Reviewer #1 (R#1):

First of all, we would likgo thank the anonymous reviewer for the detailed and helpful comments.

In the following, we first state the comment of the reviewer fR-yU A& %S (}E& SZ ZP v & o
Juu vi[e v $Z v P]A }pREfefEncelddihe Manuscript are related to the original

discussion manuscript: P2L3&Epage 2, line 30.

General comments: The study nicely illustrates a use-case for the MAMARriastrand how the combined

use of airborne remote-sensing and in-situ instruments can Eelp ¢« ¢« u]ee]}ve (E}u o0 v .00 °*]8 X
Unfortunately, the structure of the paper is confusing and should be revsbelp the reader to focus on the

key results (see general comments below). For example, the methodologwairertainties are calculated

(e.g. for CH4 emission rates) is given in the results section (6), while etudtsrare given in the emission

comparison section (7). | would suggest to include the comparison with the inventdry regults section.

Furthermore, the uncertainty calculationZ}po 152 & *% ]. ¢ S8]}v }E& o}P] o00C s}
where the MAMAP retrieval and calculation of emission rates are describetk Iagt paragraph of the

conclusion, the authors claim that this study shows that this type of airbmrmete sensing observations are

"A-op]s _ &} <3]Ju & ,0 uJee]}ve (E}u "0 EP o v .00}% 7 WSS &Spu C <2}/
OV .00° JVA «3]P § U SZEKWS@BuE v3]PVv]. v %eoquihods nedH to Siftically

discuss: Why were the other sites neglected in the analysis and camd@sivhat were the EPA emission

estimates for the other sites? Maybe there is a detection limit for thé$hmdology or are there other limiting

external factors (e.g. meteorology, topography of the site)? These would be crucrahation to be added. All

that can really be claimed seenss} §Z 83U Jv §Z]+ Jved v U o v .00 A]3Z wule*]}ve }( 1A
can be monitored using this technique. ColEvV]vP §Z ]I }( 8Z o v .oddeduiti@&ERrhe o v .00 _« t
]l }(8Z ov .oo]* E]8] 0Z E U p3 E 3H#s @4 smissién defsinf}veU }E u C

We agree with the reviewer about his/her major concerns i@gling the structure of the
manuscript and thenot existing comprehensive discussion on the three other landfillge
significantly restructured the manuscript further details are given in the specific responses to
R#1-4, R#16, R#1-9, Rt1-11, Rt1-12, R1-14, R#1-17 and R1-18.We added a more comprehensive
discussion on the three other landfills and also expanded alaims on the suitability of remote
sensing measurements for quantifying emission from landfitléurther details are given in the
specific responses to#R-3, R#1-20, Rt1-21.

R#1-1) P2 Line 7: consider citing a peer-reviewed publication instead of a webpagéehtiprBwww.earth-
syst-sci-data.net/8/697/2016/essd-897-2016.pdf

Done. We updated the reference and replaced Kirschke et al. (2013) bp@set al. (2016)
Additionally, we also stated the new estimates (P2L7) as given by Bauet al. (2016) for the year
2012. The final revised version of the manuscript of Saundiale(2016) was not published at the
time this manuscript (Krautwurst et al., 2016) was written. Therefone had referenced the older
values from Kirschke et al. (2013).

R#1-2) Wi >11(W Wo « P]JA v }E & }(u Pv]sp dHate of gublichtiods in AMT]Pv]. V3§
(} p» }v & P]}v o 8§} Po} o0+ 0 *3pu] U o0 VvBo ZJPESPVES.uEG](C & ZXA

We agree. At this position in the manuscrip§ Z 8§ GEu ZE o $]A ®dEcanfaEiRy forufe Z 3
reader (later in the manuscriptP5L5, the approximate size is stated. In comparison to emissions


http://www.earth-syst-sci-data.net/8/697/2016/essd-8-697-2016.pdf
http://www.earth-syst-sci-data.net/8/697/2016/essd-8-697-2016.pdf

from point sources like power plants or coal mine ventilation shaftslaadfill has a relatively large
area from which emissions can potentially develop.) In order to aany confusion, we added a
size indicationZ u %o 3} *}u kdlometes[on P2L30.

REL-3) WS >0 (W  Uu}E Jo]P v3 B +}v (}JE AZC i }us }( 8 o \EJuwoZ @& JPV}E
}us v« 8} PJA vX tZC } §Z}e }3Z Gronounced plumies?%vidEtlane their (EPA)
estimated emissions? Are they lower, equal or higher than the expected emisgi@iinda Alpha? Consider

adding a table with the key indicators for all 4 sites.

The aim of this study was not to survey and measure all landfillshie Los Angeles Basin but to
show, that it is possible to derive emission rate estimates from remo&nsing measurements in
the short-wave infrared (SWIR) region. The measurement fligahalysed in this manuscript were
part of the CQ and Methane Experiment (COMEX). COMEX was also dedicated to other target
types and effects, which were related to the satellite concept missdHysplIRI and CarbonSat
Therefore, the measurement time allocated to landfills was limited. Assdegbed in the manuscript
(Sect. 4,Flight strategy), a target (in this case one of the landfills) was first survdysy the
remote sensing instrument utilising the capabilities of the develed real-time retrieval. Due to
the limited amount of flight hours dedicated to landfill measurements, itas decided to gather in-
situ measurements within the boundary layer for validation purpospsemarily if a plume like
structure had already been observed by the remote sensing instrument. @ensn the overview
plot (Fig. 1), only the Olinda Alpha Landfill showed pronoudgaume like structures in the remote
sensing data. In order to show, that remote sensing measurements in$WEIR region have the
potential to detect and quantify emissions from landfills, the focus wag s@the most promising
target, the Olinda Alpha Landfill

Nevertheless, we agree that the manuscript would benefit from a rmaromprehensive discussion
on the three other landfills, especially, why these landdillo not produce pronounced plumes
Therefore, we added the estimated EPA inventory values for 2014lldaadfills to the main
manuscript (Sect. 2Campaign and target description P4L5ffland also added a more
comprehensive overview regarding the reported emissions of the féamdfills over the past years
and a description of the used methodology how these emissions were estimatethie
supplementary material (New Sect. S@,andfill reporting practice in the U.S. Additionally, a
further discussion, where we investigated the detection limit of the MAN?Anstrument for the
other landfills using Observation System Simulation Experiments (OS®&#&s)added at the end of
the manuscript (see comment to#-20).

]v

R#1-0 WO >0W tZC E W N u% JPv v § EP § « E]%S]}vSU N BE@G+(S Jv-SEN
v "&0]PZS «SE& S PC_ SZE 1(( & v§ ¢ S]}veM Wequ = Slyvi | &} }w]v]vP §Z u

AU EZY} o o B]}VX

We agree with the reviewer but we would rather callthe s§]}v "D suE u we8dof Jves
Z[D §Z} «_ He $7Z SpuoudZ} e 3 E SE] Neejw B&E S| Vv
presented in Sect. 5. Thus, the three sections were sumneariay the new section

‘Measurements.



R#1-5) P5 L12: Please correct CDRS to CRDS

Done.

R#1-6) P5 L14: What is the uncertainty of total column concentrations determined witivViARAP
JveSE U VSEM dZ E ]- Je pee]lv }( 3Z] v $ZVvAEEG uD)Fe]VP Sq}veXe Woe]Pv ]V
the method section of the paper.

In general, he single measurement precision of the retrieved total column contmtions of CH

(or normalised column-averaged dry air mole fractions of ZKCH) is better than 0.4% (Krings et

al., 2013) andA - Jvr X T ~]E €& (S JveSEHuU vS S]}v Avidpoo § 5§
this context, accuracy is of less importance due to the normalisation of thieieged columns with

the local background beforehand to the flux estimate, see PORE3-

R#1-7) P5 L25: What was the typical uncertainty (repeatability and reproducibility) of theuimgasurements

The uncertainty of the Picarro greenhouse gas in-situ anahjsas been estimated to around 0.15
ppm for dry CQand 2.3 ppb for dnyCH, as determined from laboratory experiments. This
uncertainty estimates contain also the contribution due to peatability of the measurements
whereas by far the largest contribution originates from the wateapour and water vapour
correction, respectively. We added the relevant parameters on P&L2

R#1-8) P7 L10: Please}ve] & JvP §8Z G]PZS SC& | }( 8§Z + }v ]v-S@omibriguge Z}+*S]vP §
2 if possible.

This is a good igla, especially for a comparison of the dimensions, but one has to aeeful notto
clutter Fig. 2 with details and lines, respectively. The secoethote sensing instrument AVIRISG
aboard a second Twin Otter gathered five flight tracks in total (comp#o Sect.S6in the
supplementary material). In order to keep Fig. 2 clear, only onet track (flight track shown in
Fig. S18, c, in the supplementary material and in Figs. 9, d,Hhin the main manuscript) was
added. In case, the reader is interested in the position of anothegtiti track the landfill is
emphasised in Fig. S18 for reference purposes. The approximate dirmessif such a flight line
were given in Sect. 6.3 (P24L20).

R#1-9) P9 L2f: The resulting uncertainty of choosing 0.31 as mean albedo could beseishese. (Similar
% }vsS (}E }SZ E e*pdU%S]}vele]uo]. S]}ve u SZE}IUPZ}us « 8]}v fieX

We agree and%. & (}E u *Ju%o EE}IE VvV 0Ce]* (}E& SZ % E u S E Z-pE
influence on the final emission rate estimate. For that, RTM simulations evperformed with the

two extreme cases of the surface albedo of 0.22 and 0.40. The resudtifegt on the final fluxes

wasless than 1% for all cases and was added in Table 2.

Additionally, we shifted the methodology of how the uncertainties weralculated to Sect. 5 (see

also R#1-11).



R#1-10) P10 L3: The authors correctly note that the estimatad] «]}ve @& }voC A o] uE]VP §Z }A &
yet the units indicate an annual estimate. Suggestion: report the emissgtGH4 per hour and also calculate

the mean hourly emission according to EPA. This avoids the erroneousaitioplithat annual emission rates

can be calculated from this data set.

We do not agree and consider the unit kt@ix as more convenient for our purposes. It allows for
easy comparison to inventories and to previous publications. Asntioned by the reviewer, we
clearly stated in the manuscript that the derived emission rate® atrictly speaking only valid for
the time of the overflight.

R#1-11) P14f: After nicely describing all calculations in section 5, why are the untiegaissociated with
these calculations nowinclu ]Jv §Z ~@E epode_+ 3]}v v Vv}3 A]SZ]v §Z Ghoi@® Al}pe « 3]}
uncertainties considered a key result of this study? If so, this needs stalbed more clearly.

Agreed. We added the methodology of how errors are calculated to Se&ts.(remote sensing
related uncertainties, Sect. 3.1.1 in the revised manuscript) and Gn-situ related uncertainties,
Sect. 3.2.1 in the revised manuscript).

R#1-12) P14/15/16: Here CH4 emissions are reported without any uncertainties andatierreill have to

NA 1S (JE S8Z v /ES e s 3]}V 8} i P O1( ulee]lv }( iTXilE (Jl E~-VEX@XFuUise E
the reported 13.7 ktCH4/a a day latéwhy?. Please consider restructuring to improve the readability of the

manuscript

We agree with the reviewer and added the estimated uncertainties to testimated emission
rates (P14L30, P15L10, P16L6, P16L8) in Sects. 6.1 (Sect. 4 tanisked manuscript) and 6.2
(Sect. 4.2 in the revised manuscript) to allow for an immediatsassment.

R#1-13)P18 L6: It seems that only a bias in the determined wind-direction has beenmaeddar here. What
would be the impact of changing wind conditions between two legs of the ewimd legs?

