
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 I 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. 

################################################################### 
 
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: 

�«���U�H�S�R�U�W�H�G���&�+�����H�P�L�V�V�L�R�Q�V���I�U�R�P���Z�D�V�W�H�����,�3�&�&��sector 5) �D�U�H���������0�W���&�2�����H�T���\�U�í�������R�U����������
�0�W���\�U�í����1 and still account for �ý 24 % (or �ý 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. 

################################################################### 

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)"3 and "DEPOSITO CONTROLADO DE RESIDUOS URBANOS 
DE PINTO"4 �D�U�H�����������W���K�í�������%�R�W�K���V�L�W�H�V���D�U�H���F�O�D�V�V�L�I�L�H�G���D�V�����O�D�Q�G�I�L�O�O�V�����D�F�F�R�U�G�L�Q�J���W�R���W�K�H���(�X��
ropean-Parliament (2006, Regulation (EC) 166/2006 E-PRTR, Annex I). 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 
�X�V�H���V�W�U�L�F�W���,�3�&�&���U�H�S�R�U�W�L�Q�J���P�H�W�K�R�G�V�����7�K�H�\���U�H�S�R�U�W���W�K�H���P�H�W�K�R�G�V���¶�2�7�+�¶�����I�R�U���R�W�K�H�U���P�H�D�V�X�U�H��
�P�H�Q�W�� �R�U�� �F�D�O�F�X�O�D�W�L�R�Q�� �P�H�W�K�R�G�R�O�R�J�\���� �D�Q�G�� �¶�&�¶�� ���I�R�U�� �F�D�O�F�X�O�D�W�L�R�Q���� �X�V�L�Q�J�� �¶�L�V�V�X�H�� �I�D�F�W�R�U�V�¶���� �D�Q�G��
�¶�&�5�0�¶�����I�R�U���P�H�D�V�X�U�H�P�H�Q�W���P�H�W�K�R�G�R�O�R�J�\���E�\���P�H�D�Q�V���R�I���F�H�U�W�L�I�L�H�G���U�H�I�H�U�H�Q�F�H���P�D�W�H�U�L�D�O�V�����D�Q�G��
�¶�0�¶�� ���I�R�U�� �P�H�D�V�X�U�H�P�H�Q�W���� �X�V�L�Q�J�� �¶�H�O�H�F�W�U�R�F�K�H�P�L�F�D�O�� �F�H�O�O�V�¶�� �I�R�U the Las Dehesas and Pinto 
landfills, respectively, in 2022. In addition, the reporting method for the Pinto landfill 
�F�K�D�Q�J�H�G�� �I�U�R�P�� ���������� �W�R�� ������������ �Z�K�L�O�H�� �¶�2�7�+�¶�� �D�Q�G�� �¶�&�¶�� �X�V�L�Q�J�� �¶�D�Q�� �$�P�H�U�L�F�D�Q���(�3�$�� ���(�Q�Y�L�U�R�Q��
mental �3�U�R�W�H�F�W�L�R�Q���$�J�H�Q�F�\�����F�D�O�F�X�O�D�W�L�R�Q���P�R�G�H�O�¶��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). 
4E-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). 

################################################################### 

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.  

################################################################### 

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 für 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.  

################################################################### 

Figure 1: A color key in the figure would be helpful. 

It has been added. 

################################################################### 

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. 

�:�H���D�U�H���Q�R�W���V�X�U�H���Z�K�D�W���W�K�H���U�H�I�H�U�H�H���H�[�D�F�W�O�\���P�H�D�Q�V���E�\���³�D�F�W�L�Y�L�W�\���S�H�U���\�H�D�U���U�D�W�H�V�´�����:�H���D�V��
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), �«  

################################################################### 



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 
�D�V���H�P�L�W�W�L�Q�J���P�R�U�H���W�K�D�Q���������� �N�W���&�+���� �\�U�í���� �R�U���U�H�F�H�L�Y�L�Q�J���P�R�U�H���W�K�D�Q�������� �W���G�í���� �R�U���K�D�Y�L�Q�J���D��
total capacity of more than 25 kt (European-Parliament, 2006).  

################################################################### 

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). 

