Referee/Reviewer #1

We would like to thank the anonymous referee #1 for the careful reading and valuable
comments, which we address point-by-point.

In the following, the reviewer comments are in italics, the answers in plain text and the
proposed changes / new text in blue. References to Sections or Figures in our answers
refer to the discussion version of the manuscript.

The manuscript by Krautwurst et al. deals with an airborne campaign to characterise
methane emissions from two landfills close to the Madrid city. The MAMAP2DL and
CHARM-F instruments (pushbroom imaging spectrometer and active lidar, resp.) were
flown over the landfills to derive maps of methane column concentrations, which were
used to estimate emission rates.

The manuscript is very well written and presented, the methods are sound, and the
results are very solid. On the downside, perhaps the level of novelty is not great, given
that the high methane emissions from those landfills are well known, and the two in-
struments and the corresponding processing methods are already described in a num-
ber of peer-reviewed publications. For example, | miss some synergistic application of
the two instruments.

Having said that, | recommend publication of this manuscript in ACP because of the
growing interest in the development of methods for the monitoring of methane emis-
sions and of the great technical quality of the study.

Thank you for the encouraging words. We note that there is only one peer-reviewed
publication about the Madrid waste treatment areas’ emissions of methane covering
the period 2018 to 2020 [Tu et al., 2022]. With the data presented in our paper using
different sensors at a different time (summer 2022), the magnitude of the emissions is
emphasized once again and indicates consistently high values. Furthermore, as stated
in our comment to Line 43 of Referee#2, the CH4 emissions of the Pinto landfill should
have dropped by a factor of almost 40 from 2021 to 2022 according to the reporting.

We agree with the reviewer that both measurement principles and processing methods
are well established in the community and have extensively been used in the past to
guantify greenhouse gas emissions. However, to our knowledge, this is the first study
which combines active and passive remote sensing observations for methane emis-
sion quantification. We emphasize that the analysis of the measurements was made
independently and that ‘only’ the final products such as CH4 concentration anomalies
or the emissions of methane are used in further comparisons and analysis. We contend
that having two independently characterized simultaneous methane emission data
products is the optimal synergetic approach.

Nevertheless, for future work, it may be worthwhile to combine information collected
by active and passive instruments already on a CH4 column retrieval level. However,
the focus of this study was to quantify the emissions of the two landfills and to assess
whether they are as high as previously indicated by satellite (and ground-based) ob-
servations.
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Specific comments:

Below | am listing a number of minor points to be addressed at the authors’ discre-
tion.

P1, L18: the definition of the ERF is probably not needed

Agreed. The sentence has been amended accordingly.

It has an effective radiative forcing of ~ 0.54 W m-1 or one quarter of that of CO2
(Forster et al., 2021).

HHHBHHHHHH R AR R AR R R R
P2, L28: “is produced”?

Agreed and amended accordingly.
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P3, L56-57: thermal imagers can also be ‘passive remote sensing imaging instru-
ments”

Agreed and amended accordingly.

Recently, passive remote sensing imaging instruments exploiting solar electromag-
netic radiation in the near and short wave infrared have been deployed.

HHAHHHHBH AR R AR R R AR AR R
P4, L 115: “The non-operating ...” verb missing?
Agreed and amended accordingly.

Additionally, it contains landfill sites such as the non-operating Valdemingémez land-
fill...

A R R R R A A A R R R R R R R T T R R R R R R e e
P5, Fig 1 caption: “Spain” — “Iberian Peninsula”

Agreed and amended accordingly.

HHHHHH

P7, Fig 2 caption (and elsewhere): | had never heard the term “ground scene size”. |
think is referring to “ground sampling distance” or “pixel size”?

We would refrain from using the term “pixel size”, as this can sometimes be confusing
when also talking about the sensor (chip) or FPA (Focal Plane Array) itself, which in
our case has 384 x 288 pixels with a specific size in the pm range.
The term “ground scene size” has a long legacy (e.g. in Afe et al., 2004, or Gerilowski
et al., 2011) and is also used by other groups and in related fields (e.g., Lin et al, 2018,



or Ren et al., 2022). In our case, it expresses the size of the two dimensions of an
observation through the atmosphere at the ground, which are defined by the used op-
tical fibers of the optical fiber bundle within the instrument, the exposure time, and an
additional co-adding of observations along the flight direction.