That is true but we would rather call it maximal uncertainty gihating from the wind direction
uncertainty of 10°. As stated on P18L6, the wind direction affects the& flia modifying the
perpendicular wind speed (via a cosine function).

Assuming that all flight tracks of one flight day would be aligned feetly perpendicular to the
prevailing wind direction the error of the flux due to the wind direction uncertainty of +-10° would
then be +-1.5% for each track. One can now assume (as done in the mapt)sbat the flux for
each track is eithewrong by the +1.5% (or -1.5%), which results in a final / totakfhlso being
wrong by +1.5% (or -1.5%)

Applying the suggestion from the reviewer would mean that, e.fpr the first track, the wind
direction is wrong by +10°, for the second track, the windetition is wrong by 10°, for the third
track, the wind direction is wrong by +10°, etc. In this case, #reor on the final / total flux due to
an error in the wind direction would be less because the error trdputions of the single tracksan
cancel.

Additionally, if the flight tracks are not aligned perpendicular toghwind direction (standard case),
the error due to the wind direction becomes asymmetrical. In this cagkvays the larger error is
given in Table 2.



R¢l-ide WTi >i0W /e ep o S]}v OXiXT E o00C v ]Jvaddbsectiorsorr&@heradditionalz § v
information about the data exploitation/error calculation?

Subsection 6.1.2 delivers additional information about the data exploitatiand, thus, was moved
to Sect. 5.1 (Sect. 3.1.2 in the revised manuscript).

R#1-15)d o TW tZC ]» §Z pv ES JvEC }( §Z o } }(ZBE Mv .00 v}§ }ve] @&

Uncertainty of the albedo was added to Table Qee also comment to/R-9.

R#1-16) P23 L25: Why/How was the pseudo-surface concentration enhancement range detentmined0%-
ini9 }( 3Z o}A «38 G]PZ3 SE IM

One does actually not know the surface concentrations without medng them. They can depend
on, e.g., the type of source, emission height, atmospheric dibions (stability), and surface terrain.

For our baseline, we choose a vertically homogenous distributairthe concentration below the
lowest flight track (corresponds tagseudo surface track has the same concentrations as measured
at the lowest track). The assumption of a vertically homogenously distributed plume vedso

chosen in a first order approximation in many studies in caseyonmhe flight track and transect,
respectively, was available (e.g., Turnbull et al., 2011; Pdistlal., 2013; Karion2013)

Additionally, these studies had no measurements at or near the boundanger height, whereas in
our study for the investigated landfill the upper plume limit is welbofined.

But as shown in Fig. S9, the plume emitted by the landfill cannot be as=ilito be well mixed, at
least, at the altitudes (usually between 600 and 1200 m) sampled by therait. Therefore, there
is no reason to believe that the plume is well-mixed below the lowdgght track. We have tried to
capture this effect by the error assessment using, in a first order appration, a +-50% variation
of the CH enhancement, which was measured at the lowest flight track, at thefage. In extreme
cases, the surface Gldnhancement could also be -100% or could exceed +100%. We bdhate
100% is an unlikely scenario, because landfills are s@fsaurces and GHoncentrations might
increase towards the surface for those source types (Gordon et2015). On the other hand, our
measured in-situ walls were acquired some kilometres downwind of thadifill so that it is
expected that some vertical mixing had occurred suppressingyyegh accumulations of GHat the
surface.

The missing measurements of surface concentrations can be a Isogiece of uncertainty in terms
of flux calculations. Our error estimate might be on the lower end. Stlisadvantage can be
avoided by using remote sensing measurements, which probe the entire atrhesig column.

In order to achieve better estimates of the surface concentrations, awaild combine large eddy
simulations with the airborne measurements (as done by, e.g., Lavoiel €2@15) but were out of
scope for this work or one could simultaneously collect sudgameasurementsy, e.g., car.

We adapted P23L1%9 L23 to reflect these thoughts.



R#1-17) P24 L27: Why is the "comparison of emissions" not considered & (sl 6) or included in the
conclusions (sect. 8), but discussed in an independent section?

PE X "~ S]}v ™ Ju% EJ]e}v }(u BEP]}V]SA » 3]}v. ~Z epode

R#1-18) P24 following: Section 7 is called "comparison of emissibyet subsection 7.2 compares CH4
concentration results only.

PE X "N 3]}v ™ Ju% EJ]e}v }( ul]e-Hmmerfe - AFSA}A 3]}v "Beeposs
also comment R1-17).

REL-1IO) Wifi >TOW /o §Z € %}ES A E P  <}opus J(( E v <& §]*3] 00C <]PvV].

t ZvP §Z § EGu " A EP lopus J((E v _ 8} " A B P3}( 5z
not confuse the reader with the also existing termimean absolute difference (MAD) We also

added the corresponding uncertaintgf 2.8 ktChyr™ showing that the average of the absolute
differences of 2.4 ktChyr is statistically not significant. In this context, we also shoreghthis

section, Sect. 7.1 (Sect. 4.4 in the revised manuscript), woaat for better readability. The single
emission rates, which had been given in this section, weeenoved because they can already be
found in Table 2 in a more structured and comprehensive way. The agerof the absolute

differences is a sufficient and meaningful summary of the comparison betvéee emission rates
based on in-situ and remote sensing data.

R#1-20)P27/P28: Please consider adding a discussion on the implications of theaftiiie suggested
} o« A §]}v o § Zv]<p o P]JA v 8Z 8§ }voC i }us }A®D]v KDy Xpo 3u ]

We added a dedicated S]}v Jv §Z ~Z epudqSect. 4.7 ié the revised manuscript) and in
the supplementary material (Sect. S8), which investigate poksitauses for not measuring GH
enhancements at the other landfills with the MAMAP remote sensing instruméalso see R1-3).

For that we performed Observation System Simulation Experiments (OSSE&h wte based on
Gaussian plume forward model simulation§hese simulations incorporate atmospheric conditions
like wind speed and wind direction but also consider instnental characteristics like the MAMAP
single measurement precision, ground scene size and the eetipe flight track. Based on a
comparison of simulations and actual measurements it can be investigateétiver the reported
emission rates by EPA for the three other landfills were belove tiietection limit of the MAMAP
remote sensing instrument or should actually have been detected ia MAMAP measurements

for the given days, atmospheric conditions and instrumentaldaflight characteristics.

The results of this investigation have revealed that the reportedission rate for the Puente Hills
Landfill (5.0 ktChyr™) might be below the detection limit of the MAMAP remote sensing
instrument for the given dayatmospheric conditions and instrumental characteristics

On the other hand, based on the simulations, the emissions of the BEKdfill (15.1 ktCkyr™) and
the Scholl Canyon Landfill (5.9 kt@#d") should likely have been visible in the MAMAP remote

o}O



sensing measurements. This indicates that the actual emissidgagdor these landfills for the time
of the overflight might have been lower than reportedy EPA.

R#1-21) Especially - P28 L28f: Please expand on the claim that the observationslieseited to estimate CH4

ul]ee]}ve (E}u o EP & o Vv .00 ~« P v (E 0 }uu vsiteextirdaies pou refpost |vsS] « }( §Z
are smaller than the uncertainties for the remote-sensing estimates and you dauletect stable plumes for
i }us }( 6 o v .o0*X

We expanded and relativized, respectively, our claim thatrrete sensing measurements are well
suited for measuring landfills based on the previous discussionB41-3, R120and R#1-16
(P28L28ff).
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Reviewer #2 (Rf#2):

First of all, we would like to thank the anonymous reviewer fordldetailed and helpful comments.
In the following, we first state the comment of the reviewer (Rf#2-X)cathen give our response.
References to the manuscript are related to the original discussimanuscript: P2L30Epage 2,
line 30.

<E USAPE+*3 § oX & Eulv u SZ v ulec]}ve (Epndinsitu messugerien® }3Z }opu

aboard the Twin Otter aircraft. The detailed description of the sampling straedythe mass balance
approach, as well as the analysis of the uncertainties are very useful in giaregabntifying methane

emissionsonarel@]A oC su 0o & U AZ] Z ]+ «]Pv]. v30C mah®loBEg\SiZsoutth}]vs «}pE

It should be considered for publication after taking into account the following camsne

Please see our detailed response as given below.

Rf#24) Wil>1TW & u}A ~}(_ (3 E } &

Done.

Ri#22) WOI&IPUE | %3]}vW 08.301X1ii6 W 76X

Done.

Rf#23) P5/L21: G¥iii( ]J» v}S §Z G]PZS & C - asdihe airerdft' rieadBuiiedents may be

affected by ambient pressure change. The mobile version Picarro analyzebéaw used in numerous
campaigns/publications. Were the Pi@aE} u < uE& u vSe o] & § ME]VP G]PZSM dZ puv
Picarro measurements should be given, even though it might be a small terpacedto the enhancement.

Flight ready: The flight plan was designed based on previous fla{perience of this 230X-unit.
Altitude changes were made not faster than 150 meters per minute, aadulting cavity pressure
and temperature were screened against the standard deviations obserby other airborne
Picarro instruments (Karion et al. 2013; Johnson et al., 2014). Througti® data sets analyzed
here, cavity pressure had a Mstandard deviation of 0.02 0.04 Torr, and temperature had a
standard deviation of 0.001t 0.002 °C. Furthermore, no transient behavior in the methargnsl
was observed to correlate with changes in altitude, as can bersqualitatively in Fig. 5 (a). The
text has been amended to reflect these specific diagnostics (P7L8).

Calibration: As the calibration factors are very small, we did not cidile the data during flight and
worked with uncalibrated data in the original manuscript. We inuegated the influence of the
calibration factors on the results i.e. the emission rate estimateghich was smaller than 1%. For
the revised manuscript, we applied the calibration factors by mulfijmg the dry gas mixing ratios
of CH and CQby the corresponding calibration factors (GH..002275041, C£01.004664626
factors were added to the manuscript on P3®). All results, which were affected by the GEind
CQ in-situ data, were reanalyzed and accordingly changed in teeised manuscript. As

E



mentioned before, those corrections were very small and had no sigaifit effect on the results
and conclusions.

Uncertainty: The uncertainty of the Picarro in-situ measurements of #iry gas mixing ratios of
CQ and CHwere added to the manuscript (P5L29, see also comment to Rf#1-7ey Were
estimated to be around 0.15 ppm for dry G@nd 2.3 ppb for dry CH

Rf#24) P5/L29: There are several peer-reviewed papers on water corrections that gacedRella, 2010.

Agreed. We replaced the White Paper (Rella et al., 2010) by a neweraredgscribing the water
vapour correction of the instrument (Rella et al., 2013)

Rf#25)P9/L5-0W AZ § E /A& 30C 3Z A E3] 0 % E}.0 « (E}u §Z hX~AX s§ v E 3

We added the vertical profiles of CHand CQ, which were used in retrieval algorithm of the
MAMAP remote sensing data, for the different days in the supplementary matetkdy. S19)

Rf#26) P21/L13-16: The spatial resolution of the measurements also depends onsihense time of the
VOCI EM /3 ] 3Z E (JE Ju%}ES v3 8} u vi]}v 3Z GIAZEAZoUSZS 0dWUEE u
the cavity to calculate the response time.

