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Abstract

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

(iii) the assimilation run (AR), where we assiméldhe observations of interest; (iv) the contral (CGR), in

this study a free model run without assimilationg &v) efforts to establish the fidelity of the (S8 sults.
Comparison of the results from AR and the CR, agjdime NR, shows that CO total column observations
from S-5P provide a significant benefit (at the 98éffidence level) at the surface, with the lardestefit
occurring over land in remote regions. Furthermahne, S-5P CO total column observations are able to
capture phenomena such as the forest fires thatrrectin Portugal during summer 2003. These results
provide evidence of the benefit of S-5P observatifon monitoring processes contributing to atmosighe

pollution.
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1. Introduction

Over the last decade, the capabilities of satellitruments for sensing the lower troposphere have
improved, and opened the way for monitoring andelbetnderstanding of atmospheric pollution procgsse
e.g., tropospheric chemistry (Jacob, 2000), lomgeatransport (HTAP, 2007), and emissions (e.geBir
D., 2013 and references therein). Satellite instmisiprovide global measurements of many pollut@nts,
ozone; carbon monoxide, CO; nitrogen dioxide,,N&nhd aerosols), including information on theimga
boundary transport, and complement in situ measem&nfrom ground-based stations (e.g., the EMEP,
http://www.nilu.no/projects/ccc/emepdata.html, akidbase, http://acm.eionet.europa.eu/databaseassp
networks). Low Earth Orbit (LEO) satellite platfasnmave the advantage of providing observations with
global coverage, but at a relatively low tempormdalution. Geostationary Earth Orbit (GEO) satllit
platforms provide observations at a continentalescae., not global, but at a much higher 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 troposphe
chemistry and dynamics and improved forecasts mwibspheric pollutant fields (see, e.g., Elbern et al
2010). As part of an integrated observing strategyellite measurements provide a global view on ai
quality (AQ). The challenge for future space-bomissions will be to assess directly the local salke
transport and/or chemistry for tropospheric potitga(1 hour or less, 10 km or less) and to fatdithe use

of remote sensing information for improving locahRd 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 helgtend AQ information from continental scales lobgl
scales (e.g., Lahoz et al., 2012, and referenaeithfor 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 platforemaahstrate the potential of remote sensing froncespa
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to determine the CO distribution and its main emissources at the global scale (Edwards et abD4.20
2006; Buchwitz et al., 2006; Worden et al., 2018 aaferences therein). These LEO satellite platform
include MOPITT (Measurements Of Pollution In Thegosphere), IASI (Infrared Atmospheric Sounding
Interferometer), AIRS (Atmospheric InfraRed Soundand TES (Tropospheric Emission Spectrometer)
operating in the thermal infrared (TIR) and SCIAMAY (SCanning Imaging Absorption spectroMeter for
Atmospheric ChartographY) operating in the shortrevanfrared (SWIR), respectively. By contrast, ir o
knowledge, there are no GEO satellite platforms sueag the CO distribution. However, despite their
potential, owing to limited revisit time, and relaly coarse spatial resolution, LEO instruments aot

optimal for monitoring regional and local aspedtsio quality.

Copernicus is the current European Programme #retablishment of a European capability for Earth
Observation  (http://www.copernicus.eu/pages-prialeig/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 Europealicies regarding sustainable development and ¢loba
governance of the environment. The Copernicus Apinesc Services cover: AQ, climate change/forcing,

stratospheric ozone and solar radiation. The sesviely mainly on data from Earth Observation §tesl

To ensure operational provision of Earth Observatéata, the space component of the Copernicus
programme includes a series of spaceborne misdmredoped and managed by the European Space Agency
(ESA) and EUMETSAT. Among them, three missions addratmospheric composition. These are the
Sentinel-5 (S-5) and Sentinel-5 Precursor (S-58nfa LEO satellite platform, and the Sentinel-44}S-
from a GEO satellite platform. The goal of the S-4 is tonitor key atmospheric pollutants (e.g., ozone;
NO,; sulphur dioxide, S§& bromine monoxide, BrO; and formaldehyde) and s@mat relatively high
spatio-temporal resolution over Europe and Northicaf (8 km; 1 hour). The goal of the S-5 and S-5P
platforms is to provide global daily measuremerfta&tomnospheric pollutants (e.g., CO, ozone,,N8G;,

BrO, and formaldehyde), climate related trace g¢eeas, methane, Cji and aerosols, at relatively high

spatial resolution (from below 8 km to below 50 ldepending on wavelength).
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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 @arly
afternoon sun-synchronous LEO geometry with an Equaossing mean local solar time of 13:30, chosen
to allow the instrument to measure the strong golusignal present in the afternoon. In contrése,
GOME-2 (Global Ozone Monitoring Experiment - 2) thtam collects data at a local solar time of 09:30
(when the pollution signal is relatively weak) athdis has a lower predictive value (Veefkind et 2012,
and references therein). The S-5P LEO platform adtress the challenge of limited revisit time froBEOs

by providing unprecedented high spatial resolutdryx7 km, and improved sensitivity in the Plamgta
Boundary Layer (PBL), allowing resolution of, e.glerived CO emission sources at finer scales than
hitherto. The PBL varies in depth throughout tharyéut is contained within the lowermost troposphe

(heights 0-3 km), and typically spans the heighiskon.

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

and to investigate the impact of different instrmmneesigns, 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 usethlei meteorological community to test the impdct o
future meteorological observations on the qualftyveather forecasts (Nitta, 1975; Atlas, 1997; Letdil.,
1997; Atlas et al., 2003). In a recent paper, Timmas et al. (2015) review the application of OS8Es
assess future missions to monitor AQ. The OSSEmareasingly being used by the space agenciesstsa

the added value of future instruments to be depl@gepart of the Global Observing System (e.g. kveor

the ESA Earth Explorer ADM-Aeolus; Tan et al., 2p07

Although the usefulness of OSSEs is well estaltistieey have limitations, discussed in Masutanalet
(20104, b). A frequent criticism of OSSEs is thwtyt are overoptimistic, largely owing to the ditfites of
representing the real Earth System (e.g., the ghswe), even with state-of-the-art numerical madels
Nevertheless, even if overoptimistic, OSSEs proyidands 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.
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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 omlumeasurements on lowermost tropospheric air
pollution analyses, with a focus on CO PBL conagidns. The severe heat wave experienced in Europe
during northern summer 2003, and the concomitanospheric pollution and fire episodes, had a styong
negative societal impact, being responsible fordeaths of over 14,000 people in France (Vautara.et
2005). This period had extremely hot and dry waatiaditions 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 e28I08). The spatial distribution of the enhanceelewf CO
and ozone was much more widespread over Europagithiat summer than in previous ones (Lee et al.,
2006; Ordofiez et al., 2010). These exceptional veeatonditions also resulted in several extremelfird
episodes over the Iberian Peninsula and the Mealitean coast (Barbosa et al., 2004). Tressol é2@08)
point out that between 6 and 10 August 2003 théritarion of biomass burning to measured CO lewels
the lowermost troposphere reached 35% of the @alffield at these levels, a value comparable tacyp
European anthropogenic emissions which represént@ahis total CO field. Thus, the three-monthiper

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

the full range of pollution levels that occur is@mmer season over Europe.

