2.5 um and 1 ot
taking into account wind-blown crustal aerosols nsayse a potential underestimation of PM in modefset al., 2015).
Taking them into account needs a detailed groupd tyventory to compute those emissions unavailsbMOCAGE. For
PM, s, the underestimation of aerosol concentrationsbeadue to a lack of carbonaceous species (Praalk €016).Other

possible reasons for PM negative bias at surfaeetta underestimation of emissions in cold winterigl and the

uncertainty in the modelling of stable winter cdiudis with shallow surface layers.

A time-series graph of the median NR surface comatans and the median surface concentrations@fAQeR stations
are presented in Fig. 3. Compared to ground-basgeRAdata (in black), the NR (in purple) generaihyderestimates the
PM,, and the PMs concentrations, especially during th&-I5" March pollution episode. However, the variatiomsi a
maxima of the NR concentrations of PM are genenayl represented. Furthermore, around 65 % of rhoalecentrations
are relatively close to observations as shown leyféittor of 2 in Table 1. The variability of NR aamtrations is thus
consistent with AQeR station concentrations. I
Table 2 gives an evaluation of the NR against #ily @dnean of the AOD at 500 nm obtained from 84 ARNET stations in |/
the regional domain from January to April 2014. Thatistical indicators show good consistency betwthe NR and /’// |
AERONET observationHowever, like the results showed at global s¢aig et al, 2015), MOCAGE tends to overestimat/"e (f

AOD: although small, the AOD bias is positive. ¥h!M concentrations at surface are underestimattwiNR, different | |

reasons may explain an overestimation of A(Fhe, vertical distribution of aerosol concentratiomshe model is largely
I

Sy e e e L Y T ey e e e 0

controlled by vertical transport, removal procesaed by the prior assumptions done on the aeras@sgon profiles. !

However, these processes may have large variahitity they are prone to large uncertainties €ial, 2015). Another |

possible explanation is the uncertainty of the siatribution of aerosols that can affect signifithg the optical properties. !
1

More generally, the assumptions that underly thramdation of optical properties are largely undertnd they can affect’

the computation of AOD by a factor of 50% (Curcia&t2015): the mixing state assumption, the uagett on refractive;
1

|

Supprimé: , even if the NR tends to
overestimate AOD.

!

/ {Supprimé: uncertaint of the J

Supprimé: in the NR may explain this
overestimation. The overestimation may
also be due to uncertainties of the most
important parameters in the computation 0
the AOD for each level layer, namely, the|
refractive index, density, hygroscopicity
and the mixing state. The mixing state is a
property of particles to be arranged in
different chemical configurations across the
particle population. As mentioned above,
particles in MOCAGE are separated in
individual species and in 6 bins and
assumed to be spherical and homogenequs.
Curci et al. (2015) studied the impact of the
refractive index, density, hygroscopicity
and the mixing state on simulated optical
properties by comparing observations to
models from the Air Quality Model
Evaluation International Initiative
(AQMEII-2). An estimation of uncertainties
due to the assumption of the mixing state| i
calculated at 30-35 % on simulated AOD
while uncertainties from other parameters
are around 10 %.
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bias in AOD while underestimating PM at surfacewduwer, both the PM and AOD correlation errors & MR remain in a

Supprimé: the overestimation of the

-

realistic range. »Z AOD from the NR, even if the surface
”””””””””””””””””””””””””””””””””” ~ concentration of the PMof the NR is
As a result, the NR simulation exhibits surfaceaamirations and AOD in the same range compareliosetfrom ground- underestimated. Another explanation of the
overestimation of AOD is an
based stations and shows similar spatial and teshpariations, which makes the NR acceptable fer@$SE. overestimation of particulate matters larger

than 10 pum (and therefore not include in the
PM;, comparison) which cause higher
AOD.

3 Generation of synthetic AOD observations Supprimé: S...ynthetic AOD [ [1711

Supprimé: from the 3D fields of the NR
variables: primary organic and black carl
concentrations, desert dust concentrations,

sea salt concentrations, secondary inorganic
aerosol concentrations (ammon[ T1g

The study focuses on the added value of assintla&i@D at the central wavelength (444 nm) of the /NC304 spectral

band. Since the assimilation of AOD from several&engths simultaneously is not possible (Secf), 2i@ choice of the

single channel VIS04 is mainly driven by the fdwittit is the shortest wavelengths of FCI, that miori the most favorable

to the detection of fine particles. (Demace (insertion) [4]

{MIS en forme : Anglais (Etats Unis)
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simulation 3D fields: all aerosol concentrations ty®e and per size bins, and meteorological végbAt every gridpoint

Supprimé: u..., ozone contes,

O

of the NR regional domain where the solar zeniémajle is below 80° (daytime) and where clouds beeat, an AOD value

at 444 nm is computed using the MOCAGE observatiperator described above (Sect. 218)order to take into account

=
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the error characteristics of the FCI VISO4 AODaadom noise is then added to this NR AOD value. /| Mis en forme 21

To estimate the variance of this random noisegteeral principle is to assess and quantify theeeis/e sensitivity of the {S“PP"“‘e S

A

FCI VIS04 top-of-the-atmosphere reflectance to A@M to the other variables. For doing this, the §iflulator developed {M's en forme : Anglais (Etats Unis)
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albedo, on the solar zenithal angle and of the mptcalbedo valug. The classificatiof each MOCAGE profile into the” ~ Mis en forme [ﬁ
OPAC types relies ofhree parameter§lab. 3) the surface concentration, the main surface spemnd the proportion 1 \ ‘[Deplace versle haut [4]: p ]
relation to the total aerosols concentrations. écggs is described as a main species if its coratemis, [species], is abové\ Mis en forme [32]

i;

each other concentrations, for example DD is a rapéties if [DD]>[SS] & [DD]>[IWS]. An example of R profiles (7" \\\ fDeplace vers le haut [5]: Fo(" 33

March 2014 at 12 UTC) decomposed in OPAC type ésgnted in Fi _small partof the profilesaredismissedvhere ', | Mis en forme ..
MOCAGE profiles do not match one of the OPAC typasch agrofiles over ocean wheit\S (Insoluble, Water Soluble \ ~ | SUPPrimé: (Table §) using ..n(_., [35]
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and Soot; Tab3) is greater than DD (Desert Dust) and SS (Seg.Sultarger part of profiles are dismissed because o \
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Jight-time profiles and cloudgonditions. Figure 5 represents the average nuwiR AOD that are retained per day for. - { Supprimé: . Furthermore,

assimilation. After these filters apply, between%@nd 20 % of profiles are kept every hour. Thesidg of these profiles o ‘[Suwrimé: profiles are also dismisst

is_higher in the south of the domain, which is dile correlated to the quantity of direct sunligitailable. Over the /{Supprimé:
continent, between 1 and 4 profiles can be asdieqilper day at each grid-box location. //{Supprimé .an
/i//{Supprimé:

1

N

are taken from MODIS using the Radiative Transferdel RTTOV (Vidot et al., 2014). A relative errdr 10% is assumed "«

astandard deviatioderived, from the AOD RMSE look-up table, calculatsiexplained aboye. The surface albedo fields/{

for ground albedo, which corresponds to a realigtiltie (Vidot et al, 2014)An example of the synthetic observations is {S“PP’imé“

4 Controls runs (CRs) and their comparison to NR

Sect. 2 showed an evaluation of the NR comparedatioobservations. Another requirement of the OBSRe evaluation of
differences between the NR and the CR. Variouss@Rulations have been performed to evaluate thebetr of the ‘
OSSE on different CR configurations and provedtsustness. The NR and CRs use different setupsG€MSE. The CRs \
use IFS meteorological forcings, while the NR uBBPEGE meteorological forcings. The use of diffénereteorological '
inputs is expected to yield differences in the $@ort of pollutant species, and changes in dynamissions of sea salt and

desert dust. To introduce more differences betwleerCRs and NR, changes in the emissions arerglealuced.

=

simulations by different vertical repartitions ohissions in the five lowest levels. In CR3, thelgtaints are emitted with a \\\{S“PP"imé (
\

W {Supprimé: )

\ \

W
slows;, decay with height than the NR (with repartitionrfr 30 % at surface and respectively 24 %; 19 %6132 % for |
W\
Wb

the four levels above), and in the CR4 emissiors anly injected in the lowest level. These changies to generaté\\

******************************************************* B \\{ Supprimé: made in
The four CRs are compared to the NR for,plhd PM s surface concentration considering virtual obséowatlocated at « ' {
Sy

the same locations as the AQeR stations. A timesaf daily means of surface concentrations aukitad stations is '\ {Supprimé: st
\

presented jiFig. 7 for NR and CRs simulations from th& January to the 3DApril 2014. The PM, concentrations of the

77777777777777777777777777777777777777777777777777777777777 NN

NR (in purple) are mostly greater than the jgkbncentrations in the CRs. During the period té larch and early April\\i\\\\{SUPPrimé

(around the 9 day of simulation) the NR concentrations of Bldre close to those of the CR2, CR3 and CR4, awthan
\

those of the CR1 by about few pgmin terms of PMs, the CRs concentrations are also underestimatiegNR

10

g {Supprimé: s

Supprimé: equal to the RMSE

Supprimé: , depending on the OPAC
type

[N}
A U U U

\\ | profiles are also dismissed.
\

Déplacé vers le haut [6]: In order to
keep a large number of profiles, the criteri
are less restrictive than the ones describe
in Table 4. By this process, a few portions
of the profiles will be dismissed, such as
profiles over ocean whet&/S(Insoluble,

Water Soluble and Soot; Table 5) is greate
than DD (Desert Dust) and SS (Sea Salt)
Furthermore, night-time profiles and cloudy

o o

=

Supprimé: 8 ]

Supprimé: relative error J

‘| every hour.

Supprimé: After these filters apply,
between 10 % and 20 % of profiles are kept

Supprimé: Figure 9 represents the
average number of profiles, that are
available for assimilation, retained per d
The density of these profiles is denser in the
south of the domain. This is directly
correlated to the quantity of direct sunlight
available. Over the continent, between 1
and 4 profiles can be assimilated per day

Supprimé: improvement

\
.

Mis en forme : Anglais (Etats Unis)

Mis en forme : Anglais (Etats Unis)

{Supprimé: more

ENN {Supprimé: Figure 10
\ \

Mis en forme : Anglais (Etats Unis)

Mis en forme : Anglais (Etats Unis)

o U U U L
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concentration. As for P\, around the 90 day of simulation, the concentrations of CR1 dreva the concentrations of the
NR.
These tendencies can also be observeddng which represents a scatter plot of CRs concéatsitas a function of NR _ - { Supprimé: Figure 11 ]

concentrations for the daily means of surface comaton in PMg and PM s at the virtual stations. The CR1 concentratio\n‘s‘;‘{ Mis en forme : Anglais (Etats Unis) J
are fairly close to those of the NR concentratimith a coefficient of regression about 0.801 ar&B8.for PMy and PMs. {Mis en forme : Anglais (Etats Unis) J
Other CRs underestimate the NR concentrations. Tislency is stronger for BMthan for PMs. The regression

coefficient of the CR2, CR3, CR4 are respective§96, 0.583 and 0.607 for Ryland 0.570, 0.505 0.647 for BM For

both PM, and PM 5 concentrations, the underestimation is more ingmrior high values of the NR concentrations than f

low values.

es

.3 - { Supprimé:

(-8.2 %) pg.nt for PMy and -0.8 (-6.2 %) pg.thfor PM, s CR4 bias is around -2.9 (-20.5 %) ug.for PM, and -1.8 (- \t \{ Supprimé: 7
15.1 %) pg.1it for PMys. The two other CRs highly underestimate g&hd PM s concentrations with a bias of -4.5 pgm \\\{ Supprimé: 8

(-35.2 %) and -3.9 pg.t(-37.4 %) respectively for CR2 and -4.8 pg.(38.1 %) and -4.4 pg.m(-42.6 %) for the CR3. " [ supprimé: 10
Supprimé: 11

o U L L

These biases are in agreement with the literaRnank et al. (2016) measure a bias around -5.Bl¥g and -4.4 ug.m for
PM, 5 for the median of four CTMs against ground-bagatians in winter. In Marécal et al. (2015), statisl indicators for
an ensemble of seven models are presented forrwintsias between -3 and -7 pgris observed for the median ensemble.
The PM concentrations of our CRs compared to theaNRcharacteristic of models compared to obsemsiti

Prank et al. (2016) also show other indicatorgtiermedian of models, such as the temporal coiwalaind the factor of 2.
Their correlations are around 0.7 for Pdvand 0.6 for PN, and are close to those for our CRs simulations\they from
0.644 to 0.732 for Pk and from 0.572 to 0.671 for R Their factor of 2 equals 65 % for Ryand 67 % for PMs. The
factor of 2 of the CRs ranges between 70 % and 9@®doth PM, and PMs concentrations. The RMSE of CRs
simulations ranges from 8 ugito 10 pg.nt for PMy, concentrations, which is slightly under the RMSEhe ensemble
from the study of Marécal et al. (2015) which ramgetween 10 and 15 pg*niThe FGE of the study of Marécal et al. is
equal to 0.55, while the FGE of CRs varies fronBa0.51. Our CRs simulations slightly underestarthe model relative

state-of-the-art simulations.
Between the CRs and the NR there are importaniaspiifferences in surface concentrations of PMdeasonstrated ifrig.

W -

concentrations are relatively close to the NR, pkéer the CR4 which overestimates the concentnatibPM. All CRs ' N { Mis en forme : Anglais (Etats Unis)

\ | Indice

W N e .
which cause an important overestimation of;pbbmpared to the NR. This overestimation can atsoliserved around all ' {M's en forme : Anglais (Etats Unis),
the Mediterranean Basin. The CRs tend to overestith@ PM, concentrations over Spain, Italy, the Alps, Gredeakey, \ {Supprimé: are represented in this figure

present high concentrations of RMll over North Africa. This corresponds to highissions of desert dust over this area, \{ Mis en forme : Anglais (Etats Unis) J

the north of the UK, the Iceland and the Norwaye Tdverestimation over the Alps, Iceland and Nonasy located at {Mis en forme : Anglais (Etats Unis) J

places of negligible concentrations. Over the ofghe European continent, CRs underestimate theertdration of P,
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slightly for CR1, but very pronounced for CR2, C&&1,CR4. The area where the consistency betweeDRBeand the NR _ - [ Supprimé: , J

is better is the Atlantic Ocean with a correlatranging from 0.6 to 0.9 and a low FGE around 081Qhe Mediterranean - { Supprimé: especially fol J

Basin the correlation varies significantly betweé®and 1. Low correlations correspond to high FG&uad 1. Over the
continent, the correlation varies from 0.4 to MBowing a west-east axis. The correlations arghsly greater for CR1 than
for the other CRs. The FGE over the continent charngjgnificantly between the CR1 and the other GBspectively
around 0.35 and 0.55. Similar conclusions can Heidd for the PMs comparison (see complementary materials). A
similar comparison has been done for the AOD betmtbe CRs simulations and the NR simulation (seaptementary
materials).