RRH AR AR AR R AR R AR A

P13, Eq. 4: please consider to use shorter variable names / subscripts for the emission
rates F

Thank you for bringing this up. In fact, there were also long internal discussions on the
subject among co-authors, going back and forth between even longer subscripts or
just one letter subscripts. We have opted for an intermediate solution to allow the
reader to better understand the meaning of the different emission rates F without hav-
ing to search for them in the text or in the separate table.

B R R R R R R B R R R A R R R R A

P15, L374: the “different opening angles of the two instruments” are provided as the
main reason for the difference in the flux estimates by the two instruments. Can we
expect that factor to be more important than potential differences in the column con-
centration retrievals (there are some in Fig. 6), and the different atmospheric paths
sampled by the two instruments?

The different viewing geometries or opening angles of the instruments result in obser-
vations of different but overlapping air masses below the aircraft. This can, however,
only partly explain the observed difference in the column, for example if an air mass
has highly varying methane column amounts over short distances, as indicated in the
manuscript. Differences also arise from different atmospheric light paths. For the pas-
sive remote sensing MAMAP2DL measurement, the sun first passes through the entire
atmosphere at a given angle before being reflected from the ground towards the air-
craft. In comparison, light from the CHARM-F lidar is emitted from the instrument itself
on board the aircraft, being reflected and scattered at the ground before passing
through the atmosphere and being collected again at the aircraft. Furthermore, differ-
ences could also originate from the different column retrievals, e.g., how they deal with
variable surface reflectivity etc. However, the extent to which each factor contributes
would require a dedicated study.

We have slightly expanded the paragraph in the main text accordingly.

These differences may be due to (a) different but overlapping opening angles of the
two instruments and the resultant spatial resolution of the ground scene widths of 110
m and 10 m, respectively, or (b) different paths through the atmosphere of the electro-
magnetic radiation used to measure methane absorption, or (c) differences in the al-
gorithms used to retrieve the columns, e.g. how they deal with variable surface reflec-
tivity etc.
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P23, L533: | don’t think that is true. For example, Frankenberg et al. mapped methane
missions with the AVIRIS-NG (optical) and HyTes (thermal) imaging spectromenters
https://doi.org/10.1073/pnas.1605617113

Thanks for pointing that out. While writing this paragraph, we were addressing only the
two different remote sensing techniques, “active” and “passive”, and not two different
passive remote sensing instruments. We have amended the sentence accordingly.

This was the first time that emissions were observed and quantified simultaneously by
two different and independent active and passive remote sensing techniques.

R HHHEHH R R
P24, L562: “influence”

Agreed and amended accordingly.

W R R T R R
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Referee/Reviewer #2

We would like to thank the anonymous referee #2 for the careful reading and valuable
comments, which we address point-by-point.

In the following, the reviewer comments are in italics, the answers in plain text and the
proposed changes / new text in blue. References to Sections or Figures in our answers
refer to the discussion version of the manuscript.

This manuscript by Krautwurst et al. (2024) shows the first use of both active lidar and
passive remote sensing on aircraft to estimate landfill methane in Madrid with verifica-
tion using in situ instruments. The manuscript is generally well written and thoroughly
explains the instrumentation and methodologies used. The described research reflects
important work to compare instrument capabilities, especially for complex emission
sources like landfills. There is growing interest in tracking emissions reductions, and
the work by Krautwurst et al. will be valuable for establishing the methodologies avail-
able for accurate quantification of methane emissions.

The manuscript currently provides thorough description of instruments, retrievals, and
flux estimates, and | recommend publication. The main recommended revision is to
add some discussion of how sources on the landfill were identified. Currently, there is
little discussion of how sources at the facility were geolocated and attributed and the
uncertainties in these methodologies. As the identification of the sources at the landfill
is a major conclusion, there needs to be some additional text added to the body of the
manuscript explaining how this was done. Detailed comments:

See our answers to the comments below.

HHHHHHH R HH R R R

Line 34: Is this EU number for landfills? Solid waste? Or total waste sector? And can

the actual reported number be added in addition to the relative 24% (as this would al-

low comparison to other regions of the world)?

The 24% are representative of the total waste sector (IPCC category: 5). Solid waste
disposal (IPCC category: 5A) would account for 18 %.

We have amended the sentence as follows:

... reported CH4 emissions from waste (IPCC sector 5) are 97 Mt CO2,eq yr-1 (or 3.5
Mt yr-1)! and still account for ~ 24 % (or ~ 18 % if only solid waste disposal, IPCC
sector 5A, is considered) of the anthropogenic CH4 emissions in the European Union
in 2022 (EEA, 2024).

