10

15

20

25

30

Mobile atmospheric measurements and locadcale inverse estimatiomf the location
and ratesof brief CH4 and CO: releasedrom point sources

Pramod Kumdt Grégoire Broquét Camille Yver-Kwok?, Olivier Laurent, SusarGichuki,
ChristopherCaldow}, Ford Cropley, ThomasLauvaux, Michel Ramonet, GuillaumeBerthé,
FrédéricMartin?, Olivier DuclauX, CatherineJuery, CarolineBouchet, PhilippeCiais*

Laboratoire des Sciences du Cl i m@GNRSEUSQ,Uriversité Fansvaclay®lhdi e me n
Gif-surYvette, France

2IFP Energies nouvelleGéoscience, 92852 Rudilalmaison Cedex, France

STOTALLabor at oi re Qu a69860 SolaideeCedexy Aance ( L QA) ,

“SUEZSmart & Environmental Solutions, Tour CB21/16 place

Correspondence t@’ramod Kuma(pramod.kuma@lsce.ipsl.f)

Abstract

We present a localcale atmospheric inversion framework toraste the location and rate of methane
(CHg4) and carbon dioxide (C{preleases from point sourcdistelies on mobile neaground atmospheric

CHs and CQ mole fraction measurements across the corresponding atmospheric pluamesgind of

these source, on high-frequency meteorological measurements, and Gaussian plume dispersion
model. The frameworkexploits thescatterof the positionf the individual plume crossectionsthe
integrals of the gas mole fractions above the background within these phasssectionsand the
variations of these integrals from one crgsstion to the otheto infer the position and rate of the
releaseslt has been developed and applied to provide estimates of brief controlleah@CQ point

source releases duringppewe e k campaign in October 2018 at
TADI in Lacq, France. These releases lasted typically 4 to 8 minutes and covered a wide range of rate
(0.3 to 200 gCHIs and 0.2 to 150 gC£3) to test the capability of atmospheriomitoring systems to

react fast to emergency situations in industrial facilities. It also allowed testing their capability to provide
precise emission estimates for the application of climate change mitigation strategies. However, the low
and highly varyig wind conditions during the releases added difficulties to the challenge of
characterizing the atmospheric transport over the very short duration of the releases. We present our seri
of CHs and CQ mole fractionmeasurementssing instruments onboarctar thatdrovealong roads ~50

to 150 m downwinaef the 40 m x 60 m ardar controlled releasesong withtheestimate®f the release
locations and rates. The comparisons of these results to the actual position and rate of the controlle
releassindicatean-averagaf—~120%-430% averageerrors (depending othe inversion configuration or

on the series of tegtin theestimats of therelease rates and ~3@m errors in the estimates of the
release locations. These results are shown to be prgresrecially since better results could be expected

for longer releases and under meteorological conditions more favorable to local scale dispersion
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modeling.However, the analysis al$oghlightsthe need for methodologicahprovementdo increase
the skil for estimating the source locations.

1.l ntroducti on

Accurate deteatin andquantification ofgreenhouse gas (GHG) emissions from anthropogenic activities
is essential to construct effective mitigation polickgarge fraction of pollutant and greenhouse gases
comes from industrial sitesBetween30% and42% of the athropogenic emissions ofiethane CHa)
between 2008 and 20lafe fromthe fossil fuelproduction and useector (coal, natural gas and oil)
accordng to Saunois et al(2019. A recent study by Hmiel et al. (2020) suggests that anthropogenic
fossil CH, emissions have been underestimated by about 38Tg/g8ar whichcouldimplicitly rise the
contribution of this sectdry 25%-40%.CHs emissionsnventoriedor specific sectorsombine uncertain
activity dataandhighly uncertairemission factorsAlvarezet al., 208). Furthermoretypical emission
factorsused athedefault values in inventoriesin hardlybe representative of the specdmnfigurations

and processes of individual sites, and, in practicey areusually different fromthose measured at
specific sits (e.g. Vaughn et al., 2017; Ravikumar et al., 2017; Omara et al., 2048itoring of CH
emissionsfrom individual sitesand even at thescale of localfacilities within the same sitis thus
recommendetb assess the effectiveness of local measures applied to minimize emigsinsshnik et

al., 2018.

CHs emissiondrom industrial activitiesare often strongly localizechd can occur ananyplaces with

all kinds of frequeneésor temporal scales (continuous to infrequent, constant, highly var{@aledla
Araiza et al., 2018)CH4 can be emitteat various stagesf activities related to oil and gas production,
transportand usesuch as fronventing during oil extraction, pressure controllers, unintended fugitive
emissions across the entire process chain, pressure regulators along distribution through pipelines, ar
storage (Hoglundsaksson, 201750me of hese emissitscould be localized through periodical LDAR
(Leak Detection and Repair) campaig8sch CH emissions are often accompanied by.@®issions

for examplewhen consideringliesel engines powering large compressors or flaring activities to reduce
natural @s (NG)venting(Caulton et al. 2014 herefore, the monitoring of G@missions whose budget
can be significant and which can help detect and characterize the processes underlyin@thissibhs

is important too.

