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Manuscript title : Local air pollution from oil rig emissions observed during the airborne DACCIWA campaign
by Brocchi et al.

RESPONSES TOJOSEPH PITT

We thank the reviewer for his thoughtful commentsthat were helpful in improving the manuscript. Changes have
been made in response to his specific comments listed belw black). Our responses appear irred, and changes in
the revised manuscriptare highlighted in yellow.

1) The main issue | have with the study as it stands regards the way taemeasduremerdomparison is performed. It is

not clear that comparing the peak mole fraction enhancement is the best way to do this, and at the very least this needs
discussion. For one thing, for narrow plumes the peak measured enhancementdepdtedent on thefeld time of the

cell. Looking at Fig. 2 this might not be an issue here (if the actual plume width is much larger than the measdotinent e
time multiplied by the flight speed) but it is hard to be certain. Providing these dethistext might help to clear this up.

- Considering that the SPIRIT instrument allows measurements evenaftidtie €old time of the cell i5.3 s,and that

the average aircraft speasl 118 ms™ on July 10 (103 mSon July 14) during the period of the peaks of interest, even for
the shortest lasting peak on each day (about 16 s on July 10 and about 19 s on July 14), the plume width is larger the
measurement-ld time multiplied by the flight speeifVe add a entence for the worst case daly 10 (maximum aircraft
speed with shortest lasting peak) in the jtax6 lines 2124: Moreover, SPIRIT allows measurements ever§ §.
Considering the case dily 10 where we have the maximum aircraft speed (118"vasd the shortest peak (lasting about
16 s), the plume width is larger than the measureméoldeime multiplied by the flight speed. Thus, for all the narrow
peaks, the maximum plume concentration is real, not a plume diluted with its surroundingreami®©n

An alternative approach would be to compare the integrated area under each of the plume transects. This would then ¢
better idea of the total amount of each species within the plume (in the same way as is usually employed for calcule
specia-species enhancement ratios). Batpproaches could be employed alongside each other as long as a suitab
discussion of the issues above is included.

- This approach seems to be more reliable considering the dispersion modelling error in FLEXPA&RIMple due to

horizontal and vertical resolution of the windfieldowever, not to complicate threading of the paper, we decittekeep

only this approach and remove the first arsedby explaining why itis not possible to do a ped&-peak comparisarThe

text (1% paragraph of section 4.8)as modifiedas follows:

CGConcerning the second and the fourth peak (Fig. 2a), the measurements show two close peaks that FLEXPART c:
simulate individually, leading to a single and broader simulated peak.isTphi®bably due to an error in the dispersion
modelling induced by the horizontal and vertical wind field resolution that prevents us from comparifg-peak
concentrations. Even with a finer wind field grid mesh of 0.125}25; (simulation not showrsuch close peaks cannot be
distinguished, suggesting a still insufficient spatial resolution. Instead, the integrated area under each of the measure:
simulated plume transects will be compared and presented in Figure 3 with the percentages mgpthserdiative

differences with respect to SPIRIT measureniedts
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According to tlis new approachsensitivity testsvith new fluxeswere performed They are summarized in Table All the
results of thesimulations givernow correspond to the integratecearunder each peak (measured and simulat¥d)
decided to summarize the results of all these new sensiigts by digure instead of a table. This is illustratedtire new

figure 3.

SO, Flux Injection

Date of NO, Flux -1 CO Flux .

Run name flight (kg sY (kg s9) (kg sY) ?ne:)ght
20160710 5 N

CTRL 0.07 4.23 10°kg s 0.11kg & 27
20160714
20160710 ) ) 68

ST1 0.07 Not included Not included
20160714 77
20160710 .

ST2 0.035- 0.05 Notincluded  Notincluded 27
20160714

ST3 20160710 0.035- 0.05 Not included Not included 68
20160714

Table 1. Flux and injection height for the reference control run (CTRL) and for the sensitivity tests (ST) for each day ofdht.

To interpret the results of figure 3 and show the sensitivity of FLEXPART to the input parameters (flux or injection heigh
simple statistical tests were made aqghragraph was added:
O'o determine whether the observed linear relationship betweeretherpages and the flux or the injection height occurs

by chance, a simple-fest is performed, assuming that the variances are homogeneous and the results follow a Gaus
distribution. F statistic coefficients are calculated and compared to the 9588tcdnfidence interval with (1, -®) (N:

total number of results) as degrees of freedom (see values in brackets [u;+![ in Figliré¢h®)value F is included in the
confidence interval then the relationship can be considered as linear. The standardrether slope are also added in the
plots of Figure 3.

For the flight on July 10, the standard error of the slope coefficients and-tdwt P5% of confidence) show linear
relationships between the percentage difference and the flux. Only the oesilltly 14 for the plot with the injection height

of VDI 3782 (1985, panel ) show a positive fest but with a 90% of confidence. No conclusions can be drawn for the
results on July 14 with the injection height of Briggs (1965, panE). Bn order tashow the response of FLEXPART to the
injection height, panels & and B3 (Fig. 3) show the percentages versus the injection height (Briggs (1965) or VDI 378
(1985)). FLEXPART shows similar results regardless of the injection height used as input wirseer used. All the
cases show standard error on the slope coefficients larger than the slope itself aatlia Rot included in the confidence
interval (at 95% of confidence as shown in the Figure, and even 90%, not shown) . These resulthatiyesiifferences

between the two injection heights are not significant enough with respect to the vertical resolution of the model or



measurements are too far to be influenced by the changes in this parameter. However, to really concludergéctittrihe i

height and to evaluate the flux, more measurements are needed at different altitudes and distances from the emission s
Besides the weather conditions and the functioning of the platform, the flight location is also an important pardeter tc
able to evaluate our measurements. Figures 2 b and e show thelud@ simulated with FLEXPART as a function of

distance from the source and altitude on July 10 and 14, respectively. The aircraft measurements, represented by the ¢
circles, are loated at the upper part of the plume, away from the strongest concentrations. The work carried out is t
limited by the flight trajectories which were too high and too far from the FPSO platform to catch the part of the plume w
the highest concentratis. The operational conditions during the flights were complex for the pilots, and safety conceri
forced us to respect a minimum flight level (300 m) and a minimum distance from the source. Finally, we found that the !
concentration difference betwe#imre measurements and the simulations does not seem to depend on the distance from

source since the measurements are already tBo far
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Figure 3: Differences (in %) between SPIRIT integrated measurements and FLEXPART simulatiendependng on flux or

injection height used as input in the model for A: the flight on J

ulyl0 and B: the flight on July 14 . Panels Al and B-1 represent

the change in the percentage with the flux by using the injection height from Briggs® algorithm (1965; bleta; i.e. 27 m)and

