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Abstract. Since 1994, the In-service Aircraft for a Globddgerving System (IAGOS) program has produced
in-situ measurements of the atmospheric composdimng more than 51000 commercial flights. In orte
help analyzing these observations and understanttieg processes driving the observed concentration
distribution and variability, we developed the SGETtool to quantify source/receptor links for atleasured
data. Based on the FLEXPART particle dispersion ehotohl et al., 2005), SOFT-IO simulates the
contributions of anthropogenic and biomass burr@ngssions from the ECCAD emission inventory databas
for all locations and times corresponding to theasueed carbon monoxide mixing ratios along eachQS8G
flight. Contributions are simulated from emissiomscurring during the last 20 days before an obsienva
separating individual contributions from the difat source regions. The main goal is to supply @ddéue
products to the IAGOS database by evincing the iggddcal origin and emission sources driving the CO
enhancements observed in the troposphere and kive¢osphere. This requires a good match betweserodd
and modeled CO enhancements. Indeed, SOFT-IO datewte than 95% of the observed CO anomalies over
most of the regions sampled by IAGOS in the tropesp. In the majority of cases, SOFT-IO simulat€s C
pollution plumes with biases lower than 10-15 ppbifferences between the model and observationsaager

for very low or very high observed CO values. Theed-value products will help in the understandifighe
trace-gas distribution and seasonal variability.eyfhare available in the IAGOS data base via
http://www.iagos.org The SOFT-IO tool could also be applied to similata sets of CO observations (e.g.

ground-based measurements, satellite observati®@8)T-10 could also be used for statistical valmtags well

as for inter-comparisons of emission inventorigagifarge amounts of data.

1 Introduction

Tropospheric pollution is a global problem causesinty by natural or human-triggered biomass burping

and anthropogenic emissions related to fossil éxélaction and burning. Pollution plumes can besparted
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quickly on a hemispheric scale (within at leastdeys) by large scale winds or, more slowly (Jad®99),
between the two hemispheres (requiring more thano8ths). Global anthropogenic emissions are foresom
species (Cg) in constant increase (Boden et al., 2015). Howergzent commitments of some countries to
reduce greenhouse gas emissions (e.g. over the WS.EPA'’s Inventory of U.S. Greenhouse Gas Eimiss
and Sinks, 1990-2013http://www.epa.gov/climatechange/ghgemissions/wesitoryreport.htn)l seems  to

induce a stalling in other global emissions NSQ, and Black Carbon, Stohl et al., 2015), exceptsimme
regions (Brazil, Middle East India, China) where ,Nénissions increase (Miyazaki, 2017). In order ettdy
understand large-scale pollution transport, langeunts of in situ and space-based data have bdiected in
the last three decades, allowing a better undefstgnof pollution variability and its connection ti
atmospheric transport patterns (e.g. Liu et al1320These data-sets are also useful to quantifiyagipollution
evolution with respect to the emissions trends idesd above.

Despite the availability of large trace gas data,ske data interpretation remains difficult fbe tfollowing
reasons: (1) the sampling mode does not corresfwoad a priori defined scientific strategy, as oggzbto data
collected during field campaigns; (2) the stataltianalysis of the data can be complicated by dhgel number
of different sources contributing to the measureltiugon, and an automated analysis of the contigms from
these different sources is required if, for insegnegional trends in emissions are to be investiga(3) the
sheer size of some of the data sets can make #igsanrather challenging. Among the long-term yitidin
measurement programs, the IAGOS airborne progréatp:{www.iagos.org/ formerly known as the
Measurement of OZone by Airbus In-service airCkMOZAIC- program)is the only one delivering in-situ
measurement data from the free troposphere. IAG@®@des regular global measurements of ozong {6ince
1994 -, carbon monoxide (CO) - since 2002 -, amegén oxides (N¢) — for the period 2001-2005 - obtained
during more than 51000 commercial aircraft flighis to now, with substantial extent of the instruteen
aircraft recently. The analysis of the IAGOS datebs also complicated by the fact that primaryypahts (CO
and part of NQ) are emitted by multiple sources, while secondegynpounds (G) are produced by
photochemical transformations of these pollutaofign most efficiently when pollutants from diffetesources
mix.

A common approach to separate the different sourdegencing trace gas observations is based on the
determination of the air mass origins through Lagran modeling. This approach allows linking theission
sources to the trace gas observations (e.g. Nédélalc, 2005; Sauvage et al., 2005, 2006; Tressal. 2008;
Gressent et al. 2014; Clark et al., 2015; Yamadoal.e 2015). Lagrangian modeling of the dispersain
particles allows accounting efficiently for processsuch as large-scale transport, turbulence andection.
When coupled with emission inventories Lagrangiandeting of passive tracers allows for instance to
understand ozone anomalies (Cooper et al., 2006; &Val., 2012), to quantify the importance of tighg NOx
emissions for tropospheric N@olumns measured from space (Beirle et al., 2Q06G)vestigate the origins of
O3z and CO over China (Ding et al., 2013), or to itigege the sources influencing the observed, 6@&r the
high northern latitudes (Vay et al., 2011).

To help analyzing a large data set such as the I8@kservations, it is important to provide sciéntifsers
a tool for characterizing air mass transport andssion sources. This study presents a methodology t
systematically establish a link between emissiangees (biomass burning and anthropogenic emigsemmts
concentrations at the receptor locations. Sincei<® substance that is emitted by combustion ssuflzeth
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80  anthropogenic and biomass burning) and since CGaHédstime of months in the troposphere (Logaraket

81  1981; Mauzerall et al., 1998), it is often useddsacer for pollution transport (Staudt et al. 20@ashiro et al.,

82  2009; Barret et al., 2016). It is therefore coneanito follow past examples and use simulated C@cso
83  contributions to gauge the influence of pollutioouces on the measurements also with SOFT-IO. Our
84  methodology uses the FLEXPART Lagrangian partidgpersion model (Stohl et al., 2005) and emission
85 inventories from the ECCAD emission database (@rast al., 2012) in order to quantify the influenzle
86  emissions sources on the IAGOS CO measurementgyddids to provide the scientific community wittided

87  value products that will help them analyzing anttiipreting the large number of IAGOS measuremértts.

88 methodology has the benefit to be adaptable toipheilemission inventories without re-running FLEXRA

89  simulations. It is also easily adaptable to analytreer datasets of trace gas measurements sucbnagfound

90 based observations, sondes, aircraft campaigreteliite observations.

91 The methodology will be described in the next sectand then evaluated at the example of caseestadi
92  pollution plumes observed by IAGOS aircraft. Furtlevaluation is performed through statistical asaly
93  Finally we discuss the limitations of the methodpldy estimating its sensitivity to different inpdata sets

94  (emission inventories, meteorological analyses).