############################################## 

�/�L�Q�H�������������,�W�¶�V���X�Q�F�O�H�D�U���Z�K�D�W���W�K�H���D�X�W�K�R�U�V���D�U�H���G�H�I�L�Q�L�Q�J���D�V���D���³�S�O�X�P�H�´���Y�H�U�V�X�V���³�H�Q�K�D�Q�F�H��
�P�H�Q�W�´���D�Q�G���K�R�Z���W�K�L�V���U�H�O�D�W�H�V���W�R���W�K�H���G�L�I�I�H�U�H�Q�W�L�D�W�L�R�Q���E�H�W�Z�H�H�Q���³�I�O�X�[�´���D�Q�G���³�H�P�L�V�V�L�R�Q���U�D�W�H�´�� 

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 
�G�H�Y�L�D�W�L�R�Q�V�� �D�U�H�� �F�D�O�O�H�G�� �³�H�Q�K�D�Q�F�H�P�H�Q�W�V�´���� �,�I�� �W�K�H�V�H�� �H�Q�K�D�Q�F�H�P�H�Q�W�V�� ���Y�L�V�L�E�O�H�� �L�Q�� �P�X�O�W�L�S�O�H��
ground scenes) are caused by a CH4 source, are connected and have a plume-like 
shape, they are �D�O�V�R���F�D�O�O�H�G���D���³�S�O�X�P�H�´����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 �³�S�O�X�P�H�V�´�����D�O�R�Q�J���D��
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. 

################################################################### 

Figure 5: It would be helpful to separate 5a-b from 5c-d and provide more explanation 
of what 5c-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. 5c 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. A1, a). 

With respect to �W�K�H���T�X�H�V�W�L�R�Q���³���������V�K�D�S�H�V���R�I���H�Q�K�D�Q�F�H�P�H�Q�W�V���Y�D�U�\�´�����$�V���P�H�Q�W�L�R�Q�H�G���D�E�R�Y�H����
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. 

�5�H�J�D�U�G�L�Q�J���W�K�H���T�X�H�V�W�L�R�Q���³���������G�H�O�L�Q�H�D�W�H�G�´�����0�$�0�$�3���'�/���S�U�R�Y�L�G�H�V���D�S�S�U�R�[�����V�T�X�D�U�H���J�U�R�X�Q�G��
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 A1 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. 

################################################################### 

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 A1 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. A1), 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. 

################################################################### 



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. 

################################################################### 

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-

urements were acquired. A�O�O���F�D�W�H�J�R�U�L�H�V���D�U�H���V�K�R�Z�Q���H�[�F�H�S�W���I�R�U���W�K�H���µ�V�R�O�L�G���Z�D�V�W�H���O�D�Q�G�I�L�O�O�V�¶��
(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 

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.  



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 �³�/�L�Q�H���������´�� �D�Q�G���W�K�H���D�G�G�L�W�L�R�Q�D�O���V�R�X�U�F�H�V���P�H�Q�W�L�R�Q�H�G���D�F�F�R�U�G�L�Q�J���W�R���W�K�H���6�S�D�Q�L�V�K��
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-
�V�X�O�W�L�Q�J���L�P�S�D�F�W���R�Q���R�X�U���H�V�W�L�P�D�W�H�G���H�P�L�V�V�L�R�Q���U�D�W�H�V���F�R�X�O�G���E�H���D�S�S�U�R�[�L�P�D�W�H�O�\���X�S���W�R�������W���K�í�����D�W��
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. 

################################################################### 

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-
quent 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-
�W�Z�H�H�Q���³�U�H�D�O�´���D�Q�G���³�P�D�V�V-�E�D�O�D�Q�F�H���G�H�U�L�Y�H�G�´���H�P�L�V�V�L�R�Q�V���U�D�W�H�V�� 

################################################################### 

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). 

################################################################### 

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�«  

################################################################### 

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 
�W�R���³�)�L�J�������´���D�Q�G���F�R�P�P�H�Q�W���W�R���³�/�L�Q�H����������- �������´���� 

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 �ý 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 
�H�Q�K�D�Q�F�H�P�H�Q�W�V���D�Q�G���W�K�H���¶�V�W�D�U�W�¶���R�I�� �S�O�X�P�H�V���� �L�Q�G�L�F�D�W�L�Q�J���W�K�H���R�U�L�J�L�Q���R�I�� �W�K�H���H�P�L�V�V�L�R�Q�V���� �Z�H�U�H��
observed over active parts of the landfills, ... 

################################################################### 

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. 

################################################################### 
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Abstract.

Methane (CH4), alongside carbon dioxide (CO2), is a key driver of anthropogenic climate change. ReducingCH4 is crucial

for short-term climate mitigation. Waste-related activities, such as land�lls, are a majorCH4 source, even in developed coun-

tries. Atmospheric concentration measurements using remote sensing offer a powerful way to quantify these emissions. We

study waste facilities near Madrid, Spain, where satellite data indicated highCH4 emissions. For the �rst time, we combine5

passive imaging (MAMAP2DL) and active lidar (CHARM-F) remote sensing aboard the German research aircraft HALO,

supported by in situ instruments, to quantifyCH4 emissions. Using theCH4 column data and ECMWF ERA5 model wind

information validated by airborne measurements, we estimate land�ll emissions through a cross-sectional mass balance ap-

proach. Strong emission plumes are traced up to 20km downwind on the 4th August 2022, with the highestCH4 column

anomalies observed over active land�ll areas in the vicinity of Madrid, Spain. Total emissions are estimated at� 13t h � 1.10