The cell volume ¥, of the used analyser is 30 cm? (working conditiongg = 140 Torr and f; =
318.15 K). Therefore the cell volume¥at standard temperature and pressure (STRyg= 760
Torr and Erp= 273.15 K) is around 4.745 cm3. The flow rate of the system has bealysed in the
laboratory. Depending on the ambient pressure and, thus, flightitalde the flow rate slightly
varied between 187 (at 600 m above sea mean level, m amsl) arf®istdndard cubic centimetres
per minute (at 1400 m amsl). This results in refilling times oé tbavity of around 1.5 to 2.0
seconds. These values are close to the actual measuringuigaqy of 0.5 Hz of the Picarro
greenhouse gas in-situ analyser. In the original manuscripg used a wrong measurement
frequency of 1.7 Hz. For the revised manuscript, we reanalyseaaithsitu data and accordingly
changed all emission rate estimates, related uncertainties and figutepending on in-situ data.
The resulting changes were only of minor nature, e.g., the final ssion rates have changed on
average by less than 2% and have had no influence on the finatkesions

Rf#27) P23/L23-24: please also give the range of the deviations according to tmegenhancement of
50% or 150%.

We are not sure whether to understand the question correctly. Thewsgd deviation concerning
a +-50% concentration change at the surface is stated to be +-16%@exl) at maximum for the
flight on the 01.09.2014 (P23L23). For the remaining days,&frer due to the surface
concentration change is summarised in Table 2 (P22). Indapthe absolute emission rates are
also given for the single downwind walls so that the estimated errgiven in percent) can directly
related to the absolute emission rate. Example: Estimated emission rat®bi99.2014 is 18.2



ktCHyr ™ for the first downwind wall (dw1), whereas relative uncertaiy due to unknown surface
concentration is 15.8%, yielding an absolute uncertainty of arouh@ ktChyr™. This uncertainty

can be linearly scaled. For example, a,&ihancement of +-100% at the surface would correspond
to an uncertainty of +- 31.6% or +- 5.8 ktyH.

Rf#28) P27/L2: missing yr-1

Done.
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Abstract. Fugitive emissions from waste disposal sites are important anthropogenic sources of the greenhouse gas methane
(CHy,). As a result of the growing world population and the recognition of the need to control greenhouse gas emissions, this
anthropogenic source @H, has received much recent attention. However, the accurate assessmenCbfjteenissions

from land lls by modeling and existing measurement techniques is challenging. This is because of inaccurate knowledge of
the model parameters and the extent of and limited accessibility to land Il sites. This results in a large uncertainty in our
knowledge of the emissions &H, from land lls and waste management.

In this study, we present results derived from data collected during the research campaign COMEZANd Methane
EXperiement) in late summer 2014 in the Los Angeles (LA) Basire Oneobjective of COMEX, which comprised aircraft
observations of methane by the remote sensing Methane Airborne MAPper (MAMAP) instrument and a Picarro greenhouse
gas in-situ analyser, was the quantitative investigatioBldf emissions.

EnhancedCH, concentrations orGH,4 plumes* were detected downwind of land lIs by remote sensing aircraft surveys.
Subsequent to each remote sensing survey, the detected plume was sampled within the atmospheric boundary layer by in-sit
measurements of atmospheric parameters such as wind information and dry gas mixing €tiganél carbon dioxideGO,)
from the same aircraft. This was undertaken to facilitate the independent estimation of the surface uxes for the validation of

the remote sensing estimates.

the last week of August and rst days of September 2014. Emissions were estimated for all days using a mass balance ap-
proach. The derived emissioasebetweent3-6and18-2/ary hetweenll.6and17.8kt CH4 yr L with related uncertainties
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slope of the land I, which we identi ed in the observations of the Airborne Visible / Infrared Imaging Spectrometer - Next
Generation (AVIRIS-NG) instrument, own contemporaneously aboard a second aircraft on one day.

1 Introduction

Methane CH,) is one of the most important anthropogenic greenhouse gases modulated by human activity. According to

produceCH,4 by consuming biodegradable waste, which has been deposited within the land Il. This is known as land Il gas
(LFG), which contain€CH, as its major component (typically between%@®@o 60%), carbon dioxide CO,) and other gases
(e.g., Eklund et al., 1998; Amini et al., 2012).

Modern land lls (NSWMA, 2006) are often covered with special oxidation layersaedlso equipped with tubes embed-
ded vertically and / or horizontally within the land Il, through which the LFG is collected. The collected LFG is often used
(and converted t€05) in small dedicated power plants for electricity and heat generation and, thus, reduces the environmental
impact of the land Il emissions. When not used for power generation, collected LFG is sometimes ared, which also oxidises
CH,4 to CO, having a lower global warming potential (Myhre et al., 2013).

Nevertheless, not all of théH, is captured by the LFG collection system and subsequently conver@@d4oThe amount
of the remainingCH,4 escaping into the atmosphere depends on the engineering approaches used to manage the land Il and
atmospheric boundary layer conditions. For instance, the type and material of the land Il cover can decrease (Trapani et al.,
2013) or increase emissions (Capaccioni et al., 2011). Trapani et al. (2013) have also found that slopes of land Ils are areas
with an enhance@H, release. Additionally, atmospheric pressure variations (Czepiel et al., 2003; Poulsen et al., 2003; Gebert
and Groengroeft, 2006; Trapani et al., 2013; Xu et al., 2014) or surface wind speeds (Poulsen and Moldrup, 2006) can modulate
CH, emissions into the atmosphere.

Both measurements @@H, and models of the processes producidid, in land Il sites can be used to estimate their
emissions. Commonly used for reporting and recommended by IPCC (2006) are rst-order decay (FOD) waste models. They
are based on knowledge of the amount of available degradable waste, which is consumed by the bacteria, how it decays ove
time, but also consider other parameters such as the type and age of the waste, its temperature, moisture content and oxidatic
capacity of the land Il cover (Amini et al., 2013). Studies comparing direct measurements to model estisnatfiesind that
the modeled outputs can signi cantly differ from actual measurements (Amini et al., 2012, 2013).
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et al. (2010) compared ve different techniques measuring emissions from the same land Il. The study included ground based
in-situ (tracer gas method, inverse modeling of di@g; measurements), ground based remote sensing (laser plume mapping,
differential absorption light detection and ranging), and an airborne based method (helicopter-borne infrared laser spectroscopy
at around 1.65|p11). TheCH4 emission rate estimates of the land Il under consideration and of a controlled release experiment

Several other studies used airborne based in-situ measurements to characterize the total emissions of land lls (e.g., Peisch
etal., 2013; Lavoie et al., 2015, and references therein). In these studies different ight strategies and mass balance approache
were used. Emission uncertainties are typically estimated to be between approxim&tegn2030%. However, airborne
in-situ measurements are often restricted by Air Traf ¢ Control (ATC) regulations such as minimum safe altitude and ATC
control zones.

Recently, airborne thermal-infrared (TIR, 7.5 to 13m)limaging spectrometry measuremehtsrebeenweretested to
locateCH,4 emissions also from land lls (Tratt et al., 2014). The study succeeded to derive emission rates for two localized
on-site emitters - a compressed natural gas (CNG) fueling station and a gas- aring station - with relative erréfsarfdb0
120%. However, integrated emissions for the entire lane+earenot reported.

In this manuscript, we present a data set collected by two different techniques i.e. passive airborne remote sensing and air

Basin on four d|fferent days in Iate summer 2014. The passive airborne remote sensing method is based on medium spectra
resolution (~0.91m) solar absorption spectroscopy in the short wave infrared (SWIR) region aroundm..@ojassesthe

total CH4 land Il emissions, a mass balance appro@efvasused. The emission estimates, derived by this methegyere
compared to emission estimates calculated using airborne in-situ measurements acquired from the same aircraft. Emission
arewereestimated using a Kriging method for interpolation of the data in combination with a mass balance approach (in a
similar way as described in, e.g., Lavoie et al., 2015, and references therein). In addition, imaging spectroscopy observations
from another passive remote sensing instrument installed abbarskecond aircraft were utilized to identify emission hotspots
across the land Il by analysing measured spectra in the region around2a8 lmw spectral resolution (~&m).

This article is structured as followsgsf




—~
s
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turns and the colour code depi€$i, variations relative to the background (for details, see Sect. 3.1). Only the Olinda Alpha Land Il shows
a clear plume in downwind direction. The wind direction was in general from south-west during the measurements. The map underneath is
provided by Google Earth.

examinedtargets(Sect.2.1). In Sect.2.1, the participatinginstrumentsand collecteddatasetsare summarizedSection2.1

The measurement ights presented in this work were part ofdfe and Methane EXperiment (COMEX), which was con-
ducted in the San Joaquin Valley (SJV) and greater Los Angeles in May/June and August/September 2014. COMEX was
a collaborative effort between the National Aeronautics and Space Administration (NASA) and the European Space Agency

4
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(ESA), in support of the development of the two satellite concept missions HyspIRI (Lee et al., 2015) and CarbonSat (Bovens-
mann et al., 2010; Buchwitz et al., 2013; ESA, 201B)e-mainOnefocus of the campaign addressed the assessment of

determine emissions from oil elds (Thompson et al., 2015; Gerilowski et al., 2014), offshore seep elds and animal husbandry.
In total four different land lls were surveyed in the greater LA area: the Scholl Canyon Lag8dL), the Puente Hills

well-suitedfor inversionof emissionrates.The otherland lls_exhibitedeithermuchlesspronouncedneasure@nhancements

The land Il is located in Orange County, Los Angeles Basin, CA, USA (at 33.989.17.836 W; Fig. 2). Measurements were
acquired on four different days in the middle of the afternoon, during the last week of August and the rst days of September
2014. On ight days, skies were clear and winds were from south-west to west at arounaristd 8

The Olinda Alpha Land Il started operation in 1960 and is expected to close by 2030. It accepts a maximum $rg&5000

2012, a 32.5/W combined cycle power plant has been using the LFG to generate electricity for around 22,008. homes

According tothe US EnvironmentaProtectionAgency? {EPAJEPA, the estimate€€H, amount released into the atmosphere

was 11.5tCH,yr *in 2014 dropping from a peak value of 1%4CH 4 yr *in 2011 to 14.XtCH4yr *in2013.

3 A i . "

All instruments used for a quantitative analysis were own aboard a DHC-6 Twin Otter (TO) aircraft operated by the Center for
Interdisciplinary Remotely-Piloted Aircraft Studies (CIRPASThese comprise: the Methane Airborne MAPper (MAMAP),

Sloescoonmonnoas
Shitp://www.cirpas.org/, last access: 1728172016


https://ghgdata.epa.gov/ghgp/main.do#/facility/
http://oclandfills.com/landfill/active/olindalandfill
http://www.cirpas.org/
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including different positioning and attitude, meteorological, aerosol, cloud and precipitation sensors.

The remote sensing instrument MAMAP (Gerilowski et al., 2011) was developed by the Institute of Environmental Physics
(IUP), University of Bremen, in cooperation with the German Research Centre for Geoscience (GFZ) in Potsdam. It measures
re ected and scattered solar radiation from the surface in the spectral region between 1.59 amd 4t68qdium spectral

ights, a bre coupled entrance telescope (connecting the telescope vim gl&ss bre bundle to the spectrometer) was

installed on a gyro stabilized platform (SOMAG, type: CSM-4)30 ensure nadir viewing geometry. The column information
derived from MAMAPis-wasused in combination with knowledge of the wind elds for the calculation of emission rates.

The Picarro fast greenhouse gas in-situ analyser (type: G-2301f) was provided by the NASA's Ames Research Center (ARC)
and operated by IUP during the ights. The instrument uses the CRDS technique (Crosson, 2008) to @keRsW@e,
and water vapourH;O) in-situ concentrations at ight altitude at a frequency of arodn@.5Hz. The ow_rate of the

installedexternalpumpwasaround165 standarctubic centimetregper minute (sccm) for altitudesbetween600.and1400m

21s with an associated uncertaintpnservativehestimated to be 5s. Dry gas mixing ratios ofCH, and CO, were cal-
culated by the software of the analyser via the synchronously measured water {fRpbar2010)Fhesemeasurementare

made with the emission estimated by the MAMAP remote sensing data.