95 2. In-situ observations database: MOZAIC and IAGOSprograms

96 The MOZAIC program (Marenco et al., 1998) was aigd in 1993 by European scientists, aircraft
97  manufacturers and airlines to better understandntiteral variability of the chemical composition tife
98  atmosphere and how it is changing under the inflaesf human activity, with particular interest etimpact of
99  aircraft exhaust. Between August 1994 and Nover@béd, MOZAIC performed airborne in-situ measureraent
100 of ozone, water vapor, carbon monoxide, and tdtedgen oxides. The measurements are geolocatéulidia,
101 longitude and pressure) and come along with melegical observations (wind direction and speed,
102  temperature). Data acquisition is performed aut@aliy during round-trip international flights (a=a, descent
103  and cruise phases) from Europe to America, Afiidaldle East, and Asia (Fig. 1).
104 Based on the technical expertise of MOZAIC, the @& program (Petzold et al., 2015, and referenca®ith)
105 has taken over and provides observations since2Ddl§. The IAGOS data set still includes ozonegwaapor,
106  carbon monoxide, meteorological observations, ardsurements of cloud droplets (number and sizeplace
107  performed. Depending on optional additional insteatation, measurements of nitrogen oxides, totabgen
108  oxides or, in the near-future, greenhouse gases é8@CH), or aerosols, will also be made.
109  Since 1994, the IAGOS-MOZAIC observations have ta@a big data set that is stored in a single @datb
110  holding data from more than 51000 flights. The daacan be used by the entire scientific commuaitgwing
111  studies of chemical and physical processes intthesphere, or validation of global chemistry trasrspnodels
112 and satellite retrievals. Most of the measureméraige been collected in the upper troposphere awerlo
113  stratosphere, between 9 and 12 km altitude, withfbghts/ aircraft/ year on up to 7 aircraft uprtow.
114
115 The MOZAIC and IAGOS data (called “IAGOS” from hewa) used in this study are in-situ observation€Of
116  only, which is being measured regularly on evergraft since 2002 with more than 30000 flights,ngsa
117  modified infrared filter correlation monitor (Né@él et al., 2003; Nédélec et al., 2015). The acguohthe CO
118 measurements has been estimated at (30 s respor}e 5 ppb, or + 5%.

3
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Several case studies of CO pollution plumes (Tablesing IAGOS data have been published, where mode
simulations allowed attribution of the measured @@hancements to anthropogenic or biomass burning
emissions, either measured in the boundary layér tire free troposphere, following regional or ggtic-scale
transport (e.g. Nédélec et al., 2005; Tressol.e2808; Cammas et al., 2009; Elguindi et al., 20T@ese case
studies are used here to better define the reqaimtsmfor our methodology (meteorological analysed a

emission inventory inputs). Some of them are dediadind re-analyzed in Sect. 4.

3. Estimation of carbon monoxide source regions: ntieodology

To establish systematic source-receptor relatipssfir IAGOS observations of CO, the Lagrangiampelision
model FLEXPART (Stohl et al., 1998, 2005; Stohl afidomson, 1999) is run over the entire database.
Lagrangian dispersion models usually representdtfferential advection better than global Euleriaodels
(which do not well resolve intercontinental polarti transport; Eastham et al., 2017), at a sigmifigalower
computational cost. In particular, small-scale cfites in the atmospheric composition can often be
reconstructed from large-scale global meteoroldgitzta, which makes model results comparable td-hig
resolution in situ observations (Pisso et al., 2010 the past, many studies (Nédélec et al., 20D&ssol et
al.,2008; Cammas et al., 2009; Elguindi et al1®0Gressent et al., 2014sed FLEXPART to investigate
specific pollution events observed by the IAGOraift. However, in these former case studies, thie |
between sources and observations of pollution weesspd a prioriThe transport model was then used to
validate the hypothesis. For example, in the Canehat (2009) study, observations of high CO dysommer

in the upper troposphere and lower stratospherteoé@anada were guessed to originate from biorhassing
over Canada as this region is often associated pytio-convection whose intensity usually peaks hie t
summer. This origin was confirmed by the model gsial In general, the origin of the observed palitannot
be guessed a priori, especially when analyzing oreasents from thousands of flights. Moreover, rpidti
sources are most of the time involved when the rlksepollution is the result of the mixing of pdkd air
masses from different regions and source types.

CO is often used as a tracer to quantify the doutions of the different sources to the observeliupon
episodes. CO is emitted by both the combustioroséif fuels and by biomass burning, and its phatoubal
lifetime against OH attack is usually 1 to 2 monthsthe troposphere (Logan et al., 1981; Mauzeztlal.,
1998). Therefore it is possible to link elevated @@xing ratios (with respect to its seasonally vagy

hemispheric baseline) to pollution sources wittentulating the atmospheric chemistry.

3.1 Backward transport modeling

Simulations were performed using the version 9 DEXPART, which is described in detail by Stohl ét a
(2005) (and references therein). The model wasdriwsing wind fields from the European Centre fadim-
Range Weather Forecast (ECMWF) 6-hourly operatianalyses and 3-hour forecasts. The ECMWF data are
gridded with a 1% 1° horizontal resolution, and with a number oftiead levels increasing from 60 in 2002 to
137 since 2013. The model was also tested usirfgehigorizontal resolution (0.5°), and with ECMWF AR
Interim reanalysis, as their horizontal and vettiesolution and model physics are homogeneousdutie

whole period of IAGOS CO measurements. Howeverratal analyses were used for our standard sedsip

4
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157 the transport model reproduced CO better when usiege data for several case studies of pollutiamsport,
158 especially for plumes located in the UT. Indeedgrafional analyses provide a better vertical régmiusince
159 2006 (91 levels until 2013, then 137 levels agabistevels for ERA-Interim) and thus a better repreation of
160 the vertical wind shear, and the underlying metiegioal model is also more modern than the one dsed
161  producing ERA-Interim. Vertical resolution is obuily the most critical factor for modeling such @Dmes
162  with the best precision in terms of location anigmsity (Eastham and Jacob, 2017).

163  Using higher horizontal resolution for met-fieldsadyses and forecasts (0.5° vs 1°) showed no infle®n the
164 simulated carbon monoxide, despite larger compmrtati time and storage needs. We assume further
165 improvement can be obtained using even higher botd resolution (0.1°), but this was not feasiatethis
166  stage and should be considered in the future.

167

168 In order to be able to represent the small-scalectsires created by the wind shear and observedainy
169 IAGOS vertical profiles, the model is initializedoag IAGOS flight tracks every 10 hPa during assesmd
170 descents, and every 0.5° in latitude and longitderuise altitude. This procedure leads maodel initialization
171  boxes along every flight track. For eagh1000 particles are released. Indeed 1000 to GRO€cles are
172  suggested for correct simulations in similar stadiased on sensitivity tests on particles numbezn(\&t al.,
173  2012; Ding et al., 2013). For instance, a Frankf@ermany) to Windhoek (Namibia) flight contain®and 290
174  boxes (290000 particles) of initialization as a eho

175 FLEXPART is set up for backward simulations (Sefilzerd Frank, 2004) from these boxes as describ&toinl
176 et al. (2003) and backward transport is compute@®@odays prior to the in-situ observation, whistsufficient
177  to consider hemispheric scale pollution transpoerthe mid-latitudes (Damoah et al., 2004; Stohhlgt2002;
178  Cristofanelli et al., 2013). This duration is akxpected to be longer than the usual lifetime dfuped plumes
179 in the free troposphere, i.e. the time when thecentration of pollutants in plumes is significanidyger than
180 the surrounding background. Indeed, the troposphmiking time scale has been estimated to be tilpica
181  shorter than 10 days (Goed al., 2003; Pisso et al., 2009). Therefore thdehis expected to be able to link air
182 mass anomalies such as strong enhancements in @@ source regions of emissions (Stohl et al. 3200 is
183 important to note that we aim to simulate recergnév of pollution explaining CO enhancements over t
184  background, but not to simulate the CO backgrouhithvresults from aged and well-mixed emissions.