The OSSE study domain covers the larger part obfi(5W-35E, 35N-70N), and we perform the OSSE
simulations at the spatial resolution of 0.2 degr@atitude and longitude). This corresponds tgatial
resolution offl20 km (meridionally) andl5 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 g@rovides an acceptable compromise between m-ti

restrictions and provision of sufficient informatiéor statistically significant results.

The structure of the paper is as follows. In S2atie describe the various components of the OS8Eect.
3 we present the results from the OSSE for S-5Rglsummer 2003 over Europe. Finally, Sect. 4 plesi
conclusions and identifies further work. A guidipgnciple in the OSSE set-up in this paper is toidv
overoptimistic results.

Page 6 of 53



Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2015-924, 2016 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Published: 1 February 2016 and Physics

(© Author(s) 2016. CC-BY 3.0 License.

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
175
176
177

Discussions

2. The OSSE set-up

The OSSE concept consists of simulating observatiord their associated errors from a representafion
reality (the “Nature Run" or NR) and providing thigormation to a data assimilation system to poadu
estimates of the NR states. Thereafter, one comphese estimates of the NR states from an astonila
run, AR (where the observation of interest has kessimilated), and from a control run, CR (in ttése a
free model run), against the NR. The performanadb@fR and the CR against the NR quantifies thetie

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 éxbrustive) include the work of Lahoz et al. (2005
Stoffelen et al. (2006), and Tan et al. (2007); Masi et al. (2010a) reviews the OSSE methodology a
provides a comprehensive list of references of GSBEmeteorological applications. By contrastré¢hare
relatively few studies concerning OSSEs for AQ a&gpions (Edwards et al., 2009; Timmermans et al.,
2009a, b; Claeyman et al., 2011; Zoogman et all12@014a, b; Yumimoto, 2013). In a recent review,
Timmermans et al. (2015) comment that documentedOS3IEs have demonstrated the benefits that could
accrue from proposed and planned satellite plagofanr AQ monitoring and forecasting. In the study
described in this paper, the set-ups for the N, tae CR and AR, use different models, thereby dingi
the identical twin problem typically associatedwatverly optimistic OSSE results (see, e.g., Maswghaal.,
2010a). In Sects. 2.1-2.5 we describe the varitereents of the OSSE study described in this pédpgure

1 in Timmermans et al. (2015) provides a schenstgwing the relationships between the various atktsne

in an OSSE.

2.1 The Nature Run

A key element of an OSSE is the NR that definestithe state used to evaluate analyses and/or figeca
using simulated observations. The NR commonly atesof a long, free-running forecast evolving
continuously in a dynamically consistent way (Masiitet al. 2010a, b). For this study, the basithefNR
consists of two high-resolution free model simulas performed with: (i) the regional LOTOS-EUROS ai
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quality model (Schaap et al., 2008), and (ii) thabgl chemistry transport model TM5 (Huijnen et 2D10).
We obtain the NR by combining the LOTOS-EURQOS C6&fifs 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 nearbitiendary 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 tRe 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 domaireroiurope at 1x1 degrees resolution. The TM5 model
has 34 layers with a model top at 0.1 hPa. The L&' BDDROS model describes air pollution in the
lowermost troposphere. It has four vertical layeitowing the dynamic mixing layer approach. Thesffi
layer is a fixed surface layer of 25 metres thicdehe second layer (boundary layer) follows tliveinmg
layer height, and there are two reservoir layeessjng the rest of the atmosphere up to 3.5 km.iffipécit
assumption of the LOTOS-EUROS model is the presefice well-mixed boundary layer, so constituent
concentrations are constant up to the top of thed®hry Boundary Layer. The meteorological datal ase
input for the LOTOS-EUROS model come from the EeapCentre for Medium-Range Weather Forecasts
(ECMWEF). Prescription of surface anthropogenic eiis is from the TNO-MACC-II emission database
(Kuenen et al., 2014), and fire emissions are ftbemMACC 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 statisticabligiur

as the real atmosphere in every aspect relevahetobserving system under study (Masutani eR@llpa,

b). For the LOTOS-EUROS model used to build thedowost 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 ptatecunatter (see Hass et al., 2003; Cuvelier e2aD7;

van Loon et al., 2007; Stern et al., 2008; Mande¢ral., 2009; Curier et al., 2012; Marecal et 2015). To
evaluate the NR, we compare the surface CO dataditable ground-based CO measurements over Europe
during northern summer 2003 (1 June — 31 August).tiis comparison, we use the ground-based sgation

from the Airbase database. We consider all typegrafind-based stations from this database becduke o
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limited number of available measurements, but vgeatd stations with less than 75% of hourly dathiwi
a month. This provides 171 ground-based stationshi® comparison against the NR (note this approach

results in a paucity of stations over France).

Figure 1 shows the location of the selected Airlzaseind-based stations measuring CO over Europagiur
northern summer 2003 (top panel), and the timeesesf CO concentrations during 1 June — 31 August
2003, measured by the selected Airbase ground-tstatidns and simulated by the NR and the CR (botto
panel). Note that most ground-based stations seleate located in polluted areas, where big emmissio
sources of CO are present. We form the time-sénies the ground-based stations by averaging spatial
over all the sites. We form the NR time-series kirty, but interpolate the NR surface data to ttaien

location. We do not add random observation ermthe NR time-series.