1Converting CO2,eq to CH4 by using a factor of 28.

HHAHHHHHH AR R R R R R AR R AR

Line 43: If not specified later in the manuscript, it would be helpful to know if the Madrid
facilities, specifically, use IPCC-type methods.



We agree that some additional information on the landfill reporting may be useful. For
example, the literature review revealed that the Pinto landfill changed its reporting
methodology from 2021 to 2022, which may have been the reason for the almost 40-
fold decrease in reported emissions over the same period.

We have added the information in Sect. 2.1.2, where the targets are described in more
detail and with additional context in Sect. 4, where reporting in recent years is dis-
cussed.

According to the Spanish PRTR (Spanish-PRTR, 2025c), the combined annual re-
ported 2022 CH4 emissions for the two facilities "VERTRESA-URBASER, S.A. UTE
(UTE LAS DEHESAS)"® and "DEPOSITO CONTROLADO DE RESIDUOS URBANOS
DE PINTO"4 are 0.2 t h—1. Both sites are classified as "landfills" according to the Eu-
ropean-Parliament (2006, Regulation (EC) 166/2006 E-PRTR, Annex |). We assume
that these reported values are representative for the two investigated areas, which
include landfills and waste treatment plants, as other listed sources would not contrib-
ute significantly to the emissions according to the Spanish PRTR (Spanish-PRTR,
2025c). According to the European-Commission (2006), both landfills appear not to
use strict IPCC reporting methods. They report the methods 'OTH’ (for other measure-
ment or calculation methodology) and 'C’ (for calculation) using ’issue factors’, and
'CRM’ (for measurement methodology by means of certified reference materials) and
‘M’ (for measurement) using ’electrochemical cells’ for the Las Dehesas and Pinto
landfills, respectively, in 2022. In addition, the reporting method for the Pinto landfill
changed from 2021 to 2022, while 'OTH’ and 'C’ using ’an American EPA (Environ-
mental Protection Agency) calculation model’ was applied in 2021 instead of CRM as
in 2022.

3E-PRTRSectorCode / Name: 5 / Waste and wastewater managements, mainActivi-
tyCode: 5.(d), landfills, EU-Registry Code: 003510000, PRTR Code: 3510 (Spanish-
PRTR, 2025a).

“E-PRTRSectorCode / Name: 5/Waste and wastewater managements, mainActivi-
tyCode: 5.(d), landfills, EU-Registry Code: 001636000, PRTR Code: 1636 (Spanish-
PRTR, 2025b).

Interestingly, the reported emissions of the Pinto landfill site decreased by a factor of
almost 40 from 2021 to 2022, which could potentially be related to the change in re-
porting methodology (see Sect. 2.1.1).

HHHHHHHIHH AR R R

Line 63: Some discussion of the value of active remote sensing in comparison to pas-
sive remote sensing would be valuable.

Thank you for raising this important point. We have amended the paragraph from line
63 as follows:

Active remote sensing instruments are independent of sunlight because they use a
laser as their own source of electromagnetic radiation. In contrast to airborne and sat-
ellite-borne passive instruments, they can measure during day and night, across all
seasons and latitudes. They provide ranging capabilities resulting from the precise



measurement of the propagation time of the emitted light and, due to their narrow field
of view, measure between clouds. IPDA (integrated-path differential absorption) lidars
potentially provide highly accurate measurements without varying biases: the excep-
tions are those introduced by small differences in the scattering and reflectivity of the
ground scene and any inaccuracies in the knowledge of the absorption cross-sections.

R HHHEHH R R

Section 2.1.1: This description of CoMet 2.0 Arctic seems unrelated to the manuscript
focus.

We agree and have deleted the paragraph as the information on the used instrumen-
tation used is given later in Section 2 (and was partly outlined earlier). However, the
information on the HALO aircraft has been moved to Section 2.1.

Below we describe the waste treatment facilities that were the targets of the research
flights, and the flight strategy used to derive their methane emission rates. We then
describe the instruments used, which were installed aboard the German research air-
craft HALO (High Altitude and Long Range Research Aircraft, operated by the DLR,
Deutsches Zentrum fir Luft- und Raumfahrt, type: Gulfstream G550). The retrieval al-
gorithms used to derive the CH4 columns are explained next. This is followed by a
description of the observed CH4 columns. Finally, we derive the methane fluxes, i.e.
the methane emission rates, using the plume cross-sections.

B R R A B R B R R R R T e R R S A
Figure 1: A color key in the figure would be helpful.