185 The FLEXPART output is a residence time, as preskmind discussed in Stohl et al. (2003). These data
186 represent the average time spent by the transpantedasses in a grid cell, divided by the air dgnand are
187  proportional to the sensitivity of the receptor mixratio to surface emissions. In our case, gtakulated for
188  every input point along the flight track, every day N, = 20 days backward in time, on a 1° longitude x 1°
189 Ilatitude global grid withN, = 12 vertical levels (every 1 km from O to 12 kmgdadl layer above 12 km).

190 Furthermore, the altitude of the 2 PVU potentiattioity level above or below the flight track isteacted from
191  the wind and temperature fields, in order to lo¢heeCO observations above or below the dynamiopbpause
192  according to the approach of Thouret et al. (2006).

193 3.2 Emission inventories from the ECCAD project

194  The main goal of the Emissions of atmospheric Camgs & Compilation of Ancillary Data (ECCAD) projec

195 (Granier et al., 2012) is to provide scientific gualicy users with datasets of surface emissioratmbspheric
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196  compounds and ancillary data, i.e. data requireédtimating or quantifying surface emissions.tAé emission
197 inventories and ancillary data provided by ECCAP published in the scientific literature.

198  For the current study, we selected five CO emissimentories. Four of them are available at globedle
199 (MACCity and EDGAR v4.2 for anthropogenic; GFED ddaGFAS v1.2 -GFAS v1.0 for 2002- for fires) from
200 the ECCAD database and cover most of the IAGOS &@héise presented here (2002 - 2013). The gloals sc
201 inventories have a 0.1% 0.1° to 0.5°x 0.5° horizontal resolution. They are provided withily, monthly or
202 yearly time resolution. They are listed in Tablalang with the references describing them. The fyabal
203 inventories are used to study the model’s perfooaand sensitivity in Sect. 5.

204  To further test the sensitivity to the emissionentories, we also used one regional inventory, ivliexpected
205 to provide a better representation of emission#sregion of interest than generic global inveiger For
206  biomass burning, the International Consortium fdm@spheric Research on Transport and Transformation
207  (ICARTT) campaign’s North American emissions inv@gtdeveloped by Turquety et al. (2007) for the swen
208  of 2004 and provided at ¢ 1° horizontal resolution was tested. It combina#ydarea burned data from forest
209 services with the satellite data used by globakmeries, and uses a specific vegetation datalirdeding
210  burning of peat lands which represent a significamitribution to the total emissions.

211 3.3 Coupling transport output with CO emissions

212  Calculating the recent contributio®{i) (kg m® of CO emissions for every one of thenodel's initialization

213  points along the flight tracks requires three kinfidata:

214 + the residence tim@&g(in seconds, gridded witN,= 360 byN,= 180 horizontal pointd\,= 12 vertical
215 levels,N; = 20 days) from backward transport described irt.Set,
216 * CO surface emissior&, (N, N,,N) (in kg CO / n/s)
217 « the injection profilenj(z) defining the fraction of pollutants diluted in tH&ferent vertical levels (with
218 Az being the thickness, in meters) just after emissio
219
0 (€ nCH =2 > > Y Inj(z) eV 2L EG (X y.1)
t=1 y=1 x=1 z=1 AZ(Z)
221

222 In the case of anthropogenic emissions, CO is sirapiitted into the first vertical layer of the résnce time

223  grid (Az=1000m).

224

225  For biomass burning emissions, in the tropics amdilatitudes regions, the lifting of biomass bugiplumes is

226  usually due to small and large scale dynamical gsses, such as turbulence in the boundary layep de
227  convection and frontal systems, which are usualyresented by global meteorological models. Ahéig
228 latitudes, however, boreal fires can also be aasetiwith pyro-convection and quick injection abdbe

229  planetary boundary layer. Pyro-convection plumeadyics are often associated with small-scale presessat

230 are not represented in global meteorological dath emission inventories (Paugam et al 2016). Ireotd

231 characterize the effect of these processes, weemmaited three methodologies to parameterize biomass

232  injection height:
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» the first one (named DENTENER) depends only on ldigude and uses constant homogeneous
injection profiles as defined by Dentener et aQ®) ), i.e. 0-1 km for the tropics [30S-30N] (green
line in Fig 2), 0-2 km for the mid-latitudes [609S, 30N-60N] (see blue line in Fig. 2) and 0-6 fom
the boreal regions [90S-60S, 60N-90N ] (not showhig. 2).

» the second named MIXED uses the same injectioril@sads in DENTENER for the tropics and mid-
latitudes, but for the boreal forest, injectionfiles are deduced from a lookup table computed ttieh
plume rise model PRMv2 presented in Paugam et2éll¥). Using PRMv2 runs for all fires from
different years of the Northern-American MODIS aveh three daily Fire Radiative Power (FRP)
classes (under 10 TJ/day, between 10 and 100 T.Hddyover 100 TJ/day) were used to identify three
distinct injection height profiles (see brown, reaid black lines in Fig. 2). Although PRMv2 reftect
both effects of the fire intensity through the ihpd FRP and active fire size and effects of thealo
atmospheric profile, here for sake of simplicitylyo®RP is used to classify the injection profile.
Furthermore, when applied to the IAGOS data set, MHXED method uses equivalent daily FRP
estimated from the emitted CO fluxes given by th@ssion inventories as described in Kaiser et al.
(2012)

* the third method named hereafter APT uses homogenpmfile defined by the daily plume top
altitude as estimated for each 0.1x0.1 pixel of @fAS v1.2 inventory available for 2003 to 2013
(Rémy et al. 2016, and http://www.gmes-atmosphefeper_info/global_nrt_data_access/gfas_ftp/).
As in the MIXED method, GFAS v1.2 is using the peimodel PRMV2 from Paugam et al. (2015),
but here the model is run globally for every askited GFAS-FRP pixel.

3.4 Automatic detection of CO anomalies

For individual measurement cases, plumes of poliuian most of the time be identified by the hurega
using the observed CO mixing ratio time seriesher €O vertical profiles. However, this is not fédeifor a
database of tens of thousands of observation flightorder to create statistics of the model'sqrerance, we
need to systematically identify observed polluggames in the IAGOS database. The methodology tthidas
based on what has been previously done for thectitateof layers in the MOZAIC database (Newell &t a
1999; Thouret et al., 2000), along with more reaahtulations of the CO background and CO perashtiefine
for different regions along the IAGOS data set &Sent et al., 2014). An example demonstrating thegalure,

which is described below, is shown in Fig. 3.