Panels A2 and B-2 with injection height from VDI 3782 (1985;

orange data; i.e. 68 m (&) or 77 m (B2)). Panels A3 and B-3

represent the change in the percentage with the injection height for the flux from Deetz and Vogel (2017; blue data; 0.0%Kg.
and for the flux used in the sensitiviy tests (green data, 0.04 kg’sfor July 10 (A-3) and 0.035 kg.3 for July 14(B-3)). For all
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panels, triangles represent the data for all the peaks measured and squares represent the mean from these data. sldye,
standard error values for the slope coefficients and the F statistic are added for all the plots.

| also think it would really help interpret what is going on here if Fig. 2 included the results from the other simufations.
you really think itOgetting too cluttered then these could be moved to the supplement, but | think itOs important to inclt
them somewhere.

- We think it is better not to overload Fig. 2 as it makes it harder to read. Thus, we added a figure (Fig. S4) in
supplementary marial showing the results of the sensitivity tests done with FLEXPARS show the sensitivity tests ST2
and ST3 with the smallest differences compared to SPIRIT measurements according to Fig. 3, i.e. with a flux of'0.04 ki

on July 10 and 0.035 kg'®n July 14.

(a) (b)

64 — 10
e | —to, o
51 — FLEXPART ST2 8 — FLEXPART ST1
——— FLEXPART ST3 ) —— FLEXPART ST2
4 ] ——— FLEXPART ST3
3 3 6
g 3- g
ON %N 4
z 2.
1 A\ 21
O 'Kr-\.... T T T T T T T T 1 0 T T T T 1
12:30  12:33  12:36 12:39  12:42 1245 10:42  10:48  10:54  11:00  11:06  11:12
Time (UTC) Time (UTC)

S4. (a) July 10: N@concentration as a function of time for SPIRIT measurements [bdack FLEXPART sensitivity test
(ST) 1 (green), ST2 (purpjevith a flux of 0.04 kg 3), ST3 (orangewith a flux of 0.04kg s%). (b) Similar to (afor July 14
with a flux of 0.035 kg &or ST2 and ST3.

2) The lack of CO in the plumes measured on flight 1, and the subsequent detection of CO in the flight 2 plumes, is a re
interesting result. However the discussion in Sect. 4.3 is fairly bitefvould be great to see this expanded. IOm not really
clear as to what is meant by "more disturbed weather conditihsgs this mean the boundary layer was more turbulent? If
so why does this mean that the combustion is less efficient? 10m not dispatiis the case, itOs just not obvious to me

without further explanation. | can see that probing the fluid dynamics within the flare is beyond the scope here, bet are t
other studies that this finding could be linked to?

> As far as we knowthis finding could not be linked to any other studihe expression Omore disturbed weather

conditionsQvas removed and thexplanationsvere clarified as follows: Orhe observed difference between July 10 and 14

in terms of CO emissions mostly lies in téferent wind conditions between these two days: first, the wind speed was
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lower on July 14, which makes less &vailable to burn with natural gas; second, it appears that the wind direction was nc
clearly established, as can be seen from the muaote dispersed plume in Fig. llesulting in incomplete combustion
pockets favoring CO formation. However, a decrease in efficiency should also lead to lower temperatures and |
emissions, which is not observed here. The results of this campaign would require to be analyzed in the light
computational fluid dynamic simulations, accounting for a realistic natural gas composition and itentpghature

chemistry, which are beyal the scope of this study.

Were there any measurements of,@&@nd ideally CH) on board? Then something quantitative could be said about the flare
efficiency?
A Picarro instrument was brougtd measure C@during the campaign but it actually diabt work at allbecause of a

technical problemCH, was measured by the SPIRIT instrument. Unfortunately, the flight condftorisese specific days

were not ideal with very high temperatures inside the aircraft cabin that did not allow jhes€Ho wok properly.

Specific points:

P2 L2DIn Nigeria all associated gas may well be flared, but in other places (at least in the UK) this associated ga
exported for use. So | think it would be more accurate to say that gas flaring is used to dighizseadfiral gas in cases
where the infrastructure to export it does not exist.

> Modified following the recommendation@Gas flaring is used to dispose of this natural gas in cases where the
infrastructure to export it does not exist

P3 L25D"The concept...deeper wateD'sentence reads awkwardly and needs rephrasing
- It has beemephrased this way:T@e concept of those platforms based on ship structure makes possible the developm:
of small size oil fields and the exploitation of them furthend the coast and thus in deeper water

P3 L28bI suggest "dispose of" rather than "eliminate"
>We followed the suggestion and uselispose dod.

P3 L30D"mixture of gas” is ambiguouBpresumably this means a mixture of emitted gases?
- Yes, it has ben modified asThis leads to a mixture of emitted gaSes

P4 L7D"released along time" needs rewording )
->We modified it as follow: Ot simulates longrange transport and dispersion of atmospheric tracers releaseneO.

P4 L11DPIf | understanctorrectly these are just tracer particles, so their assigned mass is just a nominal quantity used in
subsequent calculations (i.e. it does not correspond to a physical mass which impacts on the particle dispersioimk If so |
it would be best to ekify this, as particle mass has quite a strong association for people who work with aerosols.

-> We agree, the model only considered NGtracerparticles. All the particleandergathe samedransport The mass input

in the OreleaseO file is considersddlux of NQ (a mass release during timeéYowever,the other parametesuchas
moleculr mass, OH reaction ratenstantHenry law constantE have also to be included and arentake account for the

wet and dry deposition calculations. \Waemovel the sentencedn this mode, each particle is associated to a given mass of
tracer released during the time of the simulafiand addcomplemerdry informationin the text and in Table 1Orhe
particles are released with the chemical properties of, KO and S@ using constant emissions from Deetz and Vogel
(2017) inventory during 7 h with a spup of 5 h, allowing the model to be balanced independently from the initial
conditions. During the simulation, the N@nd SQ like particles mass is lost byatvand dry deposition and by OH reaction

5
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(concentrations from GEQGSHEM model; Technical note FLEXPART v8.2ph//flexpart.eu/downloads/26)hich allows
a lifetime of about 3 h at 298 K in the MBtr NO,. CO like particles mass is only lost by OH réaciO

P4 L20b"for the DACCIWA project"
->Modified following the suggestion.