ForQOil and Gas (O&G)elated activities, fugitive emissiofer examplefrom leaky valves oair bleeds

from compressorsshould be distinguished from intermittent emissions that occur during nominal and
maintenance operatiofike purging and draining of pipes. Several r@cgudies have shown that a few
leaks,often referred t@s supeemitters,can beresponsible for a large fraction thie O&G emissionof

a site creating a longail distribution of emission sources (Omara et al., 2016; Zavaza et al.,
2015,2017; Frankenberg et al., 2Q1Alvarez et al., 2018)Therefore, reducing infrequent but large
releasesf CHsis an effective strategpr reducing the overall emissions of the entire O&G sd@aren
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70 et al, 2019)In addition to their effect on climatéarge sporadi€Hs emissionsan also be an issue for
safety, a further argument fdeveloping and deployinigstdetection and quantificatiagystems

Atmospheric CHand CQ mole fractionmeasurements the vicinity of industrial sites, or décilities
within a site have beemsedfor detecting localizingand quantifyinglocal emissionsThese data are
combined withtracers oratmospheridransport models for the localization of sources, and dual tracer

75 methods, mass balance approacheatmospheric transport inverse modelling techniques to quantify
release rate@osterWittig et al., 2015; Albertson et al., 2016; Ars et al., 2017; Yacovitch et al., 2017;
Feitz et al., 2018; etc.). Current measurement methods includeirbahu and rem® sensing
measurements from fixed stations or mobile platforms (with instruments ordoaedt, automobilegr
drones) (Peischl et al., 2013; Pétron et al., 2014; Brantley et al., 2014; Goetz et al., 2015\Wtigjer

80 et al., 2015; Albertson et aRP16; Alvarez et al., 2018; Feitz et al., 2018; Cartwright et al., 2019, etc.).
Controlled release experiments have been regularly condtwtedpportthe developnent testand
improvament ofatmospherianeasurement and modelitechniquedor the detecton, localization and
guantifcation ofemissiors (Loh et al., 2009; Lewicki and Hilley, 2009; Ro et al., 2011; Humphries et al.,
2012; Kuske et al., 2013; van Leeuwin et al., 2013; Luhar et al., 2014;-Kaotigret al., 2015; Jenkins

85 etal., 2016; Hirset al., 2017; Ars et al., 201&tc.).

TOTAL developedthe secalled TOTAL Anomaly Detectioninitiatives (TADI) platform at Lacq in
southwestern France as a test fmdlifferent GHG measuremenrtechnologiesand emission detection
and quantification methodbat could be implementdd support either the fast detectiohlarge leaks
or the estimate of théong-term budgebf the GHG emissiondrom facilities On thisTADI platform, a

90 wide-rangeof industrial equipment (pipes, valves, tanks, columns, wellhead,, fleie are used to
reproducearound 30 different leakgsnarosincludingthe mostikely to occuron operational site&old
venting, leaks from a flangeleaks froma connection, leakage e@flves,leakageunderinsulation,
corrosion on a lineetc). In October 2018, a onweek campaign was held at the TADI platform to
evaluate differenapproachksto determire the preciselocation and magnitudeof brief CHs and CQ

95 controlled releaseffom point sourcesDifferent groups with varioustmosphericoneasurement and
modelling techniques participatéu the campaignWith typically 4-8-minute releases, the experiment
wasmainly designed for testing safety surveillance systaddressingmergency situatiomather than
for testing the ability to quantifyoutineemissions accuratetyver long periodof time. However, avide
range of ratesvere used for the controlled releases|uding largereleaseshat can raissafetyissues

100 but akosmall releaseswhich mainly raise concerns fazlimate changeSuch a wide range of sporadic
releases waa challenge for thesystemsleployed bythe participans sincethey required highly precise
gas analyzers that operatebatth low and highatmospheriagas mole fractionsand the analysis of
atmospheric processeser short durations
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We participatedn this campaigrwithin the framevork of the TRAcking Carbon EmissionsrRACE)
program fttps://trae.lsce.ipsl.fr), using a mobile measurement strategy similar to that of Kwark et

al. (2aL5) and Ars et al. (2017with the Cavity Ring Down Spectromet®fCRDS) instrumens onboard

of a vehicledrivenback and forth across Gldnd CQ plumes tayetas many crossectionmeasurements
as possibléor each releasél'he measurements were made along roads dowrokihe TADI platform
with the air intake located2 m above thground Such mobile measuremerdse generally conducted
occasionally,andthey are hardly adapted to continudasgterm screening forthe fast detection of
dangerous leaks. Howevesuch measurements coubg conducted regularly to get a representative
diagnosticof emissions from a site and of their evolution with time. Farmrtiore, the development of
automated mobile platforswith light instruments could allow for the use of such a measurement strategy
for long-termsystematic monitoring of the emissions from a site.

Suchmole fractiormeasurementsear the groundndacrossheplumefrom the sourcare often coupled

to the releaseof a tracergas ata known rate close ta targetedsourcein order to quantify the
corresponding emission ®Bxploiting the mole fractionratios between the targeted gas and the tracer
(Yver Kwok et al., 2015)However,one can hardly condustichtracer releaseover long time periods

or within areas exposed to safety issuesrthermoreusing thismethodit is difficult to localize the
targeted sourcsincethe methoditself relies on a good knowledge tife sourceposition The use of
dispersion models to analym®bile near groundatafor theestimdion of source locatiomand rate can

be challenging (Fostawittig et al., 2015; Ars et al. 2017Furthermore, rost of the emospheric
inversion approaches to localize and quantify pstrceshave been developed and tested for releases
lasting~30 minor more(Feitz et al., 201Bwhereas the TADI releaseliring this campaigulid not
exceedl8 minutes Because of the shaduration of tlosereleasespnly a small number of plumeross
sectionscould beobtained for eachelease limiting the robustness of thénversiors. Finally, the
meteorological conditions during the campaign were quite challenging, with low wind speed and highly
varying wind directions. We had to develop a speafid pragmatiénversionapproach to overcome
these challengegxploiting thespread othe positiors of the few individual plumerosssectionsthe
integrals of thanole fractionabove the backgrour(de. the level of gas mole fraction behithét ofthe
plumefrom the targeted source that is doeemotesources and sinksvithin these plumerosssections

and the variations of these integrals from one esession to the othen orderto infer the positiorand
rateof thebrief releasesThis inversion approacts based on a Gaussiplumemodel whose parameters
were fixed using the meteorological measurements conduadedhe TADI platform.Its successful
retrieval of relatively good release rates confirm that it could feed more advanced strategies for the loca
scale monitoring of GHG emissions.