In a first step, the measurement time series atbadlight track (number of measuremenigy) is separated
into three parts:
1. Ascent and descent vertical profilesd) in the PBL (altitudes ranging from the groundtém) and in
the free troposphere (from 2 km to the top altitaflthe vertical profiles),
2. measurements at cruising altitude in the uppermosphereryr),
3. measurements in the lower stratosphere) (

such that Nror = Nyp + Nyt + Nis
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wherenyp, nyrandn s are the number of measurements along tropospascents and descents, and in the upper
troposphere and lower stratosphere, respectivelange of altitudes from the surface to a topualtidentifies
vertical profiles. The top altitude is 75 hPa abtive 2 pvu dynamical tropopause (Thouret at al62@vhen

the aircraft reaches/leaves cruising altitude (durascent/descent). The PV is taken from the ECMWF
operational analyses and evaluated at the aingosition by FLEXPART. Observations made during ¢théise
phase are flagged as upper tropospheric if theradiirés below the 2 pvu dynamical tropopause. I, no
observations are considered as stratospheric aewl d@he ignored in the rest of the paper. Although C
contributions are calculated also in the stratospttee present study focuses on tropospheric pmilonly.

In a second step, the CO background mixing ratiteiermined for each tropospheric p&@¥ pack@nNdCur pack
see Fig. 3 for illustration) for the tropospheriertical profiles and for the upper troposphere eetipely. For
tropospheric vertical profiles, the linear regressbf CO mixing ratio versus altitude is calculafemm 2 km to
the top of the vertical profiles, to account foe thsual decrease of background CO with altitudea Dalow
2 km are not used because high CO mixing ratiosexhby fresh emissions are usually observed ctosarface
over continents. The sloge(in ppb ni) of the linear regression is used to determinebiéekground so that
Cvp back= aZ The background is removed from t8g, tropospheric vertical profiles mixing ratio to abt a
residual CO mixing rati€®s (Eq. 2).

(Eq. 2): CRip=Cyp— Gup_back

For the upper troposphere, the CO background mixai® Cyr pac) iS determined using seasonal median
values (over the entire IAGOS database) for thierft regions of Figure 4. Note that this approaels not
feasible for vertical profiles as for most of thisited airports there are not enough data to aestalkeasonal
vertical profiles. As for the profiles, backgroundlues are subtracted from the UT data to obtaiual CR ¢
(Eq. 3):

(Eq. 3):C"yr=Cur - Cut_back

In a third step, CO anomaligg® are determined for tropospheric vertical profil€@h\f) and in the upper
troposphere@"7). ResidualCRypand C¥r values are flagged as CO anomalidsen these values exceed the
third quartile (Q3) of the residual mixing ra@\p(Q3) for vertical profiles, or the third quartile ofehresidual
seasonal valueB"r seasofQ3) in the different regions (Fig. 4) for the UT. NdtetCRp(Q3) or CNur seasofQ3)
needs to be higher than 5 ppb (the accuracy o€tbenstrument; Nédélec et al., 2015) in order tosaber an
anomaly:

(Eq. 4):Chp= CRp if Cyp> CRUp(Q3)

(Eq. 5): Chur =CRyr if CRyr > CRUT_seasoﬁQ3)
In the examples shown in Fig. 3a and Fig. 3b, ¢ltkline represents CO anomalies.
With this algorithm CO plumes are automaticallyed¢¢d in the entire IAGOS database. For each ikt
plume, minimum and maximum values of the datetudé, longitude and altitude, as well as the COmaad
maximum mixing ratio, are archived. These valueswsed for comparison with modeled CO values.
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4. Selected case studies to evaluate CO emissioveintories and SOFT-10O’s performance

As described in Sect. 2, a number of case studieardented in the literature were selected froml&#@0OS
database in order to get a first impression ofrtioelel’'s performance. These case studies have teser to
represent the different pollution situations theg aften encountered in the troposphere in termsnaigsions
(anthropogenic or biomass burning) and transport régional or synoptic scale, pyro-convection, deep
convection, frontal systems). Systematic evaluatibthe model performance against emission invésgowill

be presented in Sect. 5.

4.1 Anthropogenic emission inventories

Among the case studies listed in Table 1, four veetected in order to illustrate the evaluatiothefinventories
used for anthropogenic emissions:
« Landing profiles over Hong Kong from f®f July and 22 of October 2005 were selected in order to
investigate specifically Asian anthropogenic enaissi
«  During the 18 of March 2002 Frankfurt—Denver and"2@f November 2002 Dallas—Frankfurt flights,
IAGOS instruments observed enhanced CO plumeseilNtrth Atlantic upper troposphere, also linked
to anthropogenic emissions.
Figure 5a shows the observed (black line) and sitadl (colored lines) CO mixing ratios above Hongh&o
during 22° of October 2005. Note that background is not sated but estimated from the observations as
described in Sect3.4 (blue lin€yp ). The dashed blue line represents the residualn@aing ratio CRup.
Observations show little variability in the fre@posphere down to around 3 km. Strong pollutionkiserved
below, with + 300 ppb enhancement over the backgt@mn average between 0 and 3 km. Note that weotlo n
discuss CO enhancement above 3 km.
In agreement with &, SOFT-10 simulates a strong CO enhancement ifotlest 3 km of the profile, caused
by fresh emissions. However, the simulated enhaaneis less strong than the observed one, a fettatds
typical for this region, as we shall see later.
In addition to the CO mixing ratio, SOFT-IO caldgla CO source contributions and geographical asigirthe
modeled CO, respectively displayed in Fig. 5b aigl 5c (using the methodology described in Sec) 8t
using here MACCity and GFAS v1.2 as example. Ferdbhographical origin we use the same 14 regions as

defined for the GFED emissionktip://www.globalfiredata.org/data.htjnINote that only the average of the

calculated CO is displayed for each anomaly (0-3&rB:6km) in Fig. 5b and Fig. 5c.

Colored lines in Fig. 5a show the calculated COhvgisinthropogenic sources described by the two iovies
selected in Sect. 3.2, MACCity (green line) and EARw4.2 (yellow line), along the flight track. In thocases,
biomass burning emissions are described by GFASWHni#ssions from fires have negligible influences
than 3%) on this pollution event as depicted in Biy

In the two simulations, the calculated CO mixingaas below 50 ppb in the free troposphere, asdwenot
simulate background concentrations with SOFT-10. &@®ancement around 4 to 6 km is overestimated by
SOFT-10. CO above 6 km is not considered as an ary)msCRUT < CRUTiseaSOQQ3). Simulated mixing ratios in
the 0-2 km polluted layer are almost homogeneoits, walues around 280 ppb using MACCity and aroli6@

ppb using EDGARV4.2. They are attributed to antbggmic emissions (more than 97% of the simulated CO
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originating mostly from Central Asia with around %95influence. In this regard, the CO simulated using
MACCiIty is in better agreement with the observed tB&n the one obtained using EDGARvV4.2. Indeedgusi
MACCiIty, simulated CO reaches 90% of the obsernrd@thacement (+ 300 ppb on average) over the backdrou
(around 100 ppb), while for EDGARVA4.2 the corregtiog value is only 53%, indicating strong underestion

of this event. The difference in the calculated @nhg these two inventories is also consistent Withresults

of Granier et al. (2011) who showed strong disanefess in the Asian anthropogenic emissions in dbffée

inventories.