P5 L2blI think it would be useful to add a sentence in here explaining both the buoyancy and momentum effects. This wc
make it easier to understand the subsequent asstribthe momentum effect can be ignored.

>We added a small definition for each effect in the telidéed, the buoyancy corresponds to a density ratio between the
air parcel and its colder surrounding environment and leads to the rise of this parcethheniddiuence of gravity. This
effect is to be distinguished from the momentum effect defined as the product of an element mass by its velocity, which
be neglected for such high temperature plume (Briggs, 1965).

P5 L31DP6 L3BThe description ofhe terms in Eq. 4 is not easy to read. It might make it clearer to define the units of th
constituent terms rather than the coefficient 74.4? Also the phrase "f as the fraction of radiated heat equals to 86" con
me.

- The unis of all constituers, in particularQ and H(in MW), have beemadded in the manuscript

- The phrase has beenwtten as follows: A (a9 the fraction of radiated heat set to 0.27 by Deetz and Vogel (2017), after
having averaged thievalues given in Guigard et §20000.

P6 L30BbHow is the background calculat&presumably by averaging the measured data outside the plumes? If so then it
worth stating this.

- It is true that the background has been calculated by averaging the measured data outside the plumes. We ad
sentence in the text explaining iTlds value is an average of the measurements taken outside th&plume

P7 L27B"only a few quantities fopollutants" needs rewording
1t has been modified as follsv@nly a small fraction of pollutang.

P8 L7D"The turbulence increases the mixing and affects..." might be better
- Yes, modified accordingly

Fig. 1BI trust your word that there was 180D, measured, but you might as well add an SO2 trace to the CO plots just tc
demonstrate this point.
- More precisely, we wrote that no $(and CO) peaks were detected simultaneously te p#aks.This is shown in the

plots we addedor the SQ measurementis Figure 1 Thelegendwas also modifiedSG, FLEXPART simulation was also
realized and shows insignificant $€oncentration at the aircraft sampled locatiérsentence has been added in the text:
CConsidering the very low SQlux, the FLEXPART simulations in the CTRL run induce insignificant,0ncentration at

aircraft sampled location (results not showin).
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Figure 1: (a) N@ concentration as a function of the flight trajectory downwind of the FPSO plume for July 10. The blac

arrows show the wind direction (from ECMWF). (c) N@erosol, CO and S@oncentrations as a function of time zoomed

in a part 6 the flight trajectoryin (a). The peaks studied are labelled by a number (from 1 to 4). (b) and (d) are similar to (e

5 and (c) for July 14.

Fig. 2DCould you make the circles around the measured data in panels b) and e) more distinct please? At least on my s

it is reallyhard to make these out, especially in b). See also my main point 1)

—>The circles on Figure 2 have been highlighasdshown belowMoreover, a small error was detected on this figure. Fig. 2

(e) was not taken at the right time in the first version ofpqeer. This is modified in this version but it does not modify the
10 conclusions of the article.
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RESPONSES TOANONYMOUS REFEREE #2

We thank the reviewer for his relevant comments that were helpful in improving the manuscript. Changes have been
made in response to his specific comments listed below (in black). Our responses appear in red, and changes in the
revised manuscriptare highlighted in yellow.

General points:

Like reviewer 1, | am a little concerned about the way the modmle@surement comparison has been done. It does seen
that the peaks in the modale wider than the measured peaks and therefore comparing the mariiming ratio
enhancement of the two could give misleading results. The authors shoctdnjparing the integrated area under the peaks
and see if this gives a different reslhe effect of this should at least be discussed in the paper.

- We agree on ik point. An error in the dispersion modelling has been mentioned by Referee #1 and leads to simula
peaks wider than the measured ones. We used the approach that consists in comparing the integrated areas and modi
text (2" paragraph of sectioh.2) as follows:

CGConcerning the second and the fourth peak (Fig. 2a), the measurements show two close peaks that FLEXPART c:
simulate individually, leading to a single and broader simulated peak. This is probably due to an error in the disper:
modédling induced by the horizontal and vertical wind field resolution that prevents us from comparingopeak
concentrations. Even with a finer wind field grid mesh of 0.105]25; (simulation not shown) such close peaks cannot be
distinguishedsuggesting a still insufficient spatial resolution. Instead, the integrated area under each of the measured
simulated plume transects will be compared and presented in Figure 3 with the percentages representing the re
differences with respect ®PIRIT measuremen@.

According to this new approach, sensitivity tests with new fluxes were performed. They are summarized in Table 1. All
results of the simulations given now correspond to the integrated area under each peak (measured and $\eulated
decided to summarize the results of all these new senstidgts by digure instead of a table. This is illustratedRigure 3

and resultsre discussed from t188¢ paragraph of section 4.2 onwards.
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Figure 3: Differences (in %) between SPIRT integrated measurements and FLEXPART simulations depending on flux or
injection height used as input in the model for A: the flight on JulylO and B: the flight on July 14. Panels A1 and B-1 represent

the change in the percentage with the flux by using the injection height from BriggsO algorithm (1965; blue data; i.e. 27amj
Panels A2 and B-2 with injection height from VDI 3782 (1985; orange data; i.e. 68 m (&) or 77 m (B-2)). Panels A3 and B-3
represent the change in the percentage with the injection height for the flux from Deetz and Vogel (2017; blue data; 0.0%Rg.

and for the flux used in the sensitiviy tests (green data, 0.04 kg’sfor July 10 (A-3) and 0.®5 kg.s' for July 14(B-3)). For all
panels, triangles represent the data for all the peaks measured and squares represent the mean from these data. The slope,
standard error values for the slope coefficients and the F statistic are added for all the plots

The authors also need to expand on how NO § bl@mistry is treated in the model.idtnot clear to me whether they are
changing the NO and NCemissions in the modéb reproduce the NOmeasurements or just NO would have thought
most of theemission from the rig would occur as NO, with subsequent conversion tdbforethe measurements is made.
The text needs to be clearer on what chemistry is ustae imodel.
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- FLEXPART model usge a very simple chemistryhe particles are released withemical properties like NQusing
constant emissions (massleaseduring time). During the simulation, the N@ke particles mass is lost by wet and dry
deposition and by OH reaction, only.

