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Reviewer#l

The paper documents the methodology and resulis tihe use of FLEXPART on

the IAGOS dataset, with the goal of providing petErusers with source attribution.
The paper is well-written and provide a good degsiann of the methodology. The
application portion of the paper is more limiteocdsing on a few examples and broad
measures. Overall, | find the paper worthy of peddion after consideration of the
following points.

We would like to thank Reviewer#1 for her/his conmiseand suggestions that will improve
our manuscript.

We clarified all the points raised by reviewer#ld answered her/his different remarks in
blue in this document.

Major point

While there is a wealth of information provideddl/the parcels released along the
flight track, the authors do not provide any infatron on the standard deviation (or any
other statistical information) of the simulatiorrfpebation. In particular, this seems to
be of relevance to the discussion of Figure 11.

We provided statistical information in the subndtteersion through the percentiles
information given in Fig 10b which are commentedattion 5.2.

In addition, as suggested by Rev#1, we have addédei revised version of the manuscript
different statistical information.

SOFT-IO standard deviation has been added to Fitjras suggested by Rev#1, but also on
Figs.#5 #6 #7 and #8 (see below for the modificesjo

Additionally, we have also added standard deviatbrthe IAGOS vs SOFT-1IO bias on
Figure 10a, but not on Figs.12a and 13a for claefson.

The discussion related to the figures has beenfraddaccordingly to take into account this
new information on standard deviation in Sectid? &s suggested by Rev.#1.

Minor points

- Line 162: It is not clear the vertical resolutigrthe most critical factor. Plenty of
processes (as discussed in the paper) are nonhpreseajectories, or a choice of

different parameters, could also be responsiblérégectory shortcomings.

We have modified line 162 in order to account Refthark:

“ Vertical resolutionis one of the mogtritical factor for modeling such CO plumes wiliet
best precision in terms of location and intensifggtham and Jacob, 2017)”

- Line 208: Why the ICARTT dataset? There are pl@firegional dataset that might

have been of higher relevance than this one. ltadvbe good to justify this choice

Ref#l is true that there are plenty of regionabset that could have been tested. The goal of
using regional dataset in the paper is to evaliigéncidence of one of them respect to global
emission inventories, not to evaluate the incideoicall regional dataset. We have chosen
ICARTT because of improved results demonstratethénrepresentation of boreal biomass
burning fires in some specific cases (Elguindilet2010; Turquety et al., 2016). Boreal fires
can be associated with pyro-convection, generatigrly represented in global emissions
inventories. As IAGOS has a quasi global coveragtmhal emission inventories are the first
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choice in the methodology. However ICARTT compamisthowed that regional inventories
could be used to obtain better results on limitasecstudies on CO observations related to
extreme events such as pyro-convection, and swgytiegtother regional emission inventories
could be then included in the future in SOFT-10$pecific case studies CO pollution.

We have added the following sentence lines 206-209:

“The aim is to test the ability of regional invenits in better representing simulated CO for
specific case studies. The goal of using regioméhskt in this paper is only to evaluate the
incidence of one of them respect to global emisgieentories, not to evaluate the incidence
of all regional dataset. We have chosen ICARTT lieea@f improved results demonstrated in
the representation of boreal biomass burning firkssome specific cases (Turquety et al.,
2016) as for example the one based on MOZAIC dgt&lguindi et al., (2010). Global
emission inventories are the first choice to intetguasi global coverage of the CO IAGOS
measurements. In the future we plan to includeoregi emission inventories for the study of
specific events.”

- Line 220: it seems that the CO lifetime is nott jpdi this equation. This would be a

serious issue since 20-day trajectories are comesidé used, what is the CO lifetime?

CO is considered as chemically passive tracereretfuation. Concentrations will only vary

considering dispersion and mixing associated wytinadchical processes along 20 days.

The only significant chemical sink of CO in thepgosphere is OH attack. As stated in lines
80-81, CO has lifetime of months in the troposphgm@gan et al., 1981; Mauzerall et al.,

1998), higher than the 20-day of backtrajectoriaskins et al. (JGR 2006) calculated CO

lifetime against OH attacks (their Fig. 11) betw@&d25 and 80 days within the troposphere,
confirming that trajectories lower than 20-25 dalsuld be used to avoid chemistry issues in
CO lifetime.

- Line 228: it is also important to recognize th® @nds to be mostly released during
smoldering and so might not be as prevalent inqymauli.

The following sentence has been added line 228:

“even if CO tends to be mostly released during sierdhg”

- Line 286: it is not clear that it is always aasght linear decay with altitude.A”a How
important is the definition of the background?

We agree that there is not always a straight lideaay of CO with altitude. However, as for
most of the IAGOS vertical profiles CO is enhanaethe boundary layer (related to surface
emissions), the calculation of the background bingighe slope calculated in the free
troposphere was the most accurate way to definbabkground.

This definition of the background could be in thwufe improved by using “climatological”
CO vertical profiles. It will be only possible tese this with sufficient CO measurements
above the different IAGOS airports, and this was pussible for the present study over 10
years of CO measurements, except for few except{rankfurt for instance). Note that the
definition of the background does not enter in 8@FT-10 methodology neither in the final
CO ancillary data included in the IAGOS databagee hackground is defined in the present
study to extract CO anomalies in order to statdijcevaluate the differences with the
contribution in CO computed by SOFT-IO. Finally tk® background definition has a
negligible incidence in the CO anomalies definifiaa we focus on the anomalies higher than
the percentile 75 (see Eq. 4 and 5 lines 303-304)

- Line 295: is there any assurance that the backgtérom VP is consistent with UT
where they connect? If not, is this an issue?
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Two different methodologies are used to estimagebidickground in UT and VP, as we still
do not have enough data over all airports to aplphyatological background for VP.
Background is not used to provide ancillary dataC&@ in the IAGOS database and its
definition is quite subjective (see for instanceridh et al., 2012, doi:10.5194/acp-12-11485-
2012 ). We estimate a background in the submitiggepto evaluate SOFT-IO simulations
respect to CO anomalies events.

This is neither an issue for the provision of CQillery data calculated with SOFT-10 in the
IAGOS database, nor for the estimation of CO anmsals we focus on events higher than
percentile 75, as explained just above.

- Line 301: change “to consider” to “to be consatér
Done

- Line 366: it would be nice to show PV along tleng track
PV has been added in dark green along flight toackigs.6a and 8a (see below)

- Line 425: Figure needs an explanation of thercoéo labels.
Explanation of the color bar levels has been adse® below)

- Line 465: change “less good” to “worse”
Change is done line 465

- Line 471: | think it would be quite illuminatirtg present an additional figure (within
the text or in the supplement) with percentageteatsof concentrations.

We have added additional figures of relative brasupplement section (Figs S2a, S2b, S2c
and S2d)

- Line 488: this might look quite different with pentages!
Figures with relative bias have been added in supeht (Fig S2a, S2b, S2c and S2d)

- Line 497: this seems like a very narrow explarath“a There are many things that
could go wrong, not just pyro-cumulus.

Rev#1 is true. We have added the following sentéinee497:

“, or these emission inventories are under estimiteduch specific everits

- Line 502: | think “sense” is better than “inforticn”
Information has been replaced by sense

- Line 508: this seems like too many plots since/Vietle discussion is attached to
Them
Plots have been implemented over one page

- Line 513: as mentioned in my major point abote, question is but what is the range

of the variability from the different parcels?A ad only thing that this is showing is that

the mean is within the observed standard deviation.

As mentioned previously, we have added standarthtiew into the figure and discussed it in
Section 5.2. We clearly see that the standard tlemiaf the model is within the standard
deviations of the observations in the LT and inWig but not in the MT.
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- Line 549: it is hard to get a sense of the chdrma the Taylor diagrams. If the authors
want to keep them, it might be quite helpful to @avrows indicating the direction

of the change.

We have added connection lines to help the readerpreting the direction of change in the
Taylor diagrams (see below)

- Line 555: this is actually incorrect. The anthwgpnic emissions in MACCity originated
from Lamarque et al. (ACP, 2010), except for théemblseasonal cycle. Emissions

were harmonized for year 2000 with the various ades (RCPs); therefore,

any data post-2000 is actually the result of tremado RCP8.5. The fact that they are
fairly close is that they share many aspects (aperpabove for more details).

Rev#1 is true. We have updated information conogrMACCity in our manuscript in order
to consider this remark. The following sentencegehzeen added:

“These results are not surprising as MACQibyamarque et al., 2010; Granier et al., 2018)
originated from various regional inventories (indition to EDGAR), and expect to better
represent.’.

“However as stated in Lamarque et al., (2010) botremtories share many aspects (for
example over Latin and South America), and thediffces between ther...

Reviewer#?2

This paper by Sauvage et al.,, presents a system (SOFT-I0) based on the extensive use

of FLEXPART dispersion model (coupled with different inventories of anthropogenic
and fire emissions), created to analyse and attribute the variability of atmospheric
composition observed along a huge number of observations by the IAGOS-MOZAIC
programme. Even if, in this current configuration, the system is able to simulate only
CO variability, it is valuable for the interpretation of this important long-term data base.
From my understanding, the SOFT-10 outputs will be easily accessible to external users
and thus they represent a potentially powerful tool for a number of applications. Since
the system is based on a pre-computed data-set of air-mass transport simulation by
FLEXPART model, it is possible to couple it with other emission inventories besides
those used in this work. As a personal comment, it would be really great if this system
will be made available also for other observation systems (e.g. WMO/GAW stations).
Other than presenting SOFT-10 tool, the paper also provides an assessment of its performance
in correcting reproducing the variability of observed CO due to anthropogenic

and fire emissions over differentWorld regions (where the [AGOS-MOZAIC programme
is/was active) also discussing (by mean of case study analysis, and sensitivity studies)
the dependency of SOFT-10 results as a function of different parameters (i.e. different
input meteorological data-set, different emission inventories, different scheme for pyroconvection).
By discussing the differences between SOFT-I0 simulations and observations,

the paper also provides information about the accuracy of different emission
inventories or pyro-convection schema.

