Referee # 1

We thank the referee for his/her helpful comments. Our response to referee #1 is below. Items in bold and
italics are the referee comments.

L30: “. . .with the largest benefit occurring over land in remote regions”, explain remote from what?
Sources?

We mean regions far away from important CO sources. We rephrased this in the introduction. See line 29

L60-68: several sensors are listed but all references are from the MOPITT team. Please add references for
the relevant sensors.

We added additional references in particular for AIRS and IASI CO in the revised version. See line 63

L81-103 paragraph: In the discussion of S-5, S-4, and S-5P, etc.., please list the timeframe of these
missions. Since OMI and SCIAMACHY are discussed, as well as S-5P, this should be a good place to
introduce TROPOMI. Among the sensors/missions discussed in this paragraph, which ones have CO, since
it’s the topic of study here?

We mention now the time frame for S-4. S-5 and S-5P time frames are already mentioned (see lines 88 and
93-95). We also mention TROPOMI in this paragraph but note we describe the instrument characteristics
and show how the the S-5P simulated measurements are generated in section 2.2. We replace GOME-2 by
IASI which measures CO and has the same revisit local time (line 98-99).

L99-101: “The S-5P LEO platform will address the challenge of limited revisit time from LEOs by providing
unprecedented high spatial resolution of 7x7 km, and improved sensitivity in the Planetary Boundary
Layer (PBL), allowing resolution of, e.g., derived CO emission sources at finer scales than hitherto.” How?

We clarify this point in the revised version. We remove the vague sentence concerning the sources (lines
102-104)

L223: “. . .the NR has a realistic representation of the CO diurnal cycle.” Does CO have diurnal cycle? Also,
describe the ground measurement methods. Is it in situ or radiometric?

At air surface usually carbon monoxide exhibits a diurnal variation, generally with two peaks, one in the
morning and the second in the evening. Ground station measurements are real in situ observations taken
from AirBase data set. We mention this in the revised version. See line 213.

L232-233: “. . .the behaviour of the CO time-series from the CR compared to the NR,is similar to the
behaviour of the NR CO time-series compared to the Airbase data.” Not clear, are the differences similar?
You might want to add the difference 100*(NRCR)/NR.

We likely are in the configuration where the NR is between the GS data and the CR with similar behaviour
that means in our assimilation we may need a similar correction for the CR to obtain the NR or for the NR to
obtain the GS. We rephrase this in the revised version. See lines 246-248

L237-242: TROPOMI should have been introduced in the Introduction.

See previous answer.

Page 1 of 65



L308: “Over sea, . . .” should probably be “Over the ocean, ...”
corrrected.

L387:”.. differentto...” to “.. .different from...”

Corrected (line 408 in the revised version)

L391: “. .. the OSSE will more realistically simulate. ..” to “. . . the OSSE will simulate more realistically . .

”

Corrected (line 412)
L392: “This follows our guiding principle to .. .” to “This allows usto .. .”
Corrected (line 413)

L394-395: “As mentioned in Sect. 2.3, we use the MOCAGE model to generate the CR. In this OSSE study,
the CRis a free model run.” to “In this OSSE study, the CR is a free model run using MOCAGE.”

Corrected (line 415)

L409: “. .. and about 800 m in the neighbourhood of the tropopause . ..” to “. . .and approximately 800
m near the tropopause . ..”

Corrected
L417: ... as they are a priori not known.” To “. . . as their a priori is not known.”
We corrected by (... as their a priori is unknown). See line 439

L420: “. . ., helping to differentiate the CR from the NR.” To “. . ., which helps to differentiate the CR from
the NR.”

Corrected (line 441)

L420: “As for the NR, .. .” to “Similar to the NR, . ..”
Corrected (line 442)

L435-436: add “the”

Corrected. See line 451

L453-454: “. . . for the B-matrix: Lx and Ly are . . .; Lz is constant and . . .” to “. . .for the B-matrix, where Lx
andlLyare...;and Lz is constantand...”

Corrected. See line 474-475

L459: “. .. (see Fig. 3 in Sect. 3.1).” should be Fig. 5
Corrected. All the figure are renumbered in the revised version
L504: Should be Figure 5, not Figure 3

Corrected

Page 2 of 65



L564-570: The reasons the AR are not performing well over fire emissions are not explained correctly in
this paragraph, as suggested by L670-676. Should move part of L670-676 to this part of the paper to
properly explain why AR did not work well over fires.

We took into account this suggestion.
L642: “Figure 11 shows that the AR...” would be better to “The AR...”
We correct this in the revised version (line 668)

L651: “. .. (iii) an area in the Easter part of the study domain, . . .” should name the
location/country/regions.

We will correct this in the revised version.
L662-665: same issue explaining MOCAGE assimilation over fires.
We will rephrase this paragraph and give more details.

Fig. 5. Legends and labels are not legible when overlap with dashed lines. Should redo with care and use
larger fonts.

We enlarge former Fig. 5 (now Fig. 6) but we could provide all the figures in their original format to have the
best quality.

Referee# 2

We thank the referee for his/her helpful comme®ist response to referee #2 is below. ltems in boldi
italics are the referee comments.

While they establish a bias and variance betweere tNR and independent  observations, their
fundamental threshold is that the difference appsdreasonable”.

What they have not done is to relate the errorsvibetn the NR and independent observations to the
interpretation of the performance of the AR. So,tlie accuracy and precision of the NR is twice axlb
what should one infer about the performance of tAR?

We wrote a paragraph which clarified this pointe 8ees 232-237.

| would argue that a more important implementatioof their guiding principle is to assimilate real
observations, e.g., MOPITT and/or SCIAMACHY, intteir system and compare the analysis fields to
independent observations. Then, they could do anSBSor the same observing system and assess the
statistical difference between the AR and NR sandpée independent observations versus AR(real) aghin
independent observations. That would provide a éesiense of what the OSSE limitations actually are.

We think that the suggestion of the referee isafalie, and suitable for a study in its own rightwéwer, it
would only provide direct information on the erafrthe OSSE for MOPITT and/or SCIAMACHY CO and
not directly for S5P. The S5P instrument has difiércharacteristics to MOPITT and SCIAMACHY.
Instead, and to keep the study tractable, we facushe evaluation of the uncertainty in the NR, and
compare it to published studies using the MOCAGE $Atem. This in line with standard practice in AQ
OSSEs as discussed in Timmermans et al (2015).

As it stands, I'm still suspicious of the overaledormance. Furthermore, we don’t know how well S5p
will perform given other sensors, e.g., MOPITT, @] are already taking CO data with comparable
performance.
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In this AQ OSSE, we follow standard practice by panng the performance of S5P against a free model
run. If the proposed satellite data are to haveeadelue, they must perform better than a modet iBrithe
first step one must take to evaluate the addecevafla proposed satellite instrument. We menticghedin

the conclusion, see lines 759-769

Otherwise, the overall work is reasonable and thetwors have performed some nice statistical anadysf
the results. Of course, in principle, this OSSE shd have been performed *before* S5p was funded to
assess its potential. But, practice is still catehiup with theory. I've attached comments of the muscript

in the accompanying pdf.

We thank the referee for this comment. We addreksabthe other points from the referee.

4-1
Need to include CrlIS.

Wel added the information on CrIS and the referéhcet al., 2016, see lines 63 and 66

4-2
What about planned?

We will check if there are plans for GEO missioagrteasure CO. To our knowledge no GEO missions to
measure specifically CO are planned yet.

4-3
Why is methane defined twice?

We identify that the formula for methane is £H

4-4
How is this point relevant if you're not discussirggostationary options?

We think it helps the reader to contrast the charatics of GEO and LEO satellite platforms widspect
to atmospheric composition.

5-1
Relative to what, MOPITT? Not clear how since thiegth have NIR channels.

We mean that the S5P with its SWIR band will dddyethan our model in the PBL. Furthermore, comghare
to TIR instruments such as IASI, we expect S5Padetter in the PBL (Veefkind et al., 2012). Sieed
101-104

5-2

Poorly formed sentence. And not quite true. Theakgion of an inverse emission estimate is conteall
by the data and transport/diffusion. Not clear wihigs the limiting factor without analysis.

We removed the sentence

5-3
True, but how is relevant?

We think it is helpful to remind the reader whére PBL is located.

5-4
So, TROPOMI needs to be assessed relative to tistieg satellites.

See response to the general comments from thieesfe
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6-1

So, if one knew CO concentrations or emissions eettvhat societal or scientific benefit would habeen
achieved? Improved forecasts? Better attribution?

We provide an example of the benefits of improkeowledge of the CO distribution. See lines 140-143
7-1

Shouldn't the control run include assimilation ofne existing observing system, e.g., MOPITT, AIRS,
CrlS, rather than a free run? This would be true rfoyour 2003 test case when MOPITT and AIRS was
available.

See the response to the general comments of thigee

7-2
I shouldn't have to look up the figure. How doesrilate to the specific OSSE elements listed?

We provide this figure and relate it to the OSS&meints listed (this is Fig. 1 in the revised pap@fe
renumbered all the other figures.

9-1
Did | miss something? Where is the CR described?

We refer to section 2.4, which describes the CR.|Bes 178-180

9-2

There is also some high frequency component thatrissed. What is that frequency? is that the night
time values? Needs to be discussed.

We discuss this high frequency component. See 8885236

9-3

That statement needs to be limited to the ultimp&aformance of the OSSE. The assimilation can't say
anything better than 10-20% in accuracy.

We rephrase this sentence following the referagjgastion. See lines 247-248

10-1
At what accuracy?

We quote Veefkind et al (2012) on this point: 156duracy) and 10% (precision). See lines 261-2@Ren
revised version.

10-2
How low?

We quote Veefkind et al., 2012 on this point (théue is 2%). See line 267

10-3
More accurately compared to what?

Original sentence reads:

“The use of S-5P CO total column measurements witarse modelling techniques will also help quantif
more accurately biomass burning emissions and heipgpatial distribution.”