This study documentsur measurements, analysimsversionsand the comparison of the results to actual
release location and ratésringthe TADI-2018 campaignn section 2, we detail the experimental setup
and atmospheric measurements. The theoretical and computatiorewbees of the inversion approach
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are described in section Section 4 detailthedata analysifor the configuration of the transport model
andof theinversion The results and perspecthad the study are discussegkpectivelyn sections 5 and
6, followed by the conclusions inestion 7.

2Th®€AD2018 campaign

2.1Thesite, controlled releass and atmospheric conditions

The TADI-2018 campaign was conductddring October 151 9 |, 2018 at TOTALGOGS
Lacg, northwest of PauThe platform is a rectangular area of approximately G00n? with
decommissioned oil and gas equipment instatbedimic typicalequipmenbtfa fA-wenal do o |
facility. Within the platform, there adifferentpointsfrom whichCHs and / or CQ canbe released at
controlled rates fronow (e.g. few tens offCHa/s or gCQY/s) to relatively high(e.g.several hundreds of
gCHd/s or gCQJ/s). Thae are chemical and industrial plarits the East ofthe platform, and the
surrounding area has agricultural land and rural settlements. The terrain of the TADI pistibrost
flat. However,during controlled release experimentisere weresmall obstacles tdhe atmospheric
dispersion tentscoveringthe instrumentsthe decommissioned oil and gaguipmentand other small
infrastructure for storage creatdichincreasd the roughness and inhomogeneity of the TADI platform.
Figure 1 shows a schematicaafr experimental setuguringthe TADI-2018 canpaign
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Figure 1. Aschematic othe experimental setugn the top of the satellite image thie TADI platform
(sourceGoogle Eartt© Google Eaiit). The redstarsshowsome of thgossibleapproximatdocation of
the emission sources in the ATEX zone (rectangle mthcoloredine). The full set ofexactlocations
used for the releases is detailed in FigBteof the supplementamyformation (Sl)material A hybrid
SUV drovein electric moden the road next to the sitdong theyellow colored double dotted lineEhe
meteorological statiomstalled and operated by TOTAAas located at the basis of its black symbol

During the campaign, a total of 50 €bind CQ releases were carried odll thesecontrolled releases
were made frondifferentpoint source locations within a 40 60 m rectangular aredassified ashe
AATEX @Figunegl@andSl, in the supplementary matepiaihich for security reasons was cordoned
off and out ofreachfor all participantsThese point sources correspdodvarious typs of equipment
and release scenariadrilled plugs, pipesrack corrosion, flange valves, control boxes, horizontal or
vertical tubing, horizontal or vertical piping, manhole, under insulation, tanks, scsuptmtuct skids
(red starsn Figuresl and S) with different release heightetween 0.1nand6.5m above the ground.
Mass flow controllers were used to control the releases afa@#i CQ. Several series of releases were
performedwith pausef approximately 5 minutes between twaleases andith a range oemission
rates varying from @.gCHa/s to 200 §€Ha/s for CH, and from 0.2 §O-/s to 150 ¢O-/s for CQ. This
setupallowedthereprodution of a variety ofgas release scenari@spected in an industrial environment.

2.2 Atmospheric measurements

Atmospheric CHand CQ mole fractionsveremeasuredisingtwo Picarro CRDSPicarro G2203&nd
G2401lanalyzes for CHs andCO, respectivelyThe analyzers were calibrated at the beginning and end
of the experiment using high arldw range calibration standards traceable to the WMO scales
(WMOX2007 for CQ, and WMOX2004A for Cit WMO GAW report No. 242; Table 1). Each standard
was measured for at least 20 minutes on each analyzeagfbéement errorisetweenthe analyzer raw
dataandthe calibration standaraveresmaller thar0.7% in CO: and 0.2% in Chl Yver Kwok et al.
(2015) had shown thatithin the mole fractionrange of the WMO scales the analyzer precisioarof
ensembleof CRDS analyzers including the G2401, defined agadhedata standard deviation over one
minute, was <0.05 ppm and <0.5 ppb for:&@d CH, respectively. The G2203 analyzer is basethen
samespectroscopy as the O analyzers investigated in this stuliyvas tested in a similar way during

S. Ars PhD wdy anddisplayed similar performanceArs, 2017. CRDS instruments are known to be
stable within <0.15 ppm per year for €@&nd <2.2 ppb per year for Glyver Kwok et al., 2015).

Table 1:Assigned mole fractiof calibration standardssedduring thecampaign SD refers to the
calibration reproducibility whi ch is defined as the standard
independent measurements.
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CO2 (ppm) CO, SD (ppm) CHa (ppb) CHs4 SD (ppb)
High 522.25 +0.01 6135.03 +0.23
Low 411.94 +0.01 1980.65 +0.11

During thecampaign the range afeasuredanole fractiors corresponding to theeleaseselectedor the
inversiors (seesection4.2) was1.91 84 ppmfor CHs and4007 800ppmfor COp, with less thar% of
theCHs measuremenindless thar2% oftheCO, measurements bejimigher than th€RDScalibration

range shown in Table The manufacturer specificationrscommendperating rangesf 0-20 ppmfor

CHs and G1000 ppnfor COz with the G2203 and G2401 analyzers, respectively. In practice the analyzers
werestill operational over a higher range although lower performance may be exjpeittisdcaseTo
investigate the performance of both analyzers at imgle fractionsa teswof linearitywas conducted at
theLaboratoire des Sci ences LICk overlaiangadimole fractidreeof | 6 E |
2 - 50 ppmfor CHs and 400- 5000 ppnior COz, which spans-99% of the CHs measurementscorded
duringthe releaseselectedor the inversios The results indicate that over this ranie precision was

< 20 ppbfor CHs and < 0.6 ppnfor CO, with the G2203 and G2401 analyzers, respectively, and that
both analyzerstill responded linearly (> 0.99 at highmole fractiors, with aresidual errcs between

the gas analyzer respossad the assigned valukesver than2%.