Figure 6a shows the CO measurements at cruisiitgd@tduring a transatlantic flight between Framkfand
Denver on 18 of March 2002. The dashed blue line representsetsidual COCRyr . Observations indicate that
the aircraft encountered several polluted air magsth CO mixing ratios above 110 to 120 ppb, whéch the
seasonal median CO values in the two regions didiiethe aircraft, obtained from the IAGOS datab@se
Gressent et al., 2014). Three pollution plumesaasured:

e around 100°W (around +10 ppb of CO enhancemenverage): plume 1

¢ between 80°W and 50°W (+30 ppb of CO enhancemeaverage): plume 2

¢ between 0° and 10°E (+40 ppb of CO enhancementerage): plume 3.
These polluted air masses are surrounded by gtlads air masses with CO values lower than 8048i) ps
polluted air masses were sampled at an altitudaerafind 10 km, they are expected to be due to lange
transport of pollutants.
The calculated CO is shown in Fig. 6a using MACQgseen line), EDGARv4.2 (yellow line) for anthrapemic
emissions and GFASv1.0 for biomass burning emissi@OFT-IO estimates that these plumes are mostly
anthropogenic (representing 77% to 93% of the teitablated CO, Fig. 6b). Pollution mostly origirateom
Central and South-East Asia, with strong contritrufrom North America (Fig. 6¢) for plume 3.
SOFT-IO correctly locates the three observed padlir masses with the two anthropogenic invergof© is
also correctly calculated using MACCity, with alrhdee same mixing ratios on average as the observed
enhancements in the three plumes. Only 2/3 of tieerwved enhancements are simulated using EDGARvV4.2,
except for plume 1 with better results. We haveaady seen in the previous case study that emissioAsia
may be underestimated, especially in the EDGARi@ntory.
Similar comparisons were performed in the four cstadies selected to estimate and validate the@alenic
emission inventories coupled with the FLEXPART mlodResults are summarized in Table 3. For threthef
cases, SOFT-IO simulations showed a better agraewiéim observations when using MACCity than when
using EDGARV4.2. In the fourth case both inventrigerformed equally well. One reason for the better
performance of MACCity is the fact that it provid@®nthly information (Table 2).

4.2 Biomass burning emission inventories

In order to evaluate and choose biomass burningséom inventories, we have selected eleven cadestwith
fire-induced plumes (Table 1). Seven of them fodusie North-American biomass burning plumes obseimed
the free troposphere above Europe (flights off 80 June, 2% and 2% of July 2004) and in the upper
troposphere/lower stratosphere above the Nortm#itig29" of June 2004) (e.g. Elguindi et al., 2010; Cammas

10
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388 et al, 2009). Two are related to the fires oversWim Europe during the 2003 heat wave (Tressal. &008).
389  The two last ones, on the'3@nd 3% of July 2008, focused on biomass burning plumesenked in the ITCZ
390 region above Africa as described in a previousys{@éuvage et al., 2007a).

391 The three datasets selected to represent biomasmdpemissions are based on different approadBE#S
392  v1.2 (Kaiser et al., 2012) and GFED 4 emissiongl{Giet al., 2013) are calculated daily. GFAS vfirdsents
393  higher spatial resolution. The ICARTT campaign imeey (Turquety et al., 2007) was specifically desid for
394  North-American fires during the summer of 2004 vétiditional input from local forest services.

395  Figure 7a illustrates the calculated CO contrilngifor the different fire emission inventories @ore of the case
396  studies, on 2¥ of July 2004 above Paris. The observations (bliae}j show high levels of CO in an air mass in
397 the free troposphere between 3 and 6 km, with rgixatios 140 ppb above the background (blue lireluded
398 from measurements. This pollution was attributetbt@-range transport of biomass burning emissioNarth
399  America by Elguindi et al. (2010). Outside of thierpe, the CO concentration decreases with altitdiden
400 around 150 ppb near the ground, to 100 ppb backgran the upper free troposphere. This last value
401  corresponds to the median CO seasonal value dedraradhe IAGOS database (Gressent at al., 201@)i<C
402 not considered as an anomaly near the grouﬁﬂ*@& CRUT_SeaSOQQ3).

403  SOFT-IO simulations were performed for this case@$1ACCity to represent anthropogenic emissioms] a
404  GFAS v1.2 (green line), GFED 4 (yellow line), oethCARTT campaign inventory (red line). Fire vealic
405 injection is realized using the MIXED approach tbe three biomass burning inventories, in ordeoréy
406  evaluate the impact of choosing different emissinentories. In the three simulations, contribusicaow two
407  peaks, one near the ground that is half due td kExthropogenic emissions and half due to contidimst from
408  North American biomass burning and thus not comsidién this discussion.

409 The second more intense peak, simulated in the tfgosphere where the enhanced CO air masses were
410 sampled, is mostly caused by biomass burning eomisgi87% of the total calculated CO, Fig. 7b), imaging
411  from North-America (99% of the total enhanced C@hen calculated using the ICARTT campaign inventory
412  the simulated CO enhancement reaches over 150wipbh is 10 ppb higher than the observed mixingorat
413  above the background (+140 ppb), but only for theean part of the plume.

414  When using global inventories, the simulated cbotion peak reaches 70 ppb using GFASv1.2 and p@0 p
415  using GFED4, which appears to underestimate thesuned enhancement (+140 ppb) by up to 50% to 70%
416  respectively. This comparison demonstrates theelangcertainty in simulated CO caused by the emmssio
417  inventories, both in the case of biomass burningrahropogenic emissions. For that reason we aiprdeide
418  simulations with different global and regional imteries in for the IAGOS data set.

419  As the ICARTT campaign inventory was created usoual observations in addition to satellite produthe
420 large difference in the simulated CO compared t® ¢hther inventories may in part be due to different
421  quantification of the total area burned (for GFEEEAS using the FRP as constraint). Turquety e{24107)
422  also discussed the importance of peat land burdinghg that summer. They estimated that they couted
423  more than a third of total CO emissions (11 Tghef 30 Tg emitted during summer 2004).

424

425  Figure 8a shows CO mixing ratios as a functionatifdde for a flight from Windhoek (Namibia) to Fikdurt
426  (Germany) in July 2008. Observations indicate that aircraft flew through polluted air masses atbtime
427  equator (10°S to 10°N), with +100 (+125) ppb of GO average (at the most) above the 90 ppb backdroun

11
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deduced from seasonal IAGOS mixing ratios over tagion. Such CO enhancements have been attribbated
regional fires injected through ITCZ convection (8age et al., 2007b).

The SOFT-1O simulations (colored lines in Fig. 8ak these air masses mostly to recent biomassifairn
(responsible for 68% of the total simulated CO,.Hb) in South Africa (Fig. 8c). The calculated Giows
similar features both with GFED4 (yellow line) a@dASv1.2 (green line). The simulation also captwed

the intensity variations of the different peaks:xinaum values around the equator, lower ones southnarth

of the equator. The most intense simulated CO emdment around the equator fits the observed CO
enhancement of +125 ppb better when using GFED4 ) than when using GFASv1.2 (75 ppb). However
the comparison also reveals an underestimatioheof2O anomaly’s amplitude by around 10 ppb to 25 @p
average by SOFT-10. The model is thus only ableefroduce 75% to 90% of the peak concentrations on
average. Stroppiana et al. (20li@deed showed that there are strong uncertaintiethé fire emission
inventories over Africa (164 to 367 Tg CO per year)

5 Statistical evaluation of the modeled CO enhanceants in pollution plumes

In this section, we present a statistical validatid the SOFT-IO calculations based on the enh@®S CO
data base (2003-2013). The ability of SOFT-IO imdating CO anomalies is evaluated compared tatin s
measurements in terms of:

* gpatial and temporal frequency of the plumes

* mixing ratio enhancements in the plumes
To achieve this, SOFT-IO performances are invesijaover different periods of IAGOS measurements
depending on the emission inventory used. Thretaefour global inventories selected previously (3ity,
GFAS v1.2, GFED4) are available between 2003 antB2&DGAR v4.2 ends in 2008. In the following
sections (Sect.5.1 and 5.2), we discuss in détailrésults obtained with MACCity and GFAS v1.2 begw
2003 and 2013. Other emission inventory combinatiare discussed in Sect. 5.3 when investigatingTSIOF

sensitivity to input parameters.