Single co-located plume crossings from both instruments agree well within 1.2t h � 1 (or 13%). Flux errors range from� 25 to

40%, mainly due to boundary layer and wind speed variability. This case study not only showcases the capabilities of applying

a simple but fast cross-sectional mass balance approach, as well as its limitations due to challenging atmospheric boundary

layer conditions, but also demonstrates the, to our knowledge, �rst successful use of both active and passive airborne remote

sensing to quantify methane emissions from hot spots and independently verify their emissions.15

1 Introduction

Methane (CH4) is the second most important anthropogenic greenhouse gas after carbon dioxide (CO2). It has an effective

radiative forcing(ERF) of � 0.54W m � 1 or one quarter ofthe ERF
:::
that of CO2 (Forster et al., 2021). It is a more potent

1



greenhouse gas thanCO2 by a factor of 81 per unit mass on a time horizon of 20 years (Forster et al., 2021) and its atmospheric

lifetime, which is dominated by the oxidation agent hydroxyl (OH) and transport and oxidation in the stratosphere, is relatively20

short (� 12 years, Szopa et al., 2021). For the above reasons, Shindell et al. (2012) proposed that the reduction ofCH4 emissions

was a potentially valuable short-term strategy to reduce the impact of anthropogenic emissions on the climate. This objective

became part of international environmental policy through the Global Methane Pledge, an initiative launched by the European

Union (EU) and the United States (U.S.) having the goal of reducing anthropogenicCH4 emissions by 30% from 2020 to 2030

(EU-US, 2021).25

Land�lls and waste related activities are estimated to account for one-�fth of anthropogenicCH4 emissions (Saunois et al.,

2020). Within land�lls,CH4 (but alsoCO2 and other gases such as precursors of short-lived climate pollutants and greenhouse

gases such as non-methane hydrocarbons) are produced by anaerobic decomposition of organic matter by microbes (e.g.,

Eklund et al., 1998). This methane has been and is released to the atmosphere nearly unhindered from unmanaged land�lls.

Alternatively, in the context of greenhouse gas mitigation, measures exist to reduce these emissions by, e.g., installing gas30

collection systems to recover a large fraction of theCH4 (e.g., Parameswaran et al., 2023) for possible energy generation in

gas-�red power plants or �aring, and/or by deploying special covers, which partly oxidiseCH4 to the less potent greenhouse

gasCO2 (e.g., Bogner et al., 1997). Despite these management, mitigation and reduction efforts, which are typically only

available in the developed world (Kumar et al., 2023; Kaza et al., 2018), reportedCH4 emissions from waste
:::::
(IPCC

::::::
sector

::
5)

::
are

:::
97Mt CO 2;eqyr � 1

::
(or

:::
3.5Mt yr � 1

:
)1

:::
and

:
still account for� 24%

::
(or

::::::
� 18%

::
if

::::
only

::::
solid

::::::
waste

:::::::
disposal,

:::::
IPCC

:::::
sector

::::
5A,35

:
is

::::::::::
considered)

:
of the anthropogenicCH4 emissions in the European Union in 2022 (EEA, 2024).

Of relevance to this study, Tu et al. (2022) have investigated land�ll sites and related facilities in Madrid, Spain. There,

signi�cant amounts ofCH4 have been identi�ed to be released to the atmosphere. Based on satellite observations, acquired

between May 2018 and December 2020, Tu et al. (2022) would suggest an underestimation in the reported emissions by the

European Pollutant Release and Transfer Register (E-PRTR, EEA, 2024) by a factor of� 3. Their estimated emissions would40

correspond to� 4%2 of Spain's nationalCH4 emissions in 2020 reported to the United Nations Framework Convention on

Climate Change (UNFCCC, EEA, 2023).

Land�ll facility emissionsneedto
::::
must

:
be reported to the authorities (E-PRTR) in the European Union tomeettheobjective

::::::
comply

::::
with

::::
the

::::::::
objectives

:
of EU directives

::
if

::::
they

::::
meet

:::::::
certain

:::::::
criteria,

::::
such

::
as

::::::::
emitting

:::::
more

::::
than

::::
100kt CH 4 yr � 1

::
or

:::::::
receiving

:::::
more

::::
than

:::
10t d � 1

::
or

::::::
having

::
a

::::
total

:::::::
capacity

:::
of

:::::
more

::::
than

:::
25kt (European-Parliament, 2006). This reporting is45

usually ful�lled by
::::::
carried

:::
out using bottom-up estimates of methane emissions described in IPCC (2006, 2019). However,

emissions based on these bottom-up estimates may be underestimated due to inaccurate model parameters (Wang et al., 2024)

and often differ from those using atmospheric measurements (top-down, e.g., Lu et al., 2022; Maasakkers et al., 2022; Duren

et al., 2019).