The gas analyzers were installed in a Mitsubishi hybrid SUV vehicle. Measurements were made
continuously at approximately 04 Hz while the vehicle was @gn up and down the two main roads
next tothe TADI platform at a speed of about 10 kruich resulted in gettingl measurement every
7m) (Figurel). The distance between the release points and the car was beRyermandabout~250

m. Due to thebrevity of the releasekess than sixrosssections of the plume were identified in the mobile
transects for each controlled relea¥be sampling inlet was locatest the back of the vehiglet
approximately 2 m above the groufdhe top of the samplgymastwas equipped witl GPSproviding

a time referencalong with measurement positiods the beginning of the campaign, the overall time
delay of the differenanalyzers, including the time delay induced bygampling lineand the analyzer
time shift relativeto GPStime, wasempirically assessed lmpntaminating lfreathng out) shortly at the
air inlet at a given GPS time acdmparing this time ttheanalyzer timestamp of tHeéO, responsdat
peak summit'lhe measurements wetleus synchronized with an overall time delay ofl6s. Figure 2
shows an example of the transects on the TADI adjacatways with the timeseries obbserved
instantaneou€Hs mole fractiors duringa CH; release.

In the absence @ controlledtracerrelease, eliablemeasurements of the meteorological and turbulence
parameters are essential to model the ptnoen the releasewith an atmospheric dispersion model. A
meteorological station was installadd operately TOTAL inthenorth-east of the ATEX zone (Figure
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1). This statiorincludeda Metek Sonic 3D sonic anemometer atribeight above the groun@he high
frequency measuremextf this anemometewere not recorded bebmbinedat I-minute resolutiomnnto
mean horizontal wind speed) and directiond), temperature (T)Qbukhov lengthl(), surface friction
velocity (), andstandard deviation of wind velocity fluctuations,( v, @and(w). We averagedhese1-

minutemeteorologicatiataover theentirerelease periodsha used these amputs for thanodellingand

225
inversion configurations. Therefore, the notatibhs!, T, L, u- and(Cy, Gy, Gw) hereafterepresent such
averages over thelease periods rather than theninute data.All the releases were conducted during
daytime under neameutral orconvectivestability conditions(L < 0). The prevailing atmospheric
conditionsduring the whole campaigrorresponded ttow and highly variablesouthwest to soutleast
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Figure 2:Mobile CHs mole fractionmeasurementduring CH; release no2 (Table2): (a) horizontal
representatiorfb) 3D representation with values as a function of the horizéotalkion and(c) time
series The greermarrow from the source locatidn (a) shows the averaged wind direction during that
release.

3. Atmospheofcthaeveebease | ocations and rates

3.1 Gaussian plume dispersion model

The atmospheric inversion approach used herlees on a Gaussiaplume model to simulate the
dispersiomf CHs or CO: from the potential locations of the sourc&sussian plume models (ki et
al., 1982) provide an approximationtbe averagéracer dispersioat a local scalefér sourcereceptor
distances ofess thara few kilometers) driveby constantmeteorological conditions in time and space
over a flat aredn such conditions, theoncentration@) of a pollutant haa spatialdistribution described
by a combination ofiormal distributios in both vertical and horizontal plan@sannaet al., 1982)We
use thefollowing Gaussian moddbrmulationassuming aeflective ground surface:

6 Ghithd ——QoOR— QO F—— QOik—— ()

wherethe X andY axis are defined by the effective widdection,Qs is the emission rate a@he point
sourceunderlying the plumeHsis thereleaseneight above the ground surfatk,is the effectivemean
wind speed at the height tiferelease, X, Y, Z) are the coordinates the Gaussian modebncentration
space where the location of the source is the origin (0,0,0) (this system of coordinates is distinct from the

coordinate system used in the following sections to localize the sources in the ATEXarnahe) and
, are the dispersion ctigients in lateral ) and vertical Z) directions, respectivelyi he dispersion

coefficients,, and, are derived from the standard deviations of the corresponding velocity
fluctuations in the laterali{) and the vertical({y) directions agollows (Gryning et al., 1987):

” ., 0P — (2a)

" ., 0P - (2b)

wheret (= X/Ue) is the travel timérom originto X, TyandTzare the Lagrangian time scales in lateyal (
andvertical ) direction, respectively. We takKe= 200s (Draxler, 1976) for near surface releaseland
= 300s for unstable conditionk € 0) (Gryning et al., 1987).
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The TADI platform is relatively flat andie assume that the small obstacles interfewniitly the plumes
betweerthe ATEX zoneandour measurement locatioage negligiblewhich is the main reason for using

a Gaussian model herBurthermore, our inversion method relies on a very high number of plume
simulationgo localize the sourcewhich- wasnot affordable with complex modekdvantages of more
complex models like the ability to account for variatiamspace and time of the wind meechallenged

by thevery short duration of the releasesich prevented us from considerisgchvariations We also

had to rely on a single meteorological station which limited the skill to account for spatial variations in
the wind.The prevailingwind conditions during the whole campaign with low wind sgeed higty
variable wind directiors chalengal the spatial representativeness of the meteorological measurements
and the use of locacale dispersion models to simulate the peaks in the nmobadsuremertansects.

Such a limitation applies to Gaussian models as well as to more complex alta®ighour inversion
approach attempts to take advantage of strong variations in the wind direction to localize the sources.