We remove “more accurately”
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The statement refers to the current observing systensisting of, e.g., IASI, MOPITT, OMI, GOME-2,
including measurements of the species CO ang SBP will provide global coverage, enhanced seitgit
for CO at the surface (compared to, e.g., IASI) &sdto 7 km high spatial resolution observations

11-1

But OMI is quite a bit larger in footprint than TRE®OMI. MODIS would be a better choice. Describe how
the cloud fraction is related to the 7km footprintlow different are cloud ODS between the UV and the
NIR? It seems like you are assuming they are thenga

The cloud fractions were derived at the resoluibthe ECMWF 0.25 x 0.25 degree grid. This is é&ax30
km? at the equator and decreases as a function tfdatiThe ground pixel of OMI UV-2 and VIS channels
is 13 x 24 km at nadir increasing to 13 x 128 ket edges of the swath. We consider that the ECMji~
cells and OMI pixels are of comparable size for poepose of comparing the cloud fraction distribng
(ca. 0.5 million pixels or cells in each distritart). We model clouds with a simple Lambertian wtties
and ignore any wavelength dependency of cloudifmact

We include this information in the revised versiSee lines 296-301.

12.1
Provides

We think provide is appropriate

12-2
Is it released now?

Yes, it is available from the ESA Sentinel-5P TR@R@ocument library:

https://sentinel.esa.int/web/sentinel/user-quigedisel-5p-tropomi/document-library.

We provide this information in the revised papere $ne 329

12.3
sea

Corrected
13.1
Cloudy

We understand clouded and cloudy are both apptegnire. If insisted upon, we will change this.

13-2

It looks like you are assuming that the retrievalgll work under partially cloudy scenes. MOPITT NIR
only works under clear sky. Provide a reference MR CO retrievals under partially cloudy conditions
and justify why a weighted approach works. Alsoadven't heard any discussion of aerosols. These bl
important for emissions like biomass burning anddastry.

TROPOMI NIR CO retrievals in partially cloudy cokidns are discussed in Landgraf et al.: “Carbon
monoxide total column retrievals from TROPOMI sh@tve infrared measurements”, Atmos. Meas. Tech.
Discuss., doi:10.5194/amt-2016-114. They are alscudsed in Vidot et al.."Carbon monoxide from
shortwave infrared reflectance measurements: A mettieval approach for clear-sky and partially dgu
atmospheres”, Remote Sens. Environ., doi:10.1046/2011.09.032. We did not include aerosol effects
our study. We add these references to the paperirg 354.

13-3

Page 6 of 65



This is the first time MOCAGE is mentioned even tigh it is implicitly referenced in the CR run. Nesd
to be mentioned earlier.

At the start of section 2, when we first mentioa €R, we will introduce MOCAGE and provide apprapei
references. See lines 178-180.

16-1
That is not exactly true. The existence of burnirand the burnt area can be obtained from optical
measurements. That is very important a priori infoation. Is that being ignored?

The visible information on burnt area and burningsinot provide direct knowledge on CO conceninatio
It is not used in this study.

17-1

In the introduction, the authors argued for the va¢ of TROPOMI to resolve emissions. Here the focus
has shifted to concentration estimation. What isetlscientific rationale? What are the limitations dfis
OSSE, then, to make statements about resolving ses?

We reword the text in the introduction to statet the focus on CO concentrations. We will clarifyeth
scientific rationale of the paper and indicatelitmitations of the OSSE. See lines 118-123 and 15D-

211

The correction in the free trop points to the rotd boundary conditions in the assimilation, whichauld
be an important consideration for a GEO. How muchange is occurring at the boundary of the nested
grid?

First, note that the OSSE concerns S5-P, whiclLE@. Nevertheless, we focus on the surface levéivee
assume that the effect of the free tropospherdemoundary layer is secondary. Due to the retimi of
S5-P, we expect the impact at the boundaries terhell. Second, for efficiency reasons and storage
limitations, we set up our DA system to only stéhe data over the regional domain. This means that
without rerunning the OSSE, we cannot quantifyrdsponse to the reviewer’'s comment.

21-2

That is not obvious. The biggest weakness is usiigyvar and having poor prior statistics. Given that
significant fires generally last longer than a dag,proper inversion system would pick those up. THaes
not diminish the value of GEO sounders.

We clarify that. We are now talking about concetidres and not emission inversions. See lines 5&b an
594.

21-3
Please elaborate as to whether it is the diurnahgaing or the effective sampling density that is reo
important for a geo.

The comment from the referee is not clear to us.thifik that diurnal sampling (high temporal resminj
will be the determining factor, as the relativebacse model resolution would compromise the higitiap
sampling.

21-4

That's too qualitative. Could please provide somen@e metrics, e.g., means, to quantify these
statements?

We quantify this difference in the revised paper 8$nes 584-589

23-1
Why?
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Owing to the relatively small variability of CO aveemote land regions, the S5-P data can provideger
benefit compared to regions where the variabilityrélatively high. We make this point in the reds
version. See lines 651-653

24.124
Unbiased

Corrected

24-2
Why is this called a systematic error? It looksdikjou are merely removing the bias term in the erro
which is simply a statement that the assimilatianriot an unbiased estimator.

When calculating the RMSE we remove the bias beaivibe AR and the NR and between the CR and the
NR. We then make the common equivalence betwedarsgtic error and bias. We clarify this point it th
revised version. We call it now bias. See lines-653.

25-1
However, both the CR and AR miss the high frequemein/max. Why?

The AR and the CR capture the variability but mat values of the peaks. However, the LEO only saspl
at most twice a day over Paris and may not caghageaks. We indicate the S5-P revisit time bypilus
signs at the top of the panel and when you zooonsees that the peaks do not coincide with the ¢f
the S5 P measurements. Thus, S5P cannot captuveltie at the peak. Another factor could be thaet t
emission inventory used in the AR has lower valiles the one used in the NR. We clarify this in the
revised version. See lines 683-687.

25-2
This is a weakness of the OSSE design, not the meaments.

Maybe we have mis-understood the referee’s comrhehur view is that because we do not know tressfi
a priori, we cannot include them in the CR andAlRe In our view, this result shows the benefitarirthe
measurements regarding the identification and dficatton of fire emissions.

25-3
Please explain why the variability is high in Parmut not in E. Europe.

The variability is higher over Paris than over Er&pe, because there are higher emissions oves than
over E. Europe (as shown in Fig. 7 — old paper ssdion). We clarify this in the revised versioneSiees
695-696.

25-4
This seems like a discovery for the authors positfa | recommend using this version of the OSSE ywnl
rather than devoting a whole section to it. It's whshould have been done originally.

We agree with the reviewer. However, we think itégevant to present the results in this way bezais
shows the limitations of using standard operatianiééria as we did in the first experiment of b8SE. We
make this point in the revised version. See lir#&698 and 726

26-1
The first several paragraphs are repetitious of timgroduction. | recommend removing. In fact, the S5E
has shown that S5P will have a similar or biggerpact on the free trop rather than merely the surtac

We will edit the conclusions following the revieweicomments. The focus of this study is the surface

however, a study of the increments (see figs. 6&imthe old paper submission) indicates that S&H&
benefits in the free troposphere. We mention thihé revised version. See the conclusions.
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Abstract

We use the technique of Observing System SimuldEgperiments (OSSEs) to quantify the impact of
spaceborne carbon monoxide (CO) total column olasiens from the Sentinel-5 Precursor (S-5P) platfor
on tropospheric analyses and forecasts. We focluBuoope for the period of northern summer 2003,rwhe
there was a severe heat wave episode associatedxtiemely hot and dry weather conditions. We diesc
different elements of the OSSE: (i) the Nature RNR), i.e., the “Truth”; ii) the CO synthetic obsations;

(iii) the assimilation run (AR), where we assimiidhe observations of interest; (iv) the contral (GR), in
this study a free model run without assimilationd v) efforts to establish the fidelity of the GS&esults.
Comparison of the results from AR and the CR, agjaine NR, shows that CO total column observations
from S-5P provide a significant benefit (at the 988nfidence level) at the surface, with the lardestefit

occurring over land irremoteregionsfar away from emission sourceSurthermore, the S-5P CO total

column observations are able to capture phenomataas the forest fires that occurred in Portugaing
summer 2003. These results provide evidence obdémefit of S-5P observations for monitoring proesss

contributing to atmospheric pollution.
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1. Introduction

Over the last decade, the capabilities of satellitgruments for sensing the lower troposphere have
improved, and opened the way for monitoring andebetnderstanding of atmospheric pollution procgsse
e.g., tropospheric chemistry (Jacob, 2000), lomgieatransport (HTAP, 2007), and emissions (e.geSir
B-, 2013 and references therein). Satellite instrumprovide global measurements of many pollutaats (
ozone; carbon monoxide, CO; nitrogen dioxide,,Né&nhd aerosols), including information on theimsa
boundary transport, and complement in situ measemé&nfrom ground-based stations (e.g., European

Monitoring and Evaluation Programme (EMEP http://www.nilu.no/projects/ccc/emepdata.html,dan

Airbase, http://acm.eionet.europa.eu/databaseaisfp networks). Low Earth Orbit (LEO) satellite
platforms have the advantage of providing obsemmatiwith global coverage, but at a relatively low
temporal resolution. Geostationary Earth Orbit (GE€atellite platforms provide observations at a

continental scale, i.e., not global, but at a mhigier temporal resolution.

Satellite data, either in synergy with ground-based airborne measurements and/or assimilated into
models such as chemistry transport models (CTMs)tribute to an improved understanding of troposighe
chemistry and dynamics and improved forecasts wibapheric pollutant fields (see, e.g., Elbern et al
2010). As part of an integrated observing stratesgyellite measurements provide a global view an ai
quality (AQ). The challenge for future space-bomissions will be to assess directly the local scalk
transport and/or chemistry for tropospheric politgsa(1 hour or less, 10 km or less) and to fatdithe use

of remote sensing information for improving localkd regional-scale (from country-wide to continénta
scales) AQ analyses and forecasts. Building on #ffert, various LEO satellite platforms and/or
constellations of GEO satellite platforms will hagtend AQ information from continental scales kobgl
scales (e.g., Lahoz et al., 2012, and referenegeithfor LEO/GEO platforms; Barré et al., 2015, &EO

platforms).