In the past, different approaches have been used from different platforms to provide independent validation of waste facility50

emissions. Commonly used measurement techniques are ground based measurements of the gases by closure chambers, scat-

1
:::::::
ConvertingCO2;eq :

to CH4 ::
by

::::
using

:
a

::::
factor

::
of

::
28.

2Applying 28asconversionfactorfor to .
::
see

::::::
footnote

:
1.

2



tered across the land�ll surface (e.g., Xie et al., 2022; Jeong et al., 2019; Trapani et al., 2013), greenhouse gas in situ analyser

measurements downwind of land�lls with (e.g., Monster et al., 2014a, b) and without tracer (e.g., Liu et al., 2023; Xia et al.,

2023), as well as vertical or horizontal scanning lidar observations (e.g., Innocenti et al., 2017; Zhu et al., 2013) or Fourier-

transform infrared (FTIR) spectrometer measurements (Sonderfeld et al., 2017). Another strategy involves airborne (e.g., Ren55

et al., 2018; Krautwurst et al., 2017; Cambaliza et al., 2015, 2014; Peischl et al., 2013; Mays et al., 2009) or drone (Fosco et al.,

2024, and references therein) observations collecting in situCH4 concentrations downwind of a land�ll. Comprehensive com-

parisons of these techniques are given by Mønster et al. (2019) and Babilotte et al. (2010). Recently, passive remote sensing

imaging instruments
::::::::
exploiting

:::::
solar

:::::::::::::
electromagnetic

::::::::
radiation

::
in

:::
the

::::
near

::::
and

::::
short

:::::
wave

:::::::
infrared

:
have been deployed, that

mapCH4 column amounts of the plumes leaving a land�ll (e.g., Cusworth et al., 2024, 2020) in addition to airborne thermal60

imagers (e.g., Tratt et al., 2014). These allow not only precise leakage detection, but also emission quanti�cation. Moreover,

nowadays, high spatial resolution (in the order of several tens of meters) satellite instruments are exploited in terms ofCH4

column observations for a more regular investigation of land�lls (e.g., McLinden et al., 2024; Maasakkers et al., 2022) than

was possible with irregular campaign deployments in the past. However, also satellite observations having a coarse spatial

resolution of some kilometres were used to constrain land�ll emissions (e.g., Balasus et al., 2024; Nesser et al., 2024) but not65

to a detail possible by their high spatial counterparts.

Beside the mentioned predominately passive remote sensing approaches, there is currently no satellite mission using active

CH4 remote sensing in orbit and we are not aware of any studies utilising active airborne remote sensing to measure land�ll

emissions.However
:::::::
Notably, Amediek et al. (2017) have quanti�ed localCH4 emissions from coal mine ventilation shafts,

demonstrating the capabilities of active airborne remote sensing measurements for such endeavours.70

In theanalysisdescribedin thismanuscript,weuseadatasetof uniqueobservationscollectedby passiveimagingandactive

airborneremotesensinginstrumentsof , generallyspeaking,
:::::
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

::::::::::::
satellite-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

::::
�eld

::
of

:::::
view,

::::::::
measure75

:::::::
between

::::::
clouds.

:::::
IPDA

:::::::::::::
(integrated-path

:::::::::
differential

::::::::::
absorption)

::::
lidars

:::::::::
potentially

:::::::
provide

:::::
highly

:::::::
accurate

::::::::::::
measurements

:::::::
without

::::::
varying

::::::
biases:

:::
the

:::::::::
exceptions

::
are

:::::
those

:::::::::
introduced

::
by

:::::
small

:::::::::
differences

::
in

:::
the

::::::::
scattering

::::
and

:::::::::
re�ectivity

::
of

:::
the

::::::
ground

::::
scene

::::
and

:::
any

::::::::::
inaccuracies

::
in

:::
the

::::::::::
knowledge

::
of

:::
the

:::::::::
absorption

::::::::::::
cross-sections.

::::::::
However,

::::::::::::::::
Wolff et al. (2021)

::::::
showed

::::
that

:::::
under

::::::::
turbulent

:::::::::
conditions,

:::
the

::::::
spatial

::::::::::
distribution

::
of

::::::::
enhanced

::::::::::::
concentrations

::::::
within

:::
an

:::::::
exhaust

:::::
plume

::::
may

:::
be

::::::
highly

::::::::::::
heterogeneous.

:::
As

::
a

:::::
result,

:
a
::::::
single

::::::::
over�ight

::::
may

::::::
sample

:::::::
sections

::::
with

:::::::
stronger

::
or

::::::
weaker

::::::::::::
enhancements

::::::
purely

::
as

:
a
:::::
result

::
of

:::
the

:::::
local

:::::::::
variability.80

::
In

::::
some

::::::
cases,

:::
the

:::
true

::::::::
emission

:::::
signal

::::
only

:::::::
emerges

::::
after

:::::::::
averaging

::::
over

:
a

::::
high

:::::::
number

::
of

:::::::::
over�ights.