The paper is clear and very well written and I strongly recommend publication after
that some points (most of them, minor) are considered.

We would like to thank Reviewer#2 for her/his conmiseand suggestions that will improve
our manuscript. We clarified all the points raiskg reviewer#2 and answered her/his
different remarks or comments in blue in this doeatrand in the revised manuscript.
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However, I have to stress (this

is my only major concern) that the scientific significance of the SOFT-10 simulations

are only limited discussed. As an instance, the authors provided very interesting longterm
time series of CO over different regions of the World but without giving any comments

or indications about differences among regions, about the existence/attribution

of long-term trends (both in observations and simulations) , about seasonal variability

or SOFT-10 agreement with other data-sets apart MOZAIC.

Rev#2 is true that there is limited discussion lé tscientific significance of SOFT-10
simulations. This choice is deliberate. Indeedtated in the “Introduction” section (lines 86-
90 of the submitted manuscript), the goal of thpepas to present and validate SOFT-10 as
well as the CO ancillary products calculated witbFS-10, for the IAGOS database and the
IAGOS users.

Ancillary products calculated with SOFT-IO will thebe implemented in the IAGOS
database, so that further scientific interpretation the IAGOS data using SOFT-1O will
follow in future papers realized by IAGOS databasers.

For instance, long-term CO series have been firatyaed in a recent study of Cohen et al.
(2017, https://doi.org/10.5194/acp-2017-Y.78ur study just aim to evaluate SOFT-IO in
terms of long-term series reproducibility (Figurg).1The use of SOFT-IO to comment the
existence/attribution, or to give indication abadle differences in regional trends will be
done in further studies, out of the scope of thepgr. However, this is definitely our
objective, to go further for example regarding @@ trends analysis than the recent Cohen et
al., 2017 work.

Moreover, as stated in the introduction, the maial @f SOFT-IO is to provide ancillary data
that should help the IAGOS users interpreting h€0S database. SOFT-IO source code
will be available as soon as the paper would begted, so that everybody could use it on
other data-sets as suggested by Ref#2. We encoerdgmal users to apply SOFT-IO to
other dataset, such as ground based CO measurenoenfsr CO aircraft campaigns.
However it is out of the scope of this study toleate the model to other dataset but IAGOS.
Indeed IAGOS represents to our knowledge the densaegu measurements CO dataset, and
it will be easier to apply SOFT-IO to other in s€® datasets.

We modified the following sentence lines 86-90raure clarity:

“The goal is to provide the scientific communityhvaitlded value products that will help them
analyzing and interpreting the large number of IA&@easurements. The methodolagy
focused on the development of a scientific toolH{B version 1.0) based on FLEXPART
particle dispersion model, that simulates the cdmiions of anthropogenic and biomass
burning emissions for IAGOS CO measurements. Tdak thich has the benefit to be
adaptable to multiple emission inventories withogdrunning FLEXPART simulationss
described and then evaluated in the present stutly the large data-sets of IAGOS CO
measurementsSOFT-IO could be in the futureasily adapted and usetb analyze other
datasets of trace gas measurements such as froumgioased observations, sondes, aircraft
campaigns or satellite observatiohs

In the same way, possible

limitations/inaccuracy of the considered emission inventories (which have been pointed

out by the authors) must be better addressed/discussed also in view of their extensive

use in air-quality or climate studies.

In the same way, we deliberately did not discusslithitations and accuracy of the emission

inventories. This is out of the scope of the paf&FT-IO could be in a future a useful tool
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to investigate emission inventories limitations amcuracy by the scientific community in

charge of developing emission inventories, or itigaing air quality or climate studies. The

present paper only aims to present the SOFT-I0 tmseloped to help IAGOS users

interpreting a large database such as the IAGOStomeyaluate the tool against IAGOS data.
Therefore, we provide these CO contributions tol#@®OS users as added-value products.

Finally, I visited the IAGOS web site but [ was not able to find SOFT-I10 output. Probably,

they are still not available to external users: : :

Rev#2 is true, we believe that our validation pagieuld be accepted to make the code and
the data available for external users.

Minor/technical points

1) Figure 2: it seems that for boreal fires (with FRP > 10 Tjday)

the injection fraction decrease with height along the first atmospheric layers (up to 2000

m). It is correct? This is the effect of atmospheric vertical mixing/stability?

For boreal fires (> 10 and < 100TJ/day; > 100TJydthe injection fraction decreases with
height higher than 3000m. Indeed this is the effeictatmospheric vertical mixing, as
calculated by the PRMv2 model.

2) In general the figure should be better arranged. I would recommend the authors to
reshape the plots so that each full figure (often composed by several plates) can be
showed in a single page. This would help the reader also in comparing the results of
the sensitivity tests

We have arranged the figures so that they aresimgée page.

3) Table 3: please provide some statistical indications to provide quantitative indication
about the agreement for the two inventories (e.g. by providing average CO values for
observations and simulations, mean bias, timing of the detected peak, std. dev..)

We have added statistical information for Tablen@ &able 4 (see below)

4) Pag 6. To me is not clear how the injection profile is defined: : :please clarify it.

The injection profile is defined according to thmeethodologies, as explained page 7 lines
225-252, the DENTENER, the MIXED or the APT one.

In order to clarify, we add the following sentetices 217-218:

“ and defined according to three different approash(DENTENER, MIXED or APT)
described in the next paragraph”

5) Pag. 10. It’s not clear why you claimed that only 2/3 of peaks are simulated by

EDGAR. In my opinion, all the peaks are simulated by EGARD run indeed

All the peaks are simulated by EDGAR, but only 2f3the peaks intensity is reproduced
using EDGAR.

We will rephrase lines 374-375

“Only 2/3 of the observed enhancements are simuletied)EDGARV42, except for plume 1
with better results with “Using EDGARvV4.2, only 2/3 of the observed CO emleaments
intensity is reproduced, except for plume #1 watidy intensity results”

6) Fig. 11, line 413. Thus the incorrect quantification of the bottom part of the peak by

the ICARTT run can be attribute to not perfect transport/mixing by FLEXPART? Please

comment, on that.

It seems that Rev#2 refers here to Fig.7a. Indase it is hard to explain why the bottom part

of the peak is not represented as well as the ympéreither by ICARTT, GFED or GFAS. It



305 could indeed be related to transport processesLEXPART, but also in the ECMWF
306 analyses or in the vertical profiles injection.

307

308  7) Pag 12, Figure 9: it can be interesting also to separate the plumes attributed to fires

309 from these due to anthropogenic emissions .

310 Ideally this could be interesting. But this is mpatssible to realize. Indeed all the plumes are
311 influenced both by biomass burning and anthropagemissions, as we can see on the case
312 studies displayed on Figures 5 to 8. In order tdhadd we should define subjective criteria to
313 attribute a plume to either biomass burning or @ubgenic emissions. This is out of the
314 scope of this study.

315

316  8) Pag 13, line 493: I would say that for North Asia UT discrepancies varied from -100

317  to+ 200 ppb and for South Asia LT from - 50 to +100 ppb.

318  We have modified line 493 with Rev#2 suggestion:

319 “North Asia UT discrepancies varies from -100 ppb-2600 ppb and from -50 ppb to +100
320 ppb for South Asia LT.

321

322  9) Pag 14, line 516: the possible misrepresentation of anthropogenic emissions after

323 2009 is a point of great importance that deserve more discussion. The overestimation

324  inthe MT appeared to be more and more relevant over NAM than EU. Please comment.

325 Rev#2 is true. As stated in Stein et al., 2004 |dhgest near-surface CO bias are found over
326 Europe in January.

327 We have added the following lines 519:

328 “This suggests misrepresentation of anthropogeniissions in Europe after the year 2009.
329 IndeedStein et al., (20143uggested the lower near-surface CO bias was foauglirope in
330 relation with possible under estimation of trafimissions in the inventories.”

331

332 It is also true that the overestimation in the Mipears higher over NAM rather than over
333 EU. This could be related to two causes:

334 * Less measurements in the MT over NAM than over EU

335 * Greater proximity of the NAM MT to summer sourcesch as boreal fires, that could
336 explain the higher overestimation particularlyhistseason.

337

338 We add the following lines 519-529
339 “In the middle troposphere (2-8 km), the CO plunags systematically overestimated by

340 SOFT-10 by 50% to 100% compared to the observatioiis larger standard deviation and

341 higher overestimation over NAMhis might be related to different reasons:

342 » the chosen methodology of the CO plume enhanceretgstion for those altitudes
343 (described in Sect. 3.4), which may lead to a langeber of plumes with small CO
344 enhancements, which are difficult to simulate.sTdould be due to the difficulty in
345 defining a realistic CO background in the middlegosphere.

346 * the source-receptor transport which may be morgcdit to simulate between 2-8 km
347 than in the LT where receptors are close to soyroeshan in the UT where most of
348 the plumes are related to convection detrainmentebeepresented in the models
349 than MT detrainment which might be less intense.
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» The frequency of the IAGOS observations whichweton theLT and in theMT than
in the UT.

» Higher overestimation over NAm MT than Eur MT cob#l first related to lower
frequency of measurements in the NAm. Moreoverestigration is greater during
summer when NAm MT is closer to summer sources asittoreal fires, while Eur
MT is related to CO air masses more diluted witbKkzaround air during transatlantic

transport.”