An atmospheric species of interest for monitoring & CO, owing to its relatively long time-scalethe
troposphere; its distribution provides information the transport pathways of atmospheric pollutants

Spaceborne instruments on LEO satellite platforemahstrate the potential of remote sensing fronecespa
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to determine the CO distribution and its main emissources at the global scale (Edwards et aD420

2006; Buchwitz et al., 2006; Worden et al., 20E8 et al., 2016, Warner et al., 2013, Georgd.efa15)

and references therein). These LEO satellite plag$danclude MOPITT (Measurements Of Pollution IreTh
Troposphere), IASI (Infrared Atmospheric Soundingteiferometer), AIRS (Atmospheric InfraRed

Sounder), TES (Tropospheric Emission Spectrometst) CrlS (Cross-track Infrared Soundeperating in

the thermal infrared (TIR) and SCIAMACHY (SCannilmgaging Absorption spectroMeter for Atmospheric
ChartographY) operating in the short-wave infra(88VIR), respectively. By contrast, to our knowledge
there are no GEO satellite platforms measuringd®edistribution. However, despite their potent@king

to limited revisit time, and relatively coarse sphtresolution, LEO instruments are not optimal for

monitoring regional and local aspects of air gyalit

Copernicus is the current European Programme feretablishment of a European capability for Earth
Observation  (http://www.copernicus.eu/pages-prialgig/services/atmosphere-monitoring). The main
objective of the Copernicus Atmospheric Servicemiprovide information on atmospheric variableg (e

the essential climate variables, ECVs; https://wmmwo.int/pages/prog/gcos/index.php?name=
EssentialClimateVariables) in support of Europeaticies regarding sustainable development and globa
governance of the environment. The Copernicus Apinesc Services cover: AQ, climate change/forcing,

stratospheric ozone and solar radiation. The seswiely mainly on data from Earth Observation §tdsl

To ensure operational provision of Earth Observatiata, the space component of the Copernicus
programme includes a series of spaceborne misdmredoped and managed by the European Space Agency

(ESA) andthe European Organisation for the Exploitation oét®brological SatellitesEUMETSAT).

Among them, three missions address atmospheric sitigm. These are the Sentinel-5 (S-5) and Sdrine
Precursor (S-5P) from a LEO satellite platform, #mel Sentinel-4 (S-4) from@EO satellite platform. The
goal of the S-4 is to monitor key atmospheric palhts (e.g., ozone; NOsulphur dioxide, S& bromine

monoxide, BrO; and formaldehyde) and aerosols latively high spatio-temporal resolution over Eugop

and North Africa (8 km; 1 hourWe expect launch of this mission in 2021 with atlihe of 8.5 yearsThe

goal of the S-5 and S-5P platforms is to providebgl daily measurements of atmospheric polluteats.
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CO, ozone, N@ SO, BrO, and formaldehyde), climate related traceega&.g., methane, GHand

aerosols, at relatively high spatial resolutiomifirbelow 8 km to below 50 km, depending on wavedlegng

The S-5P is the ESA pre-operational mission requioebridge the gap between the end of the OMI (@zo
Monitoring Instrument) and the SCIAMACHY missionsdathe start of the S-5 mission planned for 2020
onwards. The S-5P scheduled launch is in 2016 avithyears design lifetime. The S-5P will fly in early
afternoon sun-synchronous LEO geometry with an Egquaossing mean local solar time of 13:30, chosen
to allow the instrument to measure the strong ftiohusignal present in the afternooiWe describe the

instrument TROPOMI (TROPOspheric Monitoring Instemt) onboard S-5P in section 2I2.contrastthe

dam—1ASI (Infrared Atmospheric Sounding

Interferometer) onboard Metop platforcollects data at a local solar time of 09:30 (whiea pollution

signal is relatively weak) and thus has a lowerdigteve value (Veefkind et al.,, 2012, and reference

therein). The S-5P LEO platform will address thallgmnge of limited revisit time from LEOs by proirid

unprecedented high spatial resolution of 7x7 kmmd waith its SWIR band,jmproved sensitivity in the

Planetary Boundary Layer (PBloompared to a TIR instrument such as IABhe PBL varies in depth

throughout the year, but is contained within thedomost troposphere (heights 0-3 km), and typicglsins

the heights 0-1 km.

A method to objectively determine the added valiitmre satellite observations such as S-4, Seb&BP,

and to investigate the impact of different instrmneesigns, is that of Observing System Simulation
Experiments (OSSEs) commonly based on data asSonilge.g., Lahoz and Schneider, 2014). The OSSEs
have been extensively used and shown to be usefhlei meteorological community to test the impédct o
future meteorological observations on the qualftyveather forecasts (Nitta, 1975; Atlas, 1997; Letdl.,
1997; Atlas et al., 2003). In a recent paper, Timmans et al. (2015) review the application of OS8Es
assess future missions to monitor AQ. The OSSEmareasingly being used by the space agenciess&sa
the added value of future instruments to be depl@agepart of the Global Observing System (e.g. kveor

the ESA Earth Explorer ADM-Aeolus; Tan et al., 2R07
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Although the usefulness of OSSEs is well estabdisliteey have limitations, discussed in Masutanalet
(20104, b). A frequent criticism of OSSEs is ttrayt are overoptimistic, largely owing to the diffites of
representing the real Earth System (e.g., the gheoe), even with state-of-the-art numerical madels
Nevertheless, even if overoptimistic, OSSEs prowdands on the impact of new observing systems. For
example, if additional instruments provide no digant impact within an OSSE, they are unlikelydim so

in reality.

In this paper, we describe a regional-scale OSS& &urope for northern summer 2003 (1 June — 31
August) to explore the impact of S-5P CO total omiumeasurements on lowermost tropospheric air
pollution analyses, with a focus on CO PBL conaigns. The severe heat wave experienced in Europe
during northern summer 2003, and the concomitanbspheric pollution and fire episodes, had a stsong
negative societal impact, being responsible fordbaths of over 14,000 people in France (Vautaral.et
2005). This period had extremely hot and dry weatloaditions and the long lasting atmospheric bilogk
conditions significantly contributed to the accuatidn of pollutants in the PBL owing to extended
residence time of the air parcels (Solberg et28l08). The spatial distribution of the enhanceelgwf CO
and ozone was much more widespread over Europagithat summer than in previous ones (Lee et al.,
2006; Ordonfiez et al., 2010). These exceptional veeatonditions also resulted in several extremelfird
episodes over the Iberian Peninsula and the Medglitean coast (Barbosa et al., 2004). Tressol é2G08)
point out that between 6 and 10 August 2003 théribartion of biomass burning to measured CO leirels
the lowermost troposphere reached 35% of the @Ealfield at these levels, a value comparable tac&yp
European anthropogenic emissions which represétt@Qhis total CO field. Thus, the three-monthiper

1 June - 31 August 2003 includes both extreme amchal conditions, and provides an opportunity talgt

the full range of pollution levels that occur irsammer season over Eurofée improved knowledge of

CO distribution will improve its forecast and allsva better knowledge of the long range transport of

pollution plumes. In addition, CO being one of thi\ne precursors, it is likely to use its measurdne

improve the ozone distribution calculated by thedeio

The OSSE study domain covers the larger part opfi(5W-35E, 35N-70N), and we perform the OSSE

simulations at the spatial resolution of 0.2 degr@atitude and longitude). This corresponds tgatial

Page 14 of 65



147
148
149
150
151
152
153
154
155
156
157
158

159

160
161
162
163
164
165
166
167
168
169
170
171
172
173
174

resolution of . 20 km (meridionally) and1l5 km (zonally, at 45N). With this spatial resatutj we can track
long-range transport plumes of CO. The length & #tudy period ensures we can sample different
meteorological situations typical for summertimed @rovides an acceptable compromise between mm-ti

restrictions and provision of sufficient informatifor statistically significant result$he focus of this OSSE

is CO concentrations and the goal is to evaluagebinefit of S-5P CO columns after assimilatiorain

chemistry transport model, in particular CO concagitns at the surface.

The structure of the paper is as follows. In SRetie describe the various components of the OS8Eect.
3 we present the results from the OSSE for S-5mgwummer 2003 over Europe. Finally, Sect. 4 gresi
conclusions and identifies further work. A guidipgnciple in the OSSE set-up in this paper is toidv

overoptimistic results.

2. The OSSE set-up

The OSSE concept consists of simulating observatiomd their associated errors from a representafion
reality (the “Nature Run" or NR) and providing thiformation to a data assimilation system to pazdu
estimates of the NR states. Thereafter, one compghese estimates of the NR states from an astonila
run, AR (where the observation of interest has kesimilated), and from a control run, CR (in thése a
free model run), against the NR. The performandd®fR and the CR against the NR quantifies thmefie

of the observation of interest.

The OSSEs are widely used in the meteorological nconity for assessing the usefulness of new
meteorological satellite data. Recent examples éxbiustive) include the work of Lahoz et al. (2005
Stoffelen et al. (2006), and Tan et al. (2007); iasi et al. (2010a) reviews the OSSE methodology a
provides a comprehensive list of references of GI8Emeteorological applications. By contrastréhare
relatively few studies concerning OSSEs for AQ &apions (Edwards et al., 2009; Timmermans et al.,
2009a, b; Claeyman et al., 2011; Zoogman et afl;12@014a, b; Yumimoto, 2013). In a recent review,
Timmermans et al. (2015) comment that documenteddS3Es have demonstrated the benefits that could

accrue from proposed and planned satellite plagofan AQ monitoring and forecasting. In the study
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described in this paper, the set-ups for the NH,the CR and AR, use different models, therebydimgi
the identical twin problem typically associatedhwitverly optimistic OSSE results (see, e.g., Maswdaal.,
2010a). In Sects. 2.1-2.5 we describe the variements of the OSSE study described in this pdpgure
1 provides a schematic showing the relationshipsden the various elements in an OSBEhis study, we

used the LOTOS-EUROS model as the NR and the MOCAKA&dele de Chimie Atmosphérique de

Grande Echelle) Chemistry Transport Model as tRgfGr details, see Sects. 2.1 and 2.4, respegjivel

2.1 TheNatureRun

A key element of an OSSE is the NR that definestihe state used to evaluate analyses and/or figeca
using simulated observations. The NR commonly &ssof a long, free-running forecast evolving
continuously in a dynamically consistent way (Masitet al. 2010a, b). For this study, the basithefNR
consists of two high-resolution free model simalas performed with: (i) the regional LOTOS-EUROS ai
quality model (Schaap et al., 2008), and (ii) thabgl chemistry transport model TM5 (Huijnen et 2D10).
We obtain the NR by combining the LOTOS-EUROS C6fifs from the surface to 3.5 km with the TM5
CO profiles from 3.5 km to the top of the atmosgh@dentified by the TM5 model top at 0.1 hPa). \ige
spatial interpolation to merge the values nearbitendary between the two models at a height ok&5
The model simulations used to construct the NR fzaspin-up period of three months. We archive thke N

output data on an hourly basis.