:

::
To

:::::::
account

:::
for

:::
this

::::::::
potential

:::::::::
limitation,

::
in

:::
the

::::::::
analysis,

:::
we

:::::::
combine

::::::
active

::::
lidar

::::
with

:::::::
passive

:::::::
imaging

::::::::::::
spectrometry,

::::
both

:::::::
designed

::
to

:::::::
capture

:
atmosphericCH4 column gradientscombinedwith .

:::::
Thus,

:::
we

::::::
obtain

::::
both

::::::::::::
high-precision

::::::::
transects

::::
and

:::::
spatial

:::::::
context,

::::::
which

::::::::
supports

:
a

:::::
more

::::::
robust

:::::::::::
interpretation

:::
of

:::
the

::::::::
observed

:
CH4 ::::::

column
:::::::::::::
enhancements.

:::::::::
Moreover,

:::::
these

::::::
remote

::::::
sensing

::::::::::::
measurements

:::
are

:::::::::::::
complemented

::
by

:
auxiliary in situ measurements ofCH4, CO2 and 3D winds in support85

of the remote sensing data. It was the �rst time that this payload was �own aboard the same aircraft acquiring spatially and
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temporally collocated active and passive remote sensing measurements side-by-side for the acquisition of atmosphericCH4

column observations. The greenhouse gas lidar CHARM-F (CO2 andCH4 Atmospheric Remote Monitoring Flugzeug) is an

airborne demonstrator for the future satellite mission MERLIN(Methane Remote Sensing LIDAR Mission, Ehret et al., 2017)

:::::::::::::::::::::::::::::::::::::::::::::::::
(MEthane Remote Sensing LIdar missioN, Ehret et al., 2017). The passive imaging MAMAP2DL (Methane Airborne Mapper90

2D - Light) remote sensing instrument demonstrates the applicability of theCH4 proxy retrieval (see below) at scales probed

by CO2M (Copernicus Anthropogenic Carbon Dioxide Monitoring, Sierk et al., 2021) and TANGO (Twin Anthropogenic

Greenhouse Gas Observer, SRON, 2024). The observations were collected in 2022 as part
::
of

:::
the CoMet 2.0 (Carbon Dioxide

and Methane) Arctic mission in Canada (CoMet, 2022). Prior to the transfer to Canada, an initial research �ight was carried

out to test all the instruments. This test �ight was performed on the 4th August over Madrid to investigate the unexpected high95

land�ll emission rates reported by Tu et al. (2022) and in a webstory from the European Space Agency (ESA) from October

2021 (ESA, 2021).

In Sect. 2, we provide a brief summary of the CoMet 2.0 mission and introduce the main instruments MAMAP2DL and

CHARM-F used in this study (Sect. 2.1). This also includes a description of the algorithms used to inferCH4 columns from

the measurements (Sect. 2.2), additional steps necessary to achieve comparability between the passive and active observations100

(Sect. 2.3), and the cross-sectional �ux method, which is used to quantify theCH4 emissions (Sect. 2.4). Section 3 describes

the observedCH4 plumes over Madrid from both remote sensing instruments. This data is used to pin-point the exact source

locations within the land�ll area (Sect. 3.1), followed by a rigorous comparison of the active and passive data (Sect. 3.2), the

resulting emission �uxes (Sect. 3.3), and a comprehensive discussion of potential uncertainties (Sect. 3.4). We close the paper

by discussing our �uxes in a broader context (Sect. 4) and summarising our �ndings (Sect. 5).105

2 Methods and Data

2.1 Campaign and Instrumentation

In the following, we provideanoverviewof theobservations,the target,usedinstrumentsandappliedalgorithmsto retrieve

columnsandeventually�uxes throughourcross-sections,whicharerelatedto theemissionratesof the
:::::
Below

:::
we

:::::::
describe

:::
the

waste treatment facilitiesin themeasurementarea.110

2.1.1 CoMet 2.0Arctic

Theanalyseddatawascollectedin theframeworkof theCarbonDioxideandMethaneMissionCoMet2.0Arctic, executedin

Canadain 2022.Themainobjectiveof CoMet2.0wasto investigatethein�uence of thecontributionof majorArctic wetlands

to thegreenhousegasbudgetin summerandhowthesecompareto anthropogenicemissionsfrom, e.g.,fossil fuel exploitation

andproductionsitesor land�lls. To achievethis goal,a comprehensivesuiteof instrumentswas
:::
that

::::
were

:::
the

::::::
targets

:::
of

:::
the115

:::::::
research

::::::
�ights,

:::
and

::::
the

::::
�ight

:::::::
strategy

:::::
used

::
to

::::::
derive

::::
their

:::::::
methane

::::::::
emission

:::::
rates.