The small number of plume cresectiongalsoc a | | e d 0 p e)aldseyved imthasrstadyrévenedr
usfrom assessg the averagenole fractiors along the roads where mobil@geasuremerttansects were
conducted for each releagene average in time of tigasmole fractiongneasured along all roadsfar
from converging towarda distribution corresponding 8m averagelume andust reflects the scattering
of these peakddowever, @en thougha Gaussian model characterszaverage plumgunder constant
wind andit can thussubstantiallydeviate from observed instantaneausle fractions we compared
plume crosssectionssimulated with such a mod# the observednstantaneouplume crosssections
We consider the integral of tmaole fractionsabove the background within cressctions as the index
of the plume amplitude whose observed value is fitted by theehmodhe inversion approach, which
limits the impact of the lack of simulation of the turbulent patterns (Monster et al., Rbg4ston et al.,
2016; Ars et al, 2017)With such a frameworkthe Gaussian modelvas assumedo be suitable to
assimilatehe infamationfrom our instantaneouplume crosssectionswhich was confirmedo a large
extentby theprecisionof the release rate estimafesm theinversionbased on this modéee sections
5 and 6) Furthermore, he model erroassociated with such a use of the Gaussian model tdaten
instantaneous plume cressctions is implicitly accounted for in the inversion configuration (see section
3.2).Using advanced and more complerodelssimulatingexplicitly the turbulencéo hdp better match
observednstantaneouplume crosssectionscould be considered as a next dtepthis raises challenges
sinceit is difficult to capture the right timing and location of turbulent stochastic strucidespite many
attempts at developing systems basedamplexmodels, n practice, the systemisedfor the local scale
monitoring of CH emissiongyenerally rely on mass balance approaches or Gaussidels Fox et al,
2019; Mgnster et al, 2019)

10
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3.2 Inversion method

The inversion systemrimarily relies on the plume amplitudes (defined as the integral cjakenole
fractions above the background in peaks as in Ars etf2017); see section 3.1) along the mobile
measuremertransects to infer theelease ratesThese amplitudes are the main component ofitiie
assimilatedoy the inversion systenThey highly depend onoth the release rate athie distance from

the source, whose location is unkmgwo the measured peaksideed, the plume ampide at the
measurement heigig smaller at larger distantecauséi) of the plumearger vertical mixincand (ii)

of the loss of larger tails of the plunrethe integréion whenthe plumeis widerandsmootherandits
concentrations getloser to thebackground These amplitudes also depend on the angle between the
plume cross sectionand the effective wind directisrfrom the source tohese cross section#hich
provides another sensitivity the source locatiarThe inversion schemasofollows the factthat, due

to unsteady wind conditiorsnd turbulencethe effective wind directiors from the release point to the
peaks in the mobileneasuremeriransectsalong the roadsan differ fromd, the mean winddirection
averaged over the brief releageriods.However, thevariability of the wind measurementat high
frequencyshould give a good indication of the fluctuations of such effective winettions This
provides information about the source locasotheposition of the peaks along the nilebmeasurement
transectsare the other component of the data assimilated by the inversion sydtessing the
information about the varying amplitude of the different peaksahmittheir location adds critical

piece ofinformation about the source location, since the variations of the effective wind from a source to
the roads stronglympactthe distance between the source and the geak the angle betwedhe
effective wind and the plume cross secjiand thus, thegak amplitude The analysisof the variations

of the different peak amplitudeis necessary to disentangle the estimateke rate and location of a
release, since changes in the average peak amplitude due to changes in the release location can
compasated by change in the release rateerefore, our method relies on the infation from multiple
plume crosssectiors to inferunambiguouslyoth the rate and location of the releases.

In practice, in order to companeodeled peaki® measurednes theinversion drives the Gaussian model
with an effective wind direction d mbut with aneffective wind speed anglume widths that are
constrained with the meteorological measuremehtss defined by the direction between the potential
source locations and the peak locatidviere specificallyd nis taken as the direction frothe potential
source location to thAcenteo of the measured peak. Thienteris estimatedas the miepoint between

releaseperiadlhe confidence in the ntorresponding to a given source locatiowisighted by its
relative departure frord compared talq the standard deviation of the measured wind direction tbeer

A
-, C C - C C
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release peria@incethe high frequency measuremeof the wind were not recordefibr each releasey

is approximately calculate@s, & , jY (Joffre and Laurila, 1987)Fhe—confidence—in—thalm
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The Gaussian model driven by these parameters yields a simulation of the 3D fiedtedfactions
above the background due to the souftes 3D field of mole fractionss discretized at the measurement
locations The observedo and modeleddm plume amplitudes are computediategralsalong these
locationsof the mole fractions abouwhe background between the edges of the observed peake
edgesare defined manuallyand thederivationof the background in the observatsag detailed in section
4.1

We providezs the actualsource heighof each releas® the inversion systemvhich assumethat the
effective injection height ze corresponds to this heightefzs). The inversionderivesestimates of the
horizontal source locatigrknowing it iswithin ATEX zone but ignoringanyinformation about theet

of actualsource locatioslisted in FigureSL. It discretizes the ATEX zone into small ceti1 n? to
define all potentialhorizontallocations(x, y) of the sourceFor each controlled release inversion
algorithmloops overall these locations and om axtensive ensemble of values for the release fates
with intervals of 0.05X/s (or of 0.1 gX/sif measurementat first sightindicate that the emission rage
likely well abovel0 gX/s, where X=CH or CQ) to find the optimal estimates of the release location and
rate For each potential location and rate, it drivreGaussian plume simulatiguer plume crossection
following the principle detailed abowend computes the correspondargplitudes of themodeled plume
crosssections Then itcomputes the corresponding cost functiatefinedby:

O 0 U (3)
where the first term:
0 B _ 4)

is the quadratisum ofrelativeerrors between the modeled (&) and observedd( ¢) amplitudes of the
Np plume crosssectionsand the second term:

0 B — (5)
is the quadratic surthe weighted departure of the ihgit effective wind directioe—a corresponding

to theN, peaksfrom d, the meanwind directionover the release period

At the end of this loophte optimal estimates oftte unknownlocation(Xe, Ye) and ratgQe) of therelease
aretaken as thestimatesorresponding tthe minimum ofthe cost functionJ. Jw weights the departure
of d nfrom dusinglls, whichcharacterizes hethe uncertainty in the effective windhe misfits between
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modeled and simulated peak amplitudgég. 4) are notexplicitly weightedby the uncertainty in the
transport modedssociated to the comparison between the Gaussian model and instantanecuasysisime
sectionsor to the configuration of the parameters for this modelvever,the direct comparison afy

and Jp in J implicitly assums that there is a 100% uncertainty in the skill of Ghaussiarmodel to
simulate the amplitude of individual peaks when feeding it with the actual release locations and rates
which is a rather conservative assumpfiars et al, 2017)

The first results analyzed basedtba inversion configuration described above and presented in sections
5.1 and 5.2 have led us to conduct some tests of sensitivity iofi/#frsions (1) by fixing the location of

the source to its actual positi and minimizingl, to get an estimate of the release rates (2) by modifying
the formulation of), to influence the way it weights the fit to the different paalplitudegsee section
5.3)and (3) by rescalindy to change its lative weightin J. Section 5 details these tests and their results.
The principle of our methoddoes notpply to releases for whiake only haveone plume crossection.

In such a case, the antplile and location of this cresgction do not provide enough informationrtter

both the source rate and locatitmdeed, for any location corresponding to the mean measured wind and
thus cancellingly, the release rate can be fixed to perfectly match the observed plume amplitude and
cancelJp. However, the first results anaba based on #hstandard inversion configuratiatescribed
abovealso showed thiemitations of theskill to infer the source location. Therefore, in orttehighlight

this problem andtb strengthen our statistics regarding the skill to infer the retatesg we have included

in our analysis the results from a reledseing which wehadone plumecrosssectiononly.

4Data ahathyesicsonfi gurati on ofoft thweraneport mo
4.1 Assignment of the backgroundmole fractions

The definition of thebackgroundield of CHs or CQ; for the measurementalongthe differentplume
crosssectionscan have a strong impact on the derivation of the peak amplitudas modeling
framework includes thé&aussian simulation of the plumes from ttentrolled releases but not a
simulation of the background mole fractions over which the plumes represent an exces®oCCkH
We compute a single background value per reldagenga givenCHa release, weefinethe background
as the minimum of theorrespondingimeseries omeasuredCHs mole fractiors. Indeed, the variations
of CHs between the peaks theteunambiguously attributed to the plurinem the targeted souregpear
to be quite negligible in most casasich can be explained by thlkort duration of the releasétowever
themole fractionsveremuch noisiebetweerthe peaksn the CO, mobile measuremertransects, due
to potentialsources and sinks of G@earbysuch asregetation andraffic (e.g. delivery trucks passing
frequentlyalong the road surrounding the TADI platforritherefore, wedefinethe CQ background
valuefor a given CQreleasesthe 3" percentile of theorrespondingimeseries omeasured Co&mole
fractiors. These background valuasesubtracted from the measurement timesddethe computation
of theobserved peaamplitudes
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4.2 Configuration of the Gaussian model and identification of the releases for which the modeling
framework is suitable

We usethe average othe 1-minute da& from the Metek 3D sonic anemometevereachreleag period
as inputs to the Gaussian plume motet average of thetandard deviations @klocity fluctuations in

the lateral §,) and the vertical((,) directionsareused to compute the dispersion parameterand,, ,
and he average wind speédtlis taken as the effective wind spdggldriving the Gaussian model.

The inversion method relies on the detection and use of clear peaksgsthele fractiontimeseries

that really correspond to cressctions from one edge to the other edge of the plumes. Several peaks in
the measurements were associated to situations for which the vehicle had to turn (e.g. at the crossing
roads) and thus did not fully crothe plums. Such peaks are not retained for the inversions. Furthermore,
some peaks were measured at locations very far from the area along the road corresponding to tt
projection of the ATEX zone with theé+ 204 range of wind directions. The reliatjliof inversions using

such peaks would be very low and we tlexeludeall peaksfor which the difference between the
correspondingl nandd systematically exceeds 30° whichever location is tested for the s@uredo

the complex meteorologicabnditions during the campai60% of the releasavere conducted while

the wind was lower thap ms?) anddueto the low number of detected pealtsis selection of tk peaks

that aresuitable for inversiommeant thathere were not any exploitable peaks 3drof the controlled
releasesOnly seven CH andnine CO, releasesvere thus selected for the inversidfisible 2) This
selectionof releaseslightly narrows therange of release rates tested during the FARI8 campaign

but the resulting rang®.3 to 45 gCH/s and 2 to 150 gC4s, see Table 23till spars threeorders of
magnitude

About30% of thesereleases were conducted in weak wind speed conditigtisU < 2 ms!, which are

usually assumed to be challenging limcal dispersion modelingwilson et al., 1976 Suchconditions

are associated with complex dispersion patterns of the gases released, and deviate from the validity ran
of the Gaussian plume dispersion modale analyzeéhese releasebut our confidencea priori in these
resultswas thus weaker than for the other releasesspedific statisticarederivedin section Sor cases
whenUO 271 ms