In summary, the control runs present spatial vdiplalong with temporal variability. The closeSR to the NR is the CR1.
In terms of surface concentrations in PM, the C&khe most distant, while in terms of AOD the CR4hHe most distant.
Those differences and the use of different CRspleawith the realism of the NR, demonstrate tHaustness of the OSSE
to evaluate the added value provided by AOD derfveah the FCI.

5 Assimilation of FCI synthetic observations

The purpose of this paper is to assess the poteotidribution of FCI VIS04 channel to the assirtida of aerosols on a
continental scale. In our OSSE, MOCAGE represdrgsatmosphere with a horizontal resolution of 0(ardbund 20 km at
the equator). Synthetic observations are therefmreputed at the model resolution although FCI scosind 1 km
resolution at the equator and 2 km over Europsdfitwith the timestep of our assimilation cycle ndlyetic observations are
also created every hour, although the future FCGigen could retrieve radiance observations everynirutes over the
globe, and 2.5 minutes over Europe with the EuropRagional-Rapid-Scan. This means that for eactilg@rof our
simulation, only one synthetic observation is al# each hour, instead of 24x10x10 at best (F&h$@4 times an hour,
with a spatial resolution 10 times higher thantiedel over the Europe). The use of one observétiorach profile in an
assimilation window is due to the assimilation systdesign that does not allow multiple observatfons same profile. In

practice, future FCI observations could be averamest each MOCAGE profile to reduce the impact e tnstrument

errors on assimilated observatigns. =

Supprimé: Avoiding over-optimistic
results is also a reason to only assimilate|
one observation (non-averaged).

Before assimilation, ehinning process is applied to the synthetic observatiorkeep spatially only 1 pixel out of Such - { supprimé: screening )

thinning is useful to reduce the computation tifg,accelerating theonvergence of the cost function (not shqwn). The- { Supprimé: in order to reach a better J

spatial correlation length of the B background ciamce matrix is set to 0.4° in order to have atispampact of the { Supprimé: , and to reduce the J
computation time

assimilation on the simulation while not having tiple coverage of assimilated observations overmoéle. The result of
this thinning procedure changes only slightly tissimilated fields but saves significantly computiimge. Assimilation

simulations (ARs) are run for all CRs simulatiorssng the same generated set of synthetic obsengatieer the period of 4
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months, from the SLof January to the 30of April. The standard deviation of errors userBoand R matrix are estimated
respectively at 24 % and 12 %, as id & al. (2016).

To assess the impact of the assimilation of FCtrstic AOD observations, the CR forecasts and tReahalyses are

compared to the assimilated synthetic observatiéinsure 1Qshows the histograms of the differences betweesyhthetic - { Supprimé

: Figure 13

synthetic observations than the forecast values. sfitead of the histograms is smaller for the agdlyields than for the _ - { Supprimé:

simulations. Besides, the spatial comparisons teivilee simulations and the NR show improvementeenAOD fields of - { Supprimé: great
simulations by assimilation of the synthetic obséions (see supplementary material Fig. S5, S6ar87 S8). As the

increment is applied to all aerosol bins and tHdtfcorresponds to 5 of the 6 bins while PMo only 4, we expect better

corrections for P\, concentrations than for PMMconcentrations.

To validate the results of the OSSEs, the simulatare compared to the reference simulation (NRJ the periodfigure - { Supprimé: Figure14

11 exhibits the spatial differences in surface conediuns of PM, between the ARs and the NR. It shows the meativela

: Figure 12

correlation have been improved ovepst parts othe domain after assimilation for all simulatiof®ver the European

continent, all simulations show a strong improveta#rthe statistical indicatorgor instance in CR3, along a line that goes

from Spain to Poland, the FGE decreases by abauafter assimilationin the Eastern part of Europe (from the Turkey to

: while o

Finland), the decrease of FGE is even higheverONorth Africa and the Mediterranean Sea the owement is _ - { Supprimé
intermediate. Nevertheless, the mean bias oveodkan tends to increase for the simulations, eafyeéor AR4, This can - { Supprimé

: the simulation 4

also be observed for the B¥concentration comparison (see supplementary raati, S2, S3 and S4).

The assimilation of the synthetic observations hapositive impact at each layer of the model. Theam vertical

: Figure 15 and 16

(level 47) up to 6 km (level 30). The positive inspalong the vertical of the assimilation of AODtire CTM MOCAGE is
due to the use of the vertical representation ef tiodel to distribute the increment¢ &t al (2016) showed that the
assumption of using the vertical representatiothefmodel gives good assimilation results withrégular MOCAGE setup

that distributes emissions over the 5 lowest vatiievels.However, the performance of the assimilation mayede on the

realism of the representation of aerosols alongvétéical in the CTM.The CRs simulations, in red, overestimate theg PM

concentrations of the NR, in purple, due to theresemation of desert dust concentrations in thes GRulations. This
overestimation is not present in the PMoncentrations because this is the fraction obsms where there are few desert

dusts. For the first three simulations, the vettie®l;o concentrations are well corrected by the assimoiatwhile for
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simulation 4, the correction is less relevant foe tevels near the surface. The assimilation téadsecrease the P
concentrations above the level 42 and to increasedncentrations under that level. Simulation @sents a decay of the
surface concentrations of BM The correction of concentrations is more pertifenthe PM, concentrations than for the
PM, s concentrations, which was expected.

The vertical distribution of aerosol concentratidieween the CR4 simulations and the NR explaing tivh bias over the
ocean tends to increase. At the lowest level, treentration of Ply) is more important, since the CR4 emits only at the
surface level, while the AOD is less importantcsitthe aerosol loss by dry deposition increases.pHsitive increment is

therefore added preferentially to the surface lewbich increases the bias at surface.

To evaluate the capability of the FCI 444 nm chwobservations to improve aerosol forecast in amaality scenario, the

ARs simulations have been compared to the NR usiagsynthetic AQeR stations as in Sect. 4.18q andg show the _ - { Supprimé: les

<

statistics of the comparison between the ARs aad\tR for PM, and PM s concentrations. With regard of the comparisoﬁ\ { Supprimé: 9

of the CRs against the NR in Tgbandg, the ARs are more consistent with the NR. The Isiasduced for both P and {{5""""““'*’ 10
Supprimé: les 7

s =

PM, 5 concentrations. The RMSE and the FGE decreasee \indl Factor of 2 and the correlations increasealloARs \\\”

o U U

compared to their respective CRs. Supprimé: 8

The daily medians of PM and PM s concentrations at all stations are represented towe in Fig. 14 and 15or thefour, | = { Supprimé: Figure 17 and in Figure 18

simulations. The assimilation reduces the gap batwihe simulations and the NR over the entire pgerAround the o { Supprimé: 4

secondary inorganic aerosol episode” 88y of simulation, the improvements of RMnd PM s surface concentrations are

significant for simulations 2, 3 and 4.

From an air quality monitoring perspective, theiradation of the FCI synthetic AOD at 444 nm in M@GE improves

strongly the surface Pjdconcentrations in the 4 simulations over the Eeampcontinent for the period January-April 2014.

To quantify the improvement of simulations throughk assimilation of FCI synthetic observatighsing a severpollution - { Supprimé: over a high spatial and J
temporal episode of

episodefor (7"-15" March) over Europe, maps of relative concentratiohPM, and FGE are respectively represented for

concentrations for 70 % over all Europe comparethéoNR. The FGE presents high values going fros® @o 0.85. The

assimilation of synthetic AOD improves meaningfutlye surface concentrations of aerosols over thgiremt in the
simulations, but the simulations still underestientite PM, concentrations by 30-20 %. Important changes énRBE are
noticeable, with values dropping from 0.55-0.85 daw 0.2-0.4 for all simulations. Over the otheeas, the assimilation
reduces significantly the relative bias and the FGltus, the assimilation of synthetic observatiomproves significantly

the representation of the surface Bbncentrations of simulations during the pollutepisode.

In summary, the use of synthetic observations dtr of the future sensor FCI through assimilatioproves significantly

the aerosol fields of the simulations over the [peem domain from January to April 2014. These im@noents are located
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all over the domain with best results over the Baem continent and the Mediterranean area. Theoweprient of the

vertical profile of aerosol concentrations is ateticeable and it may be explained because different pdriseocolumn can

be transported by winds in different directions¢(&i al, 2016), although the AOD synthetic obseoratido not provide

information along the verticaThe first two simulations give better results otfee ocean than simulations 3 and 4, due to a

closer representation of the vertical profile of #erosol concentrations. This may show an overtymistic aspect of the
OSSE of the first two simulations. The simulatidead to sufficiently reliable results since the g of their vertical
profile of aerosol concentrations are differentirthose of the NR. These differences are causdatéoway emissions are
injected in the atmosphere (higher for simulatioarl lower for simulation 4). The simulations 3 ahgresent robust

results over continent, despite the differenceafénvertical representation of aerosol concentnatio

/ { Supprimé: 6
g Discussion 4

Although the results have shown a general bendfif®@I/VIS04 future measurements for assimilationtire CTM

MOCAGE, some limitations must be addressed. The AlOBs not introduce information on the verticatritisition of PM,

nor on the size distribution and type of aerossts. the performance of the assimilation will laggéépend on the realism

of the representation of aerosols in the CTM be&msmilation. If, for instance, the model has sifpee bias in AOD and a

negative bias in surface PM10 compared to obsenstithen the assimilation could lead to detrimemtsults. So the AOD

and PM biases should be assessed and correctest as fpossible, before assimilation, in order toichwdetrimental

assimilation.

To identify the added value of assimilating FCI/G#SAQD, it is needed to compare the results with dgsimilation of

present-day observations, such as imagers on LEites and in-situ surface PM observations. Thsimilation of PM

surface observations is indeed an efficient waynisrove PM concentration fields at surface (Tomdbettal, 2009), but the

correction of the fields remains confined to thedomost levels. While improving the PM surfacedlit has been shown

that the assimilation of AOD also gives a bett@resentation of aerosols along the vertical (Fijadd 13) and of the AOD

fields, which are important added value that th&nadation of PM surface observations only canndtieve. Besides, the

satellite coverage is much broader than the coeeofdn-situ network and, for instance, aerosdtfieover the seas can be

corrected before they reach the coast.

In order to assess the added-value of a high tefgtimeasurements of FCI compared to a LEO satelh complementary - - ‘[Mis en forme : Normal

experiment, called AR3LEO, has been done. This raxyat is based on the CR3 configuration of MOCA®NL the

synthetic observations kept are only the ones HT2 instead of the hourly observations. By takimgp account only one

measurement per pixel per day, AR3LEO should timsilate the assimilation of a LEO satellite. Theules of AR3LEO

are in Tab. 9 and Fig. 18. The density of obseowatiassimilated is about 10 times lower than thesitie of FCI assimilated
data. Most of the scores (except the PM2.5 coroslpbf AR3LEO are between the CR3 and the AR3exowhich shows
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and quantifies the benefit of FCI compared to a L&#ellite. This is confirmed also on the time eerof P, surface _
concentrations show (Fig. 18): the AR3LEO simulati® closer to the CR3 simulation than to the ARSusation. During N
the pollution episodes from 7 to 14 March 2014 (Hig, time series between day 60 and day 67, ams)ndhe amplitude

of PM concentrations is underestimated more in AR3Lthan in AR3. The maps of bias and FGE show bstieres in

AR3 than in AR3LEO at the locations where pollutmrturs.

The results have shown the potential benefit ofndkging AOD data from the future FCI/VIS04 in &emistry-transport

model for monitoring the PM concentrations at regicscale over Europe. The horizontal and temgesalution of FCI (2

km horizontal grid every 10 minutes or even 2.5 utés in Regional Rapid Scan) will however be mudkerfthan the

resolution of future FCI data and the data usethisn OSSE have two important implications that deseéo be presented.

Firstly, in order to get closer to the future dabtme could consider generating synthetic obsematiat the full FCI

observation” approach, by spatial and temporal ayiag, should reduce the instrumental errors thnd one may expect
that the assimilation of real FCI data dead to even better resulisan the OSSE presented here. Secondly, it ishwort

considering whether high-resolution FCI measurementild be assimilated in a high-resolution modelkilometre-scale

monitoring of air quality. However, such work isepently limited by the present state of the arhwerical chemistry

models and of their input emission data. The ca@iohs of some recent numerical experiments witbnkétre-scale air

quality models (Colette et al, 2014) are that siduels are very expensive and that the emissiceniiavies do not have a

sufficient resolution. Still, the performance ofcbuhigh resolution models are better than coaresolution ones. As

computing capacities keep increasing and kilometede air quality models become affordable, it \Ww#l interesting to

evaluate the benefit of assimilating high resolutiC| data i a kilometre-scale air quality modeien if the emission data

is built with coarse assumptions. One might expieat the assimilation of FCI data could correctuggiothe model state to

balance the deficiencies of the emission invensofi®r such study, high temporal repetitivity mayabso of high interest.

-

rConclusion o ___________ _-
An OSSE method has been developed to quantifydtedavalue of assimilating future MTG/FCI VIS04 A@®44 nm)for

regional-scale aerosol monitoring in EurgpEhe characteristic errors of the FCI have beenpded from a sensitivity

analysis and introduced in the computation of sgtithobservations from the NR. An evaluation of tealistic state of the
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atmosphere of the NR has been done, as well ampastson of CR simulations with the NR, in ordematwid the identical
twin problem mentioned in Timmermans et al. (20%urthermore, different control run simulatiores/b been set up as in
Claeyman et al. (2011) to avoid this issue. Theltef the OSSE should hence be representatitheofesults that the

assimilation of real retrieved AODs from the FChser will bring.