It has been added.

HH AR R R R R R R R

Line 121: Adding waste-in-place metrics for the 2 landfills and adding activity per year
rates for both landfills (in the same units) would contextualize the landfills better.

We are not sure what the referee exactly means by “activity per year rates”. We as-
sume that he is referring to the waste dumped over a certain period. We added these
values for the VTP (and the Las Dehesas landfill) and the Pinto landfill site. We could,
however, not find information or data on waste-in-place or the mass of waste material
deposited.

The latter [VTP] is a waste treatment complex that accepts around 1,222 kt (Madrid,
2022) of waste, of which around 140 kt were deposited at the Las Dehesas landfill site
in 2022 (Spanish-PRTR, 2025a), ...

It [Pinto] opened in 1987, is still operational with around 53 kt of waste being dumped
in 2022 (Spanish-PRTR, 2025b), ...

W T T R T R R T T T R R



Line 125: Clarify if, for readers unfamiliar with EPRTR, there is potential for the facility
reported numbers to be missing methane sources. For example, are some sources not
reported due to regulatory limitations, or should we expect the reported number to be
comparable to measurements?

Very good point. For CH4 emissions from landfills, operators have to report their emis-
sions if they emit more than 100 tCH4/year or receive more than 10 t/d or have a ca-
pacity of more than 25 kt [European Parliament, 2006]. Other source types also have
specific thresholds or reporting requirements, which can be found in European Parlia-
ment [2006]. As a result, potential CH4 sources, e.g., emitting smaller amounts of CH4
than specified in the Regulation, are not covered by reporting.
Just for clarification, the sentence in line 125 refers to additional sources over the Pinto
landfill or the VTP (such as waste treatment plants or biogas plants), not over the entire
measurement area. Outside the coloured areas (Fig. 1), there are some additional CH4
sources according to the Spanish PRTR that we could interfere with our observed
plume [Spanish-PRTR, 2025], but their emissions are too small to contribute signifi-
cantly to the calculated emission rate, if they emit CH4 at all. Furthermore, our data
does not indicate a significant contribution from these potential sources either, or any
other sources unknown to PRTR, except for the northeastern most signal discussed in
Sect. 3.4.2.

The question as to whether we would expect the measurements to give similar emis-
sion rates to those reported is tricky. If the regulations and therefore the reporting are
correct, we would expect similar values. However, as we know, reporting, especially
when based on bottom-up methods, can yield uncertain estimates. However, in this
case, we expected higher values than reported based on the ESA web story released
the year before.

We have added the reporting regulations to the introduction, where we introduce the
(E-)PRTR (Line 43):

Landfill facility emissions must be reported to the authorities (E-PRTR) in the European
Union to comply with the objectives of EU directives if they meet certain criteria, such
as emitting more than 100 kt CH4 yr—1 or receiving more than 10 t d—1 or having a
total capacity of more than 25 kt (European-Parliament, 2006).

W T R T T P T

Line 132: Further information on winds would be valuable in this section. For example,
visuals showing the wind speeds and directions over time and space for the study area
(can be added to Appendix rather than body of text). Some discussion of topography
may also be valuable. For example, is it possible that the second landfill location is a
topographic low and the methane from upwind is just pooling there?

We agree and have added a reference in line 132 to the temporally and vertically re-
solved winds in the measurement area shown in Fig. D2 in Appendix D.
The topography in this area shows some variability. Based on SRTM, the surface ele-
vation along the entire flight path over Madrid is around 500 to 1000 m a.s.l. with a
mean of around 670 m a.s.l. and a 1-sigma standard deviation of 80 m. Based on
Google Earth topography, the highest elevation areas are tentatively located at the
eastern and western locations of the flight pattern and have no direct influence on the



plume. The surface elevation around the landfills and the observed plume signal is
much less variable, ranging between 550 and 700 m a.s.l. Between the Pinto landfill
and the VTP, there is a small valley (about 70 m lower than the surroundings) with a
steep increase at the start of the VTP and then remaining relatively stable between
600 and 650 m a.s.l. until the position of the northernmost leg. The most likely location
for methane accumulation, if any, would be upwind of the VTP, but there is no evidence
for this in our measurements. It is likely that the high solar insolation has already trans-
ported the main plume to higher altitudes.

We have added some context concerning the topographical situation around the land-
fills to the manuscript in Sect. 2.1.2 and a statement on the pooling in Sect. 3.3.