The emissions used to initiaé FLEXPART come fromDeetz andvogel (2017) inventory and are expressed in terms of
NO,. They considered a rapid conversion for a part of the NO emissions intediOclose to the source. This is confirmed
with some quick simulations with a box model (AtChem/MCM) showing conversitireifirst 5 minutes of the simulation.
Most of the atmospheric modelsr=iderNO, as primary emissionwhile it is in fact asecondary emissiod sentence has
been included in Section 3.2:

CFourth, for such a temperature, Ni® considered as a primary pollutant coming from the rapid conversion of NO close tc
the source, and the inventory does not include any later transformation of the@pecies

Does the emission from the rig include Ataring combustion (e.g. power genéoat)?

| would have thought that this would also be a significant source of NOx fraotiozatedbut different source? Could this
have been picked up in the measured plbotenot included in the emission inventory?

- The emissionnventory (Deetz and Vogefjom the rig includesnly flaring emissionsEmissions from power generation
for the facility could be also a source of NGHowever,considering that the aircraft was flying at an altitudeabout 300
m, only the emissions that have been heated up at very high temperature couldpiiytanddirectly this altitudeand
induceavery localizedspike in the N@signal This is why we think that we have only measured flaring emissions.

It would ako be good to have a short discussion as to what actual effect theewilisigions have on air pollution in West
Africa. For instance, if the emissions are doubtethe inventory, what effect does this have on NO2 and O3 levels at the
coast? Irealizea full study like this is beyond the scope of this paper but some short statmalt be made as to the
potential impact of underestimated emissions from oil righérarea.

- The impact of the FPSO emissions on the air quality on the coast is nbdmeenin the paper. In fact, the platform is
situated70 km downwindof the coastwhich suppose that there is no impacof direct emissions of N© However, we
agree tlat Oz and othepollutans suchas CQ, CH,, BC and COQwith relatively long lifetime should impact the air quality
on the coastAs you mentioned, Oa full study like this is beyond the scope of this papes®uggested a short statement is
included in the papewith more information directlyncludedin the text (end of section 4.2) and in the conclusion

QWe can use the best simulation on each day to estimate the percentage of pollutants transported inside and above the
In both cases, about 90% of the pollutants stay inside the MBL arstiszeptible to impact the population living along the
coastline Measurements made along the coastline have shown thatdw@entrations are generally greater than 2 ppb for
suburban sites and greater than 20 ppb near industrial sites (Bahino et al. @0&8)the wind velocity (from 6.6 to 9.4 m
s1), the air masses attain the coast in 2 to 3 hours, which does not allow to bring signifisaoniiéhtrations to impact air
quality in this area. This is confirmed looking BLEXPART simulations in Fig2b and 2e. They show that NO
concentrations are already very low (< 1 ppbv) from 40 km from the source ohQJ@gd even closer (from 20 km from
the source) on Julg4. The distance between the coast and the emission source following the wind diveaigpi7O km,

only pollutants with a relatively long lifetime or secondary pollutant asa@ impact the air quality of the co&t.

QAn estimation of the pollutant distribution above or inside the MBL shows that the pollutants stay mainly insi
the MBL, limiting the transport to the coastline located 70 km downwind of the FPSO
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Were there measurements of CH4 made on the aircraft? If so it would have be¢n sg®this included in the study as the
rigs could also be an important CH4 source.

- The SPIRIT instrument measured £tiring the campaign. Unfortunately, the flight conditions for these specific days
were not ideal with very high temperatures inside the aircraft cabin (low altitude make less efficient the air condftatning)
did notallow the CH laser to work properly.

Specific points:
P4 L27: Can the authors confirm if this is an NO2 flux or a NOx flux?

- We confirm thathis is an NQflux given in the inventory. ANO flux is also given but no direct N@lux is provided.

P6 L15:Is this really true. Can it really be said that because no SO2 was meg@suiedelatively insensitive instrument)
that no H2S was present. The authors shoulebat put a lower limit on the H2S that could be present.

- It is well known the oxidatiorof H,S fully leads to SG formation See any general book about Atmospheric Chemistry;
we added the referen¢8onibare and Akeredolu, 2004) already quoted in the present S@mence is added in the paper
section 4.1:

(Knowing that SO2 comes from H28mbustion (Sonibare and Akeredolu, 2004), these results suggest that a g
composition of 0.03% of H2S induces an emission of SO2 concentration lower than the detection limit of the instrum
from 3 km of our measurements or the natural gas composiiti@m ¢y Deetz and Vogel (2017) for the Niger Delta is
different from that in Ghana for those two fligi@s.

P8 L16: this needs expanding, it is not clear what Odisturbed weather conditionséhchbansthis could effect the CO
concentrations in thplume.

We agree this expression was rather confusing so we replaced it by a more specific one which should clarify the reasor
CO formation is increasedthi@ wind direction was not clearly established, as can be seen from themutellispersed
plume in Fig. 1bresulting in incomplete combustion pockets favoring CO formadion.

P8 L19: How will the results of the campaign improve computational flare fluid dynamaidslling?

- This sentence was deleted
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Local air pollution from oil rig emissions observed during the
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Abstract. In the framework of th&uropearDACCIWA (DynamicsAerosotChemistryCloud Interactions in West Africa)
project, the airborne study APSOWAA{mosphericPollution from Shipping andQil platforms of West Africa) was
conducted in July 2016 to study oil rig emissions off the Gulf of Guinea. Two flights in the marine boundary layer we
focused onthe floating production storage and offloading (FPSO) vessel operating off the coast of Giese flights
present simltaneous sudden increases of \N#dd aerosols concentrations. Unlike what can be found in flaring emission
inventories, no increase in 3@Was detected and an increase in CO is observed only during one of the two flights. Usir
FLEXPART simulationswith regional NQ satellite flaring inventoryn forward trajectory mode, our study reprodsitiee
timing of the aircraft N@ enhancements. Several sensitivity tests on the flux and the injection hesgiiso performed
leading to the conclusion that a lowe, flux helps better reproduce the measurements and thandhéication of the

injection height does nampact significantly the results of the simulations

1 Introduction

Crude oil extraction from offshore platforms brings raw gas mixed with oil to the surface. Gas flaring tis dispdseof

this natural gagn cases where the infrastructure to export it does not &tis process emits a mixture of trace gases like
cabon dioxide (CQ), carbon monoxide (CO), sulfur dioxide (§0nitrogen oxides (NQ) as well as particulate matter. Its
impacts concern both the ecosystems (Nwaugo et al., 2006; Nwankwo and Ogagarue, 2011) and the air quality (Osuj
Avwiri, 2005). Thepollutants can be transported into the free troposphere (Fawole et al., 2016b) or can reach coastal citie
the marine boundary layer (MBL). Flaring emissions can be derived from remote sensing techniques (Elvidge et al., 2!

by the widely used Visilel Infrared Imaging Radiometer Suite (VIIRS) Nightfire satellite product (Deetz and Vogel, 2017)
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Oil and gas extraction activities are however uncertain in terms of emitted quantities (Tuccella et al., 2017) and di
measurements are necessary.