Although the use of a single synthetic observatien profile and the choice of an albedo error d¥l@re pessimistic
choices, the assimilation of synthetic AOD at 444 showed a positive impact, particularly for thedpean continental air
pollution. The simulations with data assimilati@produced spatial and temporal patterns of fRincentrations at surface
better than without assimilation all along the dations and especially during the high pollutioreetvof March. The

improvement of analysed fields is also expecteddirer strong pollution event such as a volcanic psime. This

capability of synthetic observations to improve #émalysis of aerosols is present for the 4 seinafilations which show the
capability of future data from the FCI sensor tmgran added value within the CTM MOCAGE aerosokéasts, and in

general, in atmospheric composition modélmreover, the advantage of a GEO platform overE® Lsatellite has been

shown and assessed.

sLhe results over ocean shgwincrease of PM concentration bias after assimiiah some places, particularly for AR4. An - 1 Déplacé vers le haut [7]: The
assimilation has been made using only o
explanation ig that AOD does not introduce inforioratvertically and that the correction of aerosalshe vertical r,el,le,s,om Sbservation per model profie. The use of

the model vertical distributiorFor a satisfactory assimilation of AOD, the AODdaAM biases of the model should bé\ L"g‘;g’r’\'lzt‘i’:ﬁ?;‘r’)?;ggihﬂstl)r;gssatsigfaerr]h

temporal averaging, should reduce the
—————————————————————— instrumental errors and lead to even better

could avoid this problem by better distributing therement of AOD between the different b|ns anddwthe dlfferent\ \\\\ results. f
\ 3 A
speciesSi¢ et al. (2016) also recommended the use of othperstyf observations, such as lidars, in the assioil process \ i \{ Supprime: Some of t %
. . . . \ | Supprimé: ed
to introduce information over the vertical. h o -
\ Supprimé: breakdown of the
‘:\ concentrations due to the way assimilate!
X . i o information is split between the aerosol bjns
The results presented here in this OSSE are ergiogrdor the use of future FCI AOD data within CTMar the % following the model concentrations on th
' | vertical

Supprimé: The

wavelength VIS04 centered at 444 nm. The use ofrothannels could bring complementary informatisuch as thg \\‘(

NIR2.2 that is expected to be less sensitive te fisrosols but more sensitive to large aerosols asdesert dusts and sea

)
Supprimé: of J
)

salt aerosolsEuture work may also consider exploiting the higbelution of FCI, following two possible linestter for {Supprimé: channe

regional-scale assimilation by using a “super-obstion” procedure, or for kilometre-scale air gtalnapping and for

assessing the quality of emission inventories. H@mesuch extension is mostly depending on impra@mm in the

numerical chemistry models, in the input emissiatadand in the optimization of assimilation al
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“ ‘{Mis en forme

Appendix: Deriving, AOD error variance from the Global Sensivitiy Analysis of FCI/VIS04 reflectance ligne : 0 cm

: Retrait : Premiére

- J

Mis en forme

.. [37]

Mis en forme

... [38]

using Monte-Carlo FCI simulations of about 200.@0@ws in the prior distribution of the input pardasrs. The input

distribution of AOD and of total ozone and watepgacolumns are obtained from a MOCAGE simulatian pver the
whole 2013 year. The distribution of ground albésialeduced from the OPAC database. The profileth@fMOCAGE

simulation are classified into OPAC (Hess et #898) types by making correspondence between spagsi€eamanos et al.

(2014) and then by applying classification critesiiilar to the OPAC types.

For every OPAC type, a global sensitivity analf§SA) has been performed between the input (AQtal column water

vapour, ozone content), ground albggoand solar zenithal angh) distributions and the output (VIS04 reflectance Mis en forme

... [39]

distributions of the FCI simulator. Under the asption of independent inputs, the Sobol (1990, 1988jces enable a Mis en forme

i

... [40]

ranking of inputs or couple of inputs with resptwir variance-based importance in the total outmuiance. For VIS04,

the variability of the solar zenithal angle, th@wnd albedo and the AOD are the three largest Sabdales in that order

and, together, they are at the origin of more tB8 of the total variance of the output reflec@n€ollowing Sobol
(1996), the GSA can also be used to determine acated version of the Hoeffding (1948, ANOVA) fuiocal

decomposition, with key inputs, that approximatee analyzed reflectance. For all OPAC groups, tepeddence 0

reflectance for VIS04 on the total ozone column aader vappr is negligible and is not taken intocamt in the reflectanc

approximation. As a conseguence, the reflect&hcan be approximated by the following equation:

R =0 L (Py )["J:l @ te (2) /{ Mis en forme

wheref;, fo, andf; are functions of the solar zenithal angle, theugtb albedo and the AOD, respectively. Tm/{ms en forme

| | =
&E
N | =

=

approximation erroe, exhibits a root mean square (RMS) less than 0. ¥r* pm* (1.5 % of the mean radiance value Mis en forme

=
N
w
=

of 47.3 W n? sr* um). Mis en forme

EE
N
l
=

As a consequence of this sensitivity analysis,sitthen possible to isolate the AQDwith respect the measured

reflectancer, the other key inpus, o, and the approximation errer /{ Mis en forme

T=F(R 65,p0u€) 3) \[ Mis en forme

By sampling input distributions on this equationgiMe-Carlo method), the root mean square error (RMS the AOD\[M'S en forme

retrieval can be derived as a function of the otflacer, the solar zenithal angi, the ground albedp,, and of their/{ Mis en forme

uncertainty.R_is associated with a measurement noise. No ureiria prescribed for the solar zenithal angler Ecgiven\["’"s en forme

— | = =
C:] J| 3] &
el [® NI @] (<

... [49

fixed value of relative error of ground albedoaKk-up-table is built, that provides the root megnare error (RMSE) of
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the AOD retrieval as a function of the solar zeslithngle and of the ground albedo. Such a lookabyetof the RMSE of
VIS04 AOD has been computed for every OPAC typesfandifferent possible values of surface albedors.

Mis en forme : Retrait : Premiére J

PR
ligne : 0 cm
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Tables :

| Bias (uLg/m3) RMSE (ug/m3 FGE FactOf2 Rp Rs
NRSPMp | -623 62 | 056 | 64.7% | 0452 0537 |
(~-35.1%)
NRS PMps | - -320 | 119 0543 | 67.5% | 053 | 0602 |
(~-24.7 %)

reference the AQeR observatlons for hourly PNy, and PM, s concentrations from January to April 2014.
| Bias MNMB RMSE FGE Re
| ANFS ,,,,,,,, 0043 | 039 | 009 | 0 ,-5,3,1 ,,,,,,,, Q-§§ R N
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p,R,4 ,,,,,,,,,,, ks ] No |~ 100%; 0%; 0%; 0%;0% - { Mis en forme : Anglais (Etats Unis)

- { Mis en forme :

Anglais (Etats Unis)

h {Supprimé: 6
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- { Mis en forme :

Anglais (Etats Unis)

Hourly PM10 | Bias (npg/m3) | RMSE (ug/m3 FGE FactOf2 Rp Rs
CRs

« stations » vs

NR « stations
| CR1 | -13(82%) | 79 | 0332 | _ 89.1% | 0671 | o748 | - { Mis en forme : Anglais (Etats Unis)
| CR2 | -45(352%) 93 | 047 | 7%6% | 0609 | 079 - { Mis en forme : Anglais (Etats Unis)
| .__CR3 | -48(381%) 98 0511 | 693% | 0572 0671 <« - {Misen forme : Anglais (Etats Unis)
| CR4 | -29(-205%) 87 0412 | 819% | 0.623 | ( 0712 | Mis en forme : Gauche, Taquets de

tabulation : 1,12 cm, Centré + 2,16

N
N
« . | cm,Gauche

taking as reference the NR simulations for hourly M, concentrations from January to April 2014. The comprison is made R \{ Mis en forme : Anglais (Etats Unis)

W

at the same station location as for AQeR stations. W -
\\\\\{ Supprimé: 7

R P
{ \{ Mis en forme : Anglais (Etats Unis)

W\
W

\\\\\{ Mis en forme : Anglais (Etats Unis)

\{ Supprimé: (B)

Mis en forme : Position :Horizontal :
1,49 cm, Par rapport a : Page, Vertical
: 4,74 cm, Par rapport a : Paragraphe

— JU JC A JC LU L JU

Hourly PM2.5| Bias (1g/m3) | RMSE (ug/m3 FGE FactOf2 Rp Rs
CRs

« stations » vs

NR « stations
| AC,R,J- ,,,,, '9-,89@,2‘1%), L 5-9 ,,,,,,, Q@O] ,,,,,, 9]:]; % ,,,,,, 9-232 ,,,,,,, 0 7-777§7 I - { Mis en forme : Anglais (Etats Unis)
| AC,R,Z ,,,,, ) §,9,(‘,3Zf1%2 oo Q-45,2 ,,,,,, 28,4 %, I 9;69 7777777 0 ;773}7 N - { Mis en forme : Anglais (Etats Unis)
| AC,R,?’ ,,,,, - 4-4&‘42-@%2 L Z-§ ,,,,,,, Q-§Q5 ,,,,,, ZQ-@ % ,,,,,, Q-§44, ,,,,,, 0 7-67957 I - { Mis en forme : Anglais (Etats Unis)
| CR4 | - y l-?ﬁ'!@-,l%l .66 | 0374 | 85.5% | 0665 | 073 | - { Mis en forme : Anglais (Etats Unis)

,,,,,,,,,,, Anglais (Etats Unis)

R { Mis en forme :

taking as reference the NR simulations for hourly R1, s concentrations from January to April 2014. The comprison is made
at the same station location as for AQeR stations.

L}
L\
W
W
W
\

Mis en forme : Position :Horizontal :
1,46 cm, Par rapport a : Page, Vertical
: 4,83 cm, Par rapport a : Paragraphe

WA
N {Supprimé: 8
WA

\\\\{ Mis en forme : Anglais (Etats Unis)
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Anglais (Etats Unis)

{Supprimé: (B)
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Anglais (Etats Unis)

Anglais (Etats Unis)

Anglais (Etats Unis)

Anglais (Etats Unis)

Hourly PM10 | Bias (pg/m3) |RMSE (pg/m3) FGE FactOf2 Rp Rs
CRs
« stations » vs
NR « stations »
| ARL _ |-117(721%)| 716 029 __ _| __ 922%_ _ | __ 0739 _ | __ 0791 - {Misen forme:
| AR2|-291(213%)| 81 | 0373__ | __ 853%_ _ | ___ 0694 _ | __ 0751 - {Misen forme:
| AR3  |-3.53(262%)| 867 | __ 0417 __ | __ 804%_ _ | __067_ __|__( 0726 - {Misen forme:
AR4_ | 0756C__| __803 ______ 0339__ _| __ 88.2%_ _ |___ 0691 _ | __ 0759 - {Misen forme:
5.31 %)
Table7: Bias, RMSE, FGE, Factor of 2, Pearson correlation ah Spearman correlation of the ARs simulation takingas reference __ - { Mis en forme :

the NR simulations for hourly PM;, concentrations from January to April 2014. The comprison is made at the same station -
location as for AQeR stations.

Hourly PM2.5 | Bias (pg/m3) |RMSE (pg/m3) FGE FactOf2 Rp Rs
ARs
« stations » vs
NR « stations »
ARL | 039%5(-__| 561 | 0284 | _ 92.7% | __ 0755 | ( 0.806 _ _ _
3.15%)
| AR2 |-2.28(-205%)| 631 0364 | _ 86.6% _ | __ 0703 | ( 0.766 _ _ _
| AR3  |-294(271%)| _ 686 _ | __ 0416 | _ 809% _ | __ 0669 | 0732 __ _
| AR4_ [ 0109(09%) | __ 656 _ | ___ 0328 _ | _ 894%_ _ | __ 069 _ | _ 0.765 __ _

location as for AQeR stations.

Anglais (Etats Unis)

h ‘[Supprimé: 9

L L L JL

| - { Mis en forme :

Anglais (Etats Unis)

| - = { Mis en forme :

Anglais (Etats Unis)

| - { Mis en forme :

Anglais (Etats Unis)

| - { Mis en forme :

Anglais (Etats Unis)

: Anglais (Etats Unis)

(D A

Mis en forme :

Position :Horizontal :
1,4 cm, Par rapport a : Page, Vertical :

wy 5,24 cm, Par rapport a : Paragraphe

W
W \\{ Supprimé:
W\
W\ {Supprimé: 10
W\

Hourly | Bias (ua/m3) | RMSE ____ _ EGE ______ FactOf2 | Rp _______ lRs - _____ L \{ Mis en forme : Anglais (Etats Unis)
AR3LEO (ug/m3) s -

« stations »  vs N { Mis en forme : Anglais (Etats Unis)
NR « stations » { Mis en forme : Anglais (Etats Unis)
PM10 | 447 (:351%) | 9.41 | 0.462 _756% 0656 _ ____ o717 - — - { Mis en forme : Anglais (Etats Unis)
PM25 | -3.89 (37 %) | 714 0457 ____ _165% 0681 0731 - { Mis en forme : Anglais (Etats Unis)

) U WU
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JTable 9: Bias, RMSE, FGE, Factor of 2, Pearson correlain and Spearman correlation of the ARSLEO simulationtaking as __ _ - {Mis en forme : Anglais (Etats Unis) ]
reference the NR simulations for hourly PM10 and PMs concentrations from January to April 2014. The comarison is made at

the same station location as for AQeR stations.
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Stations, classified as 1 to 5, have been seldotledving Joly and Peuch (2012). This selectioe e stations

that are representative of background air pollytishich is the range of scale that the model ardstitellite

may represent.
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from the 3D fields of the NR variables: primary anic and black carbon concentrations, desert dust
concentrations, sea salt concentrations, seconidarganic aerosol concentrations (ammonium, nitiatel
sulfate), relative humidity, temperature and pressBrom these fields, AODs are calculated forRkd VIS04
channel with the same computation module for a¢ragtical properties as the observation operator. AOD
error is introduced using characterize errors & BCI. To characterize the error in the channelO4|She
simulator developed by Aoun (2016, Aoun et al., 30lbased on the Radiative Transfer Model (RTM)
libRadtran (Mayer and Killings, 2005), has beenduse
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Since the FCI response may depend on the aeropek,tyindependent model errors per OPAC (Optical

Properties of Aerosols and Clouds, Hess et al.8)18&es have been computed: dust, maritime cleanitime

polluted, continental clean, continental averagatioental polluted, and urban.