:::
We

::::
then

::::::::
describe

:::
the

::::::::::
instruments

:::::
used,

:::::
which

::::
were

:
installed aboard the German research aircraft HALO (High Altitude and Long Range Research Aircraft, operated
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by the DLR, Deutsches Zentrum für Luft- und Raumfahrt, type: Gulfstream G550).HALO wasbasedin Edmonton,Canada,

during theperiodfrom the7th Augustto the16th September.Themeasurement�ight overMadrid, Spain,on the4th August

2022,wasplannedasa test�ight to ensurethatall instrumentationworkednominallyprior to thetransferto Canadabut also120

enabledus to investigatethe emissionsfrom land�lls. This studyfocuseson the atmospheric
:::
The

:::::::
retrieval

:::::::::
algorithms

:::::
used

::
to

:::::
derive

:::
the

:
CH4 column observationsfrom the passiveMAMAP2DL and the active CHARMF airborneremotesensing

instruments.Additionally, auxiliary datafrom thein situ sensorJIG (JenaInstrumentfor Greenhousegases)for and
:::::::
columns

::
are

:::::::::
explained

::::
next.

:::::
This

::
is

:::::::
followed

:::
by

::
a

:::::::::
description

:::
of

:::
the

::::::::
observedCH4 concentrationsandof the basicdataacquisition

systemof HALO, BAHAMAS (BasicHalo MeasurementandSensorSystem)includingSHARC(SophisticatedHygrometer125

for AtmosphericResearCh)wereused.TheHALO basicdataacquisitionsuitecollectsvariousatmosphericparameterssuch

asthe3D wind �eld, temperature,humidity,andaircraftattitudedatathatis usedfor interpretationof theremotesensingdata.

Themain instrumentationandthe�ight strategyaredescribedin moredetailbelow.
:::::::
columns.

:::::::
Finally,

:::
we

:::::
derive

:::
the

::::::::
methane

:::::
�uxes,

:::
i.e.

:::
the

:::::::
methane

::::::::
emission

:::::
rates,

:::::
using

:::
the

:::::
plume

::::::::::::
cross-sections.

:

2.1.1 Target Description and Flight Strategy130

The targets under consideration were the Mancomunidad del Sur land�ll in the municipality Pinto (40.264� N, 3.633� W; here-

after: Pinto land�ll) and the Valdemingómez technology park (VTP, 40.332� N, 3.586� W) in the south-east of Madrid, Spain.

The latter is a waste treatment complexacceptingaround4000tonsof wastedailyandhousing
:::
that

::::::
accepts

::::::
around

::::::
1,222kt

:::::::::::::
(Madrid, 2022)

:
of

::::::
waste,

::
of

:::::
which

::::::
around

:::
140kt

::::
were

::::::::
deposited

::
at

:::
the

:::
Las

:::::::
Dehesas

::::::
land�ll

:::
site

::
in

::::
2022

::::::::::::::::::::
(Spanish-PRTR, 2025a)

:
,

:::
and

::::::
houses

:
several waste treatment facilities including the largest biomethane plant in Spain (Calero et al., 2023), which is135

also one of the largest in Europe (UABIO, 2022). Additionally, it contains land�ll sites. The
::::
such

::
as

:::
the non-operating Valdem-

ingómez land�ll (40.331� N, 3.580� W) equipped with a gas recovery system and an active land�ll site (40.325� N, 3.591� W;

hereafter: Las Dehesas land�ll) next to the waste treatment plant Las Dehesas. The northern half of the Las Dehesas land�ll,

where certain areas (i.e. cells) are already full and therefore closed, are also equipped with a gas recovering system (Sánchez

et al., 2019). The two land�lls in the technology park spread over an area of� 0.9 and 0.6km2 for the inactive Valdemingómez140

and the active Las Dehesas sites, respectively. More details about the different facilities are in the Annual Report for 2022 for

the VTP (Madrid, 2022). The Pinto land�ll, further to the south, stretches over� 1.5km2. It opened in 1987, is still operational

with around800,000tons
::
53kt of waste being dumpedyearly(Rodriguez, 2022)

::
in

::::
2022

::::::::::::::::::::
(Spanish-PRTR, 2025b), and the al-

ready closed parts of the land�lls are equipped with gas recovering system (MdS, 2024).In E-PRTR,
:::
The

::::::::::
topography

::::::
around

::::
these

::::::
land�ll

:::::
sites

:::::
shows

:::::
some

:::::::::
variability,

:::::::
ranging

::::
from

:::::
about

::::
550

::
to

::::
700m a:g:l:

::::
with

:
a

:::::
small

::::::
valley

:::::::
between

:::
the

::::
two

::::
sites145

:::
and

:
a
:::::
steep

:::
rise

::::
just

::::
south

:::
of

:::
the

::::
VTP

:::::::::
according,

::
to

::::::
Google

::::::
Earth.