10) Pag 15, line 559: I would not say that EDGAR performed better that MACC inventory

for CAS_MT and NAS_UT: are these differences really significant?

Indeed results are better using EDGAR for specdigions. Ref#2 is right. Differences are
not statistically significant for NAs_UT, but theye for CAs_MT (almost 50% difference
between the two simulations with the two inventeyie

We rephrase line 559 with the followiriBegionally, however, results with EDGARv4.2 can

be better by almost 50%, such as over South Asi@andIMT, Central Asia LT and MT”
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Abstract. Since 1994, the In-service Aircraft for a Globdigerving 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 SGIENtool 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 burmngssions from the ECCAD emission inventory databas
for all locations and times corresponding to theasuged carbon monoxide mixing ratios along eachQS8G
flight. Contributions are simulated from emissiomscurring during the last 20 days before an obsieva
separating individual contributions from the diffat source regions. The main goal is to supply ddaddue
products to the IAGOS database by evincing the igagabgcal origin and emission sources driving the CO
enhancements observed in the troposphere and kive¢osphere. This requires a good match betweseradd

and modeled CO enhancements. Indeed, SOFT-IO datemte 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 observationsaeager

for very low or very high observed CO values. Theed-value products will help in the understandifghe
trace-gas distribution and seasonal variability.eyrhare available in the IAGOS data base via
http://www.iagos.org The SOFT-IO tool could also be applied to simiiata sets of CO observations (e.g.
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ground-based measurements, satellite observati®@d)T-10 could also be used for statistical val@ats well

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

1 Introduction

Tropospheric pollution is a global problem causeatinty by natural or human-triggered biomass burping
and anthropogenic emissions related to fossil é&x#laction and burning. Pollution plumes can bedparted
quickly on a hemispheric scale (within at leastdHys) by large scale winds or, more slowly (Jad$99),
between the two hemispheres (requiring more thanoBths). Global anthropogenic emissions are foresom
species (Cg in constant increase (Boden et al., 2015). Howerezent commitments of some countries to
reduce greenhouse gas emissions (e.g. over theWS. EPA'’s Inventory of U.S. Greenhouse Gas Eomiss

and Sinks, 1990-2013http://www.epa.gov/climatechange/ghgemissions/usitaryreport.htn)l seems to

induce a stalling in other global emissions (NSOG, and Black Carbon, Stohl et al., 2015), exceptsimme
regions (Brazil, Middle East India, China) where Nénissions increase (Miyazaki, 2017). In order éttdy
understand large-scale pollution transport, langewnts of in situ and space-based data have bdiected in
the last three decades, allowing a better undefstgnof pollution variability and its connection thi
atmospheric transport patterns (e.g. Liu et all,320These data-sets are also useful to quantifiyaglpollution
evolution with respect to the emissions trends rilesd above.

Despite the availability of large trace gas data,gbe data interpretation remains difficult fhe tfollowing
reasons: (1) the sampling mode does not corresfwoad a priori defined scientific strategy, as cggmbto data
collected during field campaigns; (2) the statati@nalysis of the data can be complicated byadhgel number
of different sources contributing to the measureliugon, and an automated analysis of the contidims from
these different sources is required if, for insegnegional trends in emissions are to be invetgia(3) the
sheer size of some of the data sets can make #ilgsanrather challenging. Among the long-term yiidin

measurement programs, the IAGOS airborne prograp:fwww.iagos.org/ formerly known as the

Measurement of OZone by Airbus In-service airCFMfOZAIC- program)is the only one delivering in-situ
measurement data from the free troposphere. IAG@@des regular global measurements of ozong {6nce
1994 -, carbon monoxide (CO) - since 2002 -, ambgén oxides (N¢Q — for the period 2001-2005 - obtained
during more than 51000 commercial aircraft flighgs to now, with substantial extent of the instruteen
aircraft recently. The analysis of the IAGOS datshis also complicated by the fact that primaryytahts (CO
and part of NQ) are emitted by multiple sources, while secondaoynpounds (€) are produced by
photochemical transformations of these pollutaofi®n most efficiently when pollutants from diffetesources
mix.

A common approach to separate the different sourdksencing 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. Nédélac, 2005; Sauvage et al., 2005, 2006; Tressal. 2008;
Gressent et al. 2014; Clark et al., 2015; Yamadoal.¢ 2015). Lagrangian modeling of the dispersain
particles allows accounting efficiently for processsuch as large-scale transport, turbulence andection.
When coupled with emission inventories Lagrangiaodeling 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., 2006)vestigate the origins of
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O; and CO over China (Ding et al., 2013), or to irigege the sources influencing the observed G@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 scientifsers
a tool for characterizing air mass transport andssion sources. This study presents a methodology t
systematically establish a link between emissiangces (biomass burning and anthropogenic emissems
concentrations at the receptor locations. Sincei<® substance that is emitted by combustion seufioeth
anthropogenic and biomass burning) and since CQOah#stime of months in the troposphere (Logaralet
1981; Mauzerall et al., 1998), it is often useddmacer for pollution transport (Staudt et al. P0@ashiro et al.,
2009; Barret et al., 2016). It is therefore coneahito follow past examples and use simulated C@cso
contributions to gauge the influence of polluticouces on the measurements also with SOFT-IO. Our
methodology uses the FLEXPART Lagrangian partidpersion model (Stohl et al., 2005) and emission
inventories from the ECCAD emission database (@raet al., 2012) in order to quantify the influenzle
emissions sources on the IAGOS CO measurementsyddias to provide the scientific community witticeed
value products that will help them analyzing antbiipreting the large number of IAGOS measuremeértis.
methodologyis focused on the development of a scientific {&DFT-10 version 1.0) based on FLEXPART
particle dispersion model, that simulates the dbutions of anthropogenic and biomass burning enissfor
IAGOS CO measurements. This tool, whichs the benefit to be adaptable to multiple emisgiwentories
without re-running FLEXPART simulationss described and then evaluated in the presady swtith the large
data-sets of IAGOS CO measuremeB©OFT-IOcould be in the futureasilyadapted and usdd analyze other
datasets of trace gas measurements such as framdgtmased observations, sondes, aircraft campagns
satellite observations.

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

(emission inventories, meteorological analyses).

2. In-situ observations database: MOZAIC and IAGOSprograms

The MOZAIC program (Marenco et al.,, 1998) was ai#d in 1993 by European scientists, aircraft
manufacturers and airlines to better understandndteral variability of the chemical composition tfe
atmosphere and how it is changing under the infleef human activity, with particular interest retimpact of
aircraft exhaust. Between August 1994 and Noverbéd, MOZAIC performed airborne in-situ measureraent
of ozone, water vapor, carbon monoxide, and tatadgen oxides. The measurements are geolocatatlidia,
longitude and pressure) and come along with mekegical observations (wind direction and speed,
temperature). Data acquisition is performed autaaby during round-trip international flights (astt, descent
and cruise phases) from Europe to America, Afiidadle East, and Asia (Fig. 1).

Based on the technical expertise of MOZAIC, the @&program (Petzold et al., 2015, and referencagitt)
has taken over and provides observations since2Ddly. The IAGOS data set still includes ozonegwaapor,
carbon monoxide, meteorological observations, ardsurements of cloud droplets (number and sizeplace
performed. Depending on optional additional insteatation, measurements of nitrogen oxides, totabgén

oxides or, in the near-future, greenhouse gases &8 CH), or aerosols, will also be made.
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Since 1994, the IAGOS-MOZAIC observations have m@a big data set that is stored in a single datab
holding data from more than 51000 flights. The datacan be used by the entire scientific commuaitgwing
studies of chemical and physical processes intthesphere, or validation of global chemistry trastspnodels
and satellite retrievals. Most of the measureméwatge been collected in the upper troposphere awerlo

stratosphere, between 9 and 12 km altitude, withfbghts/ aircraft/ year on up to 7 aircraft uprtow.

The MOZAIC and IAGOS data (called “IAGOS” from hewe) used in this study are in-situ observation€Of
only, which is being measured regularly on evergraft since 2002 with more than 30000 flights,ngsia
modified infrared filter correlation monitor (Né@€l et al., 2003; Nédélec et al., 2015). The acgunathe CO

measurements has been estimated at (30 s respoe}e 5 ppb, or + 5%.

Several case studies of CO pollution plumes (Tdblesing IAGOS data have been published, where mode
simulations allowed attribution of the measured @@Ghancements to anthropogenic or biomass burning
emissions, either measured in the boundary layar tire free troposphere, following regional or @ptic-scale
transport (e.g. Nédélec et al., 2005; Tressol.e28D8; Cammas et al., 2009; Elguindi et al., 20TBese case
studies are used here to better define the regam=mfor our methodology (meteorological analysed a

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

3. Estimation of carbon monoxide source regions: niieodology

To establish systematic source-receptor relatigssfir IAGOS observations of CO, the Lagrangiampetision
model FLEXPART (Stohl et al., 1998, 2005; Stohl afldomson, 1999) is run over the entire database.
Lagrangian dispersion models usually representdifferential advection better than global Euleriaodels
(which do not well resolve intercontinental polaritransport; Eastham et al., 2017), at a sigmiflgalower
computational cost. In particular, small-scale ciees in the atmospheric composition can often be
reconstructed from large-scale global meteoroldgitza, which makes model results comparable td-hig
resolution in situ observations (Pisso et al., 3010 the past, many studies (Nédélec et al., 20D&ssol et
al.,2008; Cammas et al., 2009; Elguindi et al1@0Gressent et al., 201dsed FLEXPART to investigate
specific pollution events observed by the IAGO<rmaift. However, in these former case studies, thie |
between sources and observations of pollution waesgpd a prioriThe transport model was then used to
validate the hypothesis. For example, in the Canmehat (2009) study, observations of high CO dysommer

in the upper troposphere and lower stratospherteoé@Zanada were guessed to originate from biorbassing
over Canada as this region is often associated pytlo-convection whose intensity usually peaks he t
summer. This origin was confirmed by the model gsial In general, the origin of the observed palitcannot

be guessed a priori, especially when analyzing oreasents from thousands of flights. Moreover, npldti
sources are most of the time involved when the Bsepollution is the result of the mixing of pdid 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 phatogbal

lifetime against OH attack is usually 1 to 2 monthghe troposphere (Logan et al., 1981; Mauzeztlal.,
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1998). Therefore it is possible to link elevated @dXxing ratios (with respect to its seasonally vagy

hemispheric baseline) to pollution sources witheintulating the atmospheric chemistry.