The CIRPAS aircraft standard research instrumentation suite delivers auxiliary data. These comprise, for example, 3D po-
sition information (attitudgheading), wind information (speed and direction derived from a 5-hole turbulence probe), and
information for the characterization of the atmosphere (e.g., potential temperature, aerosol load, ambient temperature, pres:
sure) at a frequency of 10 oHz depending on the measured parameter.

“http://www.somag-ag.de/csm-130/, last access: 02.08.2016
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On one ight day, the CIRPAS TO was accompanied by a second Twin Otter aircraft ying the Airborne Visible / Infrared
Imaging Spectrometer - Next GeneratigWiRIS-NG—Hamlin-et-al2011-Green-et-al 1998V

by the Jet Propulsion Laboratory (JPL). AVIRIS-NG also measures backscattered solar radiation from the surface to infer col-

umn information onCHy,. In contrast to MAMAP, AVIRIS-NG is an imaging instrument with a high spatial sampling but
relatively low spectral resolution offim and a wide spectral range from 0.38 to 2.54. [Typical CH,4 retrievals use the
spectral region from 2.1 to 2.4 In this study, weuseusedthe AVIRIS-NG instrument's imaging capabilities to identify
potential source position(s) @H, emitted by the land Il, which was not possible with the non-imaging MAMAP instrument
(Thompson et al., 2015).

3 FHlight-strategy

To achieve the goal of estimating the emission rate of an areal source like a land Il (here: &8lTkm?) using combined

aircraft remote sensing and in-situ observations by the MAMAP and Picarro instruments, an appropriate ightgeasttisrn

surements of th€H, plume from above the atmospheric boundary layer covering the entire area by a dense pattern and 2)
in-situ measurements intersecting the entire plume within the atmospheric boundary layer.

The remote sensing and in-situ ight patterns implemented during the campaign were developed and optimized during pre-
ight planning on the basis of the above requirements as well as taking into account the weather forecast, restrictions due to Air
Traf ¢ Control (ATC), and available ight time. Each acquisition started with remote sensing measurements and was followed
by in-situ measurements.

Performing the remote sensing measurementshesthada signi cant advantage as@H, real-time retrieval utilizing the
MAMAP datahashadbeen implemented for the COMEX campaigfnln casethe real wind directiomteviatesdeviatedfrom

location obtained from the remote sensing total column information. The latteasdynamically superimposed on Google
Earth map data.

The remote sensing trackse-ewn-typicathy-weretypically_own above the atmospheric boundary layer in a dense pattern
perpendicular to the wind direction covering the entire measurement area. CHsjtandCO, data were also acquired during
these measurements providing information@id, andCO, concentration distributions in the measurement area above the
boundary layer.

To ensure a good coverage of the vertical extent of the plume during the second part of the ight focusing on in-situ
measurements, the aircraft typically ew at a xed distance from the source for several plume transects perpendicular to the

prevailing wind direction at different altitudes trying to best cover the entire boundary layer. The number of legs for such

on available ight time such a wall was typically own upwind and downwind characterizing the in ow and out ow to the



10

Figure 2. The Olinda Alpha Land Il is located at the position of the red/yellow star encircled by the cyan solid line. Additionally, the
approximate positions of the own in-situ upwind (dashed lines) and downwind (solid lines) walls (see?$gct.for details) and the

area which were surveyed by the MAMAP remote sensing instrument (white box) are shown. The colours of the in-situ walls represent the
different ight days at the Olinda Alpha Land II: Blue: 27.08.2014. Yellow: 28.08.2014. Red: 01.09.2014. Green: 03.09.2014. The white

area. On one day, one additional downwind wall of measurements was located at a distance further away from the source
to better characterize occurrent errors on the estimated uxes. The maximum altitude extent of thesphaagenerally

well documented, as on all four ight days, theiewas at least one leg, which shows no plume structures or sigatals

Angeles Basin, ying below 1008 above ground levelffagl, equals around 30 agl) was not permitted. Therefore, the

lowest measured track was typically extrapolated down to the surface following the terrain (more details are given in Sect. 4.2).

approximate position of the three upwind (dashed lines) and ve downwind (solid lines) walls own on all four days.

The ight pattern performed by the second aircraft with the imaging AVIRIS-NG instrument aboard was different. Due to
its relatively wide swath, it needed only one ight line to cover the entire land Il. Measurements were acquired while ying
well above the boundary layer approximately parallel to the prevailing wind direction.

3 Retrieval algorithms and calculation of emission rates
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addition, the retrieval of th€H, anomaly maps from the AVIRIS-NG imaging data is described in Sect. 3.3.
3.1 MAMARP retrieval algorithm and emission rate estimates

In order to retrieve the column amountsGifi; andCO, from the measured spectra, we used the Weighting Function Modi ed
Differential Optical Absorption Spectroscopy (WFM-DOAS) method (for details, see Buchwitz et al., 2000; Krings et al., 2011,
2013). In general, the algorithm minimizes the differences between the logarithm of the measured spectra and a spectrum
computed by dinearisedRadiative Transfer Model (RTM), which describes the general or mean state of the atmosphere
parameters or tfactors on, e.g., the methane pro le and atmospheric paramete@}lrethe plume from land Il emissions

is thenseen to be enhanced relative to the surrounding air.

The WFM-DOAS algorithm has successfully been applied to aircraft MAMAP measurements and used to investigate the
emissions of point sources at known locations having ue gas or ventilation stacks / chimneys with diameters of mejow 50
such as those frol80O, emitting power plants (Krings et al., 2011, 2016) a@id, emitting ventilation shafts of coal mines
(with a size of aroun%l.?kmz), where the exact locations of the emission(s) are not known but limited by the approximate
area of the land Il. As a result of the larger area of this source and the resulting wider plume, the expected column enhancements
within the plume are typically lower in comparison to enhancements produced by point sources with diameters smaller than
50m having the same source magnitude for similar atmospheric conditions.

For each ight a dedicated set of RTM computations were calculated to account for the varying atmospheric conditions
on the different days. Additionally, a change in the solar zenith angle (SZA) and surface elevation along the ightdrack
weretaken into account by performing RTM simulations to generate a 2-dimensional look-up table isvivethen used
in the retrieval. The surface elevation is based on data from the Shuttle Radar Topography Mission (SRTM) digital elevation
model version 23 which has a spatial resolution of one arc second (arourrd 80the equator) in the U.S.A. Additionally,
the remaining parameters ight altitude, surface albedo and atmospheric background pro les were also adapted to the current
ight conditions:

— The surfaceswasassumed to have a Lambertian re ectance and for the spectral b&td,cdndCO, to have no spec-
tral dependency. The surface spectral re ectanceunfacealbedo values usegfeweretaken from Chen et al. (2006).

Theyuseusedclear-sky radiances measured by the Moderate Resolution Imaging Spectrometer (MODIS) onboard the

Shttp://dds.cr.usgs.gov/srtm/version2_1/, last access: 15.06.2016
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Terra satellite and the Visible Infrared Scanner (VIRS) onboard the Tropical Rainfall Measuring Mission (TRMM)
spacecraft to retrieve the surface albedo in different spectral channels for different surface type categories de ned by
the International Geosphere Biosphere Programme (IGBP). As the MAMAP instrument operates in the SWIR region
around 1.65m, we useusedthe surface albedo derived from the 1r6 gphannel of MODIS and VIRS. Assuming that

the surface type at and around the land Il can be described as a composite of approximdtelyrban’ and 50%

‘open shrubland' (corresponding to a retrieved surfapectralre-ectanceor-surfacealbedo of around 0.22 and 0.40
(Chen et al., 2006, their Table 1), respectively), this yields a mean surface albedo of 0.31.

mean background concentrations of these gases in the measurement area (and are not in uenced by, for example, the
land Il emissions) the vertical pro les from the U.S. standard atmosphere were used and adapted to current concentra-
tions by using data collected by the Picarro greenhouse gas in-situ analyser. The pr&ldg ahdCO; in the lower

part of the troposphere were replaced by a polynomial tted to the measured pro le corresponéiegri—desecent
measurements gathered at remote sensing altéeelereassumed to belong to the free troposphere and, thus, were
used to scale the entire upper part of the U.S. standard pro les.

The HITRAN 2012 spectroscopic database for line parameters (Rothman et al., 2013) and a standard OPAC (Optical Prop-
erties of Aerosols and Clouds) urban aerosol scenario (Krings et al., 2011, 2013, 2016) were used in the RTM calculations, as
the land Il is located within Los Angeles Basin.

The column-averaged dry air mole fractiok€H 4, which aretaterwereused in the estimation of théH, emission rate,
were retrieved utilising th&XCH 4(CO;) proxy method. This assumes a spatially and temporally con€@atbackground
concentration in the measurement area during the time remote sensing measurements are taken. In contrast to Krings et a
(2013), where coal mine ventilation shafts emitted o@hl, and no signi cant amounts d£O,, this assumption is violated
for the Olinda Alpha Land Il. For land lls, it is expected that the co-emitt€®D, may have an in uence on the obtained
XCH4(CO3) (or shortXCH 4) columns when this proxy method is used. The impact is further investigated in Sect. 3.1.1.

or spectra in saturation (as in Krings et al., 2011). Additionally, an inclination Iter &f is-wasapplied to eliminate mea-
surements during aircraft turns or insuf cient gyro stabilization by the CSM-130. Furthermore, the data obtained for each ight

This stepis-wasnecessary to remove a possible constant offset from the data (see also Krings et al., 2011) and to account for
potential horizontaCH,4 or CO, concentration gradients.

10
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Based on these measured column-averaged dry air mole fraci@us, (or CH,4 variations relative to the background
column), a ux corresponding to each tragkwas estimated by applying a mass balance approach (similar to that used in
Krings et al., 2011, 2013, 2016):

1 X Xi

Fre=Trs —  Upemi  Vij  Xij 1
i i

wheren is the total number of ight tracks downwind of the land Il own on a certain day, is number of measurements
of a certain ight tracki, V is the retrievedCH, variation relative to the background columnrirolec m ? of measurement
j for track number i, Xx;; is the length segment im of a certain measurement j of track numbeuderyi is the wind speed
component perpendicular to the ight trackn ms 1, fgsis a conversion factor including the mass @4 molecule and
the time conversion frorato yr (8:398 10 25 ktsmolec 1) in order to calculate the emission rd&gsin kt CH, yr ! based
on the MAMAP remote sensing measurements. The emission rate is gike@kh, yr * but is strictly speaking only valid
for the time of the over ight.

As in previous studies, the required wind directisnvas directly estimated from the measurements (observed plumes)
themselves. The wind speéslwas provided by the 5-hole turbulence probe of the CIRPAS instrumentation, whereas only
wind measurements collected in the area of the plume are used. Further details of the de nition of the plume area for the wind
estimates are given in Sect. 4.2.