::::::::
According

:::
to

:::
the

:::::::
Spanish

:::::
PRTR

::::::::::::::::::::
(Spanish-PRTR, 2025c),

::::
the combined annual reported

::::
2022

:
CH4 emissions for the two

facilities "DEPOSITOCONTROLADO DE RESIDUOSURBANOS DE PINTO" and"VERTRESA-URBASER, S.A. UTE
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Figure 1. Top-view of the �ight path of the HALO aircraft during the test �ight over Madrid. An overview map in Google Earth ofSpain

::
the

::::::
Iberian

:::::::
Peninsula

:
is shown in(a) and Madrid is marked by the white cross.A zoomto

::::
Panel

::
(b)

::::
shows

::
a

::::::
zoom-in

::
of the Pinto land�llis

shownin (b) and to
:
,
::::::
outlined

::::
with

::
a

::::
solid

::::
cyan

::::
line.

::::
Panel

:::
(d)

:::::
displays

:
the Valdemingómez Technology Park (VTP)including

:
,

::::::
marked

:::
with

::
a

::::
solid

::::::
magenta

::::
line.

::
In

:
the

::::
same

:::::
panel,

:::
the closed ValdemingómezandopenLasDehesasland�lls in (d). ThePinto land�ll andthe

VTP aremarkedby thecyananddark
::
is

:::::
shown

::
in pinksolid lines,respectively.Bright pink andpurplemark theclosedandopenland�lls,

respectively,
:::
Las

::::::
Dehesas

::::::
land�ll

:
is

:::::::::
highlighted intheVTP

:::::
purple. The �ight path is shown in(c) whereby bluish colours represent the remote

sensing (RS) part at� 7.7km a:g:l: and greenish colours the in situ (IS) part at� 1.6km a:g:l: (above ground level) of the �ight. For better

visualisation, the greenish in situ part is slightly shifted to the north-west because otherwise part of the legs would be hidden by RS legs. The

map underneath is provided by Google Earth (Image © Landsat/Copernicus, Maxar Technologies).

(UTE LAS DEHESAS)", labelledas3
:::
and "land�lls

:::::::::
DEPOSITO

::::::::::::::
CONTROLADO

:::
DE

:::::::::::
RESIDUOS

::::::::::
URBANOS

:::
DE

::::::
PINTO", 4

are 0.2t h � 1in 2022..
::::
Both

::::
sites

:::
are

::::::::
classi�ed

::
as

:::::::::
"land�lls"

::::::::
according

::
to

:::
the

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
European-Parliament (2006, Regulation (EC) 166/2006 E-PRTR, Annex I)150

:
. We assume that these reported values are representative for the twoareaswe investigate,which includes

::::::::::
investigated

:::::
areas,

:::::
which

::::::
include

:
land�lls and waste treatment plants, asno othersourcesaregiven.

::::
other

:::::
listed

:::::::
sources

::::::
would

:::
not

:::::::::
contribute

::::::::::
signi�cantly

::
to

:::
the

::::::::
emissions

::::::::
according

::
to

:::
the

:::::::
Spanish

:::::
PRTR

:::::::::::::::::::
(Spanish-PRTR, 2025c)

:
.
:::::::::
According

::
to

::
the

:::::::::::::::::::::::::
European-Commission (2006)

:
,

::::
both

:::::::
land�lls

::::::
appear

:::
not

:::
to

:::
use

:::::
strict

:::::
IPCC

::::::::
reporting

::::::::
methods.

:::::
They

::::::
report

:::
the

::::::::
methods

::::::
'OTH'

:::
(for

:::::
other

::::::::::::
measurement

::
or

:::::::::
calculation

::::::::::::
methodology)

::::
and

:::
'C'

::::
(for

::::::::::
calculation)

:::::
using

:::::
'issue

::::::::
factors',

:::
and

:::::::
'CRM'

:::
(for

::::::::::::
measurement

:::::::::::
methodology

:::
by155

:::::
means

::
of

:::::::
certi�ed

::::::::
reference

:::::::::
materials)

:::
and

::::
'M'

:::
(for

::::::::::::
measurement)

:::::
using

::::::::::::::
'electrochemical

::::
cells'

:::
for

:::
the

::::
Las

:::::::
Dehesas

:::
and

:::::
Pinto

:::::::
land�lls,

::::::::::
respectively,

::
in

:::::
2022.