Page 9 : [24] Supprimé Descheemaecker 05/11/2018 15:13:00 I
Since the FCI response may depend on the aeropek,tyndependent model errors per OPAC (Optical

Properties of Aerosols and Clouds, Hess et al.8)l8%es have been computed: dust, maritime claanitime
polluted, continental clean, continental averagmtioental polluted, and urban. For each OPAC type,
distribution of the atmospheric conditions has bkeitt from a MOCAGE simulation ran over the wh@e13

year. Aerosol species described in OPAC are mirdarsis (nuc. mode: MINM; acc. mode: MIAM; coa. mode
MICM), sea salts (acc. mode: SSAM; coa. mode: SSQdluble aerosols (water soluble: WASO), insoluble
aerosols (INSO) and soot aerosols (SOOT). A coomdpnce of aerosol species has been made between
MOCAGE and OPAC (Table 3) as in Ceamanos et all4p0Then some criteria are applied on the vertical
distributions of aerosol species and their conegiotns (Table 4) to classify the MOCAGE profilegairthe
different OPAC types. A large number of profilesvbanot been classified because they did not fi itie

criteria
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For each spectral band and OPAC aerosol typesuadedr the hypothesis of statistical independenceach

variable, the simulator has been used to computianmee for a Monte-Carlo-based random draws of GGID.
sets of inputs, following histograms. The Fig. 4e(51) presents an example of histograms of thetsngnd the



corresponding histogram of the resulting radiarfoeghe spectral band VIS04 (415-475 nm), for tleeoaol
type “continental clean”. A measurement noise (&@&aussian noise) has been added to the simukadéthce,
following a specific model of signal-to-noise rafice. standard deviation of noise over the resgltiadiance).
Then the radiances were converted in reflectancedivagling it by the corresponding TOA radiancesliging

the cosine of the solar zenithal angle.

A global sensitivity analysis (GSA) has been perfed using the Sobol indicesnder the assumption of
independent inputs, the Sobol indices enable aimgrdf inputs or couple of inputs with respect thedriance-
based importance in the total output variance. Hige 5 presents the ranking of the Sobol indicesrders 1
and 2 for the output reflectance of VIS04 for thmmtinental clean aerosol type. The blue bars reptethe
Sobol indices in descending order of single or t®wp inputs. The red line represents the cumulated of the
sorted Sobol indices. The variability of the satenithal angle, the ground albedo and the AOD lagethree
largest Sobol indices in that order and, togettiery are at the origin of more than 98 % of thalteariance of
the output reflectance. (Fig. 4, step 2) of ordae @nd two (Sobol, 1990; 1993) based on the ANOVA
decomposition (Hoeffding, 1948). Following Sobod98), the GSA can be used to determine the keytsriput
also to determine a truncated version of the HaegfdANOVA) functional decomposition, with key infs) that
approximates the analysed reflectance. In the affe simulations with 5 inputs, the Hoeffding deposition
up to the order 2 comprises 15 functions (5 fohesingle parameters and 5x4/2 = 10 functions feheauple).
For all OPAC groups, the dependence of reflectdoc&/1S04 on the total ozone column and water vagsu
negligible and is not taken into account in thdemfnce approximation.Under the assumption of paddent
inputs, the Sobol indices enable a ranking of ispot couple of inputs with respect their varianesdd
importance in the total output variance. The Figrésents the ranking of the Sobol indices of ardeand 2 for
the output reflectance of VIS04 for the continemiebn aerosol type. The blue bars represent thelSudices

in descending order of single or couple of inptitse red line represents the cumulated sum of thted&obol
indices. The variability of the solar zenithal angihe ground albedo and the AOD are the three$arg§obol
indices in that order and, together, they are atdtigin of more than 98 % of the total varianceth@ output
reflectance. For the example of VIS04 with the aefdype “continental clean”, the reflectanBecan be
approximated by the following equation:

R =f:(69) + f;(pg) + (D + ¢, 9)
wheref;, f,, andf; are functionsg; is the solar zenith anglg, is the ground albedo ands the aerosol optical
depth. The approximation errey also called the modelling error, exhibits a rowan square (RMS) less than
0.7 W m? sr! pm* (1.5 % of the mean radiance values of 47.3 Wsi' pm?). For all OPAC groups, the
dependence of reflectance for VIS04 on the totahezcolumn and water vapour is negligible and istaken
into account in the reflectance approximation.

In this approximation, it is then possible to igelthe AODrt with respect the measured reflectaR¢ehe other
key inputs but the AOD. In the case of VISO4/coetital clean, these remaining inputs @&ep, and the
approximation erroe:

t=F(R,05,p,€), (10)
The reflectanc® is associated with a measurement noise. Excepghéosolar zenithal angle, the other inputs

may be known with a given uncertainty. In the AC&rieval a main source of uncertainty is due tdaser



albedo. The surface albedo fields are retrievech fODIS using the Radiative Transfer Model RTTOMdut
et al., 2014), and the relative error of albedadusecreate synthetic observations of the studWi%s. The other
inputs, such as total ozone column, comes fronNfResimulation. With (Eq. 10), it is then possibdertin a new
Monte-Carlo analysis (Fig. 4, step 3) with randomaves of noise measurements, approximation eriamd
uncertainty on the key inputs, in order to asskesdot mean square error (RMSE) of the AOD re#iiefs an
example, Fig. 6 presents the estimated RMSE oAtDE retrieval from the VIS04 reflectance, for corntal
clean aerosol type, for an uncertainty of 5 % anglound albedo. The RMSE depends both of the gefithal

angle and on the ground albedo.

To create the synthetic observations, each NRIprofiaerosol is associated to an OPAC type
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nder the assumption of independent inputs, the ISnbices enable a ranking of inputs or couplengfuts with

respect their variance-based importance in thé ¢ottput variance. The Fig. 5 presents the ranbkindne Sobol
indices of orders 1 and 2 for the output reflectaotVIS04 for the continental clean aerosol typiee blue bars
represent the Sobol indices in descending ordesirgfle or couple of inputs. The red line represehts
cumulated sum of the sorted Sobol indices. Theatbdity of the solar zenithal angle, the groundealb and the
AOD are the three largest Sobol indices in thaepahd, together, they are at the origin of moent&8 % of

the total variance of the output reflectance.
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For all OPAC groups, the dependence of reflectdoc®1S04 on the total ozone column and water vagsu

negligible and is not taken into account in théefince approximation.
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Species DD

SS SIA

oC

BC

MIAM, 1




MICM,
MINM

SSAM,
SSCM

WASO - - 1 0.5 0.2

INSO - - - 0.5 -

SOOT - - - - 0.8

Table 3: Correspondence of MOCAGE and OPAC aerosol spet@esol species of OPAC are mineral dust (nucleation
mode: MINM ; accumulation mode: MIAM ; coarse modétCM), sea salts (accumulation mode: SSAM ; coanegle:
SSCM), soluble aerosols (water soluble: WASO), inlsigl aerosols (INSO) and soots (SOOT), while adésasoMOCAGE

are desert dusts (DD), sea salts (SS), secondarganic aerosols (SIA; ammonium, sulfate and r@jraind organic and
black carbons (OC, BC).
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Abstract. The study assesses the possible benefit of aasiimgilAerosol Optical Depth (AOD) from the futungaseborne
sensor FCI (Flexible Combined Imager) for air gyathonitoring in Europe. An Observing System Siniola Experiment
(OSSE) was designed and applied over a 4-montlogéniat includes a severe pollution episode. Thdystocuses on the
FCI channel centred at 444 nm, which is the showaselength of FCI. A Nature Run (NR) and fourfeliént Control Runs
of the MOCAGE chemistry-transport model were destgand evaluated to guarantee the robustness @3IBE results.
The AOD synthetic observations from the NR weréudised by errors that are typical of the FCI. Tleiance of the FCI
AOD at 444 nm was deduced from a global sensitigitglysis that took into account the aerosol tygpeface reflectance
and different atmospheric optical properties. Thpeeiments show a general benefit on all statikticdicators of the
assimilation of the FCI AOD at 444 nm for aerosohcentrations at surface over Europe, and alscsiiy@mimpact during
the severe pollution event. The simulations withadassimilation reproduced spatial and temporatepa of PMo

concentrations at surface better than without akstion all along the simulations and especiallyidg the pollution event.
The advantage of assimilating AOD from a geostatigmplatform over a Low Earth Orbit satellite hésoabeen quantified.
This work demonstrates the capability of data fittwn future FCI sensor to bring an added value ¢oMDCAGE aerosol

simulations, and in general, to other chemistrggpert models.
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1 Introduction

Aerosols are liquid and solid compounds suspendégld atmosphere, whose sizes range from a fewnmateeos to several
tens of micrometers, and whose lifetime in the asghere varies from a few hours to a few weeksn{8lei and Pandis,
1998). Stable sulfate aerosols at high altitude leah for years (Chazette et al., 1995). The s@uafeaerosols may be
natural (dusts, sea salt, ashes from volcanic iemgtfor instance) or anthropogenic (from roadfitaresidential heating,
industries, for instance), and they can be trariedaup to thousands of kilometers. Aerosols areMnto have significant
impacts on climate (IPCC, 2007) and on air quaditg further on human health as WHO (2014) estimated 3 million
deaths in 2012 to be due to aerosols.

Aerosols absorb and diffuse solar radiation, whedds to local heating of the aerosol layer andiogof the climate
system through the backscatter of solar radiatiogptace for most of the aerosols, except for btackon (Stocker et al.,
2013). The absorption of solar radiation modifies vertical temperature profile, affecting the 8igbof the atmosphere
and cloud formation (Seinfeld and Pandis, 1998)o8els, as condensation nuclei, play a significatg in the formation
and life cycle of clouds (Seinfeld and Pandis, )9¥8position of aerosols on Earth’'s surface map alffect surface
properties and albedo. All these effects showdkabsols play a key role on the energy budgeteotlimate system.
Aerosols, also called particulate matter in thetewinof air quality, are responsible for seriousltte problems all over the
world, as they are known to favor respiratory aacdovascular diseases as well as cancers (Broak, &004). The World
Health Organization (WHO) has set regulatory linfitsaerosol concentrations, respectively 20 pamd 10 pg.ii annual
mean for PM, and PM 5 (particulate matter with a diameter less than &6 2.5 um, respectively) concentrations. The
European Union regulation introduces also;pihily mean limits of 50 ug.th The presence of a dense layer of aerosols
can also affect air traffic by the reduction ofibiity (Baumer et al., 2008) and by risks of digtions of engines of air
planes (Guffanti et al., 2010). Therefore, it isexdial to accurately determine the evolution ef¢bncentration and size of
the different types of aerosols in space and timeyder to assess their effect on climate andipguality and to mitigate
their impacts. A pertinent approach to achieverginaous and accurate monitoring of aerosols otbine measurements
and models, a good example being the Copernicus ogghere Monitoring Service (CAMS)
(http://www.atmosphere.copernicus.eBéuch and Engelen, 2012; Eskes et al., 2015;ddbe¢ al, 2015).

Ground-based stations, which measure aerosol andagecentrations in-situ, have been used for skdemades to monitor
air quality, such as the stations in the Air Qyal@-Reporting program (AQeR, https://www.eea.eurepaata-and-
maps/data/agereporting-2) from the European Enrient Agency (EEA). Other observations can alsodss o measure
aerosols. The AERONET (AErosol RObotic NETwork) gmam (https://aeronet.gsfc.nasa.gov/) performsetrégeval of the

Aerosol Optical Depth (AOD) at several ground stasi (Holben et al., 1998). Similarly, AOD obsergas can be retrieved
from images taken in different channels by imagdisard Low Earth Orbit (LEO) or GEOstationary (GESyellites.

Generally, AOD from satellite provides a bettertgdecoverage than ground-based stations at theresgof additional

sources of uncertainty, such as the surface rafieet An example of AOD product from LEO satellitethe Daily Level 2
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AOD, from the Moderate Resolution Imaging Spectiameter (MODIS) (Levy et al., 2013) sensor on blo@erra and
Aqua (MOD 04 & MYD 04 products). This AOD product provided at a 10 km resolution every 5 min, ddwri km.
Sensors on geostationary orbit satellites can oatisly scan one third of Earth's surface much rfrecuently than low
Earth orbit satellites. The SEVIRI (Spinning EnhadhcVisible and Infra-Red Imager) sensor, aboard M#eteosat
Second Generation), is an example of a GEO sensordmng information on aerosols. Different AOD awrieved over
lands from SEVIRI data in the VIS0.6 and VIS0.8 ruhels, respectively centered at 0.635 um (0.56 O/ um) and
0.81 um (0.74 pum — 0.88um). AOD products are netdefollowing different methods. Carrer et al. (BDPpresented a
method to estimate a daily quality-controlled AO&skd on a directional and temporal analysis of &dbservations of
channel VIS0.6. Another method consists in matckingulated Top Of the Atmosphere (TOA) reflectan@esm a set of 5
models) with TOA SEVIRI reflectances (Bernard et 2D11) to obtain an AOD for VIS0.6. Another meth@/ei et al.,
2012) estimates the AOD and the aerosol type blysing the reflectances at 0.6 and 0.8 um in tlorelerly scan times.
These methods derive AOD for specific channelsnfithe combined analysis of several channels ang eften using
several images if not all of a day to have infoiiorat

Numerical models, even if they are subject to strare necessary to describe the variability obgr®sol types and of their
concentrations with space and time, as a compleineabservations. Aerosol forecasts on regional glnbal scales are
made by three-dimensional models, such as the stgrtiansport model (CTM) MOCAGE (Skt al., 2015; Guth et al.,
2016). MOCAGE is currently used daily to provide guality forecasts to the French platform Prev'fouil et al., 2009)
and also to the European CAMS ensemble (Maréal,2015). Data assimilation of AOD can be usedriter to improve
the representation of aerosols within the modelktions (Benedetti et al, 200934t al, 2016). Studies on geostationary
sensors have also proved a positive effect of fséralation of AOD, see e.g. Yumimoto, et al. (2DMho assessed this
positive effect using the AOD at 550 nm from AHIdanced Himawari Imager) sensor aboard Himawari-8.