To construct the NR, we run the LOTOS-EUROS motlel laorizontal resolution of about 7 km nested into
the TM5 model, the latter run with a zoom domairerokZurope at 1x1 degrees resolution. The TM5 model
has 34 layers with a model top at 0.1 hPa. The L&O'BDDROS model describes air pollution in the
lowermost troposphere. It has four vertical layiowing the dynamic mixing layer approach. Thesffi
layer is a fixed surface layer of 25 metres thideghe second layer (boundary layer) follows tlvdng
layer height, and there are two reservoir layeesemg the rest of the atmosphere up to 3.5 km.ifipécit
assumption of the LOTOS-EUROS model is the presefce well-mixed boundary layer, so constituent
concentrations are constant up to the top of taedRary Boundary Layer. The meteorological datal @se
input for the LOTOS-EUROS model come from the Ee@p Centre for Medium-Range Weather Forecasts
(ECMWEF). Prescription of surface anthropogenic eiois is from the TNO-MACC-II emission database
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(Kuenen et al., 2014), and fire emissions are ftbenMACC global fire assimilation system (GFAS v1;

Kaiser et al., 2012).

In the design of an OSSE, it is important to denrais that the NR exhibits the same statisticablitur
as the real atmosphere in every aspect relevahetobserving system under study (Masutani e2@lpa,
b). For the LOTOS-EUROS model used to build thedomost levels of the NR, there is extensive
verification by comparison with European data and flequent participation in international model
comparisons. This is the case for ozone and phatematter (see Hass et al., 2003; Cuvelier e2aD7;
van Loon et al., 2007; Stern et al., 2008; Man@¢ml., 2009; Curier et al., 201tarécal et al., 2015). To

evaluate the NR, we compare the surface CO daaditablein situ ground-based CO measurements over

Europe during northern summer 2003 (1 June — 3lustygFor this comparison, we use the ground-based
stations from the Airbase database. We considetyplts of ground-based stations from this database
because of the limited number of available measenésn but we discard stations with less than 75% of
hourly data within a month. This provides 171 gmmased stations for the comparison against the NR

(note this approach results in a paucity of statiover France).

Figure 2% shows the location of the selected Airbase grcuembd stations measuring CO over Europe
during northern summer 2003 (top panel), and theseries of CO concentrations during 1 June — 31
August 2003, measured by the selected Airbase grbared stations and simulated by the NR and the CR

(bottom panehnd see Sect. 2.4 for the definition of the) ORbte that most ground-based stations selected

are located in polluted areas, where big emissiamces of CO are present. We form the time-ser@® f
the ground-based stations by averaging spatially ail the sites. We form the NR time-series sirtyijdut
interpolate the NR surface data to the stationtionaWe do not add random observation errors ¢oNR

time-series.

From Fig.21, we see that, generally, the NR captures reaspnasl the features of observed CO temporal
variability during the three phases characterizirgsummer of 2003: before, during and after that hvave

(the heat wave occurred on 31 July — 15 Aug@ile can notice that the observed and simulatedi@© t

series exhibit some high frequency component dineipally to the fact that the 171 sites representhese
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time series are mostly located in emission soureasa(there are only 5 background rural sites antibag

171 sites sample) . The CO diurnal pattern oveackdround rural site during the course of a sunahagr

shows a peak between 7h and 8h in the morning. Menvim polluted regions, the CO diurnal patterovgh

more variability.The correlation coefficienp, between the ground-based data and NR time-s&rmsn in

the middle panel is 0.71. From this, we concludg the NR has a realistic representation of thed@@nal
cycle. Note that CO concentration levels in the &R slightly lower than observed ones. The biah®NR
with respect to observed CO concentrations flueiairound -10 % on average during normal conditions
and reaches -20% within the heat wave period. figians that the NR reproduces the surface condensat
with a negative bias (NR lower than ground-basatiasts) between 10 and 20%. Nonetheless, the diatlla
CO concentrations and those measured by the groased stations generally fall within the same raofge
values (between 200 and 40gm°). Thus, for the OSSE period considered, we comchit the NR is

representative of the variability of actual obsépres over the European domain, albeit with a riegdtias.

Additionally, from Fig.22 the behaviour of the CO time-series from the CRigared to the NR, is similar

to the behaviour of the NR CO time-series compaoethe Airbase datalhis suggests that the NR from

LOTOS-EUROS model from which we sample the S-5Rukited observations is reasonably realistic. This

reduces the likelihood that the OSSE produces ptiengstic results.

2.2 The S5P CO simulated measurements

The S-5P will deploy the TROPOspheric Monitoringtlmament (TROPOMI) jointly developed by The

Netherlands and ESA (Veefkind et al. 2012). The PR®™I instrument has heritage from both the OMI and
the SCIAMACHY missions. The TROPOMI instrument withake measurements in the UV-visible
wavelength range (270-500 nm), the near infrard® (675-775 nm) and the shortwave infrared, SWIR
(2305-2385 nm). It will deliver a key set of gasdamerosol data products for air quality and climate

applications, including ozone, NClormaldehyde, S© methane and CO.

To enable sounding of the lower atmosphere at fewales, TROPOMI has an unprecedented spatial
resolution of 7x7 krhat nadir. This relatively high spatial resolutismecessary for air quality applications

at local to regional scales. It will resolve emissisources withl5% of accuracy and 10% precision
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(Veefkind et al., 2012) and will obtain an acceptable fraction of cloweef spectra. In contrast to the

advantages provided by the relatively high spatesdolution of S-5P and design improvements, the
SCIAMACHY CO data needs averaging in time (rougbhe month) and space (5x5 degrees) to obtain
realistic CO distributions at comparable unceria{@alli et al., 2012). Furthermore, TROPOMI wike a
wide swath of 2600 km to allow for daily global evage. The relatively high radiometric sensitiafyS-5P

will allow measurements at low albedorder of 2%; Veefkind et al., 2012thus helping track smaller

pollution events and improving the accuracy ofcuiality assessments and forecasts. The use of Sb6P
total column measurements with inverse modellinchhéues will also help quantifyjrere—aceurately
biomass burning emissions and map their spatidiiltlision. The simultaneous measurements of CO and,

e.g. NQ, will provide additional information on wildfirera other pollution episodes (Veefkind et al., 2012)

We used hie NR results to generate a set of synthetic SHsfereations. This involves several stefds
Generating realistic S-5P orbits and geolocatioth viewing/solar geometries for the appropriate pass
time. 2) Using the ECMWF modelled cloud distributionggnerate effective cloud fractign8) Generatig
lookup tables for the averaging kernels and observarrors. 4) Collocation and application of iR to
derive a set of synthetic observations tfaree summer months anthreewinter monthsWe discusghese

steps are discussed in the sub-sections below.

2.2.1 Orbit simulator

We use the System Tool Kit (STK, available from AGttph//www.agi.com/products/) to generate the S-5P
orbit geometry and the geolocation of the edgeghef swath as a function of time. Based on these
characteristicswe generatethe location of the individual observations witlsgatial distance of 7 knwe
apply ime and longitude shifts to the STK orbits to gatethe orbits for the thresammer and threwinter
months. Subsequentlye computethe solar and viewing geometries. Finalle maintainsegments of the

orbits that have an overlap with the modelling doma

2.2.2 Cloud properties
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289 | We obtain oud fields from the high-resolution operationatather forecast archive of the ECMWie
290 | retrieve neteorological fields of liquid water content, icater content, specific humidity and cloud fraction
291 | at a resolution of 0.25 x 0.25 degree for June-At@003 and November 2003 - January 2Q8d.convert
292 | thesequantities to cloud optical properties. The agtiproperties determine the reflectance, arduse

293 | themto estimate effective cloud fractions and effextiloud top heights as retrieved from the satellite

294  observations (Acarreta et al., 2004). The distidoubof effective cloud fractions was compared witie
295 distribution of effective cloud fractions obtainfdm OMI observations, and a reasonable agreemast w

296 | found forsummer andvinter monthsWe derive the cloud fractions at the resolutionhef ECMWF 0.25 x

297 | 0.25 degree grid. This is ca. 30 x 30k the Equator and decreases as a function bfdeti The ground _ - [ Mis en forme : Exposant

298 | pixel of OMI UV-2 and VIS channels is 13 x 24 kmt nadir increasing to 13 x 128 kmt edges of the _ -

[ Mis en forme : Exposant

) { Mis en forme : Exposant

299 | swath. We consider that the ECMWEF grid cells andl@Mels are of comparable size for comparing the

300 | cloud fraction distributions (ca. 0.5 million pisebr cells in each distribution). We model cloudshva

301 | simple Lambertian reflectors and ignore any wavgtleependency of cloud fraction.

302
303 | We usehese effective cloud fractions (and correspondingdctradiance fractions to provide weights to the

304 | cloud-free and cloud-covered fractions of the stefaceneWe use he cloud altitude for the computation of

305 the averaging kernel.

306

307 2.2.3 Averaging kernel and measurement uncertaitdgkup tables

308 Because of the large number of observations thhthecome available from the S-5P instrument, full
309 | radiative transfer calculations for each observesieparateharenot feasible. We have chosen to build look-
310 up tables for a set of geometries based on a naglimansfer code that employs the adding-doubfireghod
311 in combination with optimal estimation (radiativertsfer toolbox DISAMAR; de Haan, 2012). Look-up
312 tables are set up for the averaging kernels (1Doveas a function of altitude) and the measurement
313 uncertainty. Results are stored for a number dasaralbedos, cloud/surface pressures, solar zangles,
314 | viewing zenith angles and relative azimuth angis. provide he look-up table details in Table We

315 | provide lernels on 21 pressure levels between 1050.0 dntdfa.We specify uncertaintiedor clear-sky

316 and cloudy-sky separately.

317
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Each simulation with DISAMAR consitof a forward calculation of the satellite-observgokectrum,
followed by a retrieval step based on the optinstingation method (Rodgers, 2000e convertmstrument
noise, listed in Table 1, into uncertainties foe retrieved CO columiWe take gpriori trace gas profiles
from the CAMELOT study (Levelt et al., 2009). Wesame that both the cloud and the surface are

Lambertian reflectors. Kujanpéa et al. (2015) pdeviurther details of this procedure.

In particular the albedo is of major influence for the uncettaibecause it directly determines the signal
observed by the instrume/e show his dependence in Fig2. Over land, albedo values are typically of
the order of 0.1-0.2, with typical column errorstioé order of 2 DU, or about ¥amolecules cri. Because

typical CO columns over Europe are 20" molecules crj, this is a relatively small error of the order of
5%. These numbers are in good agreement with theltsepresented in the CO ATBD of TROPOMI

(document available from https://sentinel.esa.int/web/semtirser-guides/sentinel-5p-tropomi/document-

library ). Overthe oceanthe albedo is very low, and the noise dominabes signal.To simulate this

behaviour in a realistic way we have added thedallvalues 0.005, 0.01 and 0.02 to the albedo list.