The largesterrorsor uncertaintiegor the remotesensingbasedemissionestimateriginatefrom uncertaintiesof the wind

Thewind directionentersthe ux estimatevia a cosinetermby modifying the usedperpendiculawind speedo each ight

track.An erroronthewind directionof . 10 wasassumedor thecasewhenwind directionis derivedfrom themeasurements

the areausedfor the backgroundhormalizationleadingto an underestimatef the emission.,On the otherhand,if the limits
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any CO, enhancementvould leadto a declinein the derivedXCH4(CO3). Thein uence of sucha CO, anomalyon the

p_[u mejor_t:he:gasq:/:\:/hegthe: CO, :i:s gg;gmitted i his yvill :I:eaqltq :an:HQggrestimatiqpf: ;hq g:missior:(ate.pn jghe g:themand:,.if

under-or overestimatiorof the emissiorratedependingpn the locationanddistributionof the CO> variations,To estimatethe

I1SCch,=co,. Which consider<CO, variations,To quantitativelyestimatethe in uence of this offseton the nal emissionrate
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llings (e.9.,32% below 13000counts) with respecto thethreeotherdays(5%.0n 27.08.201412% on 28.08.2014nd2 %

3.2 In-situ emission rate estimates by Picarro data

Fluxes from the Picarro data were estimated separately for each downwind wall by the procedure described below. An in-situ

not aligned perfectly parallel to each other and separated by arounu Ib@ltitude. For interpretation and estimation of

reliable emission rates, the in-situ measurements were projected on a well-de ned plane and perpendicular surface and the

13
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Figure 4. Example experimental semivariograms of (a) the in-situ dry gas mixing ra@élafand (b) the ambient temperature for the second
downwind wall of the Olinda Alpha Land Il measurements on 01.09.2014. The black crosses depict the values of the empirical semivariance
at certain lag distancds; and the solid red line is the tted exponential function. The tted parameters of the exponential model are:

gaps between different tracks were lled by inter- and extrapolating, respectively, the measurements to a regular 2D grid on
that plane.

Before the measurements from the ight legs of each wall were projected onto the plane surface, which iseallsdu
wall in the following, they were rst corrected for the time lag of 1iesulting from the tubing system (Se€t2.1). The
approximate positions of those in-situ walls are drawn in Fig. 2. The projection @kthemeasurements is shown in Fig. 5
(a) for the rst downwind wall on the 01.09.2014. Figure 5 further comprises (b) the interpdliednixing ratios, (c) the
backgroundCH,4 mixing ratios and (d) the enhanc&@H, mixing ratios attributed to the plume of the land Il resulting from
the next processing steps described in the following.

For the inter- and extrapolation, the statistical Kriging method (Krige, 1951) was chosen. A similar appareattebeen
wasalsoused in, e.g., Mays et al. (2009), Cambaliza et al. (2014) and Lavoie et al. (2015), to determine the out ow of cities
and emissions of land lIs. It is used to estimate values at locations, where no saageenwasmeasured (in our case,
mostly between the projected ight legs), with the aid of statistical methods. This method is described by the three parameters
nugget, sill and range, which describe the statistics of the data set. The nugget stands for the small scale variability, the sill is
the variance and the range gives the distance at which the samples are not correlated any more.

14



Figure 5. Example dry gas mixing ratios €H, for the rst downwind wall measured on the 01.09.2014 (middle in-situ wall in Fig. 6, solid
red line). (a) Projected and time lag corrected mixing ratios acquired along the ight track onto the wall. (b) Kriged mixing ratios based on

mixing ratios from (b). (d) Derive€H4 enhancement (kriged mixing ratios in (b) minus background mixing ratios in (c)). X-axis gives the
distance from the approximate plume centrenirand y-axis gives the altitude im above sea leveh{ asl). Solid orange lines depict the
surface elevation (based on SRTM) and solid grey lines the projected ight track. Vertical dotted black lines show horizontal limits, which
were used to de ne the background area (here: from -5.0 toki.@nd from+2.0 to+4.4km). The area, which was used in the mass

balance approach for estimating the emission rate, is enclosed by the dashed black lines.

All three parameters can be inferred from an experimental semivariogram (Fig. 4) calculated by the following equation (e.g.,
after Isaaks and Srivastave, 1989; Cressie, 1993; Caers, 2011):

1
2N (hy)

V(s) V(si+h)? @
N (hj)

y(hj) =

whereh;'s are equidistant lag distances (e.g., ... B60:66480m, 266600m, ...) which are separated by a constant lag

measurements for which the semivariogram vai(lg ) is calculated (Fig. 4, black crosses), wherébfh; ) is the number of
data pairs for the respective lag distatgeand the sum denotes the summation over all data pawsich are separated by
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a certain Iag distande; . V (si) andV(si + h;) are the parameter values at the positi(ms; and(s; + h,—) separated by one

hﬁqnd:hj +1 :are conS|dered.

The experimental semivariogram was calculated for each wall and for each parameter by an IDL routine written by James
McCreight from the University of Colorado in 20D&fter the projected measurements of the corresponding parameter were
detrended. In general, the semivariogram describes the correlation between different points at different distances.

To this experimental semivariogram, a commonly used exponential model function (e.g., after Isaaks and Srivastave, 1989)
was tted (Fig. 4, red solid line) which yields the necessary parameters range, nugget and (partial) sill:

model = nugget+ partialsill 1 e Fange 3)

In this model, the value of the nugget is given by the value of the experimental semivariogram at the origin, the value of the
sill corresponds to the sum of the nugget and the tted parameter partial sill, and the range is de ned as the lag distance h at
which 95% of the sill is achieved (Journel and Huijbregts, 1978).

The parameters from the exponential modietwereused to estimate the vali(sy) of the paramters, e.g., the dry gas
mixing ratio ofCH,, at a positiors, where no measurementishadbeenacquired based on the measured surrounding values
V (si) at the positions; :

X
V(so)= w V(si) (4)
i=1
The in uence of measured valu&4(s;) on the result is described by the respective weightsvhereas is the total number
of measurements. The weights are determined on basis of the above calculated parameters for the exponential model and th
distances between the measured values and the unknown value, respectively (for further details, see Isaaks and Srivastav
1989). Equation 4s-wasevaluated for each grid point on the plane surface.
For computation, the Kriging procedure ‘Krig_2D" from IDL 8.2.3 was Uséah example of such a kriged in-situ wall is
shown in Fig. 5 (b) folCH, measurements of the rst downwind wall on the 01.09.2014.
Subsequently, the mass transporCaf, through each walls-wasestimated by a mass balance approach:
X Pi
Fs= z xfis (G Coi) = Uei (%)
i T ks
where i is the index representing tHe grid box, c is the measure@H,4 concentration in pnol mol * or ppm, ¢, is theCHy
background concentration inmol mol * or ppm, pis the pressure iRa, T the ambient temperature i, kg the Boltzmann
constant, zand x are the verticafin-altitude}and horizontal extents of the grid boxesin respectivelyf ;s is a conversion

Shttps://github.com/mccreigh/idl_variogram, last access: 06.07.2016
"hitp://www.harrisgeospatial.com/docs/krig2d.html, last access: 04.03.2016
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factor having the same value and unitd agin Eq. 1 in order to retrieve the emission ré&g in kit CH, yr 1, anduey is the

effective wind speed im's *. The effective wind speed accounts for the wind speed normal to the plane surface and a geometry
factor which considers the orientation of the wall relative to the orientation and ight direction of the aircraft, respectively, while

a single measurement is recorded, and the wind direction. If the tted wall is parallel to the measurement or perpendicular to
the wind direction, the geometry factors becomes 1. The concentiatiba temperaturé and the effective wind spead

are based on Kriging, whereas the presgurep(z) only depends on the altitude of the grid bioX he functional dependency

p(z) has been determined beforehand by tting a linear function to the projected pressure measurements.

As indicated by Eq. 5, only th€H, enhancement above the background is needed. In order to separate the plume signal
from the background, the plane surface of i, measurements-was segmented into a plume area and a background
area (Fig. 5{b)b). For each altitude level, a linear functienwas tted to the CH, measurements in the background area
by a least-squares approach. This yields a 2D-distribution o€thg background for the speci ¢ in-situ wall (Fig. %¢)c).
Subtracting the achievedH, background from the plane surface of tGel, measurements results in the p@el, signal
(Fig. 5,{¢)-d) originating from the source under consideration. This method accounts for possible concentration gradients in
the CH4 background in the horizontal and vertical direction.

3.2.1 Uncertainties of estimatedPicarro_in-situ_emissionrates

sreshortlydiscussedA summaryof

turbulenceprobeof the CIRPASInstrumentationAny errorin the

Anotherimportanterror originatesfrom the lack of measurementdown to the surface.As baselinejt was assumedhat

suppressingery highaccumulationsf CH, atthesurface.To quantifytheseeffects,it wasassumedh a rst orderapproximation
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|by a factor of 4 (i.e., - 75% and +300%). Additionally, six con gurationsfor the parameters

timesthe standardlerivedsill_ andhalf the standardderivedsill. Furthermorethe effectof a varyinglag separatiordistance,

Theabovementionecerrorsourcesverecombinedor calculatingatotal uncertaintyof the estimatecemissiorratefor each

downwindwall. For that,theerrorswereassumedo beindependenandroot-sumsquaredTheuncertaintiegor thefour _ight

3.3 Retrieval of CH 4 anomaly maps by AVIRIS-NG data

AVIRIS-NG methane retrievals use a matched Iter approach previously demonstrated in campaigns at Kern River (Thompson
et al., 2015), Four Corners (Frankenberg et al., 2016), and Aliso Canyon (Thompson et al., 2016). We treat AVIRIS-NG
spectrax as Independent Identically Distributed (IID) instantiations of a multivariate Gaussian distribution with rmeeah
covariance matrix , writtenx N ( ; ). To account for the independent noise properties of each detector element, we
model the spectra from each pushbroom element separately. This produces a slightly different distribution for every cross-track
position. The covariance matrices are regularized to ensure accuracy and numerical stability for the limited number of samples.
For each new spectrum, the matched Iter estimates the magnituafe linear perturbation of this Gaussian distribution in

the direction of the target signal. The estiméaf&) is written:

(X )T 1¢

~Nx) = T 1t (6)

Here the target is the radiance Jacobian with respect to a cha@i¢jiabsorption above background. The magnitude of the
resulting estimate indicates the enhancemer@ldf absorption above the local background in units of ppmeters. After
detection, the resulting mapse weregeorecti ed to permit direct comparison with MAMAP retrievals using synchronized
IMU/GPS data and a local digital elevation model.
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Table 1.Flight conditions and MAMAP remote sensing parameters for the four ights.

Flight day 27.08.2014 28.08.2014 01.09.2014 02094.2014
Flight time (local time)

start [hh:mm] 14:11 14:21 14:55 13:27

end [hh:mm] 14:55 15:07 16:05 14:14
Solar zenith angle (SZA)

min| ] 29.9 31.7 38.3 27.6

max| ] 37.0 39.3 51.3 32.6
Flight altitude fn] 1971 1627 1794 1945
Surface elevation along ight track

min [m] 80 81 109 114

max [m] 437 435 483 496
Mean column mixing ratios

CHy [ppb] 1744517484 175041754.1 1807318114  1795.6799.7

CO; [ppm] 396:8398.7 396:0397.8 391+7393.5 393-1394.9
Aerosol scenario [] urban urban urban urban
Albedo [ ] 0.31 0.31 0.31 0.31
wind speedms 1] 6.3 828.1 4.4 5.65.5
Wind direction

empirical (center line) ] 236 240 241 240

in-situ[ ] 238237 247 238 25049

4.1 Emission rates from MAMAP remote sensing data

Remote sensing measurements over the Olinda Alpha Land Il were collected on four different days (27.08.2014, 28.08.2014,
01.09.2014, 03.09.2014) by the MAMAP remote sensing instrument. A detailed list of ight parameters, which were used
5 for the radiative transfer model simulations using SCIATRAN (Rozanov et al., 2014) to generate the look-up table, are found

in Table 1 for each dayror the emissionrate estimates

The ight altitude on the four days varied between 1630 and 1823|, the surface elevation was around 30@sl, the

ight speed was around 6&'s * and the total measurement time per ground sample was arouadi®& ground scene size
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Figure 6. The complete MAMAP remote sensing ight pattern without the inclination Iter over the Olinda Alpha Land Il (encircled by the

cyan solid line) on 01.09.2014 is shown. TKEH 4(CO,) data is smoothed by a 3-point moving average and normalized by a 300-point
moving average for visualisation purpose only. (a) For references, the positions of the center line (solid white line), the normalisation areas
(area between the solid yellow lines emphasized by the yellow arrows), the three own in-situ walls (solid red lines; upwind wall, up; rst
downwind wall, dw1; second downwind wall, dw2) and labels for the thirteen remote sensing downwind tracks (dt1 to dt13) are also depicted.
The white stars emphasize the location of the approximate in-situ plume location, which corresponds to the origin used in Figs. 5, S7 (c-f)

provided by Google Earth.

for a general ight altitude of around 1800 asl and this speed in combination with the surface elevation is approximately
69 60m? (cross track along track) for a focal length of the installed front optics of 100 mm.