3.1 Backward transport modeling

Simulations were performed using the version 9 DEXPART, which is described in detail by Stohl ¢t a
(2005) (and references therein). The model wasdriwsing wind fields from the European Centre fadiim-
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 oftioad levels increasing from 60 in 2002 to
137 since 2013. The model was also tested usingehigorizontal resolution (0.5°), and with ECMWF AR
Interim reanalysis, as their horizontal and vettiggolution and model physics are homogeneousgdutie
whole period of IAGOS CO measurements. Howeverratmal analyses were used for our standard sedsip
the transport model reproduced CO better when usiege data for several case studies of pollutamsport,
especially for plumes located in the UT. Indeedsrafional analyses provide a better vertical reésmiusince
2006 (91 levels until 2013, then 137 levels agab@stevels for ERA-Interim) and thus a better repraation of

the vertical wind shear, and the underlying metlegioal model is also more modern than the one dsed
producing ERA-Interim. Vertical resolutias one of thecritical factors for modeling such CO plumes wiitie

best precision in terms of location and intensiiggtham and Jacob, 2017).

Using higher horizontal resolution for met-fieldsadyses and forecasts (0.5° vs 1°) showed no infleen the
simulated carbon monoxide, despite larger compmurtati time and storage needs. We assume further
improvement can be obtained using even higher botd resolution (0.1°), but this was not feasibtethis

stage and should be considered in the future.

In order to be able to represent the small-scalgctstres created by the wind shear and observedainy
IAGOS vertical profiles, the model is initializedoag IAGOS flight tracks every 10 hPa during asseamd
descents, and every 0.5° in latitude and longitatderuise altitude. This procedure leads maodel initialization
boxes along every flight track. For each1000 particles are released. Indeed 1000 to GROf€icles are
suggested for correct simulations in similar stadd@sed on sensitivity tests on particles numbezn(\&t al.,
2012; Ding et al., 2013). For instance, a Frankf@Germany) to Windhoek (Namibia) flight containgand 290
boxes (290000 particles) of initialization as a Weho

FLEXPART is set up for backward simulations (Seilzard Frank, 2004) from these boxes as describ&tboinl
et al. (2003) and backward transport is compute®f@odays prior to the in-situ observation, whistsufficient
to consider hemispheric scale pollution transporthie mid-latitudes (Damoah et al., 2004; Stohhlgt2002;
Cristofanelli et al., 2013). This duration is aksxpected to be longer than the usual lifetime dfuped plumes
in the free troposphere, i.e. the time when thecentration of pollutants in plumes is significanidyger than
the surrounding background. Indeed, the troposphmiking time scale has been estimated to be tipica
shorter than 10 days (Goedlal., 2003; Pisso et al., 2009). Therefore thdehis expected to be able to link air
mass anomalies such as strong enhancements in @@ source regions of emissions (Stohl et al. 3200 is
important to note that we aim to simulate recergnéy of pollution explaining CO enhancements oher t

background, but not to simulate the CO backgrouhithwvresults from aged and well-mixed emissions.
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The FLEXPART output is a residence time, as preskrind discussed in Stohl et al. (2003). These data
represent the average time spent by the transpaitadasses in a grid cell, divided by the air dlgnsnd are
proportional to the sensitivity of the receptor mikratio to surface emissions. In our case, #takulated for
every input point along the flight track, every day N, = 20 days backward in time, on a 1° longitude x 1°
latitude global grid withN, = 12 vertical levels (every 1 km from O to 12 kmddl layer above 12 km).
Furthermore, the altitude of the 2 PVU potentiattizity level above or below the flight track isteacted from

the wind and temperature fields, in order to lo¢héeCO observations above or below the dynamiopbpause

according to the approach of Thouret et al. (2006).

3.2 Emission inventories from the ECCAD project

The main goal of the Emissions of atmospheric Campge & Compilation of Ancillary Data (ECCAD) projec
(Granier et al., 2012) is to provide scientific gmalicy users with datasets of surface emissionstimbspheric
compounds and ancillary data, i.e. data requireéstmating or quantifying surface emissions.tA# emission
inventories and ancillary data provided by ECCAB published in the scientific literature.

For the current study, we selected five CO emissitventories. Four of them are available at globedle
(MACCity and EDGAR v4.2 for anthropogenic; GFED ddaGFAS v1.2 -GFAS v1.0 for 2002- for fires) from
the ECCAD database and cover most of the IAGOS &t@bdse presented here (2002 - 2013). The gloala sc
inventories have a 0.1X 0.1° to 0.5°x 0.5° horizontal resolution. They are provided withily, monthly or
yearly time resolution. They are listed in Tablalgng with the references describing them. The fglabal
inventories are used to study the model's perfonaamd sensitivity in Sect. 5.

To further test the sensitivity to the emissioneintories, we also used one regional inventory, ivliexpected
to provide a better representation of emissioritsiregion of interest than generic global inveigerThe aim is
to test the ability of regional inventories in leettepresenting simulated CO for specific caseissud he goal
of using regional dataset in this paper is onlgvtaluate the incidence of one of them respectdbajlemission
inventories, not to evaluate the incidence of efjional dataset. We have chosen ICARTT becauseprbived
results demonstrated in the representation of bbiemass burning fires in some specific casesdUety et al.,
2016) as for example the one based on MOZAIC datalguindi et al., (2010). Global emission invetgsrare
the first choice to interpret quasi global coverafghe CO IAGOS measurements. In the future we péa
include regional emission inventories for the studyspecific eventsFor biomass burning, the International
Consortium for Atmospheric Research on TranspattEmansformation (ICARTT) campaign’s North American
emissions inventory developed by Turquety et ab0{) for the summer of 2004 and provided atx131°
horizontal resolution was tested. It combines dailya burned data from forest services with thellgetdata
used by global inventories, and uses a specifietatign database, including burning of peat landschv

represent a significant contribution to the totaigsions.

3.3 Coupling transport output with CO emissions

Calculating the recent contributio®{i) (kg m® of CO emissions for every one of thenodel’s initialization
points along the flight tracks requires three kinfidata:
» the residence timé&g(in seconds, gridded witN,= 360 byN,= 180 horizontal pointd\,= 12 vertical

levels,N;= 20 days) from backward transport described in.Set,

14



616
617
618
619
620

621

622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653

* CO surface emissiorg (N,,N,,N;) (in kg CO / M/ s)

» the injection profilenj(z) defining the fraction of pollutants diluted in td#ferent vertical levels (with
4z being the thickness, in meters) just after emissiand defined according to three different
approaches (DENTENER, MIXED or APT) described ia tiext paragraph

£a nCH =YD 3 Inj(z) el Y-2LDEG (V.0

=1 y=1 x=1 z=1 Az(z)

In the case of anthropogenic emissions, CO is siraplitted into the first vertical layer of the mshce time
grid (Az= 1000m).

For biomass burning emissions, in the tropics aidilatitudes regions, the lifting of biomass bugplumes is
usually due to small and large scale dynamical ggses, such as turbulence in the boundary layep de
convection and frontal systems, which are usualyresented by global meteorological models. Ahdig
latitudes, however, boreal fires can also be aasetiwith pyro-convection and quick injection abdhe
planetary boundary layeeven if CO tends to me mostly released during setoid Pyro-convection plume
dynamics are often associated with small-scaleqases that are not represented in global metedcaladata
and emission inventories (Paugam et al 2016). beroto characterize the effect of these processes,
implemented three methodologies to parameteriz&dss injection height:

» the first one (named DENTENER) depends only on ldi#ude and uses constant homogeneous
injection profiles as defined by Dentener et abQ®) ), i.e. 0-1 km for the tropics [30S-30N] (ggeen
line in Fig 2), 0-2 km for the mid-latitudes [6089S, 30N-60N] (see blue line in Fig. 2) and 0-6 fom
the boreal regions [90S-60S, 60N-90N ] (not showRig. 2).