... (Fig. D2 in the Appendix D1 shows time-resolved wind profiles for the time meas-
ured in the measurement area).

The topography around these landfill sites shows some variability, ranging from about
550 to 700 m a.g.l. with a small valley between the two sites and a steep rise just south
of the VTP, according to Google Earth.

Furthermore, the retrieved column anomalies in Fig. 5 as well as the cross-sectional
fluxes in Fig. 7 show no sign of accumulation of CH4 as, for example, in the valley
between the two landfills (see Sect. 2.1.1 for a brief discussion of the local topography).

W R R T

Line 297: It's unclear what the authors are defining as a “plume” versus “enhance-
ment” and how this relates to the differentiation between “flux” and “emission rate”.

In general, we retrieve from the measured spectra the CH4 column anomalies relative
to the local background. These may be positive or negative. Positive anomalies or
deviations are called “enhancements”. If these enhancements (visible in multiple
ground scenes) are caused by a CH4 source, are connected and have a plume-like
shape, they are also called a “plume”. Such plumes are always CH4 enhancements,
but a CH4 enhancement does not have to be a plume.
In Eq. 1, we then integrate over contiguous CH4 enhancements or “plumes”, along a
straight line (i.e. a cross-section) to calculate the mass flow rate of CH4 molecules or
the flux through this cross-section. If this flux can be associated with a source, we refer
to it as the methane emission rate of that source (see also line 291ff).

We went through the document and unified the terminology where appropriate.
HH AR R R R R R R R R R R R

Figure 5: It would be helpful to separate 5a-b from 5c¢c-d and provide more explanation
of what 5c¢c-d is meant to show. Keys for the color outlines are needed. Were the 5c-d
enhancements the highest enhancements of all observed methane, or just those above
the landfills? Why do the shapes of enhancement regions vary and how were they
delineated? This comment relates to the above comment about providing more details
on how source locations were identified on the landfills.



We are not quite sure why 5a-b should be separated from 5c-d. 5¢c actually belongs to
5a (as does 5b) — all subplots show MAMAP2DL observations, in one form or another.
You could separate 5d (showing CHARM-F observations) from 5a-c, but then you
would lose the direct comparison between the MAMAP2DL and CHARM-F columns.
Presumably, the reviewer is referring to 5b-c when talking about the isolated enhance-
ments.

The shown enhancements are the highest for all observations, i.e., not limited to land-
fills. There are no enhancements larger than ~8% downwind of the Pinto landfill and
no enhancements larger than 4% downwind of the VTP.

The basic assumption for the source identification based on the observed column en-
hancements is that just above or very close to a potential source, the CH4 is most
concentrated as it has not yet dispersed (horizontally), leading to the highest observed
column anomalies. Of course, by chance, high column concentrations could also be
observed elsewhere because of turbulent transport, but if the highest column anoma-
lies during multiple overflights point to the same region, there is a high probability that
this region is acting as a source. In addition, the observed column enhancement is also
modulated by the actual wind speed at which the CH4 is released into the atmosphere,
leading to smaller CH4 columns (also at the source) for higher wind speeds, and by
the strength of local turbulence.

The colour of the outlines is less important and should only show that the observations
belong to different legs (i.e., the yellow one belongs to the flight leg in wind direction
actually not shown in Fig. 5 but in the Appendix in Fig. Al, a).

With respect to the question “... shapes of enhancements vary”: As mentioned above,
the different colour contours indicate different legs, which were acquired during differ-
ent overflights at different times. In reality, two different observations of an emission
plume will never give the same concentration measurements or the same plume shape
due to turbulence, which is spatially and temporally variable. Therefore, even for an
idealised emission source (with constant emissions, which may not need to be the case
for the landfills studied), the plume (location, shape, enhancements) will change from
overflight to overflight. In addition, the position of the emission may also vary with the
activity across the landfill.

Regarding the question “... delineated”: MAMAP2DL provides approx. square ground
scene sizes. In Fig. 5b-c only those ground scenes are shown that are above a certain
threshold as defined in the caption.

We have amended Sect. 3.1 and the caption of Fig. 5 accordingly.