From Fig. 1, we see that, generally, the NR captoeasonably well the features of observed CO temhpo
variability during the three phases characterizimgsummer of 2003: before, during and after tte heve
(the heat wave occurred on 31 July — 15 Augustg ddrrelation coefficientp, between the ground-based
data and NR time-series shown in the middle pan@l41. From this, we conclude that the NR hasistie
representation of the CO diurnal cycle. Note th@t édncentration levels in the NR are slightly lowlean
observed ones. The bias of the NR with respecbserwed CO concentrations fluctuates around -1% o
average during normal conditions and reaches -2@¥inanthe heat wave period. This means that the NR
reproduces the surface concentrations with a neghatas (NR lower than ground-based stations) batwe
10 and 20%. Nonetheless, the simulated CO con¢iemsaand those measured by the ground-basedrstatio
generally fall within the same range of values \{feem 200 and 40Qgm?®). Thus, for the OSSE period
considered, we conclude that the NR is representatf the variability of actual observations ovae t

European domain, albeit with a negative bias.
Additionally, from Fig. 1 the behaviour of the Cithé-series from the CR compared to the NR, is sintd
the behaviour of the NR CO time-series compardtddirbase data. This suggests that the configuratf

our model is reasonably realistic, and reducedikbBhood that the OSSE produces overoptimistautes.
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2.2 The S-5P CO simulated measurements

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

Netherlands and ESA (Veefkind et al. 2012). The PR®II 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, NGormaldehyde, S® methane and CO.

To enable sounding of the lower atmosphere at fswales, TROPOMI has an unprecedented spatial
resolution of 7x7 krat nadir. This relatively high spatial resolutismecessary for air quality applications
at local to regional scales. It will resolve emigssources with relatively high accuracy, and wiitain an
acceptable fraction of cloud-free spectra. In @msttto the advantages provided by the relativei Bpatial
resolution of S-5P and design improvements, theASIAICHY CO data needs averaging in time (roughly
one month) and space (5x5 degrees) to obtain tieall® distributions at comparable uncertainty (Gatl

al., 2012). Furthermore, TROPOMI will have a wideath of 2600 km to allow for daily global coverage.
The relatively high radiometric sensitivity of S-8il allow measurements at low albedo, thus hejgnack
smaller pollution events and improving the accuratyir quality assessments and forecasts. TheuSe

5P CO total column measurements with inverse miodetéchniques will also help quantify more accelsat
biomass burning emissions and map their spati#titllision. The simultaneous measurements of CO and,

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

The NR results were used to generate a set of eynit8-5P observations. This involves several stéps
Generating realistic S-5P orbits and geolocatioth dewing/solar geometries for the appropriate pass
time; 2) Using the ECMWF modelled cloud distributioto generate effective cloud fractions; 3) Getimna
of lookup tables for the averaging kernels and ntagi®n errors; 4) Collocation and application foé NR to
derive a set of synthetic observations for 3 Summenths and 3 Winter months. These steps are disdus

in the sub-sections below.
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2.2.1 Orbit simulator

The System Tool Kit (STK, available from AGI, httww.agi.com/products/) is used to generate tHS-
orbit geometry and the geolocation of the edgeghef swath as a function of time. Based on these
characteristics, the location of the individual ety&tions with a spatial distance of 7 km are gateer. Time
and longitude shifts are applied to the STK orbitggenerate the orbits for the three Summer arnekthr
Winter months. Subsequently, the solar and viewmametries are computed. Finally, segments of thiéso

are maintained that have an overlap with the mogetiomain.

2.2.2 Cloud properties

Cloud fields are obtained from the high-resolutmperational weather forecast archive of the ECMWF.
Meteorological fields of liquid water content, ieeater content, specific humidity and cloud fractiare
retrieved at a resolution of 0.25 x 0.25 degreeJiore-August 2003 and November 2003 - January 2004.
These quantities are converted to cloud opticapgnties. The optical properties determine the cédiace,

and are used to estimate effective cloud fractams effective cloud top heights as would be regiktfrom

the satellite observations (Acarreta et al., 2004 distribution of effective cloud fractions wesmpared
with the distribution of effective cloud fractionsbtained from OMI observations, and a reasonable

agreement was found for Summer and Winter months.

These effective cloud fractions (and correspondiogd radiance fractions) are used to provide wsigh
the cloud-free and cloud-covered fractions of thefeze scene. The cloud altitude is used for the

computation of the averaging kernel.

2.2.3 Averaging kernel and measurement uncertainty lookup tables

Because of the large number of observations thitbecome available from the S-5P instrument, full
radiative transfer calculations for each observatieparately is not feasible. We have chosen td lnok-

up tables for a set of geometries based on a regli@insfer code that employs the adding-doubtieghod

in combination with optimal estimation (radiativersfer toolbox DISAMAR; de Haan, 2012). Look-up

tables are set up for the averaging kernels (1Dovecas a function of altitude) and the measurement
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uncertainty. Results are stored for a number dbsaralbedos, cloud/surface pressures, solar zangles,
viewing zenith angles and relative azimuth anglé® look-up table details are provided in Tabl&drnels
are provided on 21 pressure levels between 105@@4 hPa. Uncertainties are specified for clégrasd

cloudy-sky separately.

Each simulation with DISAMAR consist of a forwardilculation of the satellite-observed spectrum,
followed by a retrieval step based on the optinséiheation method (Rodgers, 2000). Instrument ndised
in Table 1, is converted into uncertainties for thgieved CO column. A-priori trace gas profilee taken
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 fbe uncertainty, because it directly determinessiigaal
observed by the instrument. This dependence issloWwig.2. Over land, albedo values are typicafliyhe
order of 0.1-0.2, with typical column errors of tbeder of 2 DU, or about 1bmolecules cr. Because
typical CO columns over Europe are Z®1folecules ¢, this is a relatively small error of the ordersgb.
These numbers are in good agreement with the segrdsented in the CO ATBD of TROPOMI (document
expected to be publicly released by the end of RO@¥er Sea, the albedo is very low, and the noise
dominates the signal. In order to simulate thisalv@ur in a realistic way we have added the albedoes

0.005, 0.01 and 0.02 to the albedo list.

We note that the uncertainties reported here dostantially lower than those reported for SCIAMACHY
(e.g. Gloudemans et al., 2008). This reflects difice in specifications of the instruments, dmadfact that
SCIAMACHY observations were hindered by ice builg-on the detectors. Real TROPOMI observations

will show if the relatively small errors are retitis

2.2.4 Synthetic observations generation
The generation of the synthetic observations ctseisthe following steps:

e Collocation of the Nature run vertical profiles@® to the locations of the observations.
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« 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 map (Surface albetd@300 nm is interpolated from a climatology
provided by SRON and based on SCIAMACHY observati(f Tol, personal communication)) to
the locations of the observations.