5.1 Detection frequency of the observed plumes witBOFT-10

The ability of SOFT-IO to reproduce CO enhancemauras investigated using CO plumes obtained applyieg
methodology described in Sect. 3.4 on all flightthe IAGOS database between 2003 and 2013. Thedrey

of simulated plumes that coincide with the obser@danomalies is then calculated. Simulated plumes are
considered when matching in time and space theroid@lumes, while modeled CO is on average higfem

5 ppb within the plume. Note that at this stage devanot consider the intensity of the plumes.

The resulting detection rates are presented ing=gr eight of the eleven regions shown in FigSthatistics are
presented separately for three altitude levels @rolwroposphere 0-2 km, Middle Troposphere 2-8 kmd an
Upper Troposphere > 8 km). Figure 9 shows that S@Fperformance in detecting plumes is very good an
not strongly altitude or region-dependent. In thee¢ layers (LT, MT and UT), detection rates aghbr than
95% and even close to 100% in the LT where CO afiesnare often related to short-range transporte@imn
frequency slightly decreases in the MT and the Ulene CO modeling accuracy suffers from larger erior
vertical and horizontal transport. On the contr@@ anomalies in the LT are most of the times relateshort-
range transport of local pollution, which are welpresented in SOFT-IO. For four regions we fouess Igood

12
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results: South America MT and UT, Africa MT and MpoAsia UT but with still high detection frequen(82%
to 85%). Note that only relatively few plumes (Zb33761) were sampled by the IAGOS aircraft fleethese

regions.

5.2 Intensity of the simulated plumes

The second objective of SOFT-IO is to accuratetyutate the intensity of the observed CO anomalias. 10a
displays the bias between the means of the obsanednodeled plumes for the regions sampled by 18G6&d

in the three vertical layers (LT, MT and UT). Agpéained above this bias is calculated for the 2R0B3 period
and using both anthropogenic emission from MAC@itg biomass burning emissions from GFAS v1.2 aaed th
plume detection methodology described in Sect. 3.4.

The most documented regions presenting CO pollpteches (Europe, North America, Africa, North Atlent
UT, Central Asia MT and UT, South America, SouthaAdT) present low biases (lower tharb ppb, and up to

+ 10 ppb for Central Asia MT, South America UT), aiidemonstrate a high skill of SOFT-I10.

Over several other regions with less frequent IAGIfbts, however, biases are higher, aroutitD-15 ppb for
Africa UT and South Asia MT; arountl 25-50 ppb for Central Asia LT, South Asia LT andrt Asia UT.
Except for the last region, the highest biases fawnd in the Asian lower troposphere, suggesting
misrepresentation of local emissions. Indeed theeeerapid increase of emissions in this large éFeaimoto et
al., 2009) associated with high discrepancies betveifferent emission inventories (Wang et al., 2@tein et
al., 2014) and underestimated emissions (Zhang 2045).

It is important to note that the biases remainhef $ame ordert(0-15 ppb) when comparing the first (Q1),
second (Q2) and third (Q3) quartiles of the CO aal@s observed and modeled within most of the regi&ig.
10b). This confirms the good capacity of the SOBTsbftware in reproducing the CO mixing ratios aafynin
most of the observed pollution plumes.

Differences become much larger when considerintieowtalues of CO anomalies (lower and upper whiske
2.70 or 99.3%, Fig. 10b), which means for exceptionadnts of very low and very high CO enhancements
(accounting for 1.4% of the CO plumes), with biafesn + 10 ppb tat 50 ppb for most of the regions. Higher
discrepancies are found in the lower and the uppgosphere and can reatf0 to+200 ppb in two specific
regions (North Asia UT and South Asia LT) for thesd¢reme CO anomalies. Note that North Asia UT and
South Asia LT present respectively extreme pollugoents related to pyro-convection (Nédélec e28D5) for
the first region, and to strong anthropogenic sigrfamissions (Zhang et al., 2012) for the secored irmay
suggest that the model fails to correctly reprodtiee transport for some specific but rare eventpyb-
convection.

When looking at the origin of the different CO araies (Fig. 10c), most of them are dominated by
anthropogenic emissions, which account for more tha% of the contributions on average, except faut!$s
America and Africa, which are strongly influencedbiomass burning (Sauvage et al. 2005, 2007c; Yamat
al., 2014). Discussing origins of the CO anomailiedetail is out of the scope of this study, butegi here some
information on the model performance. It is intéiresto note that two of the three regions mosiuiriced by
anthropogenic emissions, South Asia LT and Cedtsé LT, with more than 90% of the enhanced CO cami

from anthropogenic emissions, are the highest tiasgions compared to observations. This is not#se for

13
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Europe LT for example, which also has a high ambgenic influence. As stated before, anthropogenic

emissions in Asia are more uncertain than elsew{&een et al., 2014).

In order to go a step further in the evaluatiorSGfFT-10 in reproducing CO anomalies mixing ratieig. 11
displays the monthly mean time series of the olezb(black line) and calculated (blue line) CO anlisan
three vertical layers (LT, MT and UT). This graptoyides higher temporal resolution of the anomal@®
polluted plumes are displayed here using MACCitgt &FAS v1.2 over the 2003-2013 periods and fortwee
regions with the largest number of observed CO aties) Europe and North America.

It is worth noting the good ability of SOFT-IO ingntitatively reproducing the CO enhancements @kseby
IAGOS. This is especially noticeable in the LT ddi@, with similar CO mixing ratios observed and miede
during the entire period and within the standardiat®n. However, the amplitude of the seasonalecpé CO
maxima is highly underestimated (-100%) after Jan@809 in the European LT, where anthropogeniccesi
are predominant with more than 90% influence (Ri@c). This suggests misrepresentation of anthragpoge
emissions in Europe after the year 2009 (Steith g2@14).

In the middle troposphere (2-8 km), the CO plumes systematically overestimated by SOFT-IO by 5@% t
100% compared to the observations. This might lage to different reasons:

» the chosen methodology of the CO plume enhancendetestion for those altitudes (described in Sect.
3.4), which may lead to a large number of plumeth wmall CO enhancements, which are difficult to
simulate. This could be due to the difficulty infideng a realistic CO background in the middle
troposphere.

« the source-receptor transport which may be mofficdif to simulate between 2-8 km than in the LT
where receptors are close to sources; or thanenUh where most of the plumes are related to
convection detrainment better represented in theetsothan MT detrainment which might be less
intense.