The future geostationary Flexible Combined ImadgeCl( URD Eumetsat, 2010), that will be aboard thetddsat Third
Generation satellite (MTG), will perform a full #ign 10 min, and in 2.5 min for the European RegleRapid-Scan which
covers one-quarter of the full disk, with a spat&golution of 1 km at nadir and around 2 km indper. Like AHI, FCl is
designed to have multiple wavelengths and the asgiom of its data into models should be benefidia aerosol
monitoring. The aim of the paper is to assess twsiple benefit of assimilating measurements frbenfuture MTG/FCI
sensor for monitoring aerosols on regional scaler dgurope. Since MOCAGE cannot assimilate, AOD aitiple
wavelengths simultaneously €S8t al, 2016), the study focusses on the assimilagi AOD from a single channel. Among
the 16 channels of FCI, the VIS04 band (centereg4dtnm) has been chosen because it covers theeshaavelengths,
which is expected to be the most relevant to detenatll particles (Petty, 2006). Besides, VIS04 & channel compared
to MSG/SEVIRI, which shortest band is around 65Q(@arrer et al, 2010), and so assessing the beofefiiS04 over
Europe is original.

As FCIl is not yet operational, an OSSE (Observipgt&n Simulation Experiments) approach (Timmern&trad., 2015) is

used in this study. In an OSSE, synthetic obsemmatare created from a numerical simulation thasislose as possible to

3



10

15

20

25

30

the real atmosphere (the Nature Run), and thelassieilated in a different model configuration. Tdifferences between
model outputs with and without assimilation proviale assessment of the added value of the assithitiatia. OSSE have
been widely developed and used for assessing asignileg future sensors for air quality monitorirfigr carbon monoxide
(Edwards et al, 2009) and ozone (Claeyman et dll,2doogman et al, 2014) from LEO or GEO satelliieshoz et al,
2012), and for aerosol analysis from GEO satellitesr Europe (Timmermans et al, 2009a, 2009b). Soihtkese studies
have successfully assessed the potential bendfitwe satellites and they have helped to degigrinstruments (Claeyman
et al, 2011), however cautions and limitations leem ©SSE for air quality have been addressed (Tirmawes et al, 2009a,
2009b, 2015), such as the “identical twin probleanid the control of the boundary conditions of thedei, and the
accuracy and the representativeness of the synibletervations.

By designing an OSSE that takes into account thesgautions, the present study proposes a quardiasessment of the
potential benefit of assimilating AOD at 444 nmrfré-Cl for aerosol monitoring in Europe. The OSSH &s experimental
setup are described in Sect. 2. Then, the casg ahdlan evaluation of the ability of the refereseulation to represent a
true state of the atmosphere are presented. Thelaibn of synthetic observations is explaine&att. 3. An evaluation of
the control simulations is made in Sect. 4. In Séctthe results of the assimilation of FCI synihetbservations are

presented and discussed. Finally, Sect. 6 conchiiestudy.

2 Methodology
2.1 Experimental setup

Figure 1 shows the general principle of the OSSiETermans et al, 2015). A reference simulationledatNature Run”

(NR) is assumed to represent the “true” state efatmosphere. AOD synthetic observations are gtteksy combining

AOD retrieved from the NR and the error charactiessof FCI. These error characteristics are dbedriin Sect. 3. The
second kind of simulations in the OSSE is the “@nRun” (CR) simulation. The differences betweeR’8&l output and

CR’s output should represent the errors of curneodels without use of observations. Finally, theiragation run (AR) is

done by assimilation in the CR of the syntheticesbations. To assess the added value of the instftyra comparison is
made between the output of the AR and the NR ahddaes the CR and the NR. If the AR is closer tolfiethan the CR,
it means that the observations provide useful médion to the assimilation system. The differenosesveen AR and CR
guantify the added value of the instrument.

The NR should be as close as possible to the aatomasphere because it serves as the referencedage the synthetic
observations. The temporal and spatial variatidrite® NR should approximate those of actual obdEms. An evaluation
of the NR, presented in Sect. 2.2, includes a coista of the model with aerosol concentrations &@D data from

ground-based stations.

In addition, the differences between the NR and@Remust be significant and approximate those betvibe CR and the
actual observations. Ideally, the NR and CR shbeldun with different models, as the use of theesamdel could lead to

4
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over-optimistic results (Masutani et al., 2010)stissue is called the “identical twin” problem.idtstrongly recommended
to evaluate the spatio-temporal variability of thR and its differences with the CR to avoid thigefitical twin” problem
(Timmermans et al., 2015). As MOCAGE is used fothddR and CR in the present study, a method sintdlahat used in
Claeyman et al. (2011) is proposed. Instead of G6Re various CR simulations (Fig. 1) are performeddifferent
configurations, and they are assessed independamilycompared to the NR to ensure the robustnedsedDSSE results.

An evaluation of those differences is presenteSdat. 4.

2.2 MOCAGE

The CTM model used in this study is MOCAGE (Moddk Chimie Atmosphérique a Grande Echelle, GutH,204.6),
that has been developed for operational and rdsqanposes. MOCAGE is a three-dimensional model toaers the
global scale, down to regional scale using two-wagted grids. MOCAGE vertical resolution is notfanin: the model has
47 vertical sigma-hybrid altitude-pressure levetaf the surface up to 5 hPa. Levels are densertheasurface, with a
resolution of about 40 m in the lower tropospherg &0 m in the lower stratosphere.

MOCAGE simulates gases (Josse et al., 2004; Didbat., 2004), primary aerosols (Martet et al., 208¢ et al., 2015)
and secondary inorganic aerosols (Guth et al, 208&psols species in the model are primary spediesert dust, sea salt,
black carbon and organic carbon, and secondargamic species: sulfate, nitrate and ammonium, fdrfnem gaseous
precursors in the model. For each type of aerdpoisiary and secondary), the same 6 bin sizessgd between 2 nm and
50 um: 2 nm -10 nm - 100 nm - 1 pm - 2.5 pm - 10468 um. All emitted species are injected everyriibs in the five
lower levels (up to 0.5 km), following an hyperlmotlecay with altitude: the fraction of pollutantaited in the lowest level
is 52 %, and then respectively 26 %, 13 %, 6 % ar# in the four levels above. Such a vertical réfi@an ensures
continuous concentration fields in the first leyelbich guarantee a proper behavior of the of &mid agrangian advection
scheme. Carbonaceous particles are emitted usingsiem inventories. Sea salt emissions are sinmdilaging a semi-
empirical source function (Gong, 2003; Jaeglé et28111) with the wind speed and the water tempegads input. Desert
dust are emitted, using wind speed, soil moisture surface characteristics based on MarticorenaBanrdametti (1995)
which give the total emission mass, that is thetrithuted in each bin according to Alfaro et aB48). Secondary inorganic
aerosols are included in MOCAGE using the modul®R&OPIA Il (Fountoukis and Nenes, 2007), which eslthe
thermodynamic equilibrium between gaseous, liquid &olid compounds. Chemical species are transfbrine the
RACMOBUS scheme, which is a combination of the RAGRheme (Regional Atmospheric Chemistry Mechanism;
Stockwell et al., 1997) and the REPROBUS schemadiRee Processes Ruling the Ozone Budget in thatdfhere;
Lefevre et al., 1994). Dry and wet depositions asepus and particulate compounds are parameteaizéd Guth et al.
(20186).

MOCAGE uses meteorological forecasts (wind, presstemperature, specific humidity, precipitatios) iaput, such as
Météo-France operational meteorological forecashfARPEGE (Action de Recherche Petite Echelle Geaachelle), or

ECMWF (European Centre for Medium-Range Weathee&asts) meteorological forecast from IFS (Integrderecast
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System). A semi-lagrangian advection scheme (Wikian and Rasch, 1989), a parameterization for aiove(Bechtold

et al., 2001) and a diffusion scheme (Louis, 1%@)used to transport gaseous and particulateespeci

2.3 Assimilation system PALM

The assimilation system of MOCAGE (Massart et2009),is based on the 3-Dimensional First Guess at ApfatgpTime
(BD-FGAT) algorithm. This method consists of mirimig the cost functiod:

J(62) = Jp(52) +Jo(x) =2 (5 x)TB™1 6 x + 2% o(d; — H; 6 X)TR;(d; — H; 6 %), (1)
whereJ, andJ, are respectively the part of the cost functiomtesl to the model background and to the obsenstion=

x - X is the difference between the model backgroxthend the state of the systemd; = i - H; X°(t;) is the difference
between the observatighand the backgroun)d3 in the observations space at titneH; is the observation operatdt; its
linearized versionB is the background covariance matrix; @ds the observation covariance matrix at time

The general principal for the assimilation of AOBefedetti et al, 2009) is the same as i &ial. (2016). The control
variablex used in the minimization is the 3D total aerosmieentration. After minimization of the cost furmtj an analysis
incrementx®, is obtained, which is a 3D-total aerosol conaitn. This incremeni® is then converted into all MOCAGE
aerosol bins according to their local fractionghef total aerosol mass in the model background.rékelt is added to the
background aerosol field at the beginning of theleyThen the model is run over the 1-hour cyclggle to obtain the

analysis. The state at the end of this cycle il @sea departure point for the background modebfuhe next cycle.

The observation operatét for AOD uses as input the concentrations of aikhi6) of the seven types of aerosols and the

associated optical properties. For this computadign, the control variabbe is converted into all MOCAGE aerosol bins
according to their local fractions of the total @@l mass in the model background. The AOD is cdatptor each model
layer to obtain, by summing, the AOD of the totalumnn. The optical properties of the different amilatypes are issued
from a look-up table, that is computed from the Magle scheme of Wiscombe (1980, 1979, revised 1f@@&pherical and
homogeneous particles. The refractive indices crora Kirchstetter et al. (2004) for organic carbemd from the Global
Aerosol Data Set (GADS, Kopke et al., 1997) forestherosol species. The hygroscopicity of sea saits secondary
inorganic aerosols are taken into account basedesher (1985).

While the observation operator is designed to akgienAOD of any wavelength from the UV to the Re assimilation
system MOCAGE-PALM cannot assimilate data of seveevelengths simultaneously ¢Sét al, 2016). This limitation is
due to the choice of the control vector, whichhie 8D total aerosol concentration: assimilatindedént wavelengths
simultaneously would require to rethink and to agtehe control vector, for instance splitting it bgrosol size bins or

types. This explains why the study focuses on #isénglation of AOD of a single wavelength.
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2.4 Case study

The period extends from thé' bf January to the 30of April 2014, and includes several days of PMiytan over Europe.
From the 7 to 158" of March, a secondary particles episode (EEA rep@t4) occurs, while from 39March to 8" April a
dust plume originating from the Sahara Desert pyapes Northwards to Europe (Vieno et al., 2016).

The MOCAGE simulation covers the whole period frdanuary to April 2014, on a global domain at 2hetson and a
nested regional domain, that covers Europe, frof\2® 72 °N and from 26 °W to 46 °E, at 0.2 ° desion (see Fig. 2). A
4-month spin-up is made before the simulation. N is forced by ARPEGE meteorological analysis. §ians of
chemical species in the global domain come from NIAZ (van der Werf et al., 2006; Lamarque et &01@, Granier et al.,
2011) for anthropogenic gas species and biogeréciep are from GEIA for the global and regional dom ACCMIP
project emissions are used for anthropogenic ocgand black carbon emissions at the global scdle. TNO-MACC-III
inventory for year 2011 provides anthropogenic siiss in the regional domain. TNO-MACC-III emissioare the latest
update of the TNO-MACC inventory based on the metthagy developed in the MACC-II project describadkiuenen et
al. (2014). These anthropogenic emissions are csteghl on our regional domain, at the boundary ef MACC-III
inventory domain by emissions from MACCity. Dailioimass burning sources of organic and black cadmohgases from
the Global Fire Assimilation System (GFAS) (Kaigtral., 2012) are injected in the model. The NRudes secondary
organic aerosols (SOA) in order to enhance itsgeahnd to well fit the observations made at grebased stations over
Europe. Standard ratios from observations (Castad.,€1999) are used to simulate the portion cbedary carbon species,
40 % in winter, from the primary carbon speciethie emission input.

The NR is compared to real observations from AERONEDD observations and AQeR surface concentratiosg)g
common statistical indicators: mean bias (B), medifnormalized mean bias (MNMB), root mean squarer§RMSE),
fractional gross error (FGE), Pearson correlatioefiicient ;) and Spearman correlation coefficiefR)( While the
Pearson correlation measures the linear relatibndsn the two datasets, the Spearman correlatianmisan to assess their
monotonic relationship.

The AQeR stations are mainly located over Westenrojge (Fig. 2). After selection of the surface ieted that are
representative of background air pollution (follagiJoly and Peuch, 2012), 597 and 535 stationseapectively used for
the PMo, PM,s comparison. Figure 2 represents the mean surfaceeatration of the NR and selected AQeR
measurements over the domain, from January to 20dK. The left panel shows the RMoncentrations of the NR in the
background and the AQeR concentrations as cirddewhe right panel shows the BMconcentrations. The concentration
of the NR PMy and PM s are generally underestimated compared to obsengatNevertheless, on both figures, the spatial
variability and particularly the location of maxirage reasonably well represented. Over the Europeatinent, the NR and
AQeR data show clear maxima in the center of Eurfipeboth PMy, and PM s concentrations, even if the NR

underestimates these maxima.
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Table 1 shows the statistical indicators of thimparison for hourly surface concentrations in,phd PM s A negative
mean bias is observed, around -6.23 |i(m-35.1 %) for PMy and -3.20 pg.fM (~ -24.7 %) for PMs. The RMSE is equal
to 16.2 pg.ni for PMy and 11.9 pg.mfor PM, 5 while the FGE equals to 0.56 and 0.543. The fastdwo is equal to 64.7
% and 67.5 % for PM and PM . Pearson and Spearman correlations are respgclivi32 and 0.535 for Pjdland PM 5
and 0.537 and 0.602 for Rpand PM s The NR underestimation is greater for gthan for PM s in relative differences.
This suggests a lack of aerosol concentrationtiénRMg_, s(concentration of aerosols between 2.5 um and 1D Nt
taking into account wind-blown crustal aerosols mayse a potential underestimation of PM in mo@efset al., 2015).
Taking them into account needs a detailed groupd igventory to compute those emissions unavail@bMOCAGE. For
PM, 5, the underestimation of aerosol concentrationsbeadue to a lack of carbonaceous species (Praalk €016). Other
possible reasons for PM negative bias at surfaeetle® underestimation of emissions in cold winterige and the
uncertainty in the modelling of stable winter cdiatis with shallow surface layers.