In Africa, most of the studies focused on the environmental impact of Nigerian oil platform emissions (e.g. Anomohanr
2012; Hassan and Kouhy, 2013; Asuoha and Osu Charles, 2015; Fawole et al., 2016a) as it is part of the five countries
the highest flaring mounts (Elvidge et al., 2015). Other countries in the Gulf of Guinea are nevertheless affected |
environmental problems. The DACCIW@®ynamicsAerosotChemistryCloud Interactions in West Africa; Knippertz et
al., 2015)project conducted fieldwork in schern West Africa (SWA) in 2016 to investigate the impact of anthropogenic
emissions, notably on air quality. One part of the project included airborne measurements of flaring emissions inlbrder tc
the data gap on oil extraction activities in SWiAo< in situ measurements are, as far as we know, the first reported data o
oil extraction activities in this region.

We use here the Lagrangian transport model FLEXPART (FLEXible PARTIcle dispersion model; Stohl et al., 2005)
combination with an inventgrof emissions dedicated to flaring emissions and created in the framework of the DACCIW/
project (Deetz and Vogel, 2017) to reproduce the aircraft measurements. We focus on evaluating the sensitivity of the r
to two parameters: the emission flux ame tinjection height of the flaring emissions. After a brief description of the
DACCIWA project and the platform in Se@, we present in Sec® the model and the flaring emission inventory we used,

as well as the estimation of the flaring plume injectieight. We discuss the modeling results in Skct

2 The DACCIWA/APSOWA project

2.1 Description of the campaign

The EUfunded project DACCIWA focuses on the coupling between dynamics, aerosols, chemistry and clouds @laman
al., 2017). The research campaign was set up in-Julye2016 and undertook activities ranging from airborne
measurements to running atmospheric numerical models. A map showing the location of the research site is preseni
supplemenrdiry material Fig. S1).

Our Atmospheric Pollution from Shipping and Oil Platforms of West Africa (APSOWA) project complementing DACCIWA
seeks to characterize gaseous and particulate pollutants emitted by oil platforms off the coast of the Gulf of Guinei
dedicated fljhts conducted with the DLR (Deutsches Zentrum fYr-Luftd Raumfahrt) research aircraft Falezh
Different instruments for gas and particulate measurements were deployed onboard. We focus og SO, &h@ aerosols
measurementduring two flights onJuly 10 and 14Both CO and N@were measured by SPIRIT (SPectrometre InfraRouge
In situ Toutealtitude, Catoire et al., 2017). This infrared absorption spectrometer uses contiraxeudistributegfeedback
roomtemperature Quantum Cascade Lasers (QGIsying online scanning of miéhfrared rotationakibrational lines

with spectral resolution of 10cm™. In the present campaigthe ambient air is sampled in a multipass cell with a pathlength
of 134.22 m and in micrvindows aroundhe 2179.772 crit line for CO andthe 1630.326 crit line for NO,. A homemade
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software using the HITRAN 2012 database (Rothman et al., 2013) is used to deduce the total molecule abtledance
overall uncertainties are 4 ppbv for CO and 0.5 ppbv +5% fordi@.6 s time resolution.

SO, measurements are performed usingudsed fluorescence S@nalyser (Thermo Electron, Model 43@ace Leve).
Ultraviolet (UV) light is absorbed by SQOnolecules in the sample gas which become excited and subsequentlyaacay t
lower energy state. The emitted light is detected by a photomultiplier tube and is proportional te thacg@tration in the
sample gasThe time resolution of the measurements is 1 s, with a moving average of 30 s to smooth the data. The Ic
detection limit is 0.315 ppbvThe instrumentvas multipoint calibrated before and after the campaign.

Total aerosol concentrations were measured with a bubssald condensation particle counter (CPC TSI 3010, modified
for aircraft use; Schrider & Str§mi997 and Fiebig et al., @8). The particle counter was mounted inside the fuselage
behind the Falcon isokinetic aerosol inlet. The large particle cutoff diameter imposed by the inlet has been found tc
between 1.5 and @m depending on flight altitudé~iebig, 2001). The lowerutoff diameter of the CPC was 'a10 nm.
Particle losses due to diffusion effects were minimized by using a 5.75 std I/min bypass flow to the instrument. Using
particle loss calculator described in von der Weiden et al9j20@ estimate the particlesses in the tubing to be less than
10% for the relevant size range. Flight sequences inside clouds are known to cause sampling artefacts and have the

been removed from the data.set

2.2 Flight planning and FPSO descriptbn

The first Floating Production Storage and Offloading (FPSO) vessels have been installed in Indonesia in 1974. Since
year, their number has steadily increased (Shimamura, ZDIB)concept of those platforms based on ship structure makes
possible lhe developmentf small size oil fields and the exploitationtbemfurther from the coast and thus in deeper water
(Shimamura, 2002). Those platforms have other advantages (Shimamura, 2002): they are faster to build than other flo
structures, they dve inbuilt storage capability and thus do not necessitate pipelines, and they are movable and ea
implantable on another oil field. Because of all those reasons, the FP&hsyaill continue to developAmong the
techniques used wispose othe gas associated with the crude oil extraction, one is the flaring, consisting in burning the g
in an open flame through a stack. This leads tidure of emitted gases which can reach the free troposphere if the
meteorological conditions are favbia (Fawole et al., 2016b). The two targeted flights, on July 10 and July 14, consisted i
about 34 hours of meandering transects through emission plumes in the MBL about 300 m above sea level (asl) off the ¢
of West Africa from Ivory Coast to Togo. &focus on the flights in the vicinity of the FPSO Kwame Nkrumah platform, on
the Jubilee Field, off the coast of Ghana (4i35047.04 N, 2i53021.11 W). It measures 330 m in length by 65 m in widtf
its height up to the top of the chimney is estimateddetd12 m asl. During the campaign, no contact with this FPSO could

be obtained in order to have more information on its functioning.