» the second named MIXED uses the same injectioril@sodis in DENTENER for the tropics and mid-
latitudes, but for the boreal forest, injectionfles are deduced from a lookup table computed tigh
plume rise model PRMv2 presented in Paugam et28llY). 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, reahd black lines in Fig. 2). Although PRMv2 reflect
both effects of the fire intensity through the ihpfi FRP and active fire size and effects of thealo
atmospheric profile, here for sake of simplicitylyoirRP is used to classify the injection profile.
Furthermore, when applied to the IAGOS data set, MIXED method uses equivalent daily FRP
estimated from the emitted CO fluxes given by thassion inventories as described in Kaiser et al.
(2012)

e the third method named hereafter APT uses homogesnpoofile 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 primodel PRMV2 from Paugam et al. (2015),
but here the model is run globally for every askited GFAS-FRP pixel.
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3.4 Automatic detection of CO anomalies

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

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

In a first step, the measurement time series atbadlight track (number of measurementsy) is separated
into three parts:

1. Ascent and descent vertical profileg) in the PBL (altitudes ranging from the ground®té&m) and in

the free troposphere (from 2 km to the top altitofithe vertical profiles),

2. measurements at cruising altitude in the uppetosppereryy),

3. measurements in the lower stratospherg (
such that Nror= Nyp + NuT + NI s
wherenyp, nyrandn,s are the number of measurements along tropospaigcents and descents, and in the upper
troposphere and lower stratosphere, respectivehange of altitudes from the surface to a topualttidentifies
vertical profiles. The top altitude is 75 hPa abtive 2 pvu dynamical tropopause (Thouret at al062@vhen
the aircraft reaches/leaves cruising altitude (aurascent/descent). The PV is taken from the ECMWF
operational analyses and evaluated at the ainposition by FLEXPART. Observations made during ¢hgise
phase are flagged as upper tropospheric if theradtirés below the 2 pvu dynamical tropopause. I, no
observations are considered as stratospheric agwl dhe ignored in the rest of the paper. Although C

contributions are calculated also in the stratosphbe present study focuses on tropospheric tomilonly.

In a second step, the CO background mixing rataetermined for each tropospheric p&{e packaNdCur pack
see Fig. 3 for illustration) for the tropospherertical profiles and for the upper troposphere eesipely. For
tropospheric vertical profiles, the linear regreasaof CO mixing ratio versus altitude is calculatemm 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 ratioserhby fresh emissions are usually observed ctoserface
over continents. The sloge(in ppb m') of the linear regression is used to determinebekground so that
Cvp back= @Z The background is removed from t8¢ge tropospheric vertical profiles mixing ratio to abt a
residual CO mixing rati€®s (Eq. 2).

(EQ. 2): C%p = Cvp— Gup_backs

For the upper troposphere, the CO background mixai® Cyr pac) iS determined using seasonal median

values (over the entire IAGOS database) for th&ewifnt regions of Figure 4. Note that this approaels not

16



693
694
695
696

697

698
699
700
701
702
703
704
705
706
707
708
709
710

711

712
713
714
715
716
717

718

719
720
721
722
723
724
725
726
727
728
729

feasible for vertical profiles as for most of thisited airports there are not enough data to astalskasonal
vertical profiles. As for the profiles, backgrounalues are subtracted from the UT data to obtaiidual CRyr
(Eq. 3):

(Eq. 3):C7yr = Cur - Cur_back

In a third step, CO anomaligg® are determined for tropospheric vertical profil&\g) and in the upper
troposphere @y7). ResidualC®,» and C7r values are flagged as CO anomaligsen these values exceed the
third quartile (Q3) of the residual mixing rat@¥,» (Q3) for vertical profiles, or the third quartile ofetresidual
seasonal valueBR it seasofQ3) in the different regions (Fig. 4) for the UT. NdteatC"p(Q3) or CTyr seasobQ3)
needs to be higher than 5 ppb (the accuracy o€thenstrument; Nédélec et al., 2015) in order tosider an
anomaly:

(Eq. 4):C\p=CRp if CTp> Cp(Q3)

(Eq. 5): Chyr =CRyr if CRur > CRUT_seasoGQ3)
In the examples shown in Fig. 3a and Fig. 3b, ¢likline represents CO anomalies.
With this algorithm CO plumes are automaticallyedted in the entire IAGOS database. For each fikhti
plume, minimum and maximum values of the datetudé, longitude and altitude, as well as the COmaaad

maximum mixing ratio, are archived. These valuesused for comparison with modeled CO values.

4. Selected case studies to evaluate CO emissioveintories and SOFT-10’s performance

As described in Sect. 2, a number of case studiesrdented in the literature were selected froml£&&OS
database in order to get a first impression ofrtteglel’'s performance. These case studies have tesemT to
represent the different pollution situations thet aften encountered in the troposphere in termsnaugsions
(anthropogenic or biomass burning) and transport régional or synoptic scale, pyro-convection, deep
convection, frontal systems). Systematic evaluatibthe model performance against emission invezgowill

be presented in Sect. 5.

4.1 Anthropogenic emission inventories

Among the case studies listed in Table 1, four vgetected in order to illustrate the evaluatiothefinventories
used for anthropogenic emissions:
« Landing profiles over Hong Kong from $®f July and 2% of October 2005 were selected in order to
investigate specifically Asian anthropogenic enaussi
« During the 18 of March 2002 Frankfurt-Denver and"2@f November 2002 Dallas—Frankfurt flights,
IAGOS instruments observed enhanced CO plumeseiiNtrth Atlantic upper troposphere, also linked
to anthropogenic emissions.
Figure 5a shows the observed (black line) and sitedl (colored lines) CO mixing ratios above Honghéo
during 22¢ of October 2005. Note that background is not siated but estimated from the observations as
described in Sect3.4 (blue lin€p pac). The dashed blue line represents the residualmiXing ratio CR/p.

Observations show little variability in the fre@mposphere down to around 3 km. Strong pollutionliserved
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730  below, with + 300 ppb enhancement over the backgt@mn average between 0 and 3 km. Note that weotlo n
731  discuss CO enhancement above 3 km.

732  In agreement with &, SOFT-10 simulates a strong CO enhancement ifiotest 3 km of the profile, caused
733 by fresh emissions. However, the simulated enhasaneis less strong than the observed one, a fetttatas
734  typical for this region, as we shall see later.

735  In addition to the CO mixing ratio, SOFT-IO caldgla CO source contributions and geographical asigirthe
736 modeled CO, respectively displayed in Fig. 5b aigl ¢ (using the methodology described in Sec) 8t
737 using here MACCity and GFAS v1.2 as example. Fer dbographical origin we use the same 14 regions as
738 defined for the GFED emissionktip://www.globalfiredata.org/data.htiniNote that only the average of the
739 calculated CO is displayed for each anomaly (0-3&:6km) in Fig. 5b and Fig. 5c.

740

741  Colored lines in Fig. 5a show the calculated COvgiginthropogenic sources described by the two tovies
742  selected in Sect. 3.2, MACCity (green line) and ER®4.2 (yellow line), along the flight track. In iocases,

743  biomass burning emissions are described by GFASWHnissions from fires have negligible influencesf
744 than 3%) on this pollution event as depicted in Big

745 In the two simulations, the calculated CO mixingiaas below 50 ppb in the free troposphere, asdaenot
746  simulate background concentrations with SOFT-I0O. &@Mancement around 4 to 6 km is overestimated by
747  SOFT-10. CO above 6 km is not considered as an alpmasCRyr < CRUTiseaSOQQS). Simulated mixing ratios in
748  the 0-2 km polluted layer are almost homogeneoith, values around 280 ppb using MACCity and arot6@
749  ppb using EDGARvV4.2. They are attributed to antbggmic emissions (more than 97% of the simulated CO
750 originating mostly from Central Asia with around %5influence. In this regard, the CO simulated using
751  MACCiIity is in better agreement with the observed tB@n the one obtained using EDGARvV4.2. Indeedgusi
752  MACCity, simulated CO reaches 90% of the obserwvdthacement (+ 300 ppb on average) over the backdrou
753  (around 100 ppb), while for EDGARV4.2 the corregiing value is only 53%, indicating strong underestion
754  of this event. The difference in the calculated @Ihg these two inventories is also consistent withresults
755  of Granier et al. (2011) who showed strong discnefs in the Asian anthropogenic emissions in cbffe
756  inventories.

757

758  Figure 6a shows the CO measurements at cruisiitgd@tduring a transatlantic flight between Framkfnd
759  Denver on 18 of March 2002. The dashed blue line representsesidual CQCRyr . Observations indicate that
760 the aircraft encountered several polluted air maggth CO mixing ratios above 110 to 120 ppb, wracé the
761 seasonal median CO values in the two regions diditethe aircraft, obtained from the IAGOS datab@se

762  Gressent et al., 2014). Three pollution plumesegasured:

763 e around 100°W (around +10 ppb of CO enhancemenverage): plume 1
764 *  between 80°W and 50°W (+30 ppb of CO enhancemeaiverage): plume 2
765 e between 0° and 10°E (+40 ppb of CO enhancemenve@mge): plume 3.

766  These polluted air masses are surrounded by stiads air masses with CO values lower than 8048 s
767  polluted air masses were sampled at an altituderaiind 10 km, they are expected to be due to lange

768  transport of pollutants.
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The calculated CO is shown in Fig. 6a using MACQgseen line), EDGARv4.2 (yellow line) for anthragenic
emissions and GFASv1.0 for biomass burning emissi®@OFT-IO estimates that these plumes are mostly
anthropogenic (representing 77% to 93% of the teitallated CO, Fig. 6b). Pollution mostly origiratieom
Central and South-East Asia, with strong contritmufrom North America (Fig. 6¢) for plume 3.

SOFT-10 correctly locates the three observed padlitir masses with the two anthropogenic invergo@® is

also correctly calculated using MACCity, with almhdhe same mixing ratios on average as the observed
enhancements in the three plumdsing EDGARV4.2, only 2/3 of the observed CO enleaments intensity is
reproduced, except for plume #1 with better intgnsdsults.We have already seen in the previous case study
that emissions in Asia may be underestimated, épein the EDGARvVA4.2 inventory.

Similar comparisons were performed in the four cstadies selected to estimate and validate the@lgenic
emission inventories coupled with the FLEXPART mlodResults are summarized in Table 3. For threthef
cases, SOFT-IO simulations showed a better agradewiéin observations when using MACCity than when
using EDGARvV4.2. In the fourth case both inven®rgerformed equally well. One reason for the better

performance of MACCity is the fact that it provide®nthly information (Table 2).