They were selected by analysing the flight legs (those flown perpendicular to the wind
direction as well as those flown in wind direction) over the landfills to find the ground
scenes with the highest column enhancements (only ground scenes above a certain
threshold are shown, see Fig. 5 for more details). The assumption is that the CH4 is
most concentrated just above or very close to a source, as it is not yet dispersed (hor-
izontally), leading to the highest observed column enhancements. However, there is a
residual uncertainty associated with this method, as by chance, high column enhance-
ments could also be observed further away due to turbulent transport. Columns are
also modulated by the prevailing wind speed at the time of release into the atmosphere



and by local atmospheric turbulence. Both can change during a measurement flight.
However, if the highest column anomalies during multiple overflights point to the same
region, there is a high probability that this region is acting as a source.

The CH4 plumes clearly begin over these areas of the Pinto and Las Dehesas landfills
(see Figs. 5 and Al and discussion on the step-wise increase of the fluxes in Sect.
3.3). However, we cannot exclude that other parts, closed cells of the landfills or facil-
ities located in these waste treatment areas, also contribute (weakly) to the observed
CH4 plume, but are partly masked by CH4 released further upwind. For example, in
the north western part of the VTP, there are also hot spots identified (two ground
scenes outlined in yellow in Fig. 5, b) from the along wind leg (Fig. A1, a), which could
be advected there or released from the waste treatment plants (PLANT OF BIOMEIZ-
ATION La Paloma and Las Dehesa) immediately to the south. However, as a second
overflight (Fig. A1, b) shows no enhancements, it is probably the former.

B R R R R R R A R B R R R R A R R R R A

Line 354-357: These two sentences are confusing and contradictory. The authors point
out a source but then say it may not be that source and could be any part of the landfill.
Is this due some aspect of method uncertainty (e.g., geolocation of source, wind direc-
tion, identification of enhanced pixels)?

This is a good and important point. To unambiguously identify sources over landfills,
one would need ground scene sizes in the sub-metre range. Based on the plume shape
alone (assuming at least some wind to have a reasonable transport of CH4 away from
the source in one direction), the source of the emissions could usually be identified.
For MAMAP2DL, the ground scene size is about 110 m, and the accuracy of the or-
thorectification has also been estimated to be about one ground scene size (see Sect.
B4) limiting the exact geolocation capabilities.
For the Pinto landfill in the south, the start of the plume, and therefore at least 'one
source', is in the south-eastern part of this landfill, as shown in Figs. 5a and Al a, b.
This is also supported by the already available argumentation in Sect. 3.3, line 381ff,
discussing the step-wise increase in fluxes over the landfills. However, it cannot be
excluded that other parts of the landfill are also emitting CH4, which would then be
covered/masked by the previously emitted CH4. The same reasoning applies to areas
outside the landfill, but is much less likely if no potential sources on the ground can be
identified. Analysing the CH4 column anomalies at the VTP (Fig. Al), there is again a
plume starting in the south-eastern part, which corresponds to the highest observed
enhancements (yellow outlined ground scenes in Fig. 5, b) and is over the active land-
fill. However, there is also a cloud of enhanced CH4 over the north-western part with
smaller enhancements. This cloud could have been advected from the active landfill
part, but could have also originated at this location from the waste treatment plants
located there.

Overall, there is strong evidence that the active parts of the landfills contribute signifi-
cantly to the observed emissions, but it can neither be confirmed nor refuted that there
are also contributions from other parts of the waste treatment areas. See also the com-
ment to Fig. 5 above for more detailed adaptations in the manuscript.

BRI H AR H AR AR R R R R



Figure 7: The flux estimates above the Pinto landfill seem to show that the passive
remote sensing is seeing a combination of background and enhancement from landfill
whereas active lidar is only seeing the enhancement. Is this the influence of the nar-
rower instrument view? Some discussion on the potential interpretation difficulties if
the active lidar "misses" the enhancement when there are steep gradients (and/or need
for tight flight patterns to avoid this) would be valuable.

We thank the reviewer for highlighting this important aspect. We agree, and indeed
this point has been discussed in the literature in the context of both methane and car-
bon dioxide emission quantification (e.g., Krautwurst et al., 2021; Wolff et al., 2021). In
particular, Wolff et al. (2021) showed that under turbulent atmospheric conditions, the
spatial distribution of enhanced concentrations within a plume can be highly heteroge-
neous. As a result, individual overflights may intersect either strongly enhanced or only
weakly enhanced sections, depending on the local variability. This can lead to signifi-
cant differences in the retrieved fluxes/emission rates despite constant emissions, un-
less results are averaged over multiple plume crossings.

To address this potential limitation, we have added a brief discussion to the Introduc-
tion section of the revised manuscript.