3 Method

3.1Lagrangian particle dispersion modelling
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The Lagrangian model FLEXPART (FLEXible PARTiIcle; Stohl et al., 3085used to study the maport of the emitted
plume from the FPSO in the MBIt simulates longange transport andispersiorof atmospheric tracergleasedvertime
by computing trajectories of a large numbetraterparticles.Model calculationsare based on meimlogical data from the
European Centre for MediuwRange Weather Forecasts (ECMWF), ERNERIM L137 (Dee et al., 201¥xtractedevery

3 hours and with a horizontal grid mesh size of I0055j. The calculations are performed in forwarspgrsion modevith
the model version 9.0rhe particlesare releasedith the chemical propertiesf NO,, CO and SQ using constant emissions
from Deetz and VogdR017) inventory during 7 h with a spup of 5 h, allowing the model to be balanced indepeaily
from the initial conditions. During the simulation, the N&ahd SQ like particlesmass is lost by wet and dry deposition and
by OH reaction (concentrations from GE@SEM model; Technical note FLEXPART 8.2,
http://flexpart.eu/downloads/26), which alle a lifetime of about 3 h at 298 K in tMBL for NO, CO like particles mass is
only lost by OH reaction

3.2 Flaring emission inventory

Our study is based on a new gksing emission inventory developed fiire DACCIWA project (Deetz and Vogel, 2017).
This inventory provides emissions of CO, £Q0, NG, and SQ for JuneJuly 2014 and 2015 and we use a 2016 updated
version for the period of the APSOWBACCIWA campaign. It is based on remote sensing observations using VIIRS
nighttime radiant heat in combination with combustion equations from Ismail and Umukar).(Z8e emission estimation
method is described in detail in Deetz and Vogel (2017). Only the assumptions of interest for our study are indicated: 1
the natural gas composition includ293%H,S (Sonibare and Akeredolu, 2004). Second, this compnositieasured in the
Niger Delta is valid for West Africa in general. Third, the source temperature is deduced from the VIIRS measurements 1
monthly mean. For the FPSO platform, it is set to 1600 K, which is a good order of magnitude since the flaratutempe
can be as high as 2000 K (Fawole et al., 201Bbiirth, for such a temperature, Ni© considered as a primary pollutant
coming from the rapid conversion of NO close to the soumncd,the inventory does niviclude any later transformation of

the specias. The CO, SQand NQ fluxes estimated with this method for our two days of interest for the FPSO platform are
1.1110%, 4.2310° and 7102 kg s', respectively. Note that the highest uncertainties (+39%) associated to the
estimation of gaddring emissions arise from the parameters required in the combustion equations, e.g. the gas composi

the source temperature and the flare characteristics.
3.3 Estimation of the flaring plume injection heght

The oil flaring emissions are generadlynitted at higher temperatures than the temperafuttee surrounding environment,
which implies an important role for the buoyanay the stack exitindeed, thebuoyancy corresponds to a density ratio

betweenthe air parceland its colder surrounding evironment and leads to the rise of this parcel under the influence of
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gravity. This effect is to be distinguished from the momentum effect defined as the prodactedément masby its
velocity, which can be neglected for such high temperature plriggs, 1965) The buoyancy raisghe plume above its
initial injection height and can lead to a source height that can be several times higher than the real height ofAhgstack (
1999). The calculation required to determine the rise of a plumendepn the wind conditions and the atmospheric
stability. Before determining those parameters, we determine the MBL height that defines in which part of the tropospt
we flew. TheMBL is about 680 m asl on July 10 and 582 m asl on Julgcbérding to te European (ECMWF) and US
(NCEP) operational forecasts. The wind conditions are determined by the-R8lcosasurement system. An average of the
wind speed measurements is calculated during the flight period in the vicinity ghtfeem (see Sect.1). For July 10an

8 minute mean wind speed of 9.4+0.5 h ks been calculatedsherethe standard deviation represents the natural
variability, which is larger than the measurement uncertaifdy July 14 a 7 minute wind speed mean of about 6.6£0.7 m s

! has been calculated. Thus, for both days the conditions are windly.

Concerning the potential temperature fmly 10 andl4, the atmosphere is considered as stable with a positive potentia
temperature gradientVith the previous parameters defined, it is possible to calculate the plume injectionAhei@hntm)

by using Eq(2) reported by Briggs (1965, 1984):

NN (1)

with I, as the buoyancy effect in*m° as defined in Eq2), u as the wind speed (in ri)sand! as the stability parameter in
s? defined in Eq(3) (Briggs, 1965):

3 =g%w!2 )

s=i—('!%)+! 3)

T!l,!w andr are the absolute temperature of the ambient air, the absolute temperature of the stack gases, the ve
velocity of the effluent at the stack exit and the radius of the stack, respedtiVe$ythe difference betweetnd two
temperatures. In E@3), ! is the gravitational accelerationthe altitude and the adiabatic lapse rate. Both the temperature
at the stack exit and the effluent velocity are taken from Deetz and Vogel (2017). The calculated plume injectibh height
is 27 m for July 10 rad 14. BriggsO algorithm underestimatesplume rise in stable atmospheric condition (Akingunola et
al., 2018). Therefore, another method has been tested to determine the injection height, based on VDI 3782 (1985).
stable atmosphere, the injectibaight! H (in m) of theplume is determined by E¢4):

Il =74)111!8333 111333 (4)

with u as the wind speed in M &nd the unit of the coefficient (74.4) ifilgy™ m™?. The heat flow , in units of MW, (Eq.

5) is defined in Deetz and Vogel (2017) as:

rror Ll (%)
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with H asthe radiant heat observed by VIIRB units of MW, andfas the fraction of radiated hesdtto 0.27by Deetz and
Vogel (2017) after having averaged tlfavalues given in Guigard et dR000. The calculated plume injection heights are,
accordng toEq. (4), 68 m and 77 m for July 10 add, respectively.

The two methods of injection height calcidat do not give similar resultSThe control run (CTRL; Table 1) will use
BriggsO algorithm with an injection height of the particles of 27 m for both dagenshiivity test (ST; Table 1) will be
performed to see the impact on the results of the injection height matielby usingthe injection height from VDI 3782
(1985).

4 Results and discussion

4.1 Description of the measurements

Figure 1 presents the part of the flights in the vicinftyhe FPSO platform. During the flight on Julg, the flaring plume
was crossed severahtes (Fig.1a). It led to four N@ peaks between 12:33 and 12:45 UaiCan altitude of around 300 m
(Fig. 1c). Four simultaneous peaks of aerosols were measured1(igNo simultaneous CO peakwithin its lower
detection limit 0.3 ppbv; Catoiret al., 2017) neither S@ peaks(within its lower detection limit 0.3 ppbfsee section 2.1)
were detected in the plume of the FPSO platform for this flight. No peak was measured during a second series of transe(
higher altitude (around 600 m, Fitg).