::
In

::::::::
addition,

:::
the

:::::::
reporting

:::::::
method

:::
for

:::
the

::::
Pinto

::::::
land�ll

:::::::
changed

:::::
from

::::
2021

::
to

:::::
2022,

:::::
while

::::::
'OTH'

:::
and

:::
'C'

:::::
using

:::
'an

::::::::
American

::::
EPA

:::::::::::::
(Environmental

:::::::::
Protection

:::::::
Agency)

::::::::::
calculation

::::::
model'

::::
was

::::::
applied

::
in

::::
2021

:::::::
instead

::
of

:::::
CRM

::
as

::
in

:::::
2022.

3
:::::::::::::
E-PRTRSectorCode

:
/

::::
Name:

::
5

:
/

::::
Waste

:::
and

::::::::
wastewater

:::::::::
managements,

:::::::::::::
mainActivityCode:

::::
5.(d),

::::::
land�lls,

:::::::::
EU-Registry

::::
Code:

::::::::
003510000,

::::
PRTR

:::::
Code:

:::
3510

::::::::::::::::
(Spanish-PRTR, 2025a).

4
:::::::::::::
E-PRTRSectorCode

:
/

::::
Name:

::
5

:
/

::::
Waste

:::
and

::::::::
wastewater

:::::::::
managements,

:::::::::::::
mainActivityCode:

::::
5.(d),

::::::
land�lls,

:::::::::
EU-Registry

::::
Code:

::::::::
001636000,

::::
PRTR

:::::
Code:

:::
1636

::::::::::::::::
(Spanish-PRTR, 2025b).
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To properly investigate emissions from these two land�lls, dedicated �ight patterns where the aircraft is levelled (so called160

�ight legs) were aligned perpendicular to the forecasted wind direction (Fig. 1). The over�ight time was between 13:00 and

15:40 local time (11:00 to 13:40UTC ) on the 4th August 2022. This time window was chosen using knowledge of the weather

forecast predicting stable winds around noon, which also favoured the observations by the passive remote sensing instrument

due to the high position of the sun.

Prevailing wind direction during the �ight was from approximately SSW, aligned with the two waste treatment areas.
::::
(Fig.165

::
D2

::
in

:::
the

:::::::::
Appendix

:::
D1

:::::
shows

::::::::::::
time-resolved

::::
wind

:::::::
pro�les

:::
for

::
the

:::::
time

::::::::
measured

::
in

:::
the

:::::::::::
measurement

:::::
area). For later emission

rate estimates (Sect. 2.4), �ight legs were mostly �own perpendicular to the mean wind direction at several distances
:::::::::
downwind

from the sourcesdownwindat altitudes of� 7.7 and 1.6km a:g:l: (above ground level) as depicted in Fig. 1. The higher �ight

altitudes were �own to optimise passive and active remote sensing observations, whereas the lower altitudes were used to

primarily collect in situ observations within the boundary layer (BL) in and out side of the emission plumes as well as high170

spatial resolutionCH4 imaging data. Remote sensing observations were collected upwind of each of the land�lls to account

for potential in�ow of CH4 and to separate emissions from the two waste treatment areas.

Moreover, the �ight pattern started with one straight leg against the wind direction directly over�ying the land�lls at remote

sensing altitude at� 7.7km a:g:l: to identify emission hot spots using the imaging capabilities of MAMAP2DL. Then, perpen-

dicular remote sensing legs were �own in an alternating order due to the large turning radius of the aircraft. Three legs were175

repeated twice. Afterwards, the aircraft descended to the altitudes optimal for in situ measurements, �ying four legs downwind

of both areas. Lastly, the �ight pattern was closed with a straight leg over�ying both land�lls directly at in situ altitude. The

in situ �ight was performed after the remote sensing part towards the afternoon when a fully developed BL favours these

measurements.

2.1.2 Passive MAMAP2D-Light Remote Sensing Imaging Instrument180

MAMAP2DL (Methane Airborne Mapper 2D - Light) is a light-weighted airborne imaging greenhouse gas sensor for mapping

atmospheric column concentration anomalies ofCH4 and CO2 (in molec cm� 2 or in % relative to the given background

column). It builds on the heritage of MAMAP (Gerilowski et al., 2011) and is a passive remote sensing instrument collecting

backscattered solar radiation mainly from the ground, which has been modi�ed by absorption from atmospheric gases. Using

absorption spectroscopy, the depth of these absorption lines is interpreted as column gas concentrations in the atmosphere (for185

details, see Sect. 2.2.1). MAMAP2DL comprises a grating spectrometer and records spectra in the range between 1558 and

1689nm, where prominent absorption features ofCH4 andCO2 exist (Krings et al., 2011), having a spectral resolution of

around 1nm with a spectral sampling of� 3 to 4 pixels per FWHM (full width at half maximum). The front optics maps the

measurement scene via 28glass
:::::
optical

:
�bres onto a 2D sensor consisting of 384 pixels in horizontal and 288 pixels in vertical

direction. The horizontal direction maps onto the spectral axis and the vertical direction onto the spatial axis (see also Fig. 2).190