We note that the uncertainties reported here avstantially lower than reported for SCIAMACHY (e.g

Gloudemans et al., 2008). This reflects a diffeeeitc specifications of the instruments, and the fee

build-up on the detectoeffected the SCIAMACHY observationReal TROPOMI observations will show if

the relatively small errors are realistic.

2.2.4 Synthetic observations generation
The generation of the synthetic observations ctmefsthe following steps:
¢ Collocation of the Nature run vertical profiles@® to the locations of the observations.
« Computation of the effective cloud fraction, clotatliance fraction, and cloud pressure from the
ECMWEF cloud fields collocated to the observations.
¢ Collocation of the NIR albedo mapufface albedo at 2300 nm is interpolated from matology
provided by SRON and based on SCIAMACHY observatidh Tol, personal communication) to

the locations of the observations.
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e Extract interpolated values for the observatiomk&band uncertainties from the look-up table.

« Compute the synthetic observation from the innedpct of the kernel with the nature run CO
profile. We do his for both a clear sky and fully clouded sitaafiusing the cloud pressure.

¢ Add random noise amount to each observation, bwidig numbers from a Gaussian distribution
with a width determined from the uncertainty estiena

e Compute the partially clouded synthetic observabigrweighting the clear and cloudy results with

the cloud radiance fractigihandgraf et al., 2016; Vidot et al., 2011)

Over land, and in clear sky cases, the averagimgekés close to 1, showing that the S-5P instrumnign

observing the vertical column to a good approxiorat{see Fig43). In cloud-covered cases the kernel
equals O for layers below the cloud pressure (yelioe in Fig.43). For low-albedo cases (over ocean),
Rayleigh scattering becomes non-negligible, ancéeelis decreassng towards the surface, but the noise

is dominant in this case.

We show he results of this process in Figt. The figure demonstrates the high resolution efMR (about
7 km) and the corresponding simulated amount adildéfhe bottom panel shows the corresponding CO
observations. Over land the NR features are clgadgent due to the relatively low uncertainty. Othe

ocean and Mediterranean, nodeminates the signalVe observe @ improved information content near

Iceland, related tathick cloud cover, where the higher signal redubeselative noise.

2.3 Pre-processing of S-5P CO total column observations

This section describes the pre-processing of SGRafal column observations prior to assimilatiotoithe
MOCAGE model (Peuch et al., 1999) for the OSSE kitians. Using the MOCAGE model for the AR and
CR simulations avoids the identical twin probleraasated with using the same model for both theaNg&
the OSSE simulations, which typically produces opémistic results (Arnold and Dey, 1986; Stoffelen

al., 2006). Section 2.4 provides further detailthef MOCAGE model.
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The S-5P will produce large amounts of data owinigst wide swath and relatively high spatial retiolu of
about 7x7 kri Thus, a pre-processing step is necessary to eetiecdata volume for the data assimilation
experiments. For this study, we consider only gixeside the OSSE simulation domain (Note thateedi
pixels in each single cross-track are essentiafijantaneous measurements of CO.). This has tleat@de
of alleviating the data volume burden. However,rajle cross-track over Europe could have more than
80,000 valid retrieval pixels. Furthermore, eadfividual pixel is associated with an averaging kéxector

given at 34 vertical pressure levels, from theaafup to the top of the atmosphere (identified. ahPa).

Figure 43 shows an example of averaging kernels at the airfas well as the averaging kernels
representative of retrievals including pixels witifferent cloud fractions (less than 10%, grealtemnt30%,
and greater than 80%). In addition, we discard gatats with solar zenith angles larger than 80%roors
exceeding 20%. The retrieval over sea is noise-dared. Because of this, we only consider CO partial
columns above cloudy sea scenes with cloud fraatione than 80% and cloud top heights between the
surface and 650 hPa. Finally, we apply a spatiaéljghted mean to bin the measurements into 0.22% 0
grid boxes [0 x 15 km at 45N), the assimilation model resohitithis is the set-up used for the OSSE
assimilation experiments (CR and AR), and is dbsdriin El Amraoui et al. (2008a). It combines the
MOCAGE model and the PALM (Projet d'Assimilationrplogiciel Multiméthode) data assimilation

module. Sections 2.4-2.5 provide further detailthefCR and AR set-ups.

The weighted mean for pixels falling in the samedel@rid box is:

Xiw; ¢

2w

E:

where € is the weighted average; & single column measurement, and(wl/c?) is the inverse of the
variance corresponding to measuremegntand is the weight assigned to this single measemé The

inverse of the variance associated with the wethbterage is
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The spatial binning not only reduces considerabgy data volume but also results in an improvediapat

representativeness of the CO measurements by nepiin@ random error of each data pixel.

2.4 The Control Run

To generate the CR, it is important to use a sihtbe-art modelling system, which simulates the
observational data representing, for example, aentiroperational observational system. An important
requirement for an effective OSSE is to generate @GR with a model differenfrom the one used to
construct the NR to avoid the identical twin prablésee Sect. 2.3). If the model from which we esttra
hypothetical observations is the same as the dasiimg model, the OSSE results tend to show ursgali
observation impact and overly optimistic forecdsil §Arnold and Dey, 1986; Stoffelen et al., 2006)
Consequently, by using two independent models B8Bwill -simulatemore realisticallythe assimilation

of real observations. Thalows usto design an OSSE that is not too overoptimistic.

In this OSSE study, the CR is a free model_using MOCAGE The MOCAGE model is a three-
dimensional CTM developed at Météo France (Peueh,et999) providing the evolution of the atmogphe
composition in accordance with dynamical, physiaatl chemical processes. It provides a number of
configurations with different domains and grid fdesons, as well as various chemical and physical
parameterization packages. Current use of MOCAGHIdes several applications: e.g., the Météo-France
operational chemical weather forecasts (Dufoul.e2804); the Monitoring Atmospheric Compositionda
Climate (MACC) serviceshttp://www.gmes-atmosphere;eMarécalet al., 2015); and studies of climate
trends of atmospheric composition (Teyssedre e@D7). Validation of MOCAGE simulations against a
large number of measurements took place duringrttegcontinental Transport of Ozone and Precursors

(ICARTT/ITOP) campaign (Bousserez et al., 2007).

In this study, we use a two-way nesting configoratio generate the CR and the AR (we describe the A

set-up in Sect. 2.5): a global grid with a horizbnesolution of 2x2 degrees and a regional gritd-@5E,
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35N-70N) with a horizontal resolution of 0.2x0.2gdees. The MOCAGE model includes 47 sigma-hybrid
vertical levels from the surface up to 5 hPa. Thaieal resolution is 40 to 400 m in the boundayer (7
levels) andapproximately800 mnearthe tropopause and in the lower stratosphere.chieenical scheme

used is RACMOBUS, which combines the stratospheclieme REPROBU®REactive Processes Ruling

the Ozone BUdget in the Stratosphdrefévre et al., 1994) and the tropospheric schBAEM_(Regional

Atmospheric Chemistry MechanisnBtockwell et al., 1997). The RACMOBUS scheme inekidl19

individual species, of which 89 are prognostic ables, and considers 372 chemical reactions.

We force the CR (and the AR) every 3 hours withAR®PEGE analysis (Courtier et al., 1991). We pribscr
the surface anthropogenic emission using the MACCimission database https://gmes-
atmosphere.eu/about/project_structure/input_dagaiis). We do not include the fire emissions in the
CR and AR experiments described in this papehais & prioriis urknown. This means that any signature
of fire emissions in the AR (see Sect. 2.5) cary @oime from assimilation of the CO measurementse No
that for the NR, the surface anthropogenic emissicome from the MACC-II inventorwhich helpsto

differentiate the CR from the Nimilar tothe NR, the CR has a spin-up period of three n®nth

25TheAssimilation run

We assimilate simulated S-5P total column CO olzems derived from the LOTOS-EUROS NR into the
MOCAGE CTM at a 0.2° spatial resolution using th&®C extended domain (5W-35E, 35N-70N). The
assimilation system used in this study is MOCAGH-PA(e.g., El Amraoui et al., 2008a) developed jbint
by Météo-France and CERFACS (Centre Européen déneRge et de Formation Avancée en Calcul
Scientifique) in the framework of the ASSET Eurapgaroject (Lahoz et al., 2007b). The assimilation
module used in this study is PALM, a modular anekifile software, which consists of elementary
components that exchante data (Lagarde et al., 2001). It manages the dyn&uitching of the coupled
components (forecast model, algebra operatorsrgnd/output of observational data) and the paraidh
exchanges. Massart et al. (2009) used the asdonilaystem MOCAGE-PALM to assess the quality of
satellite 0zone measurements. The MOCAGE-PALM atation system also helps identify and overcome
model deficiencies. In this context, its assimiatiproduct has been used in many atmospheric stimlie

relation to ozone loss in the Arctic vortex (El Aaoui et al., 2008a); tropics/mid-latitudes exchange
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(Bencherif et al., 2007); stratosphere-tropospleeohange (Semane et al., 2007); and exchange bethee

polar vortex and mid-latitudes (EI Amraoui et &Q08b). For this OSSE, to speed up the assimilation
process we use the 3D-Var version of PALM. In tH8SB, the MOCAGE model provides the CR and by
assimilating the simulated CO data from the NR,M@CAGE model provides the AR. Thus, we produce

the CR and AR outputs with a model different frdrattused to produce the NR (see Sect. 2.1).

A key element of the data assimilation system & lackground error covariance matrix (Benatrix)
(Bannister, 2008). It has a large impact on theV@banalysis used in this study and, thus, it ipanant to
use a form oB that is as realistic as possible. In MOCAGE-PALM base th@&-matrix formulation

the diffusion equation approach (Weaver and Caur2@01). It can be fully specified by means of 8B
standard deviation field (square root of the diaj@bements oB, in concentration units or as a percentage
of the background field) and 3-D fields of the korital (L and L) and vertical (L) local correlation
length-scales. We can estimate Byenatrix elements more efficiently using an ensenmbé¢hod (Bannister,
2008). This technique consists of feeding an enkembstates through the data assimilation system t
simulate the important sources of error. Howeves, approach is time-consuming and, thereforepset in

this study.