During the flight on Julyl4, three NQ peaks were measured during the first transects between 10:48 and 11:00 UTC
around 300 m of altitude downwind the FPSO vessel (Hiy Those peaksere simultaneously measured with aerosol and
CO peaks (Figld), butstill no SQ peakwas detectedKnowing thatSO, comes fromH,S combustion $onibare and
Akeredolu, 2004 theseresultssuggest thak gascomposition of 0.03% 0of,S induces an emission of $@oncentration
lower than the detection limit of the instrumdrdm 3 km of our measurements the natural gas composition given by
Deetz and Vogel (2017) for the Niger Debadifferentfrom that in Ghana for those two flights. The presence (or nGof
peaks is discussed in Sett3.

Moreover, SPIRIT allows measurements evefy/sl.Considering the case duly 10 where we have the maximum aircraft
speed (118 m™Y and the shortest pealagting about 16 s)the plume width is larger than the measuent efold time
multiplied by the flight speedhus, for all the narrow peaks, theaximumplume concentratiois real,not a plume diluted

with its surrounding environment

4.2 FLEXPART simulations of the flaring emissions

In order to confirm that the peaks detected by the aircraft instruments correspond to the flaring emissions from the plat
and to simulate them, forward trajectories are calculated using FLEXPART. First, as a reference, a simulation called Occ
runO(CTRL) is run, in whichthe NQ, flux for the FPSO platform is taken from Deetz and Vogel (2017)7i.802 kg s,

and the injection height is 27 m, calculateith BriggsO method (see Se®). A comparison of the wind speed and
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direction between ECM/F simulations and the Falcon measurements is presentaepfemenary material The wind
speed and direction derived from ECMWF agree within I'rarsl" 1.8;, respectively, for Julg0 (Fig S2) and within' 1

m s* and" 7j, respectively, for Jul4 (Fig. S3). So the transport is well reproduced in FLEXPART. Figure 2a compares
observed and simulated time series of ,Nf@ncentrations for the flight on Jull0. The four measured peaks are all
remarkablywell reproduced in time by FLEXPART. Another stualy Tuccella et al. (2017), using WRFhem, was able to
reproduce the simulated peaks simultaneously to the measured ones for oil facilities emissions in the Norwegian Sea. A
backgroundtoncentration has been added to the last two p&dlisvalue isan average of the measurements taken outside
the plume ands representative of the ambient pollution not taken into account in FLEXPART as this model only simulat
the pollution coming from the platforn€oncerning the second and the fourth peak (Fiy.tR@ measurements show two
close peaks that FLEXPART cannot simulate individually, leading to a single and broader simulatddhiseakprobably

due to an error in the dispersion mdohg) induced by the horizontal and vertical wiiield resolutionthat prevents us from
comparing pealto-peakconcentrationsEven with a finer wind field grid mesh of 0.12%;.125; (simulation not shown)
such close peaks cannot be distinguished, suggesting a still insufficient spatial resoisitiaml, the integrateatea under
each of the measured and simulated plume tcasisgill be comparedind preserd in Figure 3with the percentages
representing the relative differences with respect to SPIRIT measurerhentee 2d also compares the observed and
simulated NQ@ concentrations for the flightfoJuly 14. The simulation gives three peaks concomitant with the three
measured peaks of interest.

Comparisons betweddTRL runand SPIRITmeasurements for both flights (Figy panels Al for July10, B-1 for July14)
showthat the simulated concentrations are always overestimated for all the peaks (percentage larger than 0%). Sensi
testsareperformed in order to show the FLEXPART response to the Fluxes lower than 0.07 kg'sretested from 0.035

to 0.05 kgs™. Figure 3 (panels A and B1) shovs the variationsin the differences between the measurements and the
FLEXPART simulationswith the flux used in FLEXPART for the injection height from Briggs (1965). The plots for both
daysshow a linear response of EXPART to the fluxincreasewith a best estimation reached for 0.04 R the flight

on July10 and 0.035 kg for the flight on Julyl4. Panels A2 and B2 of Figure 3 show similar conclusions but for the
injection height from VDI 3782 (1985).0 determine whether thebservedinearrelationshipbetween the percentages and
the flux or the injection heighdccurs by chancea simpleF-test is performedassuming that theariancesare homogeneous
and the resultfollow a Gaussiandistribution F statisticcoefficients arecalculated anccompared to the 95% or 90%
confidence intervalith (1, N-2) (N: total number of resultsgsdegrees of freedorfseevaluesin brackets [u;+![ in Figure

3). If the value F isncluded inthe confidence intervdhentherelationship can be considered as linGdre standard errors

on the slopearealsoadded in the plots of Figure 3.

For the flight on Julyl0O, the standard error of the slope coefficients and tiest (95% of confidence) show linear
relationshig between the percentage difference and the flux. Only the results ob4Jolythe plot with the injection height

of VDI 3782 (1985, panel B) show a positive fest but with a 90% of confidence. No conclusions can be drawn for the

resultson July 14 with the injection height of Briggs (1965, paneflR In order to show the response of FLEXPART to the
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injection height, panels ® and B3 (Fig. 3) showthe percentages versus the injection height (Briggs (1965) or VDI 3782
(1985)). FLEXPART bows similar results regardless of the injection height used as input whatever the flux used. All tl
cases show standard error on the slope coefficiargerthan the slope itself andFRa value not included in the confidence
interval (at 95% of confidenceas shown in the Figure, and even 90%, not showihese results suggest that the differences
between the two injection heights are not significant enough with respect to the vertical resolution of the model or
measurements are too far to be inflaed by the changes in this parameter. However, to really conclude about the injectic
height and to evaluate the flux, more measurements are needed at different altitudes and distances from the emission sc
Besides the weather conditions and the fiamitg of the platform, the flighbcationis also an important parameter to be
able to evaluate our measuremeiigures 2 b and e show the BN@lume simulated with FLEXPART as a function of
distance from the source and altitude on July 10 and 14,atesgg. The aircraft measurements, represented by the colored
circles, are located at the upper part of the plume, away from the strongest concentrations. The work carried out is
limited by the flight trajectories which were too high and too far ftbenFPSO platform to catch the part of the plume with
the highest concentrations. The operational conditions during the flights were complex for the pilots, and safety conc
forced us to respect a minimum flight level (300 m) and a minimum distancetfiesourcerinally, we found that the NO
concentration difference between the measurementsharsimulations does nateem todepend on the distance from the
sourcesince thaneasurements are already toa far