For the remote sensing measurements on the 01.09.2014, the wind direction was estimated towtgc?dis in good
agreement with the in-situ based wind direction of 288rived from in-situ measurements at the plume location of the second
downwind wall (dw2 in Fig. 64, solid red line; for details of the de nition of the plume location, see Sect. 4.2), which was
own directly after the remote sensing pattern. The wind speed was aroumd 4.4 determined over the same area as for
the wind direction. An overview of the ight pattern and the measu@ét, column enhancements is given in Fig(&. In

addition to a clear plume signal observed up to8downwind of the land Il, someCH,4 depletions are visible in the collected

For the emission retrieval, the area between -1750 and -#0@@easurements south of the plume between the yellow lines
in Fig. 6,1efta) and +1750 and +400@ (measurements north of the plume between the yellow lines in Figfté) was used

for background concentration normalization (also compare to Fig. 7, a). The mean emission rate estimate derived from Eq. 1
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The MAMAP measurements on 03.09.2014 were treated in a similar way as for the 01.09.2014 ight. The wind direction
was 240 based on the empirical center line of the plume (measured in-situ wind direct#$d49 ). The wind speed was

by inclination. In contrast to the 01.09.2014, the area used for background normalization was set empirically for each track
because the ight tracks were quite short near the source and longer further away. This was done on basis of the observec
plume signal seen in the cross sections (Fig. S4, right column), whereby a broadening of the plume, while moving away from
the source, was also considered. Additionally, the maximal width of the plume area of the latter remote sensing tracks was
further constrained by the approximate plume width observed in the in-situ measurements. The mean emission based on the

The 27.08.2014 and 28.08.2014 ightsewere more challenging with respect to the ux inversion because of the not
optimal ight patterns. This resulted in there being few measurements for concentration background normalisation and a
non-optimal orientation of the ight tracks with respect to the prevailing wind direction. Additionally, higher wind speeds
potentiallyleaetled to smaller column enhancements. The ight parameters are listed in Table 1, Figs. S1 and S2 show the

ight pattern and Fig. S4 (left and middle column) the downwind tracks.

On the 27.08.2014, the area used for background normalization was empirically set and also additionally constrained by the
approximate plume width estimated from the in-situ measurements. In contrast to the remaining ights, the inclination Iter
was relaxed to 6to increase the number of measurements north of the observed plume. Analysis using the 5 downwind tracks
yields a mean emission of 1X0CH 4yr * (. 45%).

The 28.08.2014 ight was treated in a similar manner to the ights before using again the standard inclination lter of 5
The resultant mean emission rate from the 6 downwind track-i& 3.6kt CH 4 yr ! ~A-detailederrordiscussions givenin

intied

Theuncertaintiegf the remote sensing based emissisii

uncertainty on the estimated ux is aroundt112% and 9% for the 01.09.2016 and 03.09.2016 ight. respectively. The
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prevailing wind direction with an average deviation of only $he assumed error in the wind direction of 18ads to an

uncertainty in the emission estimate of up t&%2For the 03.09.2014 ight, the mean deviation from the perpendicular wind
direction was around 13eading to a maximum emission uncertainty 866The largest mean deviation from the perpendicular
wind direction of around 60is observed on the 27.08.2014. For 40 wind direction uncertainty, this leads to an uncertainty

in the emission rate of maximal 28. On the 28.09.2014, the deviation of around 88th respect to the perpendicular wind

yielding an error of around 11% on the mean emission rate. The track-to-track variability ¥:64.5kt CH4yr 1 (or

35%) on the 27.08.2014 leading to an error on the average of arouro considering the ve downwind tracks. On the
28.08.2014, the track-to-track variability of the six downwind tracks &36.2kt CH 4 yr L (or 46%) causing an error on
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35

downwind walls on the 01.09.2014 for the background normalizeddi$@ed solid line) and [1ISEy,-co, (blue solid line).
On that day, th€O, plumeis-wasco-located to th€H, plume and causes a reduction of @i, plume signal. This nding
is consistent with the krige@H, andCO, in-situ measurements in Figs. S7 (d, f ©H,) and S12 (d, f forCO,;), which
show a well-de nedCO, enhancement at the position of the methane plume.

Onthe 01.09.2014, the derived emission rates are by af@@ad% ( rst downwind wall) to41-71.1.9% (second downwind
wall) higher if the in uence of theCO, on the emission rate is neglected.

Assuming that this in-situ based derived bias is valid for the entire measurement area, which is covered by the remote
sensing instruments, indicates that the emission rate estimates based on the remote sensing data are also underestimated
arounds-64.6% to 11-711.9% due to the co-locateGO; on the 01.09.2014.

Applying this method to the other downwind walls yields arourie#.6% (27.08.2014), +5:814.9% (28.08.2014) and
+3:63.3% (03.09.2014). The IISCs of these walls are found in the supplement (Figs. S14, S15 and S16). Strictly speaking, due
to the potential temporal and spatial variability of 88, variations, these calculated biases estimated from the downwind
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walls are not assumed to be valid for the remote sensing tracks of the associated ight day, which were recorded at a different
time and location. Therefore, we used the tieviation of the derived biases to estimate one uncertainty of arod@®s for

the entire remote sensing data set.

sensing measurements for the 01.09.2014, 03.09.2014, 27.06.2014 and 28.06.2024 @e2283.8kt CH 4 yr 1), 26% (or
4:34.2ktCH4yr 1), 4645% (or 5.9kt CH, yr ) and 3% (or 5.3kt CH 4 yr 1), respectively.

4.2 Emission rates from Picarro in-situ data

For comparison with the MAMAP remote sensing estima@d, emission rates from the Olinda Alpha Land Il were also
derived from consecutive in-situ measurements made by the Picarro instrument performed with the same aircraft for each of
the four days, where MAMAP remote sensing data was acquired. In total, ve in-situ walls were own downwind of the land ||
during the period. The emission rate estimates for eachivealtbeenwere calculated using the Kriging and mass balance
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Table 2. Summary of the derived emission rates denoted as 'retrieved baseline' and their related relative errors from the remote sensing (RS)
and in-situ (IS) data set of the Olinda Alpha Land Il measurements.

Error type 27.08.2014 28.08.2014 01.09.2014 032034.2014
RS Retrieved baseliné{CH 5 yr '] 13.0 13:713.6 136 16:416.2
Wind speed 6] 7.9 6:16.2 115 9.09.1
Wind direction Po] 22.2 13.7 2.4 5.5
Background normalization are8b] 34.1 29.0 18.6 18.1
Track-to-track variability §o] 15.7 18.7 13.9 114
BackgroundCO variatior®) [%] 10-39.9 10-39.9 9.9 10-39.9
Surfacealbedo[%] <1 <1 <1 <1
Total uncertainty 6] 45:545.4 39:638.9 27.9 26:25.9
IS dw1”. dwl dwi dw2 dwl
Retrieved baselingfCH 4 yr 1] 12:011.6  16:816.6 18217.8 14.814.6 13:813.9
Groupa)  Wind speedf] 12:47.9 6:36.2 144125 12:611.5 16:49.1
Unknown surface concentratiorf%] 5:26.0 8:18.3 15:817.0 16698 13-113.6
Time lag Po] 16-17.9 844.1 6-64.9 +83.1 4-12.8
Group b) Kriging parameteré4] 4-64.7 ++12.8 16:218.0 2:87.0 9:115.9
Background concentrations / aréa][  2-63.4 6:87.0 2:92.7 7.3 2:82.1
Total uncertainty o] 17:613.9 16-818.4 27:828.3 18:618.4 19:623.1

) pased on th€H 4 andCO » in-situ measurements
5) dw = downwind wall

method as described in Sect. 3.2. The downwind walls of the dry gas mixing rat©klpfind the effective wind speeds
obtained by Kriging can be found in teeipplementSecsupplementarynaterial(Sects S2 and S4).

in-situ instrumentn termsof measuremerfrequency whose measurements are used in Eq. 5 for the emission rate estimate.

The Picarro greenhouse gas sensor acquires measurements atiafustdz, corresponding to a measurement eve2 s.

In combination with the ight speed of the aircraft of aroundré® !, this leads to a spatial resolution of around120m.

is needed.
For tting the exponential model to the experimental semivariograms, only half of the maximum possible lag distance
(largest distance by which a pair of measurements on the wall is separatédernwasused following the recommendations
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in Journel and Huijbregts (1978). Figure 4 shows an example of an experimental semivariogram with the tted exponential
function and the related parameters range, nugget and patrtial sill.

As mentioned in Sec?2.1, to account for the fact that measuremestswerenot available at the surface, a pseudo-track
iswasadded at the surface. It follows the surface terrain and, in a rst order approximation, has the same concentration values
of CH4 andCO,; as measured at the altitude of the lowest ight track of the according wall. The surface winds for the pseudo-
track were estimated from measurements of the weather station MTNBEited at the north eastern tip of the Olinda Alpha
Land Il. The resulting surface wind speeds and directions at the time the downwind walls were acgeivegte5.8ms .
and 219 (27.08.2014), 5.ens ! and 228 (28.08.2014), 4.f]ns ! and 209 (dw1, 01.09.2014), 4/ s ! and 209 (dw2,
01.09.2014), and 4@ s * and 220 (03.09.2014). This pseudo-tragkwasused to extrapolate the measurements and close
the gap between the lowest ight leg and the surface.

Themeanperpendieutawind speeds for the ve downwind walls measured on the four days varied betveene8-64.0
andg8.lms 1, retrieved from the measurements by the 5-hole turbulence probe and the surface weather station. These average:
wind speeds were calculated from all grid boxes, which exhiliitty, enhancement larger than three times the standard
deviation of theCH, signal in the background area. Subsequently, the wind speeds were also weighted by the amount of the
enhancedH, molecules in the respective grid boxes. The average area, for which the mean perpendicular wind speeds were
calculated over, was around 1.0 1.0 km?2. This method was chosen to select the wind measurements, which belong to the
CH, plume signal. The 3- threshold has also been used previously as limit for identifying and distinguishing plume signals
from the surrounding background (e 0,- Hormann et al., 2013; Zien et al., 2014).

When inspecting the three available m-srtu upwrnd walls (Figgbsh, S&b-)-, b and STb}), b), it becomes clear that the
calculated emissions are a feature of the emissions from the Olinda Alpha Land Il and are not an artefact of in ow of polluted
air masses. The upwind walls do not exhibit any notice&ltlg enhancements or structures.