For this study, we use a simple parameterization tfie B-matrix_where L, and L, are assumed
homogeneous and equal to 35 km (about two modeéllgnigths);andL, is constant and set to one vertical
model layer. As in Emili et al. (2014), the backgnd standard deviation 3-D field is parameterizecha
vertically varying percentage of the backgroundfifgpwhich decreases from values of 25% at théaser
to values of 15% in the upper troposphere, andedsess further throughout the stratosphere to valug%

in the upper stratosphere (not shown). We base thettings on several 1-day assimilation trialsy tansure
reasonable values of standard self-consistency, tes}., providing chi-squareg’) values close to 1 (see
Fig. 63 in Sect. 3.1). Furthermore, a value gfdnd L, of 35 km corresponds to more than one grid lenfth
the model, allowing the model to resolve theseufest The data assimilation procedure will weighthithe
observations and the model 1-hour forecasts (floenlast analysis point), and will update locatioms
coincident with the observations through the catieh length-scales. Table 2 summarizes the pasamet
used for the assimilation experiments.
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3. Results

3.1 Evaluation of the assimilation run

In this section, we evaluate the impact of theragaiion of the S-5P CO total column. First, we lerede the
consistency of the assimilation run by separatiregdlear-sky pixels from their cloudy counterpd@sct.
3.1.1). Second, to further understand the impacthensurface CO field of the simulated S-5P COltota
column measurements, we investigate the analysisniment §x) to provide a quantitative diagnostic of the

quality of the analysis for a selected date, 122003 (Sect. 3.1.2).

3.1.1 Consistency of the assimilation run

We have performed two OSSESs. The first one includlgsixels in the OSSE domain, regardless of weth
they are cloudy or clear-sky and the second ordipdes clear-sky pixel§Ve consider @ixel as clear when
the cloud fraction is less than 10%. ComparisothefARs from these two OSSEs indicstieat the impact
of including all pixels is small. The largest diffeces between the respective ARs in relationgd\lR are
4% in regions over North Europe (North Sea and @ioawia), with the AR for clear-sky pixels closerthe
NR (not shown). We can explain these results byfdbethe summer generally has low amounts of cloud

Consequently, we only present the results fronQB&E with all pixels.

To evaluate the AR, we calculate thediagnostic associated with the Observation minuedast (OmF)
differences (see, e.g., Lahoz et al., 2007a). Heeepormalize the OmF differences by the backgraemal.
We also calculate histograms of the Observatiorumifnalysis (OmA) differences, the observation trel
simulation from the CR (observation-minus-contrain,r hereafter OmC) differences, and the OmF
differences. We use the observational error to atimm the differences building the histograms of Om

OmC and OmF.

Figure65 (top panel) shows the chi-squared time-serie©foF and its associated auto-correlation function
calculated over the three-month period of the O®8feriments, computed as daily averages. The chi-
squared diagnostic starts with a maximum of abda,Jand takes values down to 0.75, with a meah®f
over the OSSE three-month period. The chi-squdme-series is nearly stable since it exhibits reddy
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small variability (a standard deviation of about4). Furthermore, the auto-correlation of the chiased
statistic drops to zero, with no correlation afeetime delay of 20 days. The calculation of theoaut
correlation shows that the chi-squared statistionsorrelated after a time lag of 20 days; this msethat
after this time the mathematical expectatio’E(s equal to the average of the chi-squared ststisWe
find E(x?) = 0.90, which is close to the theoretical valfid ¢see Lahoz et al., 2007a). This result indisate
that the a priori error statistics as representetthé B-matrix slightly overestimate the actual error istats

from the OmF differences.

To test whether the observations, forecast and/sisdields, and their associated errors, are sterd with
each other, we calculate the histograms of OmA, GmB OmC only over land (normalized by the
observation error) over the three-month period .(Bfj bottom panel). For a properly set up assimilation
system, the OmF and OmA normalized histograms shoeilclose to a Gaussian distribution with mean zer
and standard deviation one. Figé&(bottom panel) shows that the OmA and OmF diffeesrare close to

a Gaussian distribution centred near to or at ZBne. OmF has a mean and standard deviation ofahd0
1.73, respectively, whereas the OmA has nearly@mean and a standard deviation of 1.05. Thicatds
that the centre of the OmA histogram is closereamzand more peaked than the histogram of OmF. We
expect this, since the analyses should be closéneiabservations than the forecasts. Furtherntbee,
histogram for OmA indicates that the errors in Brenatrix, the observational counterpart of Bienatrix,

are a good representation of the analysis error.

Based on the above results, we conclude that tlekgb@und error covariance matriB, and its
observational counterpaiR, prescribed in our assimilation system are redasgnaell characterized (see,
e.g., Lahoz et al., 2007a, for a discussion of gpecification of errors in a data assimilation syst
Furthermore, the above results are consistenttvétessumption that the errors in the observagmasthe

forecasts are Gaussian.

The shape of the OmC normalized histogram, whichdnmean and standard deviation of 2.36 and 5.60,
respectively, indicates the presence of a relatilabe bias between the S-5P observations anG®eThe
assimilation reduces this bias, as shown by théysem being significantly closer to the observatidman
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the simulation from the CR. This shows that theinaiéstion of simulated S-5P CO total column

observations has a significant impact on the C@dasts and analyses.

3.1.2 Study of increments

To understand further the impact on the surface f&@ of the simulated S-5P CO total column
measurements, we calculate the analysis increrBgnhfdr a single analysis time at 14:00 UTC on 186eJu
2003. We calculate this increment as the analysisisrthe model first guess (1-hour forecast). Tinaysis
increment provides a quantitative diagnostic of dhality of the analysis (see, e.g., Fitzmauricd Bras,

2008).

Figure76 (top panel) shows the spatial distributiordrfat the model surface. One can see the spredud of t
impact of the simulated observations across lagggons. This is owing to S-5P having a wide swath
allowing it to sample larger regions. The most sattgal corrections are over land, where theresafficient
observations to have an impact. Over sea, thenments tend to be negligible, as any observationsd
there have relatively large errors. Thus, theré mat be much difference between the model firstsguand

the analysis. Likewise, this is also true in thgioas outside the satellite footprint.

To provide further insight into the impact of S-8® measurements, we calculate latitude-height and
longitude-height cross-sections at 48.8N, 2.6Ey R&xis, for 15 June 2003. Figubé (bottom left and
bottom right panels) shows a zoom of the zonalraeddional vertical slices of the analysis incremé&¥e

see significant corrections to the model first gu@dentified by large increments) confined to amléayer.
These corrections are larger at the surface, ahibiexa second maximum around 650 hPa. This vértica
structure is mainly attributable to the forecasbestandard deviation (given as a vertically vagyfraction

of the local CO mixing ratio), the square root lné iagonal entry of thB-matrix, and which is higher in
the boundary layer (where the value of the S-5Pa@€raging kernel is close to 1). The shape of @ S
analysis increments also exhibits a second peakndr650 hPa. The increments for this particular ttiang

show a clear impact from the S-5P CO measuremetteiPBL and the free troposphere.
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The shape of the S-5P increments is similar todhagpical SCIAMACHY analysis increments, whiclsal
extend through a deep layer and have a maximuimeasiurface (Tangborn et al., 2009). The fact tlo¢t b
these analysis increments stretch out over a @g@p is owing to similarities in the S-5P and SCIAGHY
averaging kernels - both are close to unity oveudifree land (see Fig4). Note that the situation shown in
Fig. 76 is a snapshot and depends on the particular éonslifor this time. An average of the increments

over the summer period would tend to show a unifdistribution in height.

3.2 Evaluation of the summer OSSE

3.2.1 Summer averages

Figure87 shows the fields of surface CO from the CR, amdNIR and the AR, averaged over the northern
summer period. One can see the general change ov€Qand between the CR (top left panel) andAiRe
(bottom panel). We can ascribe this to the contidiouof simulated S-5P total column CO data samfriech

the NR. This figure shows several differences betwthe CR and AR fields that indicate the superior
behaviour of the AR in capturing features in the. ¥r example, over Eastern Europe and Russigkhe

CO concentration values are closer to those inNRg(with a mean bias between -1.5 and +1.5 pplov)

particular, the CR shows generally lower valuestimthe NR(mean bias around -6 ppb\Wevertheless,

over Portugal, where the NR shows the forest fines occurred over the summer, the AR captures them
only slightly better than the CR. We expect thatreély poor performance of the CR regarding fiesthe

fires are not included in the CR set-up (see S24). Although the ARin the operational set-upaptures

the CO concentrations emitted Hprest fires slightly better than the CR (througbsimilation of CO

measurements), the relatively poor temporal remwlubf the S-5P ultimately limits its performance.

However, the most important deficiency is due ® ¢hterion used in the operational set-up in whddatata

screening test is activated to discard observatfansaway from the model (see section 3.2.5\

geostationary satellite, given its relatively higgmporal resolution, should be able to captureebdtie

temporal variability oCO fromthese forest fires (Edwards et al., 2009).

3.2.2 Statistical metrics
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In this section, we provide a quantitative assessimiethe benefit from S-5P CO total column measwets
on the CO surface analysis. For this, we perforstatistical analysis of the different OSSE expernitador

northern summer 2003.

We calculate the mean bias (MB, in parts per billay volume, ppbv), its magnitude reduction (MBMR,
ppbv), and the root mean square error (RMSE, ppang, its reduction rate (RMSERR, %). Note that
although recent papers have raised concerns ozersthof the RMSE metric (Willmott and Matsuura)20
Willmott et al., 2009), Chai and Draxler (2014)dliss circumstances where the RMSE is more berleficia
We use the correlation coefficieptfo measure the linear dependence between twoedsitasd the fraction

of the true variability (i.e., variability repreded by the NR) reproduced by the CR or AR.

For a single model grid box, we define the stai@tmetrics (MB, RMSEp) with respect to the NR as:

MB(X) = ~X(X — NR)

MBMR = |MB(CR)| — [MB(AR))|

RMSE(X) = /;2(/&’ — NR)2

RMSERR = 100 X (1 —M)

RMSE (CR)

Y(X—X)(NR-NR
() = —ZEDWENR)

Nl'ﬂx—iﬁzmﬂ—ﬁ)?

where X denotes the CR or the AR; N is the numibetate samples; the vertical bars denote the atesolu
value operator; and the overbar symbol represéetatithmetic mean operator. The MB metric gives th

average value by which the CR or the AR differsrfithe NR over the entire dataset.