We can use the best simulation on edafito estimate the percentage of pollutants transported inside and above the MBL
In both cases, about 90% of the pollutants stay inside the Mi8lare susceptible to impact the population living along the
coastline Measurements made along the coastfinee shown that Nfconcentrations are generally greater than 2 ppb for
suburban sites and greater than 20 ppb near industrial sites (Bahino et al.@d&8)the wind velocity (from 6.6 to 9.4 m
s, the air masses attain the coast in 2 to 3 hotishadoes not allow to bring significant N@oncentrations to impact air
quality in this area. This is confirmed looking BLEXPART simulations in Fig. 2b ande. They show that NQ
concentrations aralreadyvery low (< 1 ppbv) from40 km from the source aduly 10, and evercloser(from 20 km from

the source) oduly 14. The distance between tlteast and the emission source followihg wind directiorbeing 70 km,

only pollutants witharelatively long lifetimeor secondary polluta as Q can impact the air quality of the coast

Considering the very low SOlux, the FLEXPART simulations in the CTRL run induce insignificant $@ncentration at
aircraft sampled location (results not shown).

We performed CO simulations as @®@aks were measured in one case out of twa Zeignd 2f). For those simulations, we
used the injection heiglof 27 m of the CTRL run and the flux from Deetz and Vogel (2017) dfilit kg s*. Far the flight

on July10, FLEXPART simulates four CO pesakoncomitant with the four Npeaks while no increz in CO has been
observed. On Julg4, three peaks of CO are simulated at the same time as the three measured ones, but underestimate
is always included as a gas emitted from flaring in the invgritw this specific vessel while it does not seem to be the case

each timeA discussion on the flaring combustion processes is presented below.
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4.3 Combustion processes involved in oil flare

From a combustion point of view, flares generate-pmmixed highly turbulent flames, characterized by Higlquency
fluctuating flow fields. Flares can be issisted or steamssisted in order to achieve a better efficiency. The turbulence
increaseghe mixing and affects the chemical reaction process. Very recent attempts to model such flames (Aboje et
2017; Damodara et al. 2017) showed the influence of the composition of the natural gas and the validity of the chen
kinetic mechanism are ofrimary importance to predict the emitted species. Moreover, the flame characteristics such
temperature, height, and length, have a strong impact on the dispersion of the plume together with wind speed and
meteorological variables (Rahnama et 2016). All these parameters need to be taken into account when considering a
field campaigns.

McDaniel (1983) clearly demonstrated CO emissions are strongly related to flare efficiency. When the efficiency is
99.8%, CO is below 10 ppmv (Fi§-5 in McDaniel (1983)) while CO emissions may reach 440 ppmv when the efficiency
dropsto 64% (Fig A-8 in McDaniel (1983)). CO emissions can clearly be linked to the quality of the combustion, which i
directly impacted by the turbulence. The observed differdretween July 10 and 14 in terms of CO emissions mostly lies in
the different wind conditions between these two ddiyst, the wind speed was lowen July 14,which makes less O
available to burn with natural gesecond, it appears that the wind difen was not clearlgstablishedas can be seen from

the much more dispersed plume in Fib, desulting in incomplete combustion pockets favoring CO formation. However, a
decrease in efficiencghouldalso lead to lower temperatures and,N@issions, Wich is not observed here. The results of
this campaignwould require to be analyzeid the light of computational fluid dynamic simulations, accounting &or

realisticnaturalgas compositiomnd its hightemperature chemistryvhich are beyond the scopgthis study.

5 Conclusions
This study was conducted in the framework of the DACCIWRY Europeaproject in July 2016 in southern West Africa.
One target of therojectwas to measure emissions from oil rigs, whigrenot well estimatedintil then With two flights
planned in the vicinity of a FPSO platform, we reported the first flarirgjtinmeasurements in this region. The aim of this
work was toevaluate the capacity of FLEXPART modelreproduce the N@airborne measuremendsd to evaluatéhe
inventory of Deetz and Vogel (201if) the case of point sources of pollution such as oil platfoiithe injection height of
the plume was estimated by performing different calculatiditeording toseveral sensitivity runs, it appears that the
emisson flux given by Deetz and Vogel (2017) overestimates the concentratibeseas a lower NOflux roughly
reproduces the measuremerittowever, we di not knav if the FPSOwas understandard conditionsfdunctioning.
Concerningthe injection heightthe sensitivity tests are not conclusjvghowingthe need for more anbettertargeted
measurementsAn estimation of the pollutant distribution above or inside MBL shows that theollutants staymainly
inside the MBL, limiting the transpott the coadine located 70 km downwindf the FPSO

Sources of uncertainties are associated with the different calculations and hypotheses but the work is mainly limited by

flights trajectories, too far and too high from the platfoBo.t remains necessary to better quantify the emissions released
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during the flaring processes, locally but also at wider scales. Generally spehldrggudysuggests that for flights planned
in the heart of a flaring plume, shouldbe possible to linkhte flaring observations obtained by satellites with the emissions
deduced from the airborne measurements. If this relationship is possi@aerlrelationship between the emissions and

the radiant heat could thus allow estimating the emissions d&idig processes detected by satellite.

Data availability. The aircraft data used here can be accessed using the DACCIWA database
http://baobab.sedoo.fr/DACCIWA/ (Brissebrat et al., 2017). A-ywar embargo period applies after the upload. External

users can request the release of datasets before the end of the embargo period.
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Figure 1: (a) NO, concentration as a function of the flight trajectorydownwind of the FPSO plume for July10. The black arrows

showthe wind direction (from ECMWEF). (c) NO,, aerosol,CO and SO, concentrations as a function of time zoomed in a paxtf

the flight trajectory in (a). The peaks studied are labelled by a number (from 1 to 4). (b) and (dye similar to (a) and (c) for July
5 14
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Figure 3: Differences (in %) between FLEXPART simulations and SPIRIT integrated measurementsdependng on flux or
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. NO, Flux SO, Flux CO Flux Injection height
Run name Date of flight . . R
9 (kg s7) (kg s7) (kg sY) (m)
20160710 -
CTRL 0.07 423 10 0.11 27
20160714
20160710 . . 68
ST1 0.07 Not included Notincluded
20160714 77
20160710 .
ST2 0.085=0.05 Not included Not included 27
20160714
20160710 0.035- 0.05 68
ST3 Not included Not included
20160714 77

Table 1. Flux and injection height for the reference control run (CTRL)and for the sensitivity tests (ST) for each day of flight.
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