However, Wolff et al. (2021) showed that under turbulent conditions, the spatial distri-
bution of enhanced concentrations within an exhaust plume may be highly heteroge-
neous. As a result, a single overflight may sample sections with stronger or weaker
enhancements purely as a result of the local variability. In some cases, the true emis-
sion signal only emerges after averaging over a high number of overflights.

To account for this potential limitation, in the analysis, we combine active lidar with
passive imaging spectrometry, both designed to capture atmospheric CH4 column gra-
dients. Thus, we obtain both high-precision transects and spatial context, which sup-
ports a more robust interpretation of the observed CH4 column enhancements. More-
over, these remote sensing measurements are complemented by auxiliary in situ
measurements of CH4, CO2 and 3D winds in support of the remote sensing data.

There, we now explicitly state that one motivation for the synergistic deployment of
active lidar and passive imaging spectrometry in our campaign is to overcome the in-
terpretation challenges arising from plumes having spatial inhomogeneities. The com-
bination enables the analysis to benefit from the high-precision transects of the lidar
while using the wide swath of the imaging spectrometer to provide spatial context and
thereby support a more robust interpretation of the observed CH4 column enhance-
ments.

As the reviewer also correctly notes, the narrower field of view of CHARM-F limits its
spatial sampling. Specifically, CHARM-F measures a single ground scene approxi-
mately in the middle of the MAMAP2DL swath, which itself consists of 28 cross-track
ground scenes. In the case of the Pinto landfill observations discussed in Figure 7, this
difference is further influenced by the flight pattern: the flight legs were deliberately
designed so that, during the first leg (blue), CHARM-F sampled upwind of the landfill
to assess potential background conditions, while MAMAP2DL already partially covered
the source area. Conversely, the second leg (green) directly overflew the Pinto landfill



with CHARM-F, while the MAMAP2DL swath still included parts of the upwind back-
ground. This difference in spatial coverage is now briefly discussed in the manuscript
(line 393). Specifically, we added the following text about Fig. 7:

The first two flight legs were deliberately designed so that, in the blue leg, CHARM-F
sampled background conditions upwind of the Pinto landfill, while MAMAP2DL already
partially covered the source area. Conversely, during the green leg, CHARM-F meas-
ured directly over the Pinto landfill, whereas the MAMAP2DL swath still included parts
of the upwind background.

R HHHEHH R R

Section 3.4.2: Would it not be possible for the other methane sources in the region to
be significantly contributing but not be individually detectable? For example, the en-
hancement from a single smaller source may not be detectable over that source but
as multiple of these sources emit in your domain, could their combined methane lead
to detectable enhancements downwind if the winds are stable? It would be valuable to
provide some metrics (e.g., emission rate) of the expected potential contribution of the
other methane sources in the domain.

We agree with the reviewer that weak sources, if present in very large numbers, can
contribute to the observed emission rate. However, to contribute significantly to the
calculated emission rate, the sources would have to be within the range of observed
CH4 enhancements and not outside in in the background area. We have attempted to
estimate these (additional) emissions by analysing the CH4 emissions reported in ED-
GAR v8.0 (Crippa et al., 2023) over the entire area covered by our measurement flight,
by aggregating all the emissions reported in EDAGR in that area.
Figure 1 shows the CH4 emissions according to EDGAR in the area, where our meas-
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Figure 1: The coloured contours show the position of the Pinto (south) and VTP (north) waste
treatment areas. Left: Excluding landfills yielding emissions of ~2 t/h. Right: All CH4 emis-
sions yielding ~6 t/h.

urements were acquired. All categories are shown except for the ‘solid waste landfills’
(4A, 4B) sectors, as this is the one we are targeting in our analysis. The sum of the
emissions is about 2 t/h (left) or about 15% of our total estimated emission rate. If these
emissions are located within our plume region, they would add to the landfill emissions,
but if they were only in the background region, they would actually reduce the landfill
emissions, as a higher background would then be removed from the landfill plume



signal. Alternatively, if they were evenly distributed between the plume and the back-
ground area, then they would have a negligible effect. Please also read the comment
above to “Line 125” and the additional sources mentioned according to the Spanish
PRTR.

We have amended Sect. 3.4.2 accordingly with a short paragraph.