Page 31 of 65



623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651

3.2.3 Results of the statistical tests

Figure 98 presents the zonal and meridional means of tHerdifce between the CR and the AR averaged
over the northern summer 2003 (1 June — 31 AugWit)also plot the confidence interval representirey
areas where the AR is not significantly differemtthe CR at the 99% confidence limit (highlightedthe
grey colour). These two figures show that thereeisefit from the S-5P CO total column data overfitse

few bottom levels of the troposphere, i.e., thedowost troposphere. Between the surface and 800ahPa
negative peak is present in the zonal differenelel flover Scandinavia), and in the meridional défee
field (over Eastern Europe). Note that the zoredtfshows two areas, one with positive values haddther
with negative values representing a CR greater tha@R and a CR smaller than the AR, respectividig
positive peak, at a slightly higher level (i.ewkr pressure) than the negative peak, is reprasents the
Mediterranean Sea, whereas the negative peak is nepresentative of the land areas (Scandinavia and
Eastern Europe). Figui@8 indicates that the S-5P CO corrects the modehénlawer troposphere with a
larger impact over land and withsanallerimpact in the PBL. This is consistent with the &abur of the

analysis increments shown in Fit§.

Figure109 shows the performance of the biases between thadRhe NR, and the AR and the NR at the
surface, and averaged over the northern summedG# @L June — 31 August). The MBMR, which compares
the magnitude of the CR vs NR and AR vs NR biaseicates the geographical areas where the sindulate
S-5P CO total column data have the most impact. TBMR shows that the AR is closer to the NR than the
CR, almost everywhere in the domain (reflected liiy prevalence of the red colours in the bottom left
panel). This indicates that the simulated S-5P @@l tolumn data generally provide a benefit atsindace,

and especially over land areas where the CO soareesparseThis suggests that owing to the relatively

small variability of CO over remote land regionse tS-5P data can provide a larger benefit compiared

regions where the variability is relatively high.

We also calculate the RMSE as well as the reduate of the RMSE, RMSERR (Figufd16), both
keeping the systematic error (Fifl30 top), and removing the systematic error (Figt0 bottom). We

calculate thesystematic—error biasin the AR and CR by subtracting the NR field fromcle of them,
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producing aunbiasedebiasedAR and CR. For the case where we remove the sgsitegrror, we perform

the statistics on thenbiasedebiasedAR and CR. If we examine the RMSE statistics, Bgyshows that the

CR gets closer to the NR over the Atlantic Ocead awer the Eastern domain including Russia and
Scandinavia, when we remove the systematic ermrekample, over these areas we obtain ~30 ppbv and
~10 ppbv for the RMSE keeping and removing theesystic error, respectively. For the reduction & th
RMSE, RMSERR, the behaviour for the CR is similaerall, showing a reduction rate of 60% and 30-45%
keeping and removing the systematic error, resgalgtiNote that over Scandinavia the reduction gates

down from 60% to about 10% after removing the systéc error.

These results indicate that S-5P CO data show rhenefit when keeping the systematic error in the
calculation of the RMSE. Following our guiding miple of avoiding an overoptimistic OSSE, we cossid
only the values of RMSE obtained when we removessiséematic error. For this case, the average tietiuc
rate for the AR is around 20-25% over land (exc@pandinavia) and close to 10% over sea and over

Scandinavia.

In Figurel211, we show the correlation between the CR and theddR the correlation between the AR and
the NR, at the surface for the three northern sunmuosths (1 June — 31 AugusBigure-11-showsthdithe
AR is closer than the CR to the NR with the cotietacoefficient reaching 0.9 over land. By contyaise
correlation coefficient between the CR and the NRypically less than 0.5, with very low values ove

Eastern Europe, where CO sources are sparse.

3.2.4 Time-series at selected locations

Figure 1312 shows time-series from the NR, the CR and the && ¢he three areas of the study domain
represented by the squares shown in Fi@8.(bottom panel) and110 (right panels). (i) The Paris region
(Fig. 1312, top panel). (ii))A region over Portuga{5°W-40°N) where forest fires occurred during the
northern summer (Fidl312, middle panel) (iii) An area in the Eastern part of the study dona&fE-
53°N), where the reduction of RMSE (i.e., RMSERR) wa<imlarger than for other regions (FIB12,
bottom panel). For all three areas, the AR is galyecloser to the NR than the CR, showing the it

the simulated observations. We calculate the biaséseen the AR and CR vs the NR by computing the
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difference NR-X, where X is AR or CR, and normaligiby the number of observations over the northern
summer period. The biases are: (i) Paris region,48Rppbv, AR: 38 ppbv; (ii) Portugal, CR: 101 ppBR:

83 ppby; (iii) Eastern part of domain: CR: 21 ppAR: 5 ppbv._Note that the AR and the CR capture the

variability but not the values of the peaks. Howetige LEO only samples at most twice a day oveaisPa

and may not capture the peaks. In figure 13, wiatd the S-5P revisit time by the plus signs atttp of

the panel and one can see that the peaks do mmidwiwith the time of the S-5P measurements. Rarot

factor could also be that the emission inventosdus the AR has lower values than the one usétkilNR.

Over Paris (top panel), the CR is already closehto NR and the impact of the S-5P CO simulated
observations is small. Over Portugal (middle pan#l¢ presence of fires is not seen in the CR,(a.g.
maximum of CO at the beginning of the heat wave)ha fireemissiols were not taken into account in the
CR as they araunknown a priori (see Sect. 2.4)n contrast, over this specific location we semithpact of
the fires on the CO concentrations in the AR whtbywever, much lower values than for the NR. Dutimg
fires, the CO concentrations in the AR over Portwggre larger than 500 ppbv, whereas the CR rerdaine
relatively unchanged with concentrations less th@d ppbv. Over the Eastern panthere there are lower

emissions compared for instance to Par{®ottom panel), the temporal variability is nagth and the

magnitude of the bias between the CR and the Niall, but it is removed in the ARloreover, note that

the operational screening test was still in fosse(section below).

3.2.5 Sensitivity tests for fire episode

The assimilation system we use has a default icnitéo discard CO column observations with valwegér
than 75% of the MOCAGE value. This criterion is appropriate to situations resulting in excessiaeies
in the CO concentrations, as is the case for fdiest. To understand further the performance ef @SSE
over the period of the Portugal forest fires wefgren a second OSSE without this default criteri®his
second OSSE covers the period of the forest f@BsJ@ly — 15 August). For this second OSSE, we euenp
the total column values and the surface valueb®fO fields from the CR and the AR (Figg-16:3-15

respectively).
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Figure1443 shows the CO total column at 14:15 UTC on 4 Au@@i3 (during the period of the Portugal
forest fires) from the NR (top left panel); the siated S-5P observations (top right panel); the(f®tom

left panel); and the AR (bottom right panel). Wen e that the AR captures the fire event, indicate
relatively high values of the CO total column owmrtugal, whereas the CR does not. This confirres th
results shown in Figl3t2, which highlight the benefit provided by the SG® total column measurements,
in particular regarding the capture of the sigmatof the Portugal forest fires. Note that the S-5P
measurement is noise-dominated over the sea (@bp panel). This accounts for the sharp edge ifCGe

total column field seen between the Iberian Pefénand the Bay of Biscay for the AR (bottom rigangl).

Figure1514 shows the time-series of the surface CO concémrisabver the period 25 July — 15 August (that
of the Portugal forest fires). In comparison to thmiginal OSSE (see middle panel of Figt2), the AR is
now closer to the NR, having now peak values oLiaB00 ppbv, instead of peak values of about 55¥.pp
The CR still has peak values less than 200 ppbi ifidicates that the relatively low values in &R (in
comparison to the NR) for the original OSSE showrthie middle panel of Figl3-12 result from the
application of the default criterion to discard @8lumn observations that are far away from MOCAGE
values. The results from Fi@5%4 confirm those shown in Fid.443, and reinforce the benefit provided by
the S-5P CO total column measurements, in particegarding the capture of the signature of theugat

forest fires.This sensitivity test also shows the limitationsising standard operational criteria.

4. Conclusions

We perform a regional-scale Observing System SitiameExperiment (OSSE) over Europe to explore the
impact of the LEO satellite mission S-5P carbon exiafe (CO) total column measurements on lowermost
tropospheric air pollution analyses, with a focms@O surface concentrations and the Planetary Baoynd
Layer (PBL). The PBL varies in depth throughout tyear, but is contained within the lowermost
troposphere (heights 0-3 km), and typically spdmesheights 0-1 km. We focus on northern summer 2003

which experienced a severe heat wave with seveietabimpaciover Europe-
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Our guiding principle in the set-up of this OSSHdst is to avoid overoptimistic results. To achid¢his, we

address several factors considered likely to doutiei to an overoptimistic OSSE. (i) We use différen
models for the NR and the OSSE experiments. (ii)cWMeck that the differences between the NR andahctu
measurements of CO are comparable to the CO fiffletehces between the model used for the OSSE and
the NR. (iii) We remove the systematic error (cklted as the bias against the NR) in the OSSE taI{pir

and CR) and compare thmbiasedebiasedesults to the NR (iv) We perform a guantitative evaluation of

the OSSE results, including performing statistisiahificance tests, and self-consistency and chéased

tests. Based on the specifications of the TROPQidiriment, we anticipate relatively low CO column

uncertainties of around 5% over the European centin

Also, our approach was to study the performanc®5P alone without taking into account the othéstag

or future missions (i.e. MOPITT, CrlS or IASI).

The OSSE results indicate that simulated S-5P @ ¢olumn measurements during northern summer 2003
benefit efforts to monitor surface CO. The largbshefit occurs over land in remote regions (Eastern
Europe, including Russia) where CO sources aresep@ver these land areas, and for the case when we
remove the systematic error, we obtain a lower RM8kEe (by ~10 ppbv) for the AR than for the CR, in
both cases vs the NR. Over sea and Scandinavialseeobtain a lower RMSE (by ~10%) for the AR than
for the CR, in both cases vs the NR. Consisterit thits behaviour, we find the AR is generally clogethe

NR than the CR to the NR, with a correlation caéfnt reaching 0.9 over land (NR vs AR). By contrtse
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correlation coefficient between the CR and the NRypically less than 0.5, with very low values ove
Eastern Europe, where CO sources are sparse. @énagefor all the metrics calculated in this pajpleere is

an overall benefit over land from the S-5P CO totdlimn measuremenis the free troposphere, but also at

the surface Significance tests on the CR and AR results mgichat, generally, the differences in their
performance are significant at the 99% confidereell This indicates that the S-5P CO total column

measurements provide a significant benefit to noorstirface CO.