A time-series graph of the median NR surface camagans and the median surface concentrationbi@fAQeR stations
are presented in Fig. 3. Compared to ground-basgeRAdata (in black), the NR (in purple) generalierestimates the
PM,;, and the PMjs concentrations, especially during th&-75" March pollution episode. However, the variatiomsl a
maxima of the NR concentrations of PM are genera#yl represented. Furthermore, around 65 % of rhoolecentrations
are relatively close to observations as shown leyfétttor of 2 in Table 1. The variability of NR aamtrations is thus
consistent with AQeR station concentrations.

Table 2 gives an evaluation of the NR against thiky adnean of the AOD at 500 nm obtained from 84 AMRET stations in
the regional domain from January to April 2014. Tdatistical indicators show good consistency betwthe NR and
AERONET observations. However, like the resultsvetab at global scale (Set al, 2015), MOCAGE tends to overestimate
AOD: although small, the AOD bias is positive. VhPM concentrations at surface are underestimatédteiNR, different
reasons may explain an overestimation of AOD. Téical distribution of aerosol concentrations fie tmodel is largely
controlled by vertical transport, removal procesaad by the prior assumptions done on the aeras@ds@on profiles.
However, these processes may have large variahitity they are prone to large uncertaintieg ial, 2015). Another
possible explanation is the uncertainty of the siatribution of aerosols that can affect signifittp the optical properties.
More generally, the assumptions that underly themdation of optical properties are largely underend they can affect
the computation of AOD by a factor of 50% (Curciakt2015): the mixing state assumption, the ulagatt on refractive
indices and on hygrocopicity growth. These uncatitas on aerosol vertical profiles, size distribatiand optical properties
may explain the decorrelation between AOD and Phkteatrations at surface, and so why the MOCAGE B&apositive
bias in AOD while underestimating PM at surfacewsdwer, both the PM and AOD correlation errors & MR remain in a
realistic range.

As a result, the NR simulation exhibits surfaceamorirations and AOD in the same range comparelosetfrom ground-

based stations and shows similar spatial and temhpariations, which makes the NR acceptable fer@$SE.
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3 Generation of synthetic AOD observations

The study focuses on the added value of assiniladi@D at the central wavelength (444 nm) of the /IWC304 spectral
band. Since the assimilation of AOD from severavelangths simultaneously is not possible (Secf), 2@ choice of the
single channel VIS04 is mainly driven by the fdwittit is the shortest wavelengths of FCI, tha pgiori the most favorable
to the detection of fine particles.

Thus, synthetic AOD observations at 444nm are ectawver the MOCAGE simulated regional domain, frdira NR
simulation 3D fields: all aerosol concentrations fy@e and per size bins, and meteorological végbAt every gridpoint
of the NR regional domain where the solar zenitdmgjle is below 80° (daytime) and where clouds beeat, an AOD value
at 444 nm is computed using the MOCAGE observatiperator described above (Sect. 2.3). In ordeake tnto account
the error characteristics of the FCI VIS04 AODaadom noise is then added to this NR AOD value.

To estimate the variance of this random noisegtmeral principle is to assess and quantify thpets/e sensitivity of the
FCI VIS04 top-of-the-atmosphere reflectance to A@1d to the other variables. For doing this, the §i@lulator developed
by Aoun et al (2016), based on the Radiative Teanisfodel (RTM) libRadtran (Mayer and Killings, 200%has been used.
This simulator computes the reflectance in theedéit spectral bands of FCI, as a function of diifie input atmospheric
parameters (AOD, total column water vapor, ozone content), groahmedop, and solar zenithal angé, for different
OPAC (Optical Properties of Aerosols and CloudssdHet al., 1998) aerosol types: dust, maritimenglezaritime polluted,
continental clean, continental average, contingptdiuted, and urban.. The FCI simulator takes imtoount the spectral
response sensitivity and the measurement noisegeptative of the FCI VIS04 spectral band (4154m}.

By applying a Global Sensitivity Analysis to thi€Fsimulator ran on a large dataset (see the Apgdadthe details of the
method), a look-up table of the RMSE of AOD is ded. It depends on the OPAC type, on the relativer ef surface
albedo, on the solar zenithal angle and of the mpfcalbedo value. The classification of each MOCA@HEfile into the
OPAC types relies on three parameters (Tab. 3)stinface concentration, the main surface specidstan proportion in
relation to the total aerosols concentrations. &c&s is described as a main species if its coraténmts, [species], is above
each other concentrations, for example DD is a repéties if [DD]>[SS] & [DD]>[IWS]. An example of R profiles ('
March 2014 at 12 UTC) decomposed in OPAC type és@mted in Fig. 4. A small part of the profiles digmissed where
MOCAGE profiles do not match one of the OPAC tymasg;h as profiles over ocean whéves (Insoluble, Water Soluble
and Soot; Tab. 3) is greater than DD (Desert Dast) SS (Sea Salt). A larger part of profiles ammiised because of
night-time profiles and cloudy conditions. Figuregpresents the average number of NR AOD thatedegned per day for
assimilation. After these filters apply, between%@nd 20 % of profiles are kept every hour. Thesig of these profiles
is higher in the south of the domain, which is dile correlated to the quantity of direct sunlightailable. Over the

continent, between 1 and 4 profiles can be asdiedilper day at each grid-box location.
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On every NR profiles that is kept, an AOD erromisoduced, by addition of random value from aniasbd Gaussian with
a standard deviation derived from the AOD RMSE lopktable, calculated as explained above. The sairdébedo fields
are taken from MODIS using the Radiative Transferdiel RTTOV (Vidot et al., 2014). A relative errdfr 0% is assumed
for ground albedo, which corresponds to a realigticie (Vidot et al, 2014). An example of the swtit observations is
presented in Fig. 6. It represents the NR AOD sirethetic observations and the noise applied toN@® for the 7" March
2014 at 12 UTC.

4 Controls runs (CRs) and their comparison to NR

Sect. 2 showed an evaluation of the NR comparedaiobservations. Another requirement of the O83Eke evaluation of
differences between the NR and the CR. Varioussthulations have been performed to evaluate thawetr of the
OSSE on different CR configurations and provedtsustness. The NR and CRs use different setupsO€ MGE. The CRs
use IFS meteorological forcings, while the NR uBBEGE meteorological forcings. The use of diffénsreteorological
inputs is expected to yield differences in the sport of pollutant species, and changes in dynamissions of sea salt and
desert dust. To introduce more differences betvileelCRs and NR, changes in the emissions areralealuced.

Table 4 indicates the changes made on the diffenexael parameters to create 4 distinct CR simuiatid he first control
run, CR1, uses the same inputs as the NR excefitdaneteorological forcings. Other control runRECCR3, CR4) do not
have the SOA formation process of the NR (Sectar®) CR1 simulations. Finally, CR3 and CR4 changenfiother
simulations by different vertical repartitions aghissions in the five lowest levels. In CR3, thelgiaints are emitted with a
slower decay with height than the NR (with repamtitfrom 30 % at surface and respectively 24 %9915 %; 12 % for
the four levels above), and in the CR4 emissiors anly injected in the lowest level. These changies to generate
simulations that are more significantly differerdrfi the NR than the first two control runs.

The four CRs are compared to the NR forp&hd PM s surface concentration considering virtual obséowstlocated at
the same locations as the AQeR stations. A timeseaf daily means of surface concentrations aukitad stations is
presented in Fig. 7, for NR and CRs simulationsnftbe £' January to the 30April 2014. The PM, concentrations of the
NR (in purple) are mostly greater than the pbbncentrations in the CRs. During the period tf ldarch and early April
(around the 9B day of simulation) the NR concentrations of fllre close to those of the CR2, CR3 and CR4, awithan
those of the CR1 by about few pgmin terms of PMs the CRs concentrations are also underestimatiegNR
concentration. As for PN, around the deay of simulation, the concentrations of CR1 dreva the concentrations of the
NR.

These tendencies can also be observed in Fig. 8hwépresents a scatter plot of CRs concentratiena function of NR
concentrations for the daily means of surface cotmadon in PMg and PM s at the virtual stations. The CR1 concentrations
are fairly close to those of the NR concentratioith a coefficient of regression about 0.801 ar&B86.for PMy and PM s.

Other CRs underestimate the NR concentrations. Tdnslency is stronger for PMthan for PMs The regression

10
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coefficient of the CR2, CR3, CR4 are respective§96, 0.583 and 0.607 for Bpand 0.570, 0.505 0.647 for BM For
both PMg and PM s concentrations, the underestimation is more ingmdrfior high values of the NR concentrations than f
low values.

The statistical indicators in Tab. 5 and 6 are best with Fig. 7 and 8. The CR1 is close to tHe With a bias of -1.3
(-8.2 %) pg.nt for PMyo and -0.8 (-6.2 %) pg.thfor PM,s. CR4 bias is around -2.9 (-20.5 %) pg.for PMy and -1.8 (-
15.1 %) pg.ni for PMys. The two other CRs highly underestimate ;ghd PM s concentrations with a bias of -4.5 ugm
(-35.2 %) and -3.9 pg.M(-37.4 %) respectively for CR2 and -4.8 pg.(88.1 %) and -4.4 pg.i(-42.6 %) for the CR3.
These biases are in agreement with the literaRnank et al. (2016) measure a bias around -5.B¥bg and -4.4 pg.m for
PM;, s for the median of four CTMs against ground-badatians in winter. In Marécal et al. (2015), stitil indicators for
an ensemble of seven models are presented forrwitgias between -3 and -7 pg’ris observed for the median ensemble.
The PM concentrations of our CRs compared to theaNRcharacteristic of models compared to obsemsti

Prank et al. (2016) also show other indicatorgtiermedian of models, such as the temporal coizaland the factor of 2.
Their correlations are around 0.7 for PiMand 0.6 for PNy and are close to those for our CRs simulations\taey from
0.644 to 0.732 for P and from 0.572 to 0.671 for P Their factor of 2 equals 65 % for Rjvand 67 % for PMs. The
factor of 2 of the CRs ranges between 70 % and d01tboth PMy, and PMs concentrations. The RMSE of CRs
simulations ranges from 8 pgto 10 pg.ri¥ for PM;, concentrations, which is slightly under the RMSEhe ensemble
from the study of Marécal et al. (2015) which ramgetween 10 and 15 pg’nirhe FGE of the study of Marécal et al. is
equal to 0.55, while the FGE of CRs varies fron8a@30.51. Our CRs simulations slightly underesterthe model relative
error. Thus, compared to literature, the CRs (dafigche CR3) are different enough from the NRb representative of
state-of-the-art simulations.,

Between the CRs and the NR there are importaniaspéfferences in surface concentrations of PMdesionstrated in Fig.
9, which shows the relative differences, Pearsametadion and the FGE for P Over the Atlantic Ocean, the CRs
concentrations are relatively close to the NR, pkéer the CR4 which overestimates the concentnatibPM,o. All CRs
present high concentrations of R\l over North Africa. This corresponds to highissions of desert dust over this area,
which cause an important overestimation of,Ptbmpared to the NR. This overestimation can atsoliserved around all
the Mediterranean Basin. The CRs tend to overetgithe PM, concentrations over Spain, Italy, the Alps, Gredagkey,
the north of the UK, the Iceland and the Norwaye Tverestimation over the Alps, Iceland and Nonasg located at
places of negligible concentrations. Over the oéghe European continent, CRs underestimate theesdration of P,
slightly for CR1, but very pronounced for CR2, C&8l CR4. The area where the consistency betwegdRseand the NR
is better is the Atlantic Ocean with a correlatianging from 0.6 to 0.9 and a low FGE around 0.8rQhe Mediterranean
Basin the correlation varies significantly betwe®mand 1. Low correlations correspond to high FG&uad 1. Over the
continent, the correlation varies from 0.4 to GBofwing a west-east axis. The correlations arghslly greater for CR1 than
for the other CRs. The FGE over the continent changjgnificantly between the CR1 and the other GBspectively

around 0.35 and 0.55. Similar conclusions can Keiéd for the PMs comparison (see complementary materials). A
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similar comparison has been done for the AOD betwtbe CRs simulations and the NR simulation (seaptementary
materials).

In summary, the control runs present spatial vditglalong with temporal variability. The closeBR to the NR is the CR1.
In terms of surface concentrations in PM, the CR®he most distant, while in terms of AOD the CR4he most distant.
Those differences and the use of different CRspleauwith the realism of the NR, demonstrate tHmustness of the OSSE
to evaluate the added value provided by AOD derfvech the FCI.

5 Assimilation of FCI synthetic observations

The purpose of this paper is to assess the poteotidribution of FCI VIS04 channel to the assirtida of aerosols on a
continental scale. In our OSSE, MOCAGE represdrgsatmosphere with a horizontal resolution of 0(@rdbund 20 km at
the equator). Synthetic observations are therefomaputed at the model resolution although FCI scoesind 1 km
resolution at the equator and 2 km over Européefithaith the timestep of our assimilation cycle nélyetic observations are
also created every hour, although the future FCGigen could retrieve radiance observations everyniiutes over the
globe, and 2.5 minutes over Europe with the EurnpRagional-Rapid-Scan. This means that for eacfil@rof our
simulation, only one synthetic observation is algi each hour, instead of 24x10x10 at best (F&hs@4 times an hour,
with a spatial resolution 10 times higher thanrthedel over the Europe). The use of one observédioeach profile in an
assimilation window is due to the assimilation systdesign that does not allow multiple observations same profile. In
practice, future FCI observations could be averagest each MOCAGE profile to reduce the impact led tnstrument
errors on assimilated observations.