* The frequency of the IAGOS observations which wgdpin the MT than in the UT.

Correlation coefficients between simulated and plesk plumes are highest in the LT (0.56 to 0.79) lmaver
(0.30 to 0.46) in the MT and in the UT, suggessoge difficulties for the model in lifting up potlan from the

surface to the UT.

5.3 Sensitivity of SOFT-10 to input parameters

Different factors influence the ability of SOFT-HKO correctly reproduce CO pollution plumes. Amohgrh,
transport parameterizations (related to convectiorhulence, etc) are not evaluated in this stuslfhey are
inherent of the FLEXPART model. In this sectione ttnodel sensitivity to the chosen emission inventsr

evaluated. For this, a set of sensitivity studéegearformed to investigate different configuratiofishe emission

inventories :
» type of inventory: MACCity, EDGAR for anthropogeni@FED4, GFAS v1.2 or ICARTT for biomass
burning

* biomass burning injection heights: DENTENER, MIXBDAPT approach (detailed in Sect. 3.3).

14
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SOFT-IO performances are then investigated usingofaliagrams (Taylor et al. 2001). The methodology
(choice of regions, vertical layers, sampling pasiois similar to the one used to analyze thetgtofi the model

to correctly reproduce the frequency and the intgrs the CO plumes with MACCity and GFAS (Sect.&nd
Sec5.2).

5.3.1 Anthropogenic emission inventories

Sensitivity of SOFT-IO to anthropogenic emissiosisnvestigated between 2002 and 2008, using GFAB wi
MACCity or EDGARV4.2. Fig. 12a presents a Tayloagtam for the two configurations (dots for MACCity,
crosses for EDGAR) for the regions and for theiwattlayers described previously (Sect. 5.1 and.SeR),
while Fig. 12b represents the mean bias betwednmadel configuration and the IAGOS observations.

As already seen in Sect. 4.1 for the case studiesen to investigate anthropogenic emissions, thligietter
results seem to be obtained with MACCity. The Tayttlagram shows for most of the regions higher
correlations and lower biases in this case. Theselts are not surprising, as MACCity (Granierlgt2011) is a
more recent inventory compared to EDGARv4.2 (Jars84aenhout et al., 2010), and expected to better
represent anthropogenic emissions. However therdifites between the two inventories are most ofirine
very low, as global emission inventories tend tabie similar.

Regionally, however, results with EDGARv4.2 canbegter, such as over South Asia LT and MT, Cem{s
MT and North Asia UT. This supports our choice @fimtaining several different inventories in SOFT.-IO

5.3.2 Biomass burning emissions

We first investigate the sensitivity of SOFT-1Ottee type of biomass burning inventory, using MAGGitith
GFAS v1.2 or GFED 4 (2003-2013), using the same BDXmethodology for vertical injection of emissions
(Fig. 2). As for anthropogenic emissions, Fig. £presents the Taylor diagram and averaged biasehdo
different configurations.

Performances (correlations, standard deviations hiades) are very similar for both biomass burning
inventories, with smaller differences compared mtheopogenic inventories. Even for regions domidaby
biomass burning such as Africa or South Americdegscted previously (Fig. 11c), the sensitivitytioé SOFT-

10 performance to the type of global fire invent@yelow 5 ppb.

Based on case studies, we discussed in Sect.et@thparison of CO contributions modeled usingaweaji fire
emission inventories. It resulted in a better repngation of biomass burning plumes using the §palty
designed campaign inventory than using the glabagntories (Table 4). However, there is no cleadence of
this result when investigating the model perforneanduring the whole summer 2008. On contrary td. 3e2,
it is hard to conclude of systematic better resutisig the ICARTT inventory. While simulations {rehown)
give better results for a few specific events afyMeigh CO using ICARTT, similarly good results aretained
when using GFASv1.2 or GFED4 for most other caids.worth noting that IAGOS samples biomass bugni
plumes far from ICARTT sources, after dispersiod diffusion during transport in the atmosphere.ides
few boreal fire plumes (that would be better repnésd using ICARTT), are sampled by the IAGOS paiogr
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Secondly, we investigate the influence of the eattinjection scheme for the biomass burning emrssi using
the three methodologies for determining injecti@ights described in Sect. 3.3. Sensitivity testg.(E3c and
Fig 13d) demonstrate a small influence of the itijecscheme on the simulated plumes. The largéskeince is
found over North Asia UT, where pyro-convection bagen highlighted in the IAGOS observations (Néciéle
al., 2005), with however less than 5 ppb differebeveen the different schemes. More generally|lsredical

injection influence is probably due to too few casehere boreal fire emissions are injected outsidePBL by
pyro-convection, as shown in the Paugam et al. §28fudy, combined with a too low sampling frequené€

boreal fire plumes by IAGOS.

6 Conclusions

Analyzing long term in situ observations of tracasgs can be difficult without a priori knowledge tbé
processes driving their distribution and seasogidnal variability, like transport and photochemis This is
particularly the case for the extensive IAGOS dasal which provides a large number of aircraft-Basesitu
observations (more than 51000 flights so far) disted on a global scale, and with no a priori siamgp
strategy, unlike dedicated field campaigns.

In order to help studying and analyzing such adatgta set of in situ observations, we developsgstem that
allows quantifying the origin of trace gases bathtdrms of geographical location as well as sotype. The
SOFT-IO module Https://doi.org/10.25326)ds based on the FLEXPART particle dispersion nhdldat is run
backward from each trace gas observation, and flerelit emission inventories (EDGAR v4.2, MACCity,
GFED 4, GFAS v1.2) than can be easily changed.

The main advantages of the SOFT-IO module are:

» Its flexibility. Source-receptor relationships melculated with the FLEXPART particle dispersion
model can be coupled easily with different emissioventories, allowing each user to select model
results based on a range of different availablessionm inventories.

e CO calculation, which is computationally very eiifiot, can be repeated easily whenever updated
emission information becomes available without fogragain the FLEXPART model. It can also be
extended to a larger number of emission datasetticplarly when new inventories become available,
or for emission inventories inter-comparisons.dh @lso be extended to other species with similar o
longer lifetime as CO to study other type of patintsources.

* High sensitivity of the SOFT-IO CO mixing ratios $ource choice for very specific regions and case
studies, especially in the LT most of the time dnivby local or regional emissions, may also help
improving emission inventories estimates througal@ation with a large database such as IAGOS one.
Indeed as it is based on a Lagrangian dispersiotiemthe tool presented here is able to reproduce
small-scale variations, which facilitates companido in situobservations. It can then be used to
validate emission inventories by confronting theon downwind observations of the atmospheric

composition, using large database of in situ oteerus of recent pollution.
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More generally SOFT-IO can be used in the futuredoy kind of atmospheric observations (e.g.

ground based measurements, satellite instrumerdsafacampaigns) of passive tracers.

In this study SOFT-IO is applied to all IAGOS COsebvations, using ECMWF operational meteorological

analysis and 3-hour forecast fields and inventasfeanthropogenic and biomass burning emissiondadola on

the ECCAD portal. SOFT-IO outputs are evaluatest fat the examples of case studies of anthropogemic

biomass burning pollution events. The evaluatiothén extended statistically, for the entire 20032 period,

over 14 regions and 3 vertical layers of the trpbese.