We further show that, locally, the AR is capableegroducing the peak in the CO distribution atdhgace
due to forest fires (albeit, weaker than the NRhalp even if the CR does not have the signatutbefires
in its emission inventory. A second OSSE shows tthiatrelatively weak signal of the forest firestire AR
arises from the use of a default criterion to didg@0O total column observations too far from modsles,
a criterion not appropriate to situations resultimgxcessive values in the CO concentrationss #isel case
for forest fires. This second OSSE shows a muangér signal in the AR, which is now much closettte

NR than the CR, confirming the benefit of S-5P @@ltcolumn measuremerasd the limitations of using

standard operational criteria in this case.

Further work will involve extending the OSSE apmiodo other S-5P measurements, such as ozone total
column, and N@and formaldehyde tropospheric columns. These esudill complement similar studies on
the benefit from Sentinel-4 and -5 measurementie@ively, these OSSE studies will provide insightb

the relative benefits from the Sentinel-4, -5 aiP platforms for monitoring atmospheric pollution

processes.
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Tables

Table 1. Spectral and radiometric settings for DISAMAR, dhe look-up table nodeoints.

Spectral and radiometric settings

Spectral range [nm] 2330-2345
Spectral resolution (FWHM) [nm] 0.25
Spectral sampling [nm] 0.1

SNR Earth radiance 120

SNR Solar irradiance 5000

Additional calibration error (%)

1.0, correlaticenigth 100 nm

Node points
cos(SZA) 0.1-1.0,step0.1
cos(VZA) 0.3-1.0,step 0.1

Relative azimuth [degree]

0.0, 180.0

Cloud/surface pressure

1100 - 200, step -100

Cloud/surface albedo

0.0, 0.005, 0.01, 0.02, Oma&s, 0.1, 0.2

0.3,0.4,08,09

Pressure layers

1100, 1000, 900, 800, 700, 600, £00,
300, 200, 137.50, 68.75, 34.38, 17.19, 8

4.30, 2.15, 1.07, 0.54, 0.27, 0.13, 0.07
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Table 2: Description of the configuration used in the askition system

Description

Assimilation
Background standard deviation

Background correlation zonal Length scalg) (L
Background correlation meridional length scalg (L

Background correlation vertical length scalg) (L
S-5P total column CO observation errors

3D-var, 1 hour window
in % of the background field (vertically variable)

constant 35 km
constant 35 km

one vertical model layer

from retigoroduct and weighting to account for
the total column
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Figure 21: Top panel: location of selected ground-basedastatfor CO measurements taken from the
Airbase database during northern summer 2003 (2 JuBl August). There are 171 sites with locations
shown by circles. The labels show longitude, degi@eaxis) by latitude, degrees (y-axis). Middlengla
simulated and measured time-series of CO concemtgatn surface air from nature run (blue line)k th
control run (red line) and from the selected 17rbAse sites (green line). We form the CO time-sdaethe
ground-based stations by averaging the hourly dgieesentative of the 171 sites. The labels shme th
MMDD format (x-axis) by CO concentration, parts jpdtion by volume, ppbv (y-axis). Bottom panel:&h
greay curve shows the relative error of the naturewith respect to the observations, defined as NReval
minus ground station value divided by the grouradia value and multiplied by 100. The labels shiome

in MMDD format (x-axis) by relative error, percefytaxis). The vertical red dashed lines in the redzhd

bottom panels delineate the 2003 European heat pen@d (31 July — 15 August).
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Figure 32: Dependence of the CO column uncertaif@pbson Unit)on the surface albedo. Simulation
settings are: solar zenith angle 53 degrees, vpwamith angle 26 degrees, relative azimuth anglegdee,
cloud/surface pressure 1100 hPa.
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Figure 43: Left panel: S-5P CO averaging kernel values astiveace. Labels are longitude, degrees (x-axis)
by latitude, degrees (y-axis). Right panel: Avenggkiernels for land pixels with cloud fraction I¢san 10%
(dashed red lines); for land pixels with cloud fiac greater than 30% (dashed yellow lines); andstma
pixels with cloud fraction greater than 80% (dashkgk lines). The averaging kernels are for anayeiof
the data shown on the swath for 1 June 2003 ad12TX. Labels are averaging kernel, normalizedxig)a

by pressure level, hPa (y-axis).
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Figure 54: Top: Nature run collocated to the synthetic SebBervations for the 12:34 orbit on 1 June 2003.
Bottom: corresponding synthetic observations.
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Figure 65: Self-consistency tests. Top panel: time-seried [ire) of x? for OmF and its associated auto-
correlation signal (green line). For tiggdiagnostic we normalize the OmF differences bykthekground
error. The labels show time, days (x-axis) ghdalue (y-axisfor thex?plot, andime gap, days (x-axis) and
auto-correlation (y-axis) for the auto-correlatiptot. Bottom panel: histograms of Observations minu
Analysis (OmA -red solid line), Observations minfasrecast (OmF -blue solid line), and Observations
minus Control run (OmC -black solid line). We notioa these differences by the observation erroe Th
dashed lines correspond to the Gaussian fits oflifferent histograms. The labels show the OmA, GonF
OmcC differences (x-axis) and the frequency of omnre of the differences (y-axis). We calculate the

diagnostics OmA, OmF, and OmC over the period &ifirie — 31 August 2003.
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Figure 76: S-5P CO analysis increments, units of ppbv, abQ4JTC on 15 June 2003: Top panel:
geographical distribution at the model surface. Bashed lines show zonal and meridional vertiga¢slat
48°8 N, and 2°6 E, respectively. The black dasiveslshows the S-5P cross-track at 13:12 UTC, ctippe

fit the OSSE simulation domain. Note that we meadhe S-5P CO observations at 13:12 UTC. The labels
show longitude, degrees (x-axis) and latitude, elegr(y-axis). Left and right bottom panels show,
respectively, the longitude-height and latitudegheicross-sections at a location near Paris. Theldafor

the bottom panels show longitude, degrees (x-defs panel), latitude, degrees (x-axis, right pgnahd
pressure, hPa (y-axis, both panels). Green/pugtaucs indicate positive/negative values in theeneent

fields.
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1221 | Figure 87 Distribution of CO surface concentrations, unjtby averaged for the period 1 June — 31 August
1222 2003. Top left panel: the control run (CR) from M@GE; right top panel: the nature run (NR) from
1223 LOTOS-EUROS; bottom panel: the assimilation run YA®m MOCAGE obtained after assimilating the S-
1224 5P CO total column simulated data sampled fromNRe In all panels, the labels show longitude, degre
1225 (x-axis) and latitude, degrees (y-axis). Red/bloiewrs indicate relatively high/low values of th®Gurface
1226 concentrations.

1227

1228

1229

1230

1231

1232

1233

1234

1235

Page 58 of 65



1236

1244

1245

1246

1247

1248

1249

1250

1251

1252

1253

1254

1255

1256

1257

1258

1259

1260

1261

1262

1263

1237

Avatsge of zonalmean CR-mine-AR differences Average of metidional-mean Ch-minis-AR differansed

Presyune (hPa)

=10 L] 17
an (deg)

-1 -12 -4 -4 -3 0 1
£0 |pniv]

Figure 98: Zonal (left panel) and meridional (right paneicss of the difference between the CR and AR
CO fields, units of ppbv, averaged over the sumpeeiod (1 June — 31 August 2003). The areas hiltaldy
in grey colour indicate where the AR is not sigrafitly different to the CR at the 99% confidenasleThe
labels in the left panel are latitude, degreesx{g)aand pressure, hPa (y-axis). The labels irritjg panel
are longitude, degrees (x-axis) and pressure, #ai¢). Green/purple colours indicate positiveateg

values in the difference fields.
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Figure 109: Mean bias reduction at the surface for CO, urfifgpbv: Left top panel shows the CR mean

bias with respect to the NR (CR-NR). Right top pam®ws the AR mean bias with respect to the NR-(AR
NR). Bottom panel shows the mean bias magnitudectimh (absolute value of the mean bias for CR minu
the absolute value of the mean bias for AR). Weagethe data over northern summer 2003 (1 Jurde — 3
August). The labels show longitude, degrees (x)aasl latitude, degrees (y-axis). The hatched iardze
bottom panel shows where the mean bias plottduisrpanel (MBMR) is not statistically significartttae
99% confidence level. The three squares in theboftanel represent locations for the three timeser

shown in Fig1312. Red/blue colours indicate positive/negative valinethe MB/MBMR.
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Figure 1110: Top: Root Mean Square Error (RMSE), units of pfiatween CR and NR (left panel), and its
corresponding reduction rate RMSERR, in % (rightglakeeping the systematic error. Bottom: Sami@jas
panel but calculating the RMSE after removing thetematic error. The labels on each panel are tiotgj
degrees (x-axis) and latitude, degrees (y-axisg. fiinee squares in the two right panels represeatibns
for the three time-series shown in FitB1i2. Red/blue colours indicate relatively high/low wes in the

RMSE/RMSERR.
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1321 | Figure 1312: Time-series for CO surface concentrations (1 JuB& August) from NR (blue colour), CR
1322 | (red colour) and AR (green colour) over three défé locations represented by squares in Fig8.and
1323 | 1140 Top panel: area near Paris; middle panel: areaertugal, where forest fires occurred; bottomeha
1324 Eastern part of the study domain. The labels irtlihee panels are time, in format MMDD (x-axis) &
1325 concentration, ppbv (y-axis). The plus symbolshattop of each panel indicate availability of olvations
1326 from the S-5P platform.

1327
1328
1329
1330
1331
1332
1333
1334
1335

1336

Page 63 of 65



1337

NR (DU) S5-P (DU)

1338 50 60 70 80

1339 | Figure 1443: CO total column at 14:15 UTC on 4 August 2003, @wobanits, DU. Top left panel: NR; top
1340 right panel: simulated S-5P observations; bottofindanel: CR; bottom right panel: AR. Red/blue co®
1341 indicate relatively high/low values of the CO totalumn.
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Figure 1534: Time-series for CO surface concentrations for o covering the Portugal forest fires (25
July — 15 August) from NR (blue colour), CR (redozo) and AR (green colour) over the location a&sed
with the middle panel of Fifi3t2. These data concern the second OSSE we perfoumderstand the
behaviour of the original OSSE over the periodhef torest fires (see text for more details). Theela are

time, in format MMDD (x-axis) and CO concentratigupbv (y-axis).
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