4.2.1 Airberne-Uncertaintiesrelated to in-situ errer-analysihasedemissionrate estimates

8https://www.wunderground.com/personal-weather-station/dashboard?ID=MTNRC 1#history, last access: 16.11.2016
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eters on the emission is comparable to other error sources but can also be one order of magnitude smaller. It is also importan
to emphasize, that the chosen values likely re ect the maximum deviations from the derived ones. When inspecting the ex-
perimental semivariograms in Fig. 4 it becomes obvious that, e.g., a nugget and partial sill valué of &t sill or, e.g.

in case oftemperatur€Hy, a range reduced ©:230.7 or increased t&:610.8km ( tted value is 6-92.7kmfertemperaturl
respectively, is quite unlikely. Therefore, it is expected, that the real uncertainty originating from the Kriging parameters is
smaller.
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3.1ktCH,4yr 1.
4.3 CH 4 anomaly maps obtained by the AVIRIS-NG instrument

Airborne remote sensing measurements by the AVIRIS-NG imaging spectrometer were performed on the 03.09.2014. The
instrument acquired ve ight lines over the land Il at an ight altitude of aroundkd agl between 13:30 and 14:10 local
time. The ight lines have a length of approximatelk® and a swath of around 1k8n resulting in a ne spatial resolution
of around 3 3m?. Figure 9 shows the derive@H, anomaly map of one ight line in the near eld of the land Il using the
algorithm described igeSect 3.3. ingi i
inthesupplementlt shows a clear plume structure developing at the south-western slope of the land Il. This plume is also

visible in theCH4 anomaly maps for thmuJ%iﬁle,re,mainingAVIRIS-NG overpasses (semﬁplemenﬁgéﬁsupplementary

remains VISIb|e. However, surface structures / surface albedo effects can cause spurious signals, which in the most cases can t
identi ed as such.

5 .  ormissi
4.1 Comparisonbetweenof MAMAP remote sensingane-with. Picarro in-situ data

The estimated emission rates of the Olinda Alpha Land Il from the airborne in-situ and remote sensing measurements agree
well for the analysed days (see Fig. 10). Due to the time delay between the two surveys performed with both techniques and,
thus, for example a possible change in wind direction, it is not expected that the location of the measured plumes is identical.
Nevertheless, the positions of the plumes observed by the remote sensing and in-situ instrument are in close vicinity to each
other for each of the four days (see Fig&)6a, S1, S2 and S3).

On the 01.09.2016, the emissions derived from the two in-situ downwind wall&&#7.8kt CH4yr 1 ( 28%) and
14-814.6kt CH 4 yr L (' 18%), respectively. The difference between the two walz438.2kt CH 4 yr 1 whereas the average
emission rate based on the two in-situ walls is aro@eEl6.2kt CH 4 yr 1. As suggested in Cambaliza et al. (2014), the
difference between the walls can be related to the average emission rate and be used as a measure for the precision of th
method. For the ight on the 01.09.2014, this results in a difference of ar@a@@%, which is in good agreement with the
values derived in Cambaliza et al. (2014) ranging fron¥d®» 39%.
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Furthermore, theveragedn-situ based emissiomiteisratesarein good agreement with the remote sensing based emission

of14.928)-

4.2 Qualitative comparison between MAMAP and AVIRIS-NG data

On 03.09.2014, contemporaneous AVIRIS-NG measurements were performed and made available for a qualitative comparison
Figure 11 shows a comparison of the MAMAP remote sensing data on that day with one ight line acquired by AVIRIS-NG
at around 13:33 local time. The MAMAP remote sensing measurements were acquired between 13:30 and 14:15 local time.
To better visualize th€H,4 plume(s) detected by the AVIRIS-NG instrument on smaller scales, only measurements above a
certain threshold are shown in the plot.

The AVIRIS-NG data shows a clear plume developing on the south-western slope of the land Il (red arrow) and travelling

in downwind direction. It is in good agreement with t@&l, plume seen by the MAMAP instrument.

4.3 Comparisons with the EPA inventory

Compared to the EPA inventory value of 1ktH,yr * for 2014, our estimated emission rates are on average around
3:02.8ktCH4yr ! (with an uncertaintlf of 1-51.6kt CH4yr 1) larger. Due to the scatter of the estimated emission rates
and the limited number of measurement days, it is not possible to conclude that EPA is signi cantly underestimating the
Olinda Alpha Land Il CH,4 emissions. It is also important to note that the derived uxes in this work, expressed in units of
ktCH,4yr 1, are only snapshots and valid for the time of the over ight (here: in the afternoon). In addition, the difference
could also arise from the possible leakage identi ed in the AVIRIS-NG observations, which is not taken into account by EPA,

10based on error propagatlon of the smgle ux uncertalntles glven in Table 2 and the statlstlcal error
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assuming that it was present on all measurement days. Furthermore, e.g., atmospheric pressure variations could potentially als
lead to a deviation of the derived uxes from the inventory value but are dif cult to quantify.

for thefour datasetsshownin Fig. 1. The OSSEsarebasecbn Gaussiaplumeforwardmodelsimulationswhichincorporates

simulation,the usedemissionstrengthin the OSSEis basedon the meanvalue of the actualmeasureg@missionrateson the

12https://ghgdata.epa.gov/ghgp/service/html/2014’?id=1003199&et=undé@%’:ﬂaﬂ:@%@:ee
13https://ghgdata.epa.gov/ghgp/service/html/2014?id:1011449&et=und§:am§1:(::ces,,s,

.05.2017
.05.2017
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both approachegrovidesimilar emissionrates(alsoseeTable $2). For BKK, A2 resultsin emissionrateswhich are 14.2kt

5 Summary and conclusions

During the COMEX campaign, a comprehensive set of measurementsoovdand lis located in the Los Angeles Basin

During this time period, measurements of column-averaged dry air mole fracXi@hé,, were acquired by the MAMAP
remote sensing instrument while ying above the atmospheric boundary layer. In addition, after each remote sensing survey,
consecutive in-situ measurementsa#, andCO, and other atmospheric parameters like wind speed and wind direction were
gathered while probing the atmospheric boundary layer and crossing the plume emitted by the land II.

estimated from the remote sensing data and compared to the envissioatesderived from the in-situ measurements. For
that, an adapted mass balance approasheenyvasused for the emission rate estimates from the remote sensing data. In order
to interpret and analyse the in-situ measurements, a Kriging méthezbenwasapplied. The averagebselutedifierenceof

tainties of around-714% to 4645%. The contribution of the different error sources to the total uncertainty varies from case to
case. For example, the remote sensing based emission rates are rather sensitive to the chosen background normalization ar

sensing based emission rates, which is caused by a not co@€arttackground concentration or by co-emiti€®, from

the land Il, has been estimated by utilizing t¥, andCO, in-situ measurements.
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In terms of the in-situ measurements, concentration measuremedi,cdt the surface would signi cantly lower the error
in most cases. The error related to the Kriging method used for interpolation between the different ight legs has maximally
the same size as other errors but is generally only a minor contributor to the bdgeas Additionally, it is also based on

conservative assumptions.

There is also a good agreement in plume position betweegkhecolumn enhancements observed by the non-imaging
MAMAP instrument and the imaging AVIRIS-NG instrument for data obtained on 03.09.2014. The AVIRIS-NG observations
make it possible to identify &H,4 emission hot spot at the slope of the land Il, which could be a potential leakage, e.g., a leak
in the cover layer.

Compared to the EPA inventory value, our estimates are on averg@8kt CH 4 yr 1( +51.6kt CH 4 yr 1) higher. This
difference might be related to the identi ed potential leakage not considered by the EPA inventory value or by other reasons

e.g., atmospheric pressure variations.

Our study shows for the rst time, that medium resolutidgri-Width-at-HalF-Maximum;-FWHM  0:9nm) airborne
based remote sensing measurements in the SWIR regiaround 1.65m are welt-suitedto-estimatethe-well-suitedto
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remote survey over the Olinda Alpha Land Il on 01.09.2014, which were used for the emission rate estimate using Eq. 1. The x-axis depicts
the distance from the centre line km (see also Fig. 6, white solid line) and the y-axis gives @4 column enhancement relative to
the background column. The area on the left (-4.0 to -krdp and right (+1.75 to +4.Bm) side of the dotted green line was used for

measurements (see Sect. 3.1.2 for details).
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measuremensnclosedy the blackdottedlinesandlocatedat the anks / edgesof the plumeareusedfor normalizationanddetermination
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Figure 9. (a) Google Earth map showing the Olinda Alpha Land Il encircled by the cyan solid lineCkh) anomaly map derived from
AVIRIS-NG data and superimposed on the Google Earth map. Shown is the near eld around the land Il acquired at around 13:33 local time.
White pixel corresponds to a detect€ti, enhancement. Wind direction was approximately south-west. An enhanced version of the same

ight line and view is shown in Fig. 11.
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Figure 10. The bar charts show the derived emissions and inventory values. The rst four sets of bars depict the derived emissions from
this study based on the remote sensing (red), in-situ (blue; on the 01.09.2014: Dark blue: Downwind wall 1, bright blue: Downwind wall 2)

measurements and their related errors (vertical bars). The fth set shows the EPA inventory values for the years 2010 to 2013 (grey shaded)

and 2014 (yellow).
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S1 MAMAP remote sensing measurments (Google Earth overlays and single tracks)

Figure S 1. As Fig(#) but for the 27.08.2014 and the star corresponds to the origin used in Figs. S5 (gd%uta).

Figure S 2. As Fig(#&) but for the 28.08.2014 and the star correspond to the origin used in Figs. S6 (ajid$aurtb).

Figure S 3As Fig. 6 (a) but for the 03.09.2014 and the star correspond to the origin used in BigS9&).



27.08.2014 28.08.2014 .@82014

Figure S 4As Fig. 7 (left column) but for the three other days (from left to right): 27.08.2014, 22014 and 03.09.2014.



S2 Picarro in-situ dry gas mixing ratis of CH

Figure S 5. Dry gas mixing ratios of @&t the upwind (a,b) and downwind (c,d) wall on 27.08.2014. X-axis gives the distance

from the approximate plume centre in m (only for bottom panels) and y-axis gives tliguale in m above mean sea level (m

amsl). Solid orange line depicts the surface elevation at the position of the \#@ked on SRTM). Dashed black line depicts

the area, which was used in the mass balance approach for estimating the emission rate. Diolie line shows limits,

Azl Z A E pe 3} .v 3Z P E}pv-33 to 2000 i 25ED}6500 m). Solid grey line depicts

§Z G]PZ3axiBeadstred dry gas mixing ratios of CHb}vP §Z G]PZS SE IX Z J1E o E %E  vSe }v
(b,d) Kriged dry gas mixing ratios of £ibhsed on the measurements shown in (a) and (b) and an additionally added pseudo

surface track (not shown).

Figure S 6As for Fig. S5 but for the 28.08.2014. (a,b) Upwind wall. (c,d) Downwind wall.
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Figure S 7. As for Fig. S5 but for the 01.09.2014. (a,b) Upwind wall. (cstidBiwnwind wall. (e,f) Second downwind wall.

Figure S 8As for Fig. S5 but for the 03.01.2014. (a,b) Downwind wall.



Figure S 9. Shown are enhanced dry gas mixing ratios gf\dH5Z .A }AvA]v A ooe <<u]JE }v $Z (JHE ]J(( E
days 27.08.2014 (a), 28.08.2014 (b), 01.09.2014 r&t, downwind wall, d, second downwind wall) and 03.09.2014 (e). Only
the area, which was used in the mass balance approach, is shown (dashed black biid)o&nge line depicts the surface

0 A 3]}v 3 8Z %}e]8]}v }( 8Z A oo~ + }v  A"ZIdDGKXPYROE@® EXC o]v +Z}A. §Z



S3 Picarro in-situ dry gas mixing ratios of CO

Figure S10. As Fig. S5 but for the dry gas mixing ratios of,@® 27.08.2014 and without dashed and dotted lines. (a,b)
Upwind wall. (c,d) Downwind wall.