Table 2 provides informatiorbaut the release raenumber of peaks, and meteorological paramébers

each of the releases to which the inversion was apphieglease numberss and 6 part of the mole
fractions measured in the plume cross secti@¥% and 10% respectivelyyere above the CRDS
anal yzer 6s r eforCha(Eowve@ipm, seasegjian 2\&jth maximum valuesf ~60ppm

and ~85ppmespectivelyThese are the only releases selected for inversion for which measurements were
out of thsrange.There wa®nly 1 plume cosssectionduringreleaseno.12. Meteorological observations
missedfor the two last releasgsos.15 and 16 in Table)Xue to technical problem&or these two
releases, meteorological observations from the previous release (i.e.,imhit#)occurred about nine
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minutes beforgareused forthe inversionFor the selected releasghich correspond to low windpeed
conditions U < 2 ms?), we seta minimum value of 0.3 misfor ty, andthe effective wind speedf the

430 Gaussian moddb Ue = (U? + 20,)2 (Qian and Venkatram, 2011Atmospheric stabilities during the
selected releases were in the range of neutral to very unstable as all the gas releases were conducted du
day time and the observed valued. afere negative (Table 2).

Table 2:Release$o which the inversion is applievith the corresponding release duratactualrelease

435 rate (Qs), number of peakgNp) in the mobile measurement transecsd averaged values of the
meteorological and turbulence parametérseean horizontal wind speedU) and direction ), the
Obukhov length ), surface friction velocityu:), and standard deviation of wind velocity fluctuations
(G, v, @ndlw)) over the release period

Releasg Gas|Duration|] N, | Qs | z | U d UL | w Uy Uy Uw
no. (mm:ss) (g/s)| (m) | (m/s)| (°) | (m?) | (m/s)| (m/s)|(m/s)|(m/s)

1 CHs| 07:48 2 1 ]12.3|2.06|294.8/-0.03( 0.34| 0.55| 0.60 | 0.90

2 CHs| 06:54 2 0.5(2.1| 2.64(290.7[-0.06| 0.26| 0.42| 0.50 | 0.42

3 CHs| 18:25 6 0.3 (21| 2.86(285.7[-0.08| 0.23| 0.48| 0.41| 0.42

4 CHs| 08:36 4 05(7.0| 290(312.6[-0.02| 0.31| 0.49| 0.50 | 0.42

5 CH4| 08:31 4 45 | 1.6| 2.29|307.4(-0.06| 0.22| 0.40 | 0.48| 0.37

6 CHq| 14:25 4 3 |1.1]1.77]156.3/-0.04| 0.22| 0.41| 0.41| 0.38

7 CHs| 12:00 2 0.5]2.6| 2.40|142.7[-0.02| 0.23| 0.44| 0.32| 0.32

8 CO:( 06:18 2 |150(1.6| 3.32(67.42|-0.01| 0.37| 0.67 | 0.58| 0.48

9 COx[ 08:57 2 5 |1.7]331]| 76.7(-0.00| 0.38| 0.77| 0.67 | 0.54

10 COx[ 06:39 4 3 |0.6(285| 55.7(-0.01] 0.28| 0.49| 0.52| 0.41

11 COx 04:49 2 2 119]219|521(-0.010| 0.25]| 0.39| 0.44| 0.35

12 COx( 04:20 1 [150|1.6|1.23|312.2(-0.09] 0.17| 0.25| 0.27| 0.28
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13 |[COz| 04:30 2 85 |1.6| 1.41|304.5/-0.04| 0.22| 0.28 | 0.29| 0.32

14 |CC;| 04:.01 2 60 [1.6| 1.26 [308.1|-0.16| 0.19| 0.34| 0.31| 0.28

15 |COz| 04:52 2 30 |1.6] 1.26|308.1|-0.16| 0.19| 0.34| 0.31| 0.28

16 |COz| 04:.00 3 10 [ 1.6| 1.26 | 308.1|-0.16| 0.19| 0.34| 0.31| 0.28

5. Resul ts

We evaluate théversionestimates of the rates and locatiamfighe selected releases using the actual
values provided by TOTALThe number oplume crosssections used by the inversion for individual
CHas or CO; releases varies from 1 to 6 with a typical range-éf(Zable 2).

5.1 CHsreleases

Table 3 shows the inverted and actual release rates and locatisfartbe seven 84 releases. As an
example, the shape the cost functiond and of its component$,, andJy as a function of the source
location within the ATEX zonandtheminimumof J areillustratedfor releasano.2 in Figure3 by fixing
the release rate to its inversion estimatej compared to the actusdurce locatiorisimilar figures for
all the releases are provided in FigugEs17 of theSl). This Figurehighlightsthedominantrole of Jy in
the determination of the source locatiéor this release, Figurkealsoshows a comparisdoetween the
observedand modeled(using the source location and rate given by the invergieaks ofCHs mole
fractiors for two of theplumecrosssections For bothcrosssectionsthe maxima of theneasurements
arelarger than tht of themodeledgasmole fractionsout the modeled plume cressction is wider, as
explained by the use of a Gaussian model which is representative of the average dispmrsoar, the
modeled and observed integral of desmole fractionsabove the background within the plutr®ss
sectionsagree within2526%. The average ofthis relative differencebetweenthe amplitudes of the
simulated and observed psdkomparing thebsolute value of thdifferences to the observed amplitude)
over all peaks from all releases is about 43¥e deviation ofd nfrom d varies from less than 1° to
~2527° with average deviation of73° overall the peaks in all Clreleaseswhile Uy varies betweeB®
andl17°, with an average value of 1These values explain thaith the inversiorestimates of theelease
location and rate, the value &fis smaller than that aky (as illustrated in Figre3).