4.2 Biomass burning emission inventories

In order to evaluate and choose biomass burningséom inventories, we have selected eleven cadeestwith
fire-induced plumes (Table 1). Seven of them foduse North-American biomass burning plumes obseired
the free troposphere above Europe (flights off 80 June, 2% and 23 of July 2004) and in the upper
troposphere/lower stratosphere above the NortmAtg29" of June 2004) (e.g. Elguindi et al., 2010; Cammas
et al., 2009). Two are related to the fires overst®e Europe during the 2003 heat wave (Tressal. &008).
The two last ones, on the 3@nd 3f' of July 2008, focused on biomass burning plumesented in the ITCZ
region above Africa as described in a previousys{@duvage et al., 2007a).

The three datasets selected to represent biomasmdlemissions are based on different approadBEHS
v1.2 (Kaiser et al., 2012) and GFED 4 emissiongl{Giet al., 2013) are calculated daily. GFAS vfirdsents
higher spatial resolution. The ICARTT campaign imegy (Turquety et al., 2007) was specifically desd for
North-American fires during the summer of 2004 vatiditional input from local forest services.

Figure 7a illustrates the calculated CO contrimgiéor the different fire emission inventories &ore of the case
studies, on 22 of July 2004 above Paris. The observations (bliae show high levels of CO in an air mass in
the free troposphere between 3 and 6 km, with mixatios 140 ppb above the background (blue lireluded
from measurements. This pollution was attributetbt@-range transport of biomass burning emissioNarth
America by Elguindi et al. (2010). Outside of thieirpe, the CO concentration decreases with altitficen
around 150 ppb near the ground, to 100 ppb backgran the upper free troposphere. This last value
corresponds to the median CO seasonal value dedrmadhe IAGOS database (Gressent at al., 2019)iC
not considered as an anomaly near the grout@fas< CRUTfseaSOQQS).

SOFT-10 simulations were performed for this case@$ACCity to represent anthropogenic emissiomg] a
GFAS v1.2 (green line), GFED 4 (yellow line), orethCARTT campaign inventory (red line). Fire veafic
injection is realized using the MIXED approach foe three biomass burning inventories, in ordeorty

evaluate the impact of choosing different emissiwentories. In the three simulations, contribusi@how two
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peaks, one near the ground that is half due td kExthropogenic emissions and half due to contidimgt from
North American biomass burning and thus not comsuié this discussion.

The second more intense peak, simulated in the tfgsphere where the enhanced CO air masses were
sampled, is mostly caused by biomass burning eomsgi87% of the total calculated CO, Fig. 7b), ioagng
from North-America (99% of the total enhanced C@hen calculated using the ICARTT campaign inventory
the simulated CO enhancement reaches over 150wipbh is 10 ppb higher than the observed mixindgprat
above the background (+140 ppb), but only for thpeun part of the plume.

When using global inventories, the simulated cbntion peak reaches 70 ppb using GFASv1.2 and pB0 p
using GFED4, which appears to underestimate thesaned enhancement (+140 ppb) by up to 50% to 70%
respectively. This comparison demonstrates theelangcertainty in simulated CO caused by the emmssio
inventories, both in the case of biomass burningridhropogenic emissions. For that reason we aiprdeide
simulations with different global and regional imries in for the IAGOS data set.

As the ICARTT campaign inventory was created usoggl observations in addition to satellite produdhe
large difference in the simulated CO compared te dther inventories may in part be due to different
quantification of the total area burned (for GFEEFAS using the FRP as constraint). Turquety et2407)
also discussed the importance of peat land burdurgng that summer. They estimated that they douted
more than a third of total CO emissions (11 Tghef30 Tg emitted during summer 2004).

Figure 8a shows CO mixing ratios as a functionatifude for a flight from Windhoek (Namibia) to Fidurt
(Germany) in July 2008. Observations indicate that aircraft flew through polluted air masses atbtime
equator (10°S to 10°N), with +100 (+125) ppb of 6@ average (at the most) above the 90 ppb backdroun
deduced from seasonal IAGOS mixing ratios over tagion. Such CO enhancements have been attrilboted
regional fires injected through ITCZ convection 8age et al., 2007b).

The SOFT-IO simulations (colored lines in Fig. 8ak these air masses mostly to recent biomassitgirn
(responsible for 68% of the total simulated CO,. Q) in South Africa (Fig. 8c). The calculated GBows
similar features both with GFED4 (yellow line) a@dFASv1.2 (green line). The simulation also captwed

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

of the equator. The most intense simulated CO em@mant 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 underestimatioheofZtO 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. (20libdeed showed that there are strong uncertaintieshé 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 enth@®S CO
data base (2003-2013). The ability of SOFT-IO mudating CO anomalies is evaluated compared tdtin s
measurements in terms of:

» spatial and temporal frequency of the plumes

* mixing ratio enhancements in the plumes
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To achieve this, SOFT-IO performances are invetsijeover different periods of IAGOS measurements
depending on the emission inventory used. Threthefour global inventories selected previously (@1ity,
GFAS v1.2, GFEDA4) are available between 2003 ant32EDGAR v4.2 ends in 2008. In the following
sections (Sect.5.1 and 5.2), we discuss in ddiailrésults 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 enhancemaeuats investigated using CO plumes obtained appliag
methodology described in Sect. 3.4 on all flighftthe 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 therodd@lumes, while modeled CO is on average hijtrem

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

The resulting detection rates are presented ing=fgr eight of the eleven regions shown in FigStatistics are
presented separately for three altitude levels @rolwroposphere 0-2 km, Middle Troposphere 2-8 krd an
Upper Troposphere > 8 km). Figure 9 shows that S@P-performance in detecting plumes is very good an
not strongly altitude or region-dependent. In thee¢ layers (LT, MT and UT), detection rates aghér than
95% and even close to 100% in the LT where CO aliesnare often related to short-range transporte&imn
frequency slightly decreases in the MT and the Uiene CO modeling accuracy suffers from larger srior
vertical and horizontal transport. On the contr@fy anomalies in the LT are most of the times rdlateshort-
range transport of local pollution, which are wedpresented in SOFT-10. For four regions we fowutse
results: South America MT and UT, Africa MT and MoAsia UT but with still high detection frequen(82%

to 85%). Note that only relatively few plumes (3b33761) were sampled by the IAGOS aircraft fleethiese

regions.

5.2 Intensity of the simulated plumes

The second objective of SOFT-IO is to accuratetyusate the intensity of the observed CO anomakis. 10a
displays the bias between the means of the obsanednodeled plumes for the regions sampled by I8G6d
in the three vertical layers (LT, MT and UTnd the bias of the standard deviations in blak explained
above this bias is calculated for the 2003-2013odeand using both anthropogenic emission from MAZC
and biomass burning emissions from GFAS v1.2 aedABIT plume detection methodology described in Sect.
3.4.

The most documented regions presenting CO pollpteshes (Europe, North America, Africa, North Atlent
UT, Central Asia MT and UT, South America, SouthaddT) present low biases (lower tharb ppb, and up to
+ 10 ppb for Central Asia MT, South America Uand low bias of the standard deviatiofts1Q ppb tot 50
ppb), which demonstrate a high skill of SOFT-IO.

Over several other regions with less frequent IAGIRfBts, however, biases are higher, aroud-15 ppb for
Africa UT and South Asia MT; arountl 25-50 ppb for Central Asia LT, South Asia LT andrith Asia UT.

Except for the last region, the highest biases fawend in the Asian lower troposphere, suggesting
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misrepresentation of local emissiofi$is is supported by the highest biases of thedstahdeviations (front

60 ppb tor 160 ppb for Asian regionsindeed there is a rapid increase of emissionsignange area (Tanimoto
et al., 2009) associated with high discrepanci¢adsen different emission inventories (Wang et2013; Stein

et al., 2014) and underestimated emissions (Zhaag 2015).

It is important to note that the biases remainhaf $ame order+(0-15 ppb) when comparing the first (Q1),
second (Q2) and third (Q3) quartiles of the CO amltgs observed and modeled within most of the reg{&ig.
10b). This confirms the good capacity of the SOBTsbftware in reproducing the CO mixing ratios aatynin
most of the observed pollution plumes.

Differences become much larger when considerintieowalues of CO anomalies (lower and upper whiske
2.70 or 99.3%, Fig. 10b), which means for exceptionargs of very low and very high CO enhancements
(accounting for 1.4% of the CO plumes), with biakesn + 10 ppb tot 50 ppb for most of the regions. Higher
discrepancies are found in the lower and the ufsppposphere in two specific regions (North Asia &id South
Asia LT) for these extreme CO anomalidrth Asia UT discrepancies varies from -100 pphk-200 ppb and
from -50 ppb to +100 ppb for South Asia LNlote that North Asia UT and South Asia LT presasipectively
extreme pollution events related to pyro-convectibieédélec et al., 2005) for the first region, andstrong
anthropogenic surface emissions (Zhang et al., fitxhe second one. It may suggest that the mfads| to
correctly reproduce the transport for some spediiit rare events of pyro-convectioar these emission
inventories are under estimated for such specints

When looking at the origin of the different CO araims (Fig. 10c), most of them are dominated by
anthropogenic emissions, which account for mora ff@% of the contributions on average, except fautl®
America and Africa, which are strongly influencedlidomass burning (Sauvage et al. 2005, 2007c; ¥amet
al., 2014). Discussing origins of the CO anomaliedetail is out of the scope of this study, butegi here some
senseon the model performance. It is interesting toentitat two of the three regions most influenced by
anthropogenic emissions, South Asia LT and Cedtsé LT, with more than 90% of the enhanced CO cami
from anthropogenic emissions, are the highest diasgions compared to observations. This is not#se for
Europe LT for example, which also has a high ambgenic influence. As stated before, anthropogenic

emissions in Asia are more uncertain than elsew(&gn et al., 2014).