< Extract interpolated values for the observatiomkkeand uncertainties from the look-up table.

e Compute the synthetic observation from the innedpct of the kernel with the nature run CO
profile. This is done for both a clear sky andyfulouded situation, using the cloud pressure.

¢ Add a random noise amount to each observationyéyidg numbers from a Gaussian distribution
with a width determined from the uncertainty estena

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

the cloud radiance fraction.

Over land, and in clear sky cases, the averagingekés close to 1, showing that the S-5P instrunien
observing the vertical column to a good approxiorafisee Fig. 3). In cloud-covered cases the keaehls
0 for layers below the cloud pressure (yellow linéFig. 3). For low-albedo cases (over ocean), &ghl
scattering becomes non-negligible, and the kersetldcreasing towards the surface, but the noise is

dominant in this case.

The results of this process is shown in Fig. 4. fitnere demonstrates the high resolution of the (HBout 7
km) and the corresponding simulated amount of dethie bottom panel shows the corresponding CO
observations. Over land the NR features are clgadgent due to the relatively low uncertainty. Ot
ocean and Mediterranean the signal is dominatettidoyoise. An improved information content is oledr

near Iceland, related to a thick cloud cover, whieechigher signal reduces the relative noise.

2.3 Pre-processing of S-5P CO total column observations
This section describes the pre-processing of SGRatal column observations prior to assimilatiotoithe

MOCAGE model (Peuch et al., 1999) for the OSSE Htrans. Using the MOCAGE model for the AR and
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CR simulations avoids the identical twin probleraasated with using the same model for both thealg
the OSSE simulations, which typically produces opéimistic results (Arnold and Dey, 1986; Stoffelen

al., 2006). Section 2.4 provides further detailthef MOCAGE model.

The S-5P will produce large amounts of data owinigst wide swath and relatively high spatial retiolu of
about 7x7 krh Thus, a pre-processing step is necessary to edtiecdata volume for the data assimilation
experiments. For this study, we consider only gixeside the OSSE simulation domain (Note thateedt
pixels in each single cross-track are essentinByantaneous measurements of CO.). This has tle@de
of alleviating the data volume burden. However,rgle cross-track over Europe could have more than
80,000 valid retrieval pixels. Furthermore, eadfividual pixel is associated with an averaging késrector

given at 34 vertical pressure levels, from theazefup to the top of the atmosphere (identified. a$hPa).

Figure 3 shows an example of averaging kernelshat durface, as well as the averaging kernels
representative of retrievals including pixels wdlifferent cloud fractions (less than 10%, greatemnt30%,
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-datad. Because of this, we only consider CO partial
columns above cloudy sea scenes with cloud fractione than 80% and cloud top heights between the
surface and 650 hPa. Finally, we apply a spatia#jghted mean to bin the measurements into 0.22% 0
grid boxes [20 x 15 km at 45N), the assimilation model resohitithis is the set-up used for the OSSE
assimilation experiments (CR and AR), and is déscriin EI Amraoui et al. (2008a). It combines the
MOCAGE model and the PALM (Projet d'Assimilationrphogiciel Multiméthode) data assimilation

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

The weighted mean for pixels falling in the sameleiagrid box is:

Xiw; ¢

2w

E:
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where € is the weighted average, & single column measurement, and(®l/c;%) is the inverse of the
variance corresponding to measurementand is the weight assigned to this single measemé The

inverse of the variance associated with the wetjhterage is

1
i

The spatial binning not only reduces considerabéy data volume but also results in an improvediapat

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

2.4 TheControl Run

To generate the CR, it is important to use a siktbe-art modelling system, which simulates the
observational data representing, for example, aentiroperational observational system. An important
requirement for an effective OSSE is to generageGR with a model different to the one used to tracs
the NR to avoid the identical twin problem (seetS2). If the model from which we extract hypdtbal
observations is the same as the assimilating mtitkelOSSE results tend to show unrealistic observat
impact and overly optimistic forecast skill (Arncdehd Dey, 1986; Stoffelen et al., 2006). Consedueoy
using two independent models the OSSE will morelistezlly simulate the assimilation of real

observations. This follows our guiding principledesign an OSSE that is not too overoptimistic.

As mentioned in Sect. 2.3, we use the MOCAGE mualgenerate the CR. In this OSSE study, the CR is a
free model run. The MOCAGE model is a three-dimemai CTM developed at Météo France (Peuch et al.,
1999) providing the evolution of the atmospherienposition in accordance with dynamical, physicad an
chemical processes. It provides a number of cordigans with different domains and grid resolutioas
well as various chemical and physical parameteadagiackages. Current use of MOCAGE includes sévera
applications: e.g., the Météo-France operationanmibal weather forecasts (Dufour et al., 2004); the
Monitoring Atmospheric Composition and Climate (MBLservices littp://www.gmes-atmosphere;eu

Marecal et al., 2015); and studies of climate tsenfl atmospheric composition (Teyssedre et al.,7200
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Validation of MOCAGE simulations against a largemier of measurements took place during the

Intercontinental Transport of Ozone and Precur8@&RTT/ITOP) campaign (Bousserez et al., 2007).

In this study, we use a two-way nesting configaratio generate the CR and the AR (we describe fhe A
set-up in Sect. 2.5): a global grid with a horiadnesolution of 2x2 degrees and a regional grid-@oE,
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. Tesigal resolution is 40 to 400 m in the boundayer (7
levels) and about 800 m in the neighbourhood ofitigopause and in the lower stratosphere. The ickaém
scheme used is RACMOBUS, which combines the spatric scheme REPROBUS (Lefevre et al., 1994)
and the tropospheric scheme RACM (Stockwell et H97). The RACMOBUS scheme includes 119

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

We force the CR (and the AR) every 3 hours withAR®PEGE analysis (Courtier et al., 1991). We piibscr
the surface anthropogenic emission using the MACimission database htfps://gmes-
atmosphere.eu/about/project_structure/input_dagaiis). We do not include the fire emissions in the
CR and AR experiments described in this paper,hay tare a priori not known. This means that any
signature of fire emissions in the AR (see Sech) Zan only come from assimilation of the CO
measurements. Note that for the NR, the surfacér@mbgenic emissions come from the MACC-II
inventory, helping to differentiate the CR from tR&. As for the NR, the CR has a spin-up periothoée

months.