16



Q;=054g/s release-2 Duration = 6.54 min 0, =054g/s release-2 Duration = 6.54 min Q;=0.54g/s release-2 Duration = 6.54 min
0

0 |
7 0.6 1 7 75
f — — 6
0.45
7] 7] 7] 45
0.3
i i i 3
E 015 -50 E
15

N—_ —_—
0 i} 5 10 15 20 25 30 35 40 3 10 15 20 25 30 35 40

¥ (m)

tr} frn}

=05g/s release- 2 Duration = 6.54 min release-2 Duration = 6.54 min Q;=054g/s release-2 Duration = 6.54 min
0

Qs=054g/s
-

0
15
05 12
12
0.4 10
. 9
E
03 = 75
6
5
0.2
3
25
01
o 0
¢ 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 0 0 5 1 15 20 25 30 35 40
x(m x (m} = (m]

(@) Jp (b) Jw (c)J

Figure 3: Contour plots of (d) , (b) Jw, and (c)J whenfixing the release rate to itsvertedvalueQe for
release no2. Red and white stars respectivelyowthe actual and inverted source locations.
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Figure 4: Observednd modeledpeaks in theCHs mole fractiors for two plume crosssectionsused in
theinversionfor releaseno. 2, using theestimates of theource location and rateom theinversion

For each controlled releasketerror irthe estimate of theourcdocation theflocationerro6 herneaf t
470 E is definedby the Euclidean distance between itneerted and actuaource. It varies fro8.1 m to
| 62-953.9m, with an average value 8B-828.6 m across all the select&tH, releasegTable 3) Figure
5(a) shows a comparisdietweerthe estimated and actualeaseratesfor thesereleasesThe relative
estimation error for the release rates (dividing the absolute value of the estimation error by the actua
emission rate) varies from less thEOP6 (for release no. 4) to ~82% (for releasex)dTable 3, Figure
|475 5(a)). These results indicate that the inversions lead to an average relative 8888 2% in the release
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rateestimatesin most of the casethe stimatef the ratesrewithin a factor ofl-8two from the actual
ones, gcept forreleaseno. 5, for which theactual releaseate is underestimated by a factor of 3.be
underestimation ofhe rate forelease no. 6 is the secewdrst casavith ~4750% relative errorThe

small percentage of mole fractionseasured above thenal yser 0s

oper aduring n al

release nos. 5 and 6(section 4.2)does not sufficientlyexplainwhy these releasesorrespond to the
poorest result Selecting the cases for whithO2 ms! slightly decreases the average relative error to
28%, release nd beingthe only one for whicly < 2 ms®. However, gnoring the results faheworst
case (eleaseno. 5, theaveragerelative errorin the releaseate is 2223%. In most of the cases, the
actual release rates are underestimated by the invérsiease na 4 and 7 being exceptions)

Table 3: Summary of theesults from thenversiors with comparisons between tlaetual and inverted
sourcelocations and ratder the CH; releases.

Release | Gas | Qs Inversions minimizing) (Eq. (3)) Inversions minimizingl®9(Eq. (7))
no. (') |"Source fixed| Deriving both the | Source fixed| Deriving both the
to its actual | rate and locationf to its actual | rate and locationf

location the source location the source
Qe Rel. Qe Rel. E Qe Rel. Qe Rel. E
(a/s) | error | (gfs)| error | (m) | (a/s)| error | (g/s)| error | (M)
1 CHa 1 0.55 | 45.0%| 0.80 | 20.0%| 26.8 | 0.70 | 30.0%| 1.05| 5.0% | 26.8
2 CHs | 05 | 0.25]50.0%| 0.30 | 40.0%| 27.7 | 0.25| 50.0%| 0.30 | 40.0%| 27.7
3 CHs | 03 | 0.201 33.3%| 0.25| 16.7%| 21.5| 0.20| 33.3%| 0.25| 16.7%| 21.5
4 CHs | 05 | 0.50| 0.0% | 0.50 | 0.0% | 8.1 | 0.55| 10.0%| 0.60 | 20.0%| 7.7
5 CHs | 45 | 6.55|85.4%| 8.05|82.1%| 38.8| 7.55| 83.2%| 9.05 | 79.9%| 38.8
6 CHa 3 0.70 | 76.7%| 160 | 46-7%| 629 | 1.50 | 50.0% | 3-30 | 10:0%| 629
1.50 | 50.0%| 53.9 3.00| 0.0% | 53.9
7 CHs | 05 | 0.40 1| 20.0%| 0.55| 10.0%| 23.2 | 0.55| 10.0%| 0.75 | 50.0%| 23.2

5.2 COrreleases

The general patterns and relative weighdpandJ, for the CO, releases is similar to that ftre CHa
releases. The average relative difference between modeled and observed peak amplitud@s.i#bout
The deviation off nirom d varies from less than 1° to ~26° with an average value of ~7° over all the
peaks in all CQreleases, whilégvaries from 10° t@214° with an average value 812°. Again, this

is associated with lower values firthanJwy (not shown).
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Table 4and Figure 5(b) compare the estinsaiktthe CO; releaseatesand locations to their actual values
The location errors, on average,39-36 m. For all thenine CO, releases that have been analyzed, the
emissions are estimated within a factof gfof the actual emissions. The relative ermathereleaseaate
estimatesvaries fromless thar2% (releaseno. 10) to 28.68% (releaseno. 8), and on average k7.2%6.
Ignoring thefeurfive releases correspondinglt< 2ms?, theaverageelative errorfor the estimatgof
releaseates significantlydecreases th1.6%.Errors on theestimates of theate and location farelease

no. 12, during which we have opéume crosssection only, are close to the average erfngshighlights

the limitation of the skill to providea precise estimate for the release locationteder the number of
plume crosssectiors used As was observedor the CHs releases, there is a general tendency of the
inversions to underestimate the act@&h release rates (with two exceptions: release no. 10 and 12).
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