The main results are the following:

By calculating the contributions of recent emissido the CO mixing ratio along the flight tracks,

SOFT-IO identifies the source regions responsibletfie observed pollution events, and is able to
attribute such plumes to anthropogenic and/or bgsnirairning emissions.

On average, SOFT-10 detects 95% of all observedplD@es. In certain regions, detection frequency
reaches almost 100%.

SOFT-IO gives a good estimation of the CO mixintipranhancements for the majority of the regions
and the vertical layers. In majority, the CO cdmition is reproduced with a mean bias lower than 10
15 ppb, except for the measurements in the LT @fti@eand South Asia and in the UT of North Asia
where emission inventories seems to be less aecurat

CO anomalies calculated by SOFT-IO are very closebiservations in the LT and UT where most of
the IAGOS data are recorded. Agreement is loweh&MT, possibly because of numerous thinner
plumes of lower intensity (maybe linked to the neetblogy of the plume selection).

SOFT-I0 has less skill in modeling CO in extremenpé enhancements with biases higher than 50 ppb.

In its current version, SOFT-IO is limited by difémt parameters, such as inherent parameterizafidghe

Lagrangian model, but also by input of externalapasters such as meteorological field analysis anidston

inventories. Sensitivity analyses were then peréatnusing different meteorological analysis and siois

inventories, and are summarized as follow:

Model results were not very sensitive to the retsmiuof the meteorological input data. Increasing t
resolution from 1 deg to 0.5 deg resulted only iman improvements. On the other hand, using
operational meteorological analysis allowed moreueate simulations than using ERA-Interim
reanalysis data, perhaps related to the bettecakrésolution of the former.

Concerning anthropogenic emissions sensitivitystegsults display regional differences dependimg o
the emission inventory choice. Slightly better lesare obtained using MACCity.

Model results were not sensitive to biomass burmglodpal inventories, with good results using either
GFED 4 or GFAS v1.2. However, a regional emissiorentory shows better results for few individual
cases with high CO enhancements. There is a lowitséty to parameterizing the altitude of fire
emission injection, probably because events offirgected outside of the PBL are rare or because

IAGOS does not frequently sample of such events
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Using such CO calculations and partitioning makemssible to link the trends in the atmospherimposition
with changes in the transport pathways and/or absogithe emissions.

SOFT-IO products will be made available through h&OS central databasét{p://iagos.sedoo.fr/#L4Plakre
and are part of the ancillary produdtstifs://doi.org/10.25326)3
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Table 1: Case studies used to define model settin@ases studies discussed in the manuscript are iold

Atmospheric
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Date Take-off Landing Used for choosing
10 March 2002 Frankfurt | Denver Anthropogenic  emissin
inventories
27 November 2002| Dallas Frankfurt Anthropogenic SN
inventories
4 June 2003 Tokyo Vienna Fire injection heightsrgpy
convection)
6 August 2003 Boston Frankfurt Fire injection héggh
9 August 2003 Dubai Frankfurt Fire injection height
10 August 2003 Frankfurt Dallas Fire injection hegy
29 June 2004 Caracas Frankfurt Fire injection hsidghyro-
convection)
30 June 2004 Frankfurt Washington  Fire injectioights (pyro-
convection)
Fire inventories
22 July 2004 Frankfurt Atlanta Fire injection hetiglfpyro-
convection)
Fire inventories
22 July 2004 Douala Paris Fire  injection  heightg
(pyro-convection)
Fire inventories
23 July 2004 Frankfurt Atlanta Fire injection hetigl{pyro-
convection)
Fire inventories
19 July 2005 Munchen Hong Kong  Anthropogenic enisgi
inventories
22 October 2005 Minchen | Hong Kong| Anthropogenic  erssion
inventories
30 July 2008 Windhoek | Frankfurt Fire injection heights
Fire emission inventories
31 July 2008 Frankfurt Windhoek Fire injection Hemy

Fire emission inventories

Inventory Temporal Horizontal | Temporal | Reference
coverage resolution | resolution
| Anthropogenic emissions
MACCity [1960-2014+ | 0.5°x0.5°| Monthly | Granier et al. (2011)
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EDGAR v4.2| 1970 - 2008 0.5°x0.57 Yearly |Janssens-Maenhout et al.
(2010)
| Biomass Burning emissions
GFED 4 1997 — 2017+ 0.5°x 0.5 Daily Giglio et al. (2013)
GFAS v1.0 2002 0.5° x 0.5°| Daily
GFAS v1.2 2003 — 2017 + 0.1°x 0.1}  Daily Kaiser et al. (2012)
ICARTT 2004 1°x 1° Daily Turquety et al. (2007)
892  Table 2: List of emission inventories used in this atly.
893
Flight MACCity |[EDGAR v4.2
10 March 2002 Frankfurt — Denver +
27 November 2002 Dallas — Frankfurt = =
19 July 2005 Minchen - Hong Kong +

22 October 2005 Miunchen - Hong Kong  +

894 Table 3. Summary of optimal inventory (indicated by a plus sign) determined for representing anthropogec
895 emissions for different case studies. Equal sign ifchte that the case is non-conclusive.

896

Flight GFED 4 | GFASv1.2 | ICARTT
29 June 2004 Caracas - Frankfurt +
30 June 2004 Frankfurt - Washington +
22 July 2004 Frankfurt - Atlanta +
22 July 2004 Douala - Paris +
23 July 2004 Frankfurt - Atlanta +
30 July 2008 Windhoek - Frankfurt + N/A
31 July 2008 Frankfurt - Windhoek = = N/A

897 Table 4. Summary of optimal inventory (indicated bya plus sign) determined for representing fire emisens for
898 different case studies. Equal signs indicate that ¢hcase is non-conclusive. Note that the ICARTT inveoty is only
899  available for summer 2004.
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(b) during take off and landing. Further details are given in section 3.4.
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971  Figure 8: (a) Carbon monoxideas a function of latitude during the 30 July 2008 MOZAIC-IAGOS flight from

972 Windhoek to Frankfurt. The black line indicates the observed CC, the blue line indicates the CO season
973 background deduced from the IAGOS data set. reen and yellowlines indicate the simulated contributions using
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1031 Figure 12: Comparison of the SOFTIO anthropogenic emission influence between 2002 dr2008 (a) Taylor diagrams
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Figure 13: Comparison of the SOFTIO biomass burning emission influence between 20G8d 2013. Taylor diagrams
are obtained for the different regions and in the liree vertical layers (LT, MT and UT) using (a) GFASv1.2dots) and
GFED4 (crosses) with MACCity and MIXED methodology fo both GFASv1.2 and GFED4; (c) GFASv1.2 an
MACCity with different vertical fire injections met hodologies: MIXED (dots), APT (plus) and DENTENER (crosss).
Mean biases between modeled and observed CO anoreali Model is using (b) GFASv1.2 + MACCity (blue); GED4
+ MACCity (brown) and MIXED methodology for both GFA Sv1.2 and GFED4; (d) GFASv1.2 + MACCity anc
different vertical fire injections methodologies: MIXED (blue); APT (green) and DENTENER (brown)
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