2.5TheAssimilation run

We assimilate simulated S-5P total column CO ols@ms derived from the LOTOS-EUROS NR into the
MOCAGE CTM at a 0.2° spatial resolution using th&AG®LC extended domain (5W-35E, 35N-70N). The
assimilation system used in this study is MOCAGH:-MA(e.g., El Amraoui et al., 2008a) developed jbint
by Météo-France and CERFACS (Centre Européen dédndrelte 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 exchange data (Lagarde et al.,)2@0thanages the dynamic launching of the coupled
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components (forecast model, algebra operators rgnd/output of observational data) and the paralith
exchanges. Massart et al. (2009) used the assonilaystem MOCAGE-PALM to assess the quality of
satellite ozone measurements. The MOCAGE-PALM ataion system also helps identify and overcome
model deficiencies. In this context, its assimdatiproduct has been used in many atmospheric stimlie
relation to ozone loss in the Arctic vortex (El Aaoui et al., 2008a); tropics/mid-latitudes exchange
(Bencherif et al., 2007); stratosphere-tropospleaohange (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 tH8SE, the MOCAGE model provides the CR and by
assimilating the simulated CO data from the NR,MM@®@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 & lhckground error covariance matrix (Benatrix)
(Bannister, 2008). It has a large impact on theVabanalysis used in this study and, thus, it ipantant to
use a form oB that is as realistic as possible. In MOCAGE-PALW& base th&-matrix formulation on the
diffusion equation approach (Weaver and Courti@013. It can be fully specified by means of the 3-D
standard deviation field (square root of the diag@lements 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 Bieatrix elements more efficiently using an ensermb&thod (Bannister,
2008). This technique consists of feeding an enfembstates through the data assimilation system t
simulate the important sources of error. Howeves, approach is time-consuming and, thereforeusetl in

this study.

For this study, we use a simple parameterizationh®B-matrix: L, and L, are assumed homogeneous and
equal to 35 km (about two model grid lengths)jd constant and set to one vertical model laysfinfEmili
et al. (2014), the background standard deviati@nfld is parameterized as a vertically varyinggemtage
of the background profile, which decreases fronuealof 25% at the surface to values of 15% in figeu
troposphere, and decreases further throughoutri®sphere to values of 5% in the upper stratogpmst
shown). We base these settings on several 1-dayitd®n trials; they ensure reasonable valuestahdard

self-consistency tests, e.g., providing chi-squgxédvalues close to 1 (see Fig. 3 in Sect. 3.1).Heumore,
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a value of L, and L, of 35 km corresponds to more than one grid leogtihe model, allowing the model to
resolve these features. The data assimilation grweewill weight both the observations and the nhdde
hour forecasts (from the last analysis point), afldupdate locations not coincident with the ohsions
through the correlation length-scales. Table 2 sarimes the parameters used for the assimilation

experiments.

3. Results

3.1 Evaluation of the assimilation run

In this section, we evaluate the impact of theraiaiion of the S-5P CO total column. First, we lerade the
consistency of the assimilation run by separatimgdlear-sky pixels from their cloudy counterpg@ect.
3.1.1). Second, to further understand the impacthensurface CO field of the simulated S-5P COltota
column measurements, we investigate the analysisrirent §x) to provide a quantitative diagnostic of the

quality of the analysis for a selected date, 1% R003 (Sect. 3.1.2).

3.1.1 Consistency of the assimilation run

We have performed two OSSEs. The first one incladlgsixels in the OSSE domain, regardless of wéieth
they are cloudy or clear-sky and the second ondjuites clear-sky pixels. A pixel is considered ksic
when the cloud fraction is less than 10%. Comparisothe ARs from these two OSSEs indicated that th
impact of including all pixels is small. The largetfferences between the respective ARs in refattothe
NR are 4% in regions over North Europe (North Sed &candinavia), with the AR for clear-sky pixels
closer to the NR (not shown). We can explain thesalts by the fact the summer generally has lowuants

of cloud. Consequently, we only present the restdts the OSSE with all pixels.

To evaluate the AR, we calculate tgediagnostic associated with the Observation minuedast (OmF)
differences (see, e.g., Lahoz et al., 2007a). Heeenormalize the OmF differences by the backgraemar.
We also calculate histograms of the Observatiorum#nalysis (OmA) differences, the observation el

simulation from the CR (observation-minus-contrein,r hereafter OmC) differences, and the OmF
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differences. We use the observational error to abima the differences building the histograms of AOm

OmC and OmF.

Figure 5 (top panel) shows the chi-squared timesdor OmF and its associated auto-correlatiorctfan
calculated over the three-month period of the O®8@eriments, computed as daily averages. The chi-
squared diagnostic starts with a maximum of abdafh,land takes values down to 0.75, with a meah®f
over the OSSE three-month period. The chi-squaree-series is nearly stable since it exhibits reddy
small variability (a standard deviation of about4). Furthermore, the auto-correlation of the chiared
statistic drops to zero, with no correlation aftetime delay of 20 days. The calculation of theoaut
correlation shows that the chi-squared statistionisorrelated after a time lag of 20 days; this msethat
after this time the mathematical expectatiof’E(s equal to the average of the chi-squared ttatisNe

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 represemeithé 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, GanB OmC only over land (normalized by the
observation error) over the three-month period .(Bigbottom panel). For a properly set up assiiitat
system, the OmF and OmA normalized histograms shoeilclose to a Gaussian distribution with mean zer
and standard deviation one. Figure 3 (bottom pasteljvs that the OmA and OmF differences are close t
Gaussian distribution centred near to or at zehe ®mF has a mean and standard deviation of 0.d40 an
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 closerémzand more peaked than the histogram of OmF. We
expect this, since the analyses should be closé¢hecobservations than the forecasts. Furthernibee,
histogram for OmA indicates that the errors in Bwenatrix, the observational counterpart of Bwnatrix,

are a good representation of the analysis error.

Based on the above results, we conclude that trekgbaund error covariance matriB, and its
observational counterpaiR, prescribed in our assimilation system are redsgnaell characterized (see,
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e.g., Lahoz et al.,, 2007a, for a discussion of gpecification of errors in a data assimilation egst
Furthermore, the above results are consistenttwérassumption that the errors in the observatmosthe

forecasts are Gaussian.

The shape of the OmC normalized histogram, whichaanean and standard deviation of 2.36 and 5.60,
respectively, indicates the presence of a relatilabe bias between the S-5P observations an@Rhelrhe
assimilation reduces this bias, as shown by théyses being significantly closer to the observagitiman

the simulation from the CR. This shows that theinaidgtion 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@@l of the simulated S-5P CO total column
measurements, we calculate the analysis increrighfdqr a single analysis time at 14:00 UTC on 16eJu
2003. We calculate this increment as the analygisisrthe model first guess (1-hour forecast). Tinyesis
increment provides a quantitative diagnostic of dbality of the analysis (see, e.g., Fitzmauricd Bras,

2008).