In order to go a step further in the evaluatiorSQfFT-IO in reproducing CO anomalies mixing ratibgy. 11
displays the monthly mean time series of the olexkfblack line) and calculated (blue line) CO anlsan
three vertical layers (LT, MT and UTand the standard deviation of the observationsyjgand calculations
(light blue) This graph provides higher temporal resolutiothef anomalies. CO polluted plumes are displayed
here using MACCity and GFAS v1.2 over the 2003-2@E8iods and for the two regions with the largest
number of observed CO anomalies, Europe and Nambrika.

It is worth noting the good ability of SOFT-10O iugntitatively reproducing the CO enhancements obseby
IAGOS. This is especially noticeable in the LT ddd@, with similar CO mixing ratios observed and miede
during the entire period and within the standardiat®n of the measurements. Standard deviation of the
observations is higher in LT where there are femeasurements than in the UHowever, the amplitude of the
seasonal cycle of CO maxima is highly underesticht®00%) after January 2009 in the European LTer&h

anthropogenic sources are predominant with moren t®8% influence (Fig. 10c). This suggests
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misrepresentation of anthropogenic emissions inopirafter the year 2009ndeed Stein et al., (2014)
suggested the lower near-surface CO bias was faungurope in relation with possible under
estimation of traffic emissions in the inventories.

In the middle troposphere (2-8 km), the CO plunmessystematically overestimated by SOFT-IO by
50% to 100% compared to the observatiovih) larger standard deviation and higher overestiom
over NAm This might be related to different reasons:

* the chosen methodology of the CO plume enhanceméetsction for those altitudes
(described in Sect. 3.4), which may lead to a langenber of plumes with small CO
enhancements, which are difficult to simulate.sTdould be due to the difficulty in defining a
realistic CO background in the middle troposphere.

» the source-receptor transport which may be moffedif to simulate between 2-8 km than in
the LT where receptors are close to sources; or ithéhe UT where most of the plumes are
related to convection detrainment better representéhe models than MT detrainment which
might be less intense.

* The frequency of the IAGOS observations which wdpin theL T and in theMT than in the
UT.

» Higher overestimation over NAm MT than Eur MT coldd first related to lower frequency
of measurements in the NAm. Moreover overestimasagreater during summer when NAm
MT is closer to summer sources such as boreal firee Eur MT is related to CO air masses
more diluted with background air during transaitatrfansport.

Correlation coefficients between simulated and olesk plumes are highest in the LT (0.56 to 0.79) lawer

(0.30 to 0.46) in the MT and in the UT, sugges8oge difficulties for the model in lifting up potlan from the
surface to the UT.

5.3 Sensitivity of SOFT-IO to input parameters

Different factors influence the ability of SOFT-I@ correctly reproduce CO pollution plumes. Amohgm,
transport parameterizations (related to convectiorulence, etc) are not evaluated in this stuslyhey are
inherent of the FLEXPART model. In this sectione ttnodel sensitivity to the chosen emission invanisr

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

inventories :
* type of inventory: MACCity, EDGAR for anthropogeniGFED4, GFAS v1.2 or ICARTT for biomass
burning

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

SOFT-10 performances are then investigated usingofaliagrams (Taylor et al. 2001). The methodology
(choice of regions, vertical layers, sampling pésiois similar to the one used to analyze thetghofi the model

to correctly reproduce the frequency and the intgia$ the CO plumes with MACCity and GFAS (Sect.%nd
Sec5.2).
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5.3.1 Anthropogenic emission inventories

Sensitivity of SOFT-10 to anthropogenic emissiosisnivestigated between 2002 and 2008, using GFAB wi
MACCity or EDGARvV4.2. Fig. 12a presents a Tayloagtiam for the two configurations (dots for MACCity,
crosses for EDGAR) for the regions and for theigaltlayers described previously (Sect. 5.1 and.SeR),
while Fig. 12b represents the mean bias betwedm madel configuration and the IAGOS observations.

As already seen in Sect. 4.1 for the case studiesen to investigate anthropogenic emissions, thligfetter
results seem to be obtained with MACCity. The Taythagram shows for most of the regions higher
correlations and lower biases in this case. Theselts are not surprising, as MACC{lyamarque et al., 2010;
Grenier et al., 2011 a more recent inventory compared to EDGARv4ah$3ens-Maenhout et al., 2010), and
expected to better represent anthropogenic emisstdowever as stated in Lamarque et al., (2010) both
inventories share many aspects (for example ovén laand South America), and the differences betwien
two inventories are most of the time very low, gl emission inventories tend to be quite similar
Regionally, however, results with EDGARvV4.2 canbsdter by almost 50%, such as over South Asia Ld an

MT, Central Asia LT and MTThis supports our choice of maintaining severtietént inventories in SOFT-IO.

5.3.2 Biomass burning emissions

We first investigate the sensitivity of SOFT-10tte type of biomass burning inventory, using MAGGitith
GFAS v1.2 or GFED 4 (2003-2013), using the same EBDXmethodology 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 biades) are very similar for both biomass burning
inventories, with smaller differences compared mtheopogenic inventories. Even for regions domidabe
biomass burning such as Africa or South Americdegscted previously (Fig. 11c), the sensitivitytloé SOFT-

IO performance to the type of global fire inventigyelow 5 ppb.

Based on case studies, we discussed in Sect.el@thparison of CO contributions modeled usingaedji fire
emission inventories. It resulted in a better repngation of biomass burning plumes using the fipalty
designed campaign inventory than using the glabatntories (Table 4). However, there is no cleadence of
this result when investigating the model perfornesnduring the whole summer 2008. On contrary td. 3e2,
it is hard to conclude of systematic better resu#ing the ICARTT inventory. While simulations {rehown)
give better results for a few specific events afyMaeigh CO using ICARTT, similarly good results arketained
when using GFASv1.2 or GFED4 for most other caldds.worth noting that IAGOS samples biomass bugni
plumes far from ICARTT sources, after dispersion aiffusion during transport in the atmosphere. i8es

few boreal fire plumes (that would be better repnésd using ICARTT), are sampled by the IAGOS paiogr

Secondly, we investigate the influence of the eatftinjection scheme for the biomass burning emissiusing
the three methodologies for determining injecti@ights described in Sect. 3.3. Sensitivity testg.(E3c and
Fig 13d) demonstrate a small influence of the itij@cscheme on the simulated plumes. The largéskince is
found over North Asia UT, where pyro-convection bagn highlighted in the IAGOS observations (Nédéle

al., 2005), with however less than 5 ppb differebetveen the different schemes. More generally]lsragical
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injection influence is probably due to too few casere boreal fire emissions are injected outdidePBL 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 thé

processes driving their distribution and seasoegildnal variability, like transport and photochetmyis This is

particularly the case for the extensive IAGOS dasah which provides a large number of aircraft-hasesitu

observations (more than 51000 flights so far) iigted on a global scale, and with no a priori siamgp

strategy, unlike dedicated field campaigns.

In order to help studying and analyzing such adafgta set of in situ observations, we developsgstem that

allows quantifying the origin of trace gases batltérms of geographical location as well as sotype. The
SOFT-10 module ffttps://doi.org/10.25326)ds based on the FLEXPART particle dispersion nhalat is run
backward from each trace gas observation, and fierelit emission inventories (EDGAR v4.2, MACCity,
GFED 4, GFAS v1.2) than can be easily changed.

The main advantages of the SOFT-1IO module are:

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

CO calculation, which is computationally very eiict, can be repeated easily whenever updated
emission information becomes available without rngragain the FLEXPART model. It can also be
extended to a larger number of emission datasatticplarly 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 source 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 througél@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 compamigo 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 olz@ms of recent pollution.

More generally SOFT-IO can be used in the futunedoy kind of atmospheric observations (e.g.

ground based measurements, satellite instrumerntsafhcampaigns) of passive tracers.

In this study SOFT-1O is applied to all IAGOS COsebvations, using ECMWF operational meteorological

analysis and 3-hour forecast fields and inventasfesnthropogenic and biomass burning emissiondadla on
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the ECCAD portal. SOFT-IO outputs are evaluatest fat the examples of case studies of anthropogerdc

biomass burning pollution events. The evaluatiothé 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 emissidn the CO mixing ratio along the flight tracks,

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

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

SOFT-I0 gives a good estimation of the CO mixintpranhancements 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 oftt@kand 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 lowahéenMT, possibly because of numerous thinner
plumes of lower intensity (maybe linked to the noetblogy 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 parameterizafighe

Lagrangian model, but also by input of externalapagters such as meteorological field analysis amidston

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

inventories, and are summarized as follow:

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

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

Model results were not sensitive to biomass burmjladpal 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 oEfirgected outside of the PBL are rare or because

IAGOS does not frequently sample of such events

Using such CO calculations and partitioning makemssible to link the trends in the atmospherimposition

with changes in the transport pathways and/or absofjithe emissions.
SOFT-IO products will be made available through W& OS central databasét{p://iagos.sedoo.fr/#L4Plare
and are part of the ancillary produdtsts://doi.org/10.25326)3
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1300

1301
1302

1303

1304
1305
1306
1307
1308
1309
1310
1311
1312
1313
1314
1315
1316
1317

1318

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 heightsr¢py
convection)