The 3D-FGAT assimilation scheme integrates thetmstit observations described in Sect. 3. Beforegrélasion, a thinning
process is applied to the synthetic observatiorietp spatially only 1 pixel out of 4. Such thirmiis useful to reduce the
computation time, by accelerating the convergeridde cost function (not shown). The spatial catieh length of the B
background covariance matrix is set to 0.4° in ptdehave a spatial impact of the assimilation foe gimulation while not
having multiple coverage of assimilated observatiomer one profile. The result of this thinning gedure changes only
slightly the assimilated fields but saves signifitya computing time. Assimilation simulations (ARaje run for all CRs
simulations using the same generated set of syathleservations over the period of 4 months, from ' of January to the
30" of April. The standard deviation of errors usedBoand R matrix are estimated respectively at 2drib 12 %, as in Si
et al. (2016).

To assess the impact of the assimilation of FClhmtic AOD observations, the CR forecasts and tReahalyses are
compared to the assimilated synthetic observatigiigure 10 shows the histograms of the differefeaieen the synthetic
observations and the forecast field (in blue) aativeen synthetic observations and analyzed fiefdpurple) for the four
ARs simulations. The histograms follow a Gaussihapg, and the distribution of the analyzed valuesctoser to the

synthetic observations than the forecast values. sfitead of the histograms is smaller for the aealyfields than for the
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forecast fields. The assimilation of synthetic AOBence improved the representation of AOD fieldshia assimilation
simulations. Besides, the spatial comparisons ketwiee simulations and the NR show improvementeénAOD fields of
simulations by assimilation of the synthetic obsations (see supplementary material Fig. S5, S6a8¥ S8). As the
increment is applied to all aerosol bins and thdtfcorresponds to 5 of the 6 bins while PMo only 4, we expect better
corrections for PN} concentrations than for PMconcentrations.

To validate the results of the OSSESs, the simulatire compared to the reference simulation (NR) the period. Figure
11 exhibits the spatial differences in surface eomi@ations of PN} between the ARs and the NR. It shows the meativela
bias, the correlation and the FGE for every sinotet Using Fig. 9 as a reference, the relatives,bihe FGE and the
correlation have been improved over most partshefdomain after assimilation for all simulationsve® the European
continent, all simulations show a strong improvetradrihe statistical indicators. For instance in3ZRBlong a line that goes
from Spain to Poland, the FGE decreases by abauf@er assimilation, In the Eastern part of Euréfpem the Turkey to
Finland), the decrease of FGE is even higher. QVerth Africa and the Mediterranean Sea the improxemis
intermediate. Nevertheless, the mean bias oveothan tends to increase for the simulations, ealhedor AR4. This can
also be observed for the Biyconcentration comparison (see supplementary raht®ti S2, S3 and S4).

The assimilation of the synthetic observations hapositive impact at each layer of the model. Theamn vertical
concentrations of PM and PM s of the different simulations are respectively emgmted in Fig. 12 and 13, from the surface
(level 47) up to 6 km (level 30). The positive inapalong the vertical of the assimilation of AODtie CTM MOCAGE is
due to the use of the vertical representation ef tiodel to distribute the increment¢ &t al (2016) showed that the
assumption of using the vertical representatiothefmodel gives good assimilation results withrgular MOCAGE setup
that distributes emissions over the 5 lowest vaktievels. However, the performance of the asstinilamay depend on the
realism of the representation of aerosols alongvérécal in the CTM. The CRs simulations, in rederestimate the P}y
concentrations of the NR, in purple, due to theresgmation of desert dust concentrations in thes GRulations. This
overestimation is not present in the PMoncentrations because this is the fraction obsms where there are few desert
dusts. For the first three simulations, the vettie®l,q concentrations are well corrected by the assimitatwhile for
simulation 4, the correction is less relevant toe tevels near the surface. The assimilation teod$ecrease the PM
concentrations above the level 42 and to increasedncentrations under that level. Simulation ésents a decay of the
surface concentrations of BM The correction of concentrations is more pertifenthe PM, concentrations than for the
PM, s concentrations, which was expected.

The vertical distribution of aerosol concentratidiredween the CR4 simulations and the NR explaing thd bias over the
ocean tends to increase. At the lowest level, treentration of Pl is more important, since the CR4 emits only at the
surface level, while the AOD is less importantcsithe aerosol loss by dry deposition increases.pbsitive increment is

therefore added preferentially to the surface lewbich increases the bias at surface.
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To evaluate the capability of the FCI 444 nm chéohservations to improve aerosol forecast in amaality scenario, the
ARs simulations have been compared to the NR usiagsynthetic AQeR stations as in Sect. 4. Tablaad’8 show the
statistics of the comparison between the ARs aad\tR for PMy and PM s concentrations. With regard of the comparison
of the CRs against the NR in Tab. 5 and 6, the AlRsmore consistent with the NR. The bias is reddoeboth PM, and
PM, s concentrations. The RMSE and the FGE decreasee Wi Factor of 2 and the correlations increaseafoARs
compared to their respective CRs.

The daily medians of P and PM s concentrations at all stations are represented tawe in Fig. 14 and 15 for the four
simulations. The assimilation reduces the gap betwhe simulations and the NR over the entire perfround the
secondary inorganic aerosol episodéd” 68y of simulation, the improvements of RMnd PM s surface concentrations are
significant for simulations 2, 3 and 4.

From an air quality monitoring perspective, theiadation of the FCI synthetic AOD at 444 nm in M@GE improves
strongly the surface P)concentrations in the 4 simulations over the Eeampcontinent for the period January-April 2014.
To quantify the improvement of simulations throupga assimilation of FCI synthetic observations dgia severe pollution
episode for (7-15" March) over Europe, maps of relative concentratiohPM, and FGE are respectively represented for
the CRs comparison and for the ARs comparisondgn 6 and 17. The simulations CR2, CR3 and CR4 nastiemate P
concentrations for 70 % over all Europe comparethéoNR. The FGE presents high values going fra®® @ 0.85. The
assimilation of synthetic AOD improves meaningfutlye surface concentrations of aerosols over thirent in the
simulations, but the simulations still underestientite PM, concentrations by 30-20 %. Important changes énRGE are
noticeable, with values dropping from 0.55-0.85 ddw 0.2-0.4 for all simulations. Over the otheeas, the assimilation
reduces significantly the relative bias and the FEIrusS, the assimilation of synthetic observationgroves significantly

the representation of the surface gbncentrations of simulations during the pollutepisode.

In summary, the use of synthetic observations ati of the future sensor FCI through assimilatioproves significantly
the aerosol fields of the simulations over the Besn domain from January to April 2014. These impnaents are located
all over the domain with best results over the Baem continent and the Mediterranean area. Theoweprent of the
vertical profile of aerosol concentrations is ataiceable, and it may be explained because diffgrarts of the column can
be transported by winds in different directions¢(8i al, 2016), although the AOD synthetic obseoretido not provide
information along the vertical. The first two siratibns give better results over the ocean thanlations 3 and 4, due to a
closer representation of the vertical profile of tierosol concentrations. This may show an ovetimistic aspect of the
OSSE of the first two simulations. The simulatidead to sufficiently reliable results since the & of their vertical
profile of aerosol concentrations are differeninirthose of the NR. These differences are causdtieoway emissions are
injected in the atmosphere (higher for simulatioar®l lower for simulation 4). The simulations 3 ahgresent robust

results over continent, despite the differencdahénvertical representation of aerosol concentnatio
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6 Discussion

Although the results have shown a general bendfif@©I/VIS04 future measurements for assimilationtire CTM
MOCAGE, some limitations must be addressed. The AlOBs not introduce information on the verticatritisition of PM,
nor on the size distribution and type of aeros8ts. the performance of the assimilation will laggéépend on the realism
of the representation of aerosols in the CTM be&ssmilation. If, for instance, the model has aifpee bias in AOD and a
negative bias in surface PM10 compared to obsemnstithen the assimilation could lead to detrimeweisults. So the AOD
and PM biases should be assessed and correcteat as possible, before assimilation, in order toicgwdetrimental
assimilation.

To identify the added value of assimilating FCI/Q#SAOD, it is needed to compare the results with dssimilation of
present-day observations, such as imagers on LElites and in-situ surface PM observations. Thsirailation of PM
surface observations is indeed an efficient waiymigrove PM concentration fields at surface (Tonwettal, 2009), but the
correction of the fields remains confined to thedomost levels. While improving the PM surfacedilit has been shown
that the assimilation of AOD also gives a bett@resentation of aerosols along the vertical (Figatd 13) and of the AOD
fields, which are important added value that th&nagation of PM surface observations only canndhiave. Besides, the
satellite coverage is much broader than the coeeoddn-situ network and, for instance, aerosdbieover the seas can be
corrected before they reach the coast.

In order to assess the added-value of a high tafgtimeasurements of FCl compared to a LEO sédeth complementary
experiment, called AR3LEO, has been done. This ixaat is based on the CR3 configuration of MOCAQIEt the
synthetic observations kept are only the ones BT, instead of the hourly observations. By takimgp account only one
measurement per pixel per day, AR3LEO should tlhmsilate the assimilation of a LEO satellite. Theules of AR3LEO
are in Tab. 9 and Fig. 18. The density of obsepmatiassimilated is about 10 times lower than thsitheof FCI assimilated
data. Most of the scores (except the PM2.5 coroelpbf AR3LEO are between the CR3 and the AR3esgoihich shows
and quantifies the benefit of FCI compared to a L&&iellite. This is confirmed also on the time aerdf PM, surface
concentrations show (Fig. 18): the AR3LEO simulati® closer to the CR3 simulation than to the ARBusation. During
the pollution episodes from 7 to 14 March 2014 (HEig, time series between day 60 and day 67, aqd)yndne amplitude
of PM concentrations is underestimated more in AR3Lthan in AR3. The maps of bias and FGE show bstieres in
AR3 than in AR3LEO at the locations where pollut@turs.

The results have shown the potential benefit ofirgikging AOD data from the future FCI/VIS04 in &emistry-transport
model for monitoring the PM concentrations at regicscale over Europe. The horizontal and tempesadlution of FCI (2
km horizontal grid every 10 minutes or even 2.5 utes in Regional Rapid Scan) will however be muokerfthan the
regional scales that have been considered in tilys (0.2° horizontal grid every hour). The ladjfferences between the
resolution of future FCI data and the data usetthi;n OSSE have two important implications that desé¢o be presented.

Firstly, in order to get closer to the future datée could consider generating synthetic obsematat the full FCI
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resolution and assimilate them in a regional-sealgimilation system. The use of multiple observatiosing a “super-
observation” approach, by spatial and temporalagyiag, should reduce the instrumental errors and tihe may expect
that the assimilation of real FCI data can leae\ven better results than the OSSE presented hecen@ly, it is worth
considering whether high-resolution FCI measurementild be assimilated in a high-resolution modelkilometre-scale
monitoring of air quality. However, such work isepently limited by the present state of the artwierical chemistry
models and of their input emission data. The caichs of some recent numerical experiments withnkdtre-scale air
guality models (Colette et al, 2014) are that sudlulels are very expensive and that the emissioentiovies do not have a
sufficient resolution. Still, the performance ofchuhigh resolution models are better than coarssolution ones. As
computing capacities keep increasing and kilomstede air quality models become affordable, it Wil interesting to
evaluate the benefit of assimilating high resolutitCI data in a kilometre-scale air quality moaelen if the emission data
is built with coarse assumptions. One might expleat the assimilation of FCI data could correctuggiothe model state to

balance the deficiencies of the emission invensofi®r such study, high temporal repetitivity mayatso of high interest.

7 Conclusion

An OSSE method has been developed to quantifydtiedavalue of assimilating future MTG/FCI VIS04 A@®44 nm) for
regional-scale aerosol monitoring in Europe.. Tharacteristic errors of the FCI have been compireeh a sensitivity
analysis and introduced in the computation of sgtithobservations from the NR. An evaluation of tealistic state of the
atmosphere of the NR has been done, as well amparson of CR simulations with the NR, in ordeatmid the identical
twin problem mentioned in Timmermans et al. (200€aythermore, different control run simulationyédeen set up as in
Claeyman et al. (2011) to avoid this issue. Thelteof the OSSE should hence be representatitheofesults that the

assimilation of real retrieved AODs from the FChser will bring.

Although the use of a single synthetic observapen profile and the choice of an albedo error o¥%18re pessimistic
choices, the assimilation of synthetic AOD at 444 showed a positive impact, particularly for thednean continental air
pollution. The simulations with data assimilati@produced spatial and temporal patterns of Rddncentrations at surface
better than without assimilation all along the detions and especially during the high pollutioreetvof March. The
improvement of analysed fields is also expected ditrer strong pollution event such as a volcanic plsime. This
capability of synthetic observations to improve dmalysis of aerosols is present for the 4 setnafilations which show the
capability of future data from the FCI sensor tlm@ran added value within the CTM MOCAGE aerosokéasts, and in
general, in atmospheric composition models. Moreothee advantage of a GEO platform over a LEO Bitdlas been
shown and assessed.

The results over ocean show an increase of PM otrat®on bias after assimilation in some placestigaarly for AR4. An

explanation is that AOD does not introduce inforioratvertically and that the correction of aerodalshe vertical relies on
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the model vertical distribution. For a satisfactagsimilation of AOD, the AOD and PM biases of thedel should be
assessed and corrected as far as possible. Anqmrepective is to use multiple wavelengths, usiegiingstrom exponent,
could avoid this problem by better distributing inerement of AOD between the different bins anddeethe different
speciesSi¢ et al. (2016) also recommended the use of othmstyf observations, such as lidars, in the assiion process

to introduce information over the vertical.