Figure 6 (top panel) shows the spatial distributtbiax at the model surface. One can see the spredeof 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 sagal corrections are over land, where theresaffécient
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 firgsguand

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 is, for 15 June 2003. Figure 4 (bottom leftl an
bottom right panels) shows a zoom of the zonalraaddional vertical slices of the analysis incremaie

see significant corrections to the model first gu@dentified by large increments) confined to apléayer.

These corrections are larger at the surface, ahibiexa second maximum around 650 hPa. This vértica
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543  structure is mainly attributable to the forecasbestandard deviation (given as a vertically vagyfraction
544  of the local CO mixing ratio), the square root o iagonal entry of thB-matrix, and which is higher in
545  the boundary layer (where the value of the S-5Pa@€aging kernel is close to 1). The shape of b S
546 analysis increments also exhibits a second pealndr650 hPa. The increments for this particular thans
547 show a clear impact from the S-5P CO measuremertteiPBL and the free troposphere.

548

549  The shape of the S-5P increments is similar todhagpical SCIAMACHY analysis increments, whictsal
550 extend through a deep layer and have a maximuimeasurface (Tangborn et al., 2009). The fact tioét b
551 these analysis increments stretch out over a dsep is owing to similarities in the S-5P and SCIAGHY
552 averaging kernels - both are close to unity oveudifree land (see Fig. 4). Note that the situasleown in
553 Fig. 6 is a snapshot and depends on the particatatitions for this time. An average of the incretseover
554 the summer period would tend to show a unifornrithistion in height.

555

556 3.2 Evaluation of the summer OSSE

557 3.2.1 Summer averages

558 Figure 7 shows the fields of surface CO from the @ml the NR and the AR, averaged over the northern
559 summer period. One can see the general change oiv&Qand between the CR (top left panel) andRe
560 (bottom panel). We can ascribe this to the contigouof simulated S-5P total column CO data samfiieah
561 the NR. This figure shows several differences betwthe CR and AR fields that indicate the superior
562 behaviour of the AR in capturing features in the. ¥Br example, over Eastern Europe and Russidfhe
563 CO concentration values are closer to those iffRein particular, the CR shows generally loweruesl
564 than in the NR. Nevertheless, over Portugal, whieeeNR shows the forest fires that occurred over th
565 summer, the AR captures them only slightly betiantthe CR. We expect the relatively poor perforreanf
566 the CR regarding fires, as the fires are not inetlch the CR set-up (see Sect. 2.4). Although tRe A
567 captures the forest fires slightly better than@e (through assimilation of CO measurements), éfetively
568 poor temporal resolution of the S-5P ultimatelyitgrits performance. A geostationary satellite egivts
569 relatively high temporal resolution, should be afolecapture better the temporal variability of #hdsrest
570 fires (Edwards et al., 2009).

571
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3.2.2 Satistical metrics
In this section, we provide a quantitative assesswiethe benefit from S-5P CO total column measeets
on the CO surface analysis. For this, we perfostatistical analysis of the different OSSE experitador

northern summer 2003.

We calculate the mean bias (MB, in parts per billly volume, ppbv), its magnitude reduction (MBMR,
ppbv), and the root mean square error (RMSE, ppén, its reduction rate (RMSERR, %). Note that
although recent papers have raised concerns oxersthof the RMSE metric (Willmott and Matsuure)20
Willmott et al., 2009), Chai and Draxler (2014)aliss circumstances where the RMSE is more benleficia
We use the correlation coefficieptio measure the linear dependence between twoetstasd 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 statidtimetrics (MB, RMSEp) with respect to the NR as:

MB(X) = ~X(X — NR)

MBMR = |[MB(CR)| — |MB(AR))|

RMSE(X) = /%2(/&’ — NR)?

RMSERR = 100 X (1 —M)

RMSE (CR)

Y(X-X)(NR-NR)

p(X) = P ——
_\IZ(X_X)2Z(NR_NR)2
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where X denotes the CR or the AR; N is the numiietata samples; the vertical bars denote the atesolu
value operator; and the overbar symbol represtmetsatithmetic mean operator. The MB metric gives th

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

3.2.3 Reaults of the statistical tests

Figure 8 presents the zonal and meridional mearnbeofiifference between the CR and the AR averaged
over the northern summer 2003 (1 June — 31 AugW&)also plot the confidence interval representirg
areas where the AR is not significantly differemttihe CR at the 99% confidence limit (highlightedtfe
grey colour). These two figures show that thereesefit 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 differenell flover Scandinavia), and in the meridional défee
field (over Eastern Europe). Note that the zoretfshows two areas, one with positive values badther
with negative values representing a CR greater th@AR and a CR smaller than the AR, respectividig
positive peak, at a slightly higher level (i.ewkr pressure) than the negative peak, is reprdasentsf the
Mediterranean Sea, whereas the negative peak is mpresentative of the land areas (Scandinavia and
Eastern Europe). Figure 8 indicates that the S-6PcGrrects the model in the lower troposphere &ith
larger impact over land and with a less large imhpathe PBL. This is consistent with the behaviotithe

analysis increments shown in Fig. 6.

Figure 9 shows the performance of the biases bette®= CR and the NR, and the AR and the NR at the
surface, and averaged over the northern summedGH @L June — 31 August). The MBMR, which compares
the magnitude of the CR vs NR and AR vs NR biaisekicates the geographical areas where the sintllate
S5P CO total column data have the most impact. MBMR shows that the AR is closer to the NR than the
CR, almost everywhere in the domain (reflected ly prevalence of the red colours in the bottom left
panel). This indicates that the simulated S-5P @8l tolumn data generally provide a benefit atsinéace,

and especially over land areas where the CO soareesparse.

We also calculate the RMSE as well as the reductitenof the RMSE, RMSERR (Figure 10), b&#eping

the systematic error (Fig. 10 top), and removing s$lystematic error (Fig. 10 bottom). We calculdme t

Page 23 of 53



Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2015-924, 2016 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Published: 1 February 2016 and Physics

(© Author(s) 2016. CC-BY 3.0 License.