6 August 2003 Boston Frankfurt Fire injection heggh

9 August 2003 Dubai Frankfurt Fire injection height

10 August 2003 Frankfurt Dallas Fire injection Hefy

29 June 2004 Caracas Frankfurt Fire injection hsidhyro-
convection)

30 June 2004 Frankfurt Washingtopn  Fire injectioighis (pyro-
convection)
Fire inventories

22 July 2004 Frankfurt Atlanta Fire injection heigl{pyro-
convection)
Fire inventories

22 July 2004 Douala Paris Fire injection heightg
(pyro-convection)
Fire inventories

23 July 2004 Frankfurt Atlanta Fire injection heiglfpyro-
convection)
Fire inventories

19 July 2005 Miinchen Hong Kong  Anthropogenic enis$i
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 Hegy

Fire emission inventories

Table 1: Case studies used to define model setting®ases studies discussed in the manuscript are iold
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1319

1320
1321
1322
1323
1324
1325
1326
1327
1328
1329
1330
1331
1332
1333
1334
1335
1336
1337
1338
1339
1340
1341
1342
1343
1344
1345
1346
1347
1348
1349
1350
1351
1352
1353
1354
1355

Inventory Temporal Horizontal | Temporal | Reference
coverage resolution | resolution
| Anthropogenic emissions
MACCity 1960 — 2014 + 0.5°x 0.5°| Monthly | Lamarque et al., 201Q;
Granier et al. (2011)
EDGAR v4.2| 1970 - 2008 0.5°x0.59 Yearly |Janssens-Maenhout et :
(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°x1° Daily Turquety et al. (2007)

Table 2: List of emission inventories used in this atly.
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1356
1357
1358
1359

1360
1361
1362
1363
1364
1365
1366
1367
1368
1369
1370
1371
1372
1373
1374
1375
1376
1377
1378
1379
1380
1381
1382
1383
1384
1385
1386

Flight

IAGOS
anomaly

IAGOS
std

MACCity
anomaly

MACCity
std

EDGAR
anomaly

EDGAR
std

Anomaly
altitude

10 March
2002
Frankfurt —
Denver

16.8

8.7

20.2

6.9

12.8

5.1

uT

27
November
2002
Dallas -
Frankfurt

28.0

8.6

20.0

8.0

16.4

7.4

uT

19 July
2005

Minchen -
Hong Kong

130.1

97.8

45.8

9.7

34.6

7.7

PBL

22 October
2005
Miinchen -

Hong Kong

157.9

105.1

170.7

109.8

103.9

62.(

PBL

Table 3. Summary of the averaged observed and simulated analy and corresponding averaged standard deviation
(std) (in ppb) determined for representing anthrop@enic emissions for different case studies (usingFAS v1.2 for
biomass burning emissions). Altitude of the anomalys indicated: boundary layer (PBL); middle troposptere (MT);
upper troposphere (UT)
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Flight IAGOS | IAGOS | GFAS | GFAS | GFED4 | GFED4 | ICARTT | ICARTT | Anomaly

anomaly std v1l.2 v1.2 | anomaly std anomaly std altitude
anomaly std

29 June 2004 32.6 33.2 44 .4 2.4 43.0 2.3 43.6 2.4 PE

Caracas

Frankfurt

30 June 2004 52.5 34.0 36.6 9.1 25.4 6.6 23.b 5.9 MT

Frankfurt -

Washington

22 July 2004 87.0 35.0 42.8| 17.6 45.8 18.9 39.7 15(7 MIT

Frankfurt -

Atlanta

22 July 2004 117.1| 24.2 43.5| 20.0 55.( 272 724 42(3 MT

Douala -

Paris

23 July 2004 78.9 45.4 34.7| 224 45.3 32.8 46.0 35/9 MIT

Frankfurt -

Atlanta

30 July 2008 72.9 41.9 33.0| 19.2 42578 26.0 N/A N/A UT]|

Windhoek -

Frankfurt

31 July 200§ 38.3 32.0 28.1| 10.8 340 12.8 N/A N/A UT]|

Frankfurt -

Windhoek

1387  Table 4. Summary of the averaged observed and simulated anaty and corresponding averaged standard deviation
1388  (std) (in ppb) determined for representing biomassurning emissions for different case studies (usin]ACCity for
1389  anthropogenic emissions). Altitude of the anomalysi indicated: boundary layer (PBL); middle troposphee (MT);
1390  upper troposphere (UT).Note that the ICARTT inventory is only available for summer 2004.
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8

1408

1409  Figure 1 : Map showing all flights performed by the IAGOS program
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1435 Figure 2: Injection profiles used for biomass burnhg emissions for different regions (Tropics, Mid-lattudes, Boreal)
1436  in the MIXED methodology.
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1451 Figure 3: Methodology used to extract CO anomaliealong the flight track for (a) the cruise part of the flight and
1452  (b) during take off and landing. Further details are given in section 3.4.
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1455 Figure 4: Map of the defined regions used to sort IAGOS CO anomalir
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Figure 5: (a) Carbon monoxide profiles over Hong Kag during a MOZAIC-IAGOS flight landing on 22 October
2005. The black line indicates the observed CO prdd while the blue line indicates the CO backgroundeduced from
the observations. Green and yellow lines indicatéhe simulated CO contributions using respectively MECity and
EDGARvV4.2 for anthropogenic emissions, and using GF3 v1.2 for biomass burning emissions. Simulated C®&
separated in (b) sources contribution (anthropogei in blue, fires in red standard deviation in black and in (c)
regional anthropogenic origins (14 regions defined for global emission inventory
http://www.globalfiredata.org/data.html, see Fig. Slunshaded red square is for fire contribution), utng MACCity
and GFASv1.2.
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1480  Figure 6: (@) Carbon monoxide zonal profile duringthe 10 March 2002 MOZAIC-IAGOS flight from Frankfur t to
1481  Denver. The black line indicates the observed CO vile the blue line indicates CO seasonal backgrounith the UT
1482  deduced from the IAGOS data set.Light green and yellow lines indicate the simulated conftsutions using
1483  respectively MACCity and EDGARvV4.2 for anthropogenicemissions, and GFAS v1.0 for biomass burning emisss.
1484  Dark green represents potential vorticity (pvu) fraon ECMWF analyses. Simulated CO is separated in (b) sources
1485  contribution (anthropogenic in blue, fires in red, standard deviation in black and in (c) regional anthropogenic
1486  origins (14 regions defined for global emission irentory, http://www.globalfiredata.org/data.html, see Fig. S1
1487  unshaded red square is for fire contribution), usig MACCity and GFASV1.0.
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Figure 7 : (a) Carbon monoxide profiles over Parigduring a MOZAIC-IAGOS flight landing on 22 July 2004. The
black line indicates the observed CO profile and tb blue line indicates CO background deduced from #h
observations. Green, yellow and red lines indicatthe simulated contributions using respectively GFA®1.2, GFED4
and ICARTT for biomass burning emissions, with MACCity for anthropogenic emissions. Simulated CO is sepated
in (b) sources contribution (anthropogenic in blue,fires in red, standard deviation in black and in (c) regional
biomass burning origins (14 regions defined for glmal emission inventory, http://www.globalfiredata.org/data.html
see Fig. Slunshaded blue square is for anthropogenic contribition), using MACCity and GFASv1.2.
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1509  Windhoek to Frankfurt. The black line indicates the observed CO, the blue line indicates the CO seasan
1510  background deduced from the IAGOS data seaind the dash-dotted line the residual CO mixing rfo. Light green and
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1521 Figure 9: Frequency of plume detection (a) in diffeent regions / altitudes / seasons using the MACGjitand GFAS

1522  v1.2 emission inventories during the 2003-2013 ped. Biomass burning vertical injection uses APT metbdology.
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Figure 10: (a) Mean bias(blue) and mean standard deviation bias (blackpetween the modeled and observed CO
anomalies ; (b) Percentiles of the modeled CO anoties bias with respect to observations; (c) Relatéscontribution
from anthropogenic and biomass burning sources tohe modeled CO. The three graphs are for the main s#led
regions (Europe, North America, North Atlantic, North Asia, Central Asia, South America, Africa, SouthAsia) and in

three layers (LT, MT, UT), using MACCity and GFASv1.2 for the 2003-2013 period. Biomass burning vertical
injection uses APT methodology.
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Figure 11: Times series (monthly means between 2088d 2013) of the observed (black) and simulated (l¢) plumes
of CO enhancements for the two most documented remis (North America and Europe) in the LT (e & f), MT (c & d)
and UT (a & b), using MACCity and GFASv1.2.Standard deviations are in gray (observations) antight blue (SOFT-
10). Biomass burning vertical injection uses APT methodogy.
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1581 Figure 12: Comparison of the SOFT-10 anthropogeni@mission influence between 2002 and 2008 (a) Tayltiagrams
1582  are obtained for the different regions and in the liree vertical layers (LT, MT and UT) using MACCity (dots) and
1583 EDGARvV4.2 (crosses) with GFASlines represent connexions between the two invamtes) (b) Mean biases between
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Figure 13: Comparison of the SOFTIO biomass burning emission influence between 20G#1d 2013. Taylor diagrams
are obtained for the different regions and in the lairee vertical layers (LT, MT and UT) using (a) GFASv1.2dots) and
GFED4 (crosses) with MACCity and MXED methodology for both GFASv1.2 and GFED: (lines represent
connexions between the two inventorie; (c) GFASv1.2 and MACCity with different vertical fire injections

methodologies: MIXED (dots), APT (plus) and DENTENER (creses (lines represent connexins between the two
inventories). Mean biases between modeled and observed CO anomali Model is using (b) GFASv1.2 + MACCit
(blue); GFED4 + MACCiIity (brown) and MIXED methodology for both GFASv1.2 and GFED4; (d) GFASv1.2 -
MACCity and different vertical fire injections methodologies: MIXED (blue); APT (green) and DENTENER (brown)
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