Figure S11. As for Fig SLO but for the 28.08.2014. (a,b) Upwind wall. (c,d) Downwind wall.



Figure S12. As for Fig. S10 but for the 01.09.2014. (a,b) Upwind wall. (c,d) First downwind wai.§econd downwind wall.

Figure S13. Asfor Fig. S10 but for the 03.01.2014. (a,b) Downwind wall.



S4 Horizontal wind fieldsgiused in the mass balance approach

Figure SL4. Shown are the horizontal wind fieldsgd }( §Z . A }AvA]wsell inihe mass balance approach acquired
onthefour G]PZ3 Ce 10X XBi0&2614 (c,d), 01.09.2014¢ (U .E 3 }AvA]ysedond dawrvid@ wall)

and 03.09.2014 (i)j Measurements are filtered by an inclination of 5° (see also main text). Tleaarsed in the mass balance
approach is bordered by a dashed black line} § $ o | o]v *Z}Aes o]Ju]seU AZ] Z A E,bpcekgrodihd .v 3$Z
area. Solid orange line depicts the surface elevation at the position of thel \W@sed on SRTM). Solid grey line shows the
G]PzZs SE& IX



S5 Integrated in-situ columns (IISC)

Figure S15. Ratios of the integrated in-situ columns of €aihd CQ for the upwind walls (a,c) and downwind wall®&d) on
the 27.08.2014 (a,b) and 28.08.201eld* X dZ u <*uE u vSe Vv 0} CsSZ o | }$S8 o]ve v
edges of the plume are used for normalization (compare to Hd7).

Figure S16. As FigS15 but for the upwind wall (&= U . dBwidwind wall (b) and second downwind wall (c) on the 01.09.2014
and the downwind wall (d) on the 03.09.2014 (also compare to Siy).

0}
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Figure SL7.As Fig . 7 but for all downwind walls. (2y.08.2014(b) 28.08.2014(c) 01.09.2014, first downwind wall (as in
Fig. 7, a). (d3.09.2014, second downwind wall (as in Fig. 7,(8).03.09.2014.



S6 AVIRISIGCH retrieval results (Google Earth overlays)

Figure S18. Overview of the methane retrieval results from the AVIRIS-NG observations from diftesgarflight times [local
time]: a) Underlying Google Earth Map of the Olinda Alpha Landfill whichmipkasized by the cyan solid line. (1)3:31. )
13:33, same overflight as shown in Fig. 9 in the main pédj 13:38. (e) 13:48. (f) 14:06.



S7 Vertical background profiles of £Dd CH

Figure S19. Shown are the scaled background profiles (as described in Sect. 3.1 of the main m@tysehich were used in
the MAMAP remote sensing retrieva(a) 27.08.2014(b) 28.08.2014(c) 01.09.2014. (d) 03.09.2014



S80bservation System Simulation Experiment (OSSE)

Observation System Simulation Experiments (OSSES) can be used to simulate the propagation of plumes
in the atmosphere originating from various source types and how these plumes wolltide if they

were measured by, e.g., the MAMAP remote sensing instrument. That means they can be used to
qualitatively estimate whether an emission source is observable with the MAMAP remotagensi
instrument considering prevailing atmospheric conditions as well as instrumental and flightcspecifi
characteristics. The method discussed in the following has been used to estimate, for example, upper-
limit emission rates of CHor a blowout site located in the North Sea (Gerilowski et. al., 2015) and is

based on vertically integrated Gaussian plume forward model simulations (for details, sge&rial.,

2011 and Gerilowski et al., 2015
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whereV(x,y)is the vertically integrated column, which is subsequently normalized by the background
column to achieve, e.g., the desir€d variation relative to the background column, as a result of one
or more emission sourcéaving emission ratds, u is the prevailing wind speed which is assumed to
be constant across the entire simulation and measurement area, respectifdy) is the horizontal
dispersion coefficient in across wind direction with the parametarhich depends, in a first order
approximation, on wind speed and solar insolatigns the along wind coordinate anlthe across wind
coordinate of sourcé The sigma sign indicates the summation over all possible sources

In order to simulate emissions from the landfills under investigation, it was assumed thatrsions

took place homogenously distributed across the entire landfill. Therefore, depgmdi the shape and

size of the landfill 90 to 100 single sources were homogenously distributesisatr® landfill area. Table

S1 summarises the parameters necessary for the simulations of the four landfills shown in Fig. 1 in th
main manuscript. As these simulations are compared to the actual MAMAP remote sensing
measurements, all parameters were derived from the corresponding measurement flights. In order to
estimate the wind directions and wind speeds at the BKK Landfill (BKK), Puente Hills(P&tidgféind

Scholl Canyon Landfill (SCL) sites, we assumed the same vertical wind profile as measured fakathe Olin
Alpha Landfill (OAL) flight on the corresponding day, but scaled based on a compéatisawface

winds measured by weather stations at the time, the landfills were surveyed. The BKK and PHL are close
to the OAL. Therefore, the weather station at the OAL was used to estimatestiréace winds. For the

SCL, we used the weather station KCAGLENDDHE:(/www.wunderground.com/personal-weather-
station/dashboard?ID=KCAGLEND1 7#history/tgraphs/s20140827/e2014082¥/nuitzsk to this

landfill site. For the simulation of, e.g., the BKK Landfill on the 01.09.2@&14urface wind speed and,

thus, the wind speed used for the simulation, was the same as for the subsequent OAL flight'}4.4 ms
The EPA emission rate estimate is 15.1 kg€Hor 2014, which was equally distributed over the
approximate 100 sources. The paramegaused for the horizontal dispersion coefficieltis based on

the atmospheric stability classification (Turner, 1970) using the wind speed and solar insolation. Thus, a
wind speed of 4.4 msand strong solar insolation results in stability class B corresponding to a value of
=156 (Martin, 1976).




BKK, 01.09.2014 SCL, 27.08.2014 PHL, 27.08.2014 OAL, 01.09.2014

Time of overflight 14:26 t 14:54 11:27 t12:03 12:17 113:20 14:55116:05
Emission rate [ktCjir] 15.1 5.9 5.0 14.3
Surface area [km?] 1.4 0.85 2.4 1.7
Stability class B A-B B B
Parameter a 156 185 156 156

Wind speed [mg] 4.4 2.5 4.0 4.4

Wind direction[°] 235 210 227 238
Ground scene size [m?] 69 63 46 64
Precision [%] 0.30 0.27 0.33 0.34

Table S1: Summery of the relevant quantities used in the Observation System Simula&pariments (OSSES).

Figure S20 (a) shows such a simulation for the BKK Landfill. The resulting colunuesmrdras also
been gridded to pixels having the same size as the approximate ground scene size of the MAMAP remote
sensing flight on that day 9 m2) for better comparison. The simulatptime has additionally been
rotated in the prevailing wind direction (235°). In the next step (Fig. S20, b@ccmhponent was

added to the simulation to replicate the single measurement precision of the MAMAP remote sensing
instrument. The noise was calculated ad/$tandard deviation (0.30%) from the actual MAMAP remote
sensing measurements over the BKK Landfill. In the final step (Fig. d), sthgrldtpoints were only
plotted if the MAMAP instrument also gathered data at the specific positions, that is: alonggttte fl
track. For comparison, the actual MAMAP flight track over the BKK Landfill on the 01408.20dwn in
Fig. S20 (c). From that, one concludes that if the BKK landfill had emitted 15.}yirkt@the time of

the measurement, it should likely have been observable by the MAMAP remote sensingarstifior
details, see also main text). The comparison of measurements and simulations fohttleCanyon

Landfill and Puente Hills Landfill are shown in Fig. S21 and for the Olinda Alphd hifridne main
manuscript (Sect. 4.7, including the conclusions from these experiments)



Figure 0. (a) Shows the CHrariation relative to the background column for the BKK Landfill on the 01.09.2014 based o
the OSSE. (b) Shows the same as (a) but with an added noise component. (d} 8@ OSSE only at the position where
actual measurement have been acquired. (c) Actual measurement of the MAMAP temsensing instrument.



Figure 21. As Figl2 but for the SCL on th27.08.2014(a,b) and for the PHL on the 27.08.2014 (c,d).



S9 Landfill reporting practice in the U.S.

In the U.S.landfill operators need to report landfill emissions, in case the landfill is equipped with a gas
collection system, in two different ways to the United States Environmental Protection A@&RC),

2013). The first approach (A1, forward calculation approach) is driven by model data ugindpectype

and amount of waste, which has historically been deposit within a landfill in comhinattb a first

order decay model. The second approach (A2, back calculation approach) is driven by measurements of
the amount of Cl which has been recovered by the gas collection system, and gas collection
efficiencies to estimate Ghemissions. The official value stated by EPA always represents the larger
estimate of the two

The landfills Olinda Alpha (OAL), BKK, Scholl Canyon (SCL) and Puente Hills (Pdtgdrinesigwork
are equipped with a gas collection system. An overview of the reported emission rates ofithe fo
landfills between 2010 and 2015 is given in Table S2.

| 2010] 2011 | 2012 | 2013 | 2014 | 2015
OAL
Emission | Official | 13.2] 15.4 | 147 | 143 | 115 | 12.3
in Al 11.2] 59 | 9.3 | 104 | 100 | 12.3
ktCHyr" | A2 13.1] 154 | 147 | 144 | 115 | 9.2
BKK
Emission | Official | 14.1| 13.6 | 14.6 | 150 | 151 | 15.1
in Al 14.1] 136 | 146 | 150 | 151 | 151
ktCHyr" [ A2 1.3 13 [ 12 | 10 | 09 | 09
SCL
Emission | Official | 56 | 69 | 65 | 63 | 59 | 53
in Al 00| 00| 00 | 1.0 | 21 | 3.2
KtCHyr" | A2 56 | 69 | 65 | 63 | 59 | 53
PHL
Emission | Official | 17.8] 17.2 [ 17.2 | 109 | 5.0 | 13.4
in Al 83| 41 | 42 | 77 | 24 | 133
ktCHyr" | A2 17.8] 172 | 172 109 | 50 | 4.4

Table S2: Reported emission rates of the four landfills: Olinda Alpha Laf@AlL), BKK Landfill (BKK), Scholl Canyon Landfill
(SCL), Puente Hills Landfill (PHL). The emission rates for the year 2014 are emphasiekaw. For each landfill and year
three emission rates are given: Official (officially reported byAAPA1 (forward calculation approach) and A2 (back
calculation approach, GPO, 2013).

The emission data for the different facilities and landfills, resipely, from Table S2 can be found at the EPA website:
https://ghgdata.epa.gov/ghgp/main.ddast access: 09.06.2017.
OALhttps://ghgdata.epa.gov/ghgp/service/facilityDetail/2014?id=1002320&ds=E &etplipstrue last access: 09.06.2017.
BKKhttps://ghgdata.epa.gov/ghgp/service/facilityDetail/2014?id=1011449&ds=E&pbtplip=true last access: 09.06.2017.
SCLhttps://ghgdata.epa.gov/ghgp/service/facilityDetail/2014?id=1003198&ds=E &popfip=true last access: 09.06.2017.
PHLhttps://ghgdata.epa.gov/ghgp/service/facilityDetail/2014?id=1003199&ds=E&etpRipstrue, last access: 09.06.2017.
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