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
652
653

Discussions

systematic error in the AR and CR by subtractirgNiR field from each of them, producing a debiasid
and CR. For the case where we remove the systesratic we perform the statistics on the debiasBd A
and CR. If we examine the RMSE statistics, Figh@gs that the CR gets closer to the NR over thantit
Ocean and over the Eastern domain including RasgleScandinavia, when we remove the systematic erro
For example, over these areas we obtain ~30 ppthv-&8 ppbv for the RMSE keeping and removing the
systematic error, respectively. For the reductibthe RMSE, RMSERR, the behaviour for the CR isilsim
overall, showing a reduction rate of 60% and 30-4kB&ping and removing the systematic error,
respectively. Note that over Scandinavia the rednctate goes down from 60% to about 10% after

removing the systematic error.

These results indicate that S-5P CO data show renefit when keeping the systematic error in the
calculation of the RMSE. Following our guiding priple of avoiding an overoptimistic OSSE, we cossid
only the values of RMSE obtained when we removesytstematic error. For this case, the average tietuc
rate for the AR is around 20-25% over land (exc8pandinavia) and close to 10% over sea and over

Scandinavia.

In Figure 11, we show the correlation between theaB&the NR, and the correlation between the AR and
the NR, at the surface for the three northern sunmuaths (1 June — 31 August). Figure 11 showsttieat
AR is closer than the CR to the NR with the cotiefacoefficient reaching 0.9 over land. By contraise
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 12 shows time-series from the NR, the CR tedAR over the three areas of the study domain
represented by the squares shown in Figs. 9 (bgttomel) and 10 (right panels). (i) The Paris redieig.

12, top panel); (ii) a region over Portugal, whinest fires occurred during the northern summég. (E2,
middle panel); and (iii) an area in the Easterrt pathe study domain, where the reduction of RMBE,
RMSERR) was much larger than for other regions.(ER bottom panel). For all three areas, the AR is
generally closer to the NR than the CR, showingirtiigact of the simulated observations. We calcutiate

Page 24 of 53



Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2015-924, 2016 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Published: 1 February 2016 and Physics

(© Author(s) 2016. CC-BY 3.0 License.

654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682

Discussions

biases between the AR and CR vs the NR by comptitieglifference NR-X, where X is AR or CR, and
normalizing by the number of observations overrtbghern summer period. The biases are: (i) Pag®on,
CR: 48 ppbv, AR: 38 ppbv; (ii) Portugal, CR: 101lbppAR: 83 ppbv; (iii)) Eastern part of domain: CRt

ppbv, AR: 5 ppbv.

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 partbl¢ presence of fires is not seen in the CR,(e.g.
maximum of CO at the beginning of the heat wavs)ihe fires were not taken into account in the GR a
they are not known a priori (see Sect. 2.4). Intramt, over this specific location we see the inmddhe
fires on the CO concentrations in the AR with, hegre much lower values than for the NR. During the
fires, the CO concentrations in the AR over Portwgere larger than 500 ppbv, whereas the CR rerdaine
relatively unchanged with concentrations less @@® ppbv. Over the Eastern part of the study dvetidm
panel), the temporal variability is not high an@ timagnitude of the bias between the CR and theNR i

small, but it is removed in the AR.

3.2.5 Sensitivity tests for fire episode

The assimilation system we use has a default imitéo discard CO column observations with valsegér
than 75% of the MOCAGE value. This criterion is appropriate to situations resulting in excessiiies

in the CO concentrations, as is the case for fdiest. To understand further the performance ef @8SE
over the period of the Portugal forest fires wefqgren a second OSSE without this default criteridhis
second OSSE covers the period of the forest f@Bs)(ly — 15 August). For this second OSSE, we ewap
the total column values and the surface valueshefQO fields from the CR and the AR (Figs. 13-15,

respectively).

Figure 13 shows the CO total column at 14:15 UTCGAohugust 2003 (during the period of the Portugal
forest fires) from the NR (top left panel); the siated S-5P observations (top right panel); the(B&Rtom
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 oWgrtugal, whereas the CR does not. This confirras th

results shown in Fig. 12, which highlight the béngfovided by the S-5P CO total column measuremeént
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particular regarding the capture of the signatdréh® Portugal forest fires. Note that the S-5P sneament
is noise-dominated over the sea (top right paféils accounts for the sharp edge in the CO totainco

field seen between the Iberian Peninsula and tlyeoBBiscay for the AR (bottom right panel).

Figure 14 shows the time-series of the surface @@entrations over the period 25 July — 15 Augthsit(

of the Portugal forest fires). In comparison to thiginal OSSE (see middle panel of Fig. 12), tieis now
closer to the NR, having now peak values of ab00t @by, instead of peak values of about 550 ppbes.
CR still has peak values less than 200 ppbv. Tidécates that the relatively low values in the AR (
comparison to the NR) for the original OSSE shownthe middle panel of Fig. 12 result from the
application of the default criterion to discard @8lumn observations that are far away from MOCAGE
values. The results from Fig. 14 confirm those ghawFig. 13, and reinforce the benefit providedthy S-
5P CO total column measurements, in particularrcégg the capture of the signature of the Portdigadst

fires.

4. Conclusions

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

which experienced a severe heat wave with seveietabimpact.

This OSSE study provides insight on the impact frbEO S-5P CO measurements on surface CO
information. We perform the standard steps of alsB®r air quality. (i) Production of a Nature RUNTR.
(i) Test of the realism of the NR. (iii) Differembodels to produce, on the one hand, the NR, antieoather
hand, the OSSE experiments to create the Contno] R, and the Assimilation Run, AR. (iv) Calcubeti
of synthetic observations, observation uncertaiatyd averaging kernels to represent sensitivitythef

observations in the vertical. (v) Quantitative erion of the OSSE results, including performirgistical
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significance tests, and self-consistency and chasg tests. Based on the specifications of the FER@I
instrument, relatively low CO column uncertaintie around 5% are anticipated over the European

continent.

Our guiding principle in the set-up of this OSSEdstis to avoid overoptimistic results. To achi¢is, we
address several factors considered likely to doutei to an overoptimistic OSSE. (i) We use différen
models for the NR and the OSSE experiments. (ii}cMeck 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 (ckted as the bias against the NR) in the OSSE (iR

and CR) and compare the debiased results to the NR.

The OSSE results indicate that simulated S-5P @ ¢olumn measurements during northern summer 2003
benefit efforts to monitor surface CO. The larghshefit occurs over land in remote regions (Eastern
Europe, including Russia) where CO sources aressp@ver these land areas, and for the case when we
remove the systematic error, we obtain a lower RM&lEe (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. Consistertt thits behaviour, we find the AR is generally clogethe

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

an overall benefit over land from the S-5P CO totdlmn measurements. Significance tests on tharZR
AR results indicate that, generally, the differengetheir performance are significant at the 93fidence
level. This indicates that the S-5P CO total columeasurements provide a significant benefit to tooni

surface CO.