The results presented here in this OSSE are ergiogrdor the use of future FCI AOD data within CTMer the
wavelength VIS04 centered at 444 nm. The use ofrothannels could bring complementary informatismch as the
NIR2.2 that is expected to be less sensitive te fiarosols but more sensitive to large aerosols asicdesert dusts and sea
salt aerosols. Future work may also consider etiptpthe high-resolution of FCI, following two pdiske lines: either for
regional-scale assimilation by using a “super-oket#on” procedure, or for kilometre-scale air gtyalmapping and for
assessing the quality of emission inventories. H@amesuch extension is mostly depending on impr@mm in the

numerical chemistry models, in the input emissiatacand in the optimization of assimilation aldumits.
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Appendix: Deriving AOD error variance from the Global Sensivitiy Analysis of FCI/VIS04 reflectance

The general method is summarized in Figure Al. dsiiwity analysis has been performed for each OR&@sol types,
using Monte-Carlo FCI simulations of about 200.@b@ws in the prior distribution of the input paraers. The input
distribution of AOD and of total ozone and watepwacolumns are obtained from a MOCAGE simulatian over the
whole 2013 year. The distribution of ground albésl@educed from the OPAC database. The profilethh@fMOCAGE
simulation are classified into OPAC (Hess et @98) types by making correspondence between spasi€gamanos et al.
(2014) and then by applying classification critesiimilar to the OPAC types.

For every OPAC type, a global sensitivity analf§8$A) has been performed between the input (AQtal column water
vapour, ozone content), ground albggoand solar zenithal angl) distributions and the output (VIS04 reflectance)
distributions of the FCI simulator. Under the asption of independent inputs, the Sobol (1990, 1988)jces enable a
ranking of inputs or couple of inputs with resp#etir variance-based importance in the total ouyamiance. For VIS04,
the variability of the solar zenithal angle, thewnd albedo and the AOD are the three largest Sodades in that order
and, together, they are at the origin of more tB8®6 of the total variance of the output reflectanEollowing Sobol
(1996), the GSA can also be used to determine acatad version of the Hoeffding (1948, ANOVA) fuiocial

decomposition, with key inputs, that approximatee ainalyzed reflectance. For all OPAC groups, tepeddence of
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reflectance for VISO4 on the total ozone column asater vapor is negligible and is not taken intocamt in the reflectance
approximation. As a consequence, the reflect&can be approximated by the following equation:

R =f3(95)+f2(/’g)+f1(f)+f' (2)
wheref,, f,, andf; are functions of the solar zenithal angle, theugth albedo and the AOD, respectively. The
approximation erroe, exhibits a root mean square (RMS) less than 0@ ¥r* um® (1.5 % of the mean radiance values
of 47.3 W n sr* pm).

As a consequence of this sensitivity analysis,sitthen possible to isolate the AODwith respect the measured
reflectancer, the other key inputgs, p, and the approximation errer

T= F(R, 65, pg,e). 3)

By sampling input distributions on this equationgile-Carlo method), the root mean square error (RMS8 the AOD
retrieval can be derived as a function of the otélacer, the solar zenithal angt the ground albedp,, and of their
uncertainty R is associated with a measurement noise. No uneria prescribed for the solar zenithal angler &aiven
fixed value of relative error of ground albedopaKk-up-table is built, that provides the root magnare error (RMSE) of
the AOD retrieval as a function of the solar zealithngle and of the ground albedo. Such a lookabjetof the RMSE of
VIS04 AOD has been computed for every OPAC typekfandifferent possible values of surface albedors.
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Tables :

Bias (ug/m3) | RMSE (ug/m3) FGE FactOf2 R Rs
NR’s PMy -6.23 16.2 0.56 64.7 % 0.452 0.537
(~-35.1%)
NR’'s PM, 5 -3.20 11.9 0.543 67.5 % 0.535 0.602
(~-24.7 %)

Table 1: Bias, RMSE, FGE, Factor of 2, Pearson corration (Rp) and Spearman correlation (Rs) of the NRsimulation taking as
reference the AQeR observations for hourly PMy and PM, 5 concentrations from January to April 2014.

Bias

MNMB

RMSE

FGE

R

NR

0.043

0.39

0.09

0.531

0.56

Table 2: Bias, MNMB, RMSE, FGE and Pearson correlatia (Rp) between the NR simulation and AERONET stationdr daily 500

nm AOD from January to April 2014.
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Aerosol types Surface Main species Surface proportion
Concentration  in over the total Py}
Hg/n?

DO. & DC. - DD

MC. - SS SS>85%

MPO. - SS SS <85 %

MPC. - SS SS<85%

CC. 0-17 IWS

CA. 17-34 IWS

CP. 34-75 IWS

u. >75 IWS

Table 3: Conditions for classifying the MOCAGE NR inb the OPAC types. The first condition is the surfaceoncentrations, the
second is the main specie at the surface betweensed Dust (DD), Sea Salts (SS) and IWS (Insolubl&/ater soluble, and Soot)
and the third is a condition of the species over khthe aerosols concentration. A species is describ@s a main species if its
concentrations is above each other concentrationfgr example DD is a main species if [DD]>[SS] & [DP[IWS].

Forecasts SOA Repartition of emissions from ldvédurface
layer) up to the 5th level
NR ARPEGE Yes 52%,; 26%; 13%; 6%; 3%
CR1 IFS Yes 52%; 26%; 13%; 6%; 3%
CR2 IFS No 52%,; 26%; 13%; 6%; 3%
CR3 IFS No 30%; 24%; 19%; 15%; 12%
CR4 IFS No 100%; 0%; 0%; 0%; 0%

Table 4: Table of differences between the NR simulath and the CRs simulations.
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Hourly PM10 | Bias (ug/m3) | RMSE (ug/m3) FGE FactOf2 R Rs
CRs

« stations » v§

NR « stations
CR1 -1.3 (-8.2 %) 7.9 0.332 89.1 % 0.671 0.748
CR2 -4.5 (-35.2 %) 9.3 0.47 75.6 % 0.609 0.709
CR3 -4.8 (-38.1 %) 9.8 0.511 69.3 % 0.572 0.671
CR4 -2.9 (-20.5% 8.7 0.412 81.9% 0.623 0.712

Table 5: Bias, RMSE, FGE, Factor of 2, Pearson correlmn (Rp) and Spearman correlation (Rs) of the CRsimulation
taking as reference the NR simulations for hourly ® .4 concentrations from January to April 2014. The comprison is made
at the same station location as for AQeR stations.

Hourly PM2.5| Bias (ug/m3) | RMSE (ug/m3) FGE FactOf2 R Rs
CRs

« stations » v§

NR « stations
CR1 -0.8(-6.24%) 5.9 0.307 91.1% 0.732 0.776
CR2 -3.9 (-37.4%) 7.1 0.452 78.4% 0.69 0.731
CR3 -4.4 (-42.6%) 7.6 0.505 70.6 % 0.644 0.695
CR4 -1.8 (-15.1%) 6.6 0.374 85.5 % 0.665 0.73

Table 6: Bias, RMSE, FGE, Factor of 2, Pearson corretmn (Rp) and Spearman correlation (Rs) of the CRsimulation
taking as reference the NR simulations for hourly PRI, s concentrations from January to April 2014. The comprison is made
at the same station location as for AQeR stations.
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Hourly PM10 | Bias (ng/m3) |RMSE (jpg/m3) FGE FactOf2 Rp Rs
CRs

« stations » vs

NR « stations »
AR1 -1.17 (-7.21 %) 7.16 0.296 92.2 % 0.739 0.791
AR2 -2.91 (-21.3 %) 8.1 0.373 85.3 % 0.694 0.751
AR3 -3.53 (-26.2 %) 8.67 0.417 80.4 % 0.67 0.726
AR4 -0.756 (- 8.03 0.339 88.2 % 0.691 0.759

5.31 %)

Table 7: Bias, RMSE, FGE, Factor of 2, Pearson corretemn and Spearman correlation of the ARs simulatiortaking as reference
the NR simulations for hourly PM;y concentrations from January to April 2014. The comprison is made at the same station

location as for AQeR stations.

Hourly PM2.5 | Bias (pg/m3) |RMSE (pg/m3) FGE FactOf2 Rp Rs
ARs

« stations » vs

NR « stations »
AR1 -0.395 (- 5.61 0.284 92.7 % 0.755 0.806

3.15%)

AR2 -2.28 (-20.5 %) 6.31 0.364 86.6 % 0.703 0.766
AR3 -2.94 (-27.1 %) 6.86 0.416 80.9 % 0.669 0.732
AR4 0.109 (0.9 %) 6.56 0.328 89.4 % 0.699 0.765

Table 8: Bias, RMSE, FGE, Factor of 2, Pearson correfmn and Spearman correlation of the ARs simulatiortaking as reference
the NR simulations for hourly PM, 5 concentrations from January to April 2014. The comparison is made at the same station

location as for AQeR stations.
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Hourly Bias (ng/m3) | RMSE FGE FactOf2 Rp Rs

ARSL_EO (ng/m3)
« stations » vs

NR « stations »

PM10 -4.47 (-35.1 %) 9.11 0.462 75.6 % 0.656 0.717

PM2.5 -3.89 (-37 %) 7.14 0.457 76.5 % 0.681 0.731

Table 9: Bias, RMSE, FGE, Factor of 2, Pearson correfion and Spearman correlation of the AR3LEO simulatio taking as
reference the NR simulations for hourly PM10 and PM s concentrations from January to April 2014. The comprison is made at
the same station location as for AQeR stations.
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Figure 2: Mean PMy, (left panel) and PM; 5 (right panel) surface concentration (ug.ri¥) of the NR (shadings) and AQeR stations
(color circles), from January to April 2014.
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Figure 3: Median of the daily mean surface concenation in pg.m? of the NR (in purple) and the AQeR station (in blak).
The NR concentrations are calculated at the same lations as the AQeR statiog, from 01/01/2014 (Day 1) until 30/04/20
(last Day). The left panel is for PMg surface concentrations while the right one is foPM, s.
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Figure 4: Classification of the NR profiles for the7" of March 2014 at 12 UTC. Deep Blue is for dismissegrofiles, Blue is for
5 Maritime Clean, Light Blue for Maritime Polluted, Gr een is for Continental Clean, Yellow is for Continatal Average, Orange is
for Continental Polluted, Deep Orange is for Urbanand Red is for Desert Dust.
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Number of pixels per day

Figure 5: Average (from January to April) number of selected profiles per day
available for assimilation.
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Figure 6: Example of generation of synthetic obseations on the 7" of March 2014 at 12 UTC. From the NR’s AOL

as 444 nm (left panel), noise values representativd FCI (middle panel) are applied on every cleasky pixel tc

generate the synthetic observations (right panelhe grey color represents the dismissed profiles.
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Figure 7: Median of the daily meansurface concentration of the NR (in purple) and thalifferent CR (CR1 in green, CR2 ir

yellow, CR3 in red and CR4 in blue) determined fotthe same location as for the AQeR stations. The leffraph is the PM,,
mass concentrations (pg.i), while the right one represents the PMs mass concentrations.
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Figure 8: Scatter plot of the CRs daily surface carentrations (ug.m°) as function of NR daily surface concentrations fo
PMq (left) and PM, 5 (right), for virtual stations and from January to April 2014. rgCRX are the linear regressiors of eacl
dataset.
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Figure 9: For each CR (CR1, CR2, CR3 and CR4), thigures represent a PM, comparison between the NR an
the CRs from January to April 2014: the relative bas (in %), the Pearson correlation and the fractioal gross
error.
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Figure 10: Histograms of differences between synthetic observations andrkcast fields (blue) an
between synthetic observations and analyzed fielgrple) for the four assimilation runs.
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Figure 11: Same legend as Figure 9, for assimilaticuns (AR) instead of control runs (CR).
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Figure 12: Mean vertical profile, from January to April, over the domain of the
concentrations (pg.nt) of PMy, for the 4 set of simulations (1 in top left, 2 indp
right, 3 in down left and 4 in down right). The NR B in purple, the CR is in rec
and the AR is in green.
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Figure 13: Mean vertical profile, from January to April, over the domain of the
concentrations (pg.nt) of PM, s for the 4 set of simulations (1 in top left, 2 indp
right, 3 in down left and 4 in down right). The NR B in purple, the CR is in rec
and the AR is in green.
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Figure 14: Median values over the AQeR station lo¢ins of the daily mean PM, surface concentration (ug.r) for the
NR (in purple) and the different CR (red) & AR (green) simulations (CR-AR-1 top left, CR-AR-2 top righ, CR-AR-3 dowr

left, CR-AR-4 down right).
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Figurel6: PM;, comparison between the NR an
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Figure 17: Same legend as Figure 16 for assimilati
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Figure 18 : Results of the assimilation run AR3LEO @nsny of assimilated synthetic observations (uppeeft panel, to be
compared with Figure 6), time series of concentrabin of PM;, at surface for NR, CR3, AR3, AR3LEO (upper-right parel) between
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5 17).
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Figure Al: Summary of the methodology to derive theRMSE of AOD from the FCI reflectance simulator. Sep 1 is the
computation of FCI radiance. Input parameters are he histograms of AOD, ozone total column, total war vapor content, ground
albedo and solar zenithal angle. The libRadtran simlator simulates the distribution of radiance and rdlectance in the VIS04
channel and takes into account the signal-to-noisatio of FCI. Step 2 is the approximation of the rélectance in functions of key
parameters using a Global Analysis Sensitivity meitd and Sobol indices. Step 3 is the retrieval of 6hAOD RMSE using random
noise of measurement and the uncertainty of key pameters.
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Figure S1: For each CR (CR1, CR2, CR3 and CR4), the figures

represent a PM,5 comparison between the NR and the CRs from

January to April 2014: the mean surface concentration of the CR

and the nor malized differences between CRs and the NR.
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Figure S2: For each CR (CR1, CR2, CR3 and CR4), the figures
represent a PM,5 comparison between the NR and the CRs from
January to April 2014: the Pearson correlation and the fractional gross
error.
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Figure S3: For each AR (AR1, AR2, AR3 and AR4), the figures represent
a PM, 5 comparison between the NR and the ARs from January to April
2014: the mean surface concentration of the AR and the normalized
differences between ARsand the NR.
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Figure S5: For each CR, the figures represent the mean AOD of the
CR and the normalized differences between the NR and the CR for
the period from January to April 2014.
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Figure S6: For each CR, the figures represent the Pearson correlation
and the fractional gross error of AOD between the NR and the CR for
the period from January to April 2014.
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Figure S7: For each AR, the figures represent the mean AOD of the
AR and the normalized differences between the NR and the AR for
the period from January to April 2014.
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Figure S8: For each AR, the figures represent the Pearson correlation
and the fractional gross error of AOD between the NR and the AR for
the period from January to April 2014.