Furthermore, there is the possibility, that other CH4 sources located in the measure-
ment area could affect the observed emission rates. Depending on whether these
sources are in the plume area or the background area, they either contribute to the
emissions or reduce them. If they were evenly distributed around the area, the effect
on the estimated emission rate would be negligible. We estimated this effect by ana-
lysing the CH4 emissions reported in EDGAR v8.0 (Emission Database for Global At-
mospheric Research, Crippa et al., 2023). We aggregated all CH4 emissions in our
measurement area except for the source categories 4A and 4B (solid waste disposal
and biological treatment of solid waste), which are our targets. Consequently, the re-
sulting impact on our estimated emission rates could be approximately up to 2t h—1 at
maximum or around 15 % of our total emission rate estimated according to EDGAR
v8.0. Additionally, no other sources stand out in our column observations.

B R R R R R R A R B R R R R A R R R R A

Line 448: This seems like a very important potential limitation of these methodologies,
so it would be valuable to move the discussion of the wind changes into the body of
the paper rather than the Appendix. A visual showing the potential location of these
"puffs" in comparison to the mapped "plumes” would be helpful for understanding the
impact this wind direction change could have on the calculated fluxes (this visual does
not necessarily need to go in the body of the text though).

Certainly, the mass balance approach is strictly applicable only for constant and per-
sistent wind conditions. We are well aware of these limitations and are therefore cur-
rently carrying out model simulations to elucidate the evolution of the wind field. How-
ever, this is beyond the scope of this paper at hand and will be the subject of a subse-
guent paper that is currently in preparation. For this reason, we would like to leave this
discussion to the forthcoming publication. In the manuscript at hand, we believe that
we have at least mentioned all the possible reasons that could lead to deviations be-
tween “real” and “mass-balance derived” emissions rates.

RHHHH A H AR H AR AR R AR R AR R

Line 499: Why does the unpredictability of locations impact process-based modeling?
In some cases, landfill operators have well documented information on which cells are
being filled at different points in time. For the Madrid landfills, is it that this information
is not being collected or just not publicly available to researchers?

Our statement is not related to the process-based modelling or unpredictability of lo-
cations, but to the emissions which might be modulated by activities on the landfill.
Usually, there is a lot of activity on weekdays, when waste is being added. In contrast,
during weekends, less waste is shifted and less vehicles drive across the landfill, re-
ducing the pressure on the subsurface waste and disfavour CH4 release due to com-
pression. Thus, CH4 might be trapped more eaily and is less likely to reach the atmos-
phere across the active area of the landfill on weekends (or during night, if no work is



done). Information on which cells are active or inactive is available and also included
in the paper (see Sect. 2.1.2).

RRH AR TR AR AR AR AR A

Line 525: It seems inaccurate to say the two landfill sites were "well separated” when
the downwind site flux could not be isolated.

We meant that the separation of the landfills was sufficient to quantify the emissions
from the upwind (Pinto) independently from the Las Dehesas/VTP area. In fact, be-
cause our measurements were performed in the least favorable conditions (with plume
emitted by upwind source crossing over the downwind one), it is logical to assume that
in the perpendicular wind situation would make independent estimation even easier.
Thus, we believe that the areas are, in fact, well separated.

We have amended Line 525 accordingly.

The emissions from the two landfill sites were sufficiently separated for our methods
by the two remote sensing instruments with an observed emission rate...

W R R R T R R

Line 546-548: This implies confidence in the ability of these instruments to identify sub-
facility locations of sources. If this is a major conclusion of this manuscript, it does not
seem like there was enough explanation of the methodology for identifying source lo-
cations and the associated uncertainty in those locations in the body of the paper.

We have expanded the explanation of the source identification methodology and po-
tential uncertainties and limitations as described in previous comments. (e.g., comment
to “Fig. 5” and comment to “Line 354 - 357”).

We have amended the statement taking the discussions above into account.

The determination of the exact source location is limited by a combination of the ground
scene size of ~ 110 x 110 m2, the accuracy of the orthorectification process itself being
estimated to be better than 110 m, and modulation by local winds. The highest column
enhancements and the ’start’ of plumes, indicating the origin of the emissions, were
observed over active parts of the landfills, ...

HHHHHH
Section 5: Given the mention of the coming satellite in the introduction, it may be val-
uable to have more discussion on how the information gained from this study can in-
form future methods for the satellite.

We have amended Sect. 5 as follows:

The methods used in this work are also applicable to planned satellite missions such

as CO2M and MERLIN. Nevertheless, the generally coarser resolution on the ground
will lead to a reduced sensitivity for emission rates, particularly for somewhat dispersed



sources. Also, the combination of active and passive remote sensing on a single sat-
ellite platform would show promise for the future, as the advantages of both methods
can be synergistically exploited.

HHHHHHHH R R R R R
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