We further show that, locally, the AR is capableeagroducing the peak in the CO distribution atsbegface
due to forest fires (albeit, weaker than the NRalg even if the CR does not have the signatuteefires
in its emission inventory. A second OSSE shows tihiatrelatively weak signal of the forest firestie AR

arises from the use of a default criterion to didd@O total column observations too far from moekdles,
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a criterion not appropriate to situations resuliimgxcessive values in the CO concentrationss #sel case
for forest fires. This second OSSE shows a muangér signal in the AR, which is now much closeth®

NR than the CR, confirming the benefit of S-5P @@ltcolumn measurements.

Further work will involve extending the OSSE apmitodo 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 measurementieQively, these OSSE studies will provide insighto

the relative benefits from the Sentinel-4, -5 al®P -platforms for monitoring atmospheric pollution

processes.
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Table 1: Spectral and radiometric settings for DISAMAR, dhd look-up table nodes.

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, correlatiognigth 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, 000&@s, 0.1, 0.2

0.3,0.4,0.8,0.9

Pressure layers

1100, 1000, 900, 800, 700, 600, 400,
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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1016 Table 2: Description of the configuration used in the amkition system
Description
Assimilation 3D-var, 1 hour window
Background standard deviation in % of the background field (vertically variable)
Background correlation zonal Length scalg) (L constant 35 km
Background correlation meridional length scalg) (L constant 35 km
Background correlation vertical length scalg) (L one vertical model layer
S-5P total column CO observation errors from re&dgroduct and weighting to account for
the total column
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1047 and measured time-series of CO concentrationsrfacgiair from nature run (blue line), the contwh (red
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Figure 5: Self-consistency tests. Top panel: time-seried (ire) of x* for OmF and its associated auto-

correlation signal (green line). For tggdiagnostic we normalize the OmF differences bykekground

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-correlatiplot. Bottom panel: histograms of Observations minu

Analysis (OmA -red solid line), Observations minegrecast (OmF -blue solid line), and Observations

minus Control run (OMC -black solid line). We notira these differences by the observation erroe Th

dashed lines correspond to the Gaussian fits oflifferent histograms. The labels show the OmA, GimF

OmcC differences (x-axis) and the frequency of omwe of the differences (y-axis). We calculate the

diagnostics OmA, OmF, and OmC over the period &irie — 31 August 2003.
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the bottom panels show longitude, degrees (x-defspanel), latitude, degrees (x-axis, right panehd
pressure, hPa (y-axis, both panels). Green/pugltaics indicate positive/negative values in thaénent

fields.
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1160 Figure 7: Distribution of CO surface concentrations, uniby averaged for the period 1 June — 31 August
1161 2003. Top left panel: the control run (CR) from MAGE; right top panel: the nature run (NR) from
1162 LOTOS-EUROS; bottom panel: the assimilation run YARm MOCAGE obtained after assimilating the S-
1163 5P CO total column simulated data sampled fromNRe In all panels, the labels show longitude, degre
1164 (x-axis) and latitude, degrees (y-axis). Red/bloiewrs indicate relatively high/low values of th® Gurface
1165 concentrations.
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Figure 8: Zonal (left panel) and meridional (right panelgss$ of the difference between the CR and AR CO
fields, units of ppbv, averaged over the summeiogefl June — 31 August 2003). The areas highlijirie
grey colour indicate where the AR is not signifitamifferent to the CR at the 99% confidence levidie
labels in the left panel are latitude, degreesx{g)aand pressure, hPa (y-axis). The labels irrifie panel
are longitude, degrees (x-axis) and pressure, R&ig). Green/purple colours indicate positiveateg

values in the difference fields.
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Figure 9: 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 panehgbohe AR mean bias with respect to the NR (AR-NR).
Bottom panel shows the mean bias magnitude redudiosolute value of the mean bias for CR minus the
absolute value of the mean bias for AR). We avetagelata over northern summer 2003 (1 June — 31
August). The labels show longitude, degrees (x}asl latitude, degrees (y-axis). The hatched iardze
bottom panel shows where the mean bias plotteaisrpanel (MBMR) is not statistically significartthe
99% confidence level. The three squares in thetofanel represent locations for the three timeser

shown in Fig. 12. Red/blue colours indicate positiegative values in the MB/MBMR.
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1222 Figure 10: Top: Root Mean Square Error (RMSE), units of ppimtween CR and NR (left panel), and its
1223 corresponding reduction rate RMSERR, in % (rightedpkeeping the systematic error. Bottom: Sam®jas
1224  panel but calculating the RMSE after removing ty&tematic error. The labels on each panel are todej
1225 degrees (x-axis) and latitude, degrees (y-axisg. fihee squares in the two right panels represeatibns
1226 for the three time-series shown in Fig. 12. Red/btwlours indicate relatively high/low values ireth
1227 RMSE/RMSERR.
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Figure 11: Correlation coefficient between the CR and the N panel) and the AR and the NR (right
panel) at the surface and for the northern summeepg (1 June — 31 August). The labels are lonegitud
degrees (x-axis) and latitude, degrees (y-axisy/lit@e colours indicate positive/negative valuesthef

correlation coefficient.
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Figure 12: Time-series for CO surface concentrations (1 JuBi# August) from NR (blue colour), CR (red
colour) and AR (green colour) over three differlmations represented by squares in Figs. 9 anddm.
panel: area near Paris; middle panel: area oveudgar where forest fires occurred; bottom panelst&rn
part of the study domain. The labels in the threeels are time, in format MMDD (x-axis) and CO
concentration, ppbv (y-axis). The plus symbolshattop of each panel indicate availability of ola¢ipns

from the S-5P platform.
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1278 Figure 13: CO total column at 14:15 UTC on 4 August 2003, [wbenits, DU. Top left panel: NR; top
1279 right panel: simulated S-5P observations; bottofindanel: CR; bottom right panel: AR. Red/blue aok
1280 indicate relatively high/low values of the CO totalumn.
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Figure 14: Time-series for CO surface concentrations for tegog covering the Portugal forest fires (25
July — 15 August) from NR (blue colour), CR (redozo) and AR (green colour) over the location agsted
with the middle panel of Fig.12. These data condden second OSSE we perform to understand the
behaviour of the original OSSE over the periodhaf forest fires (see text for more details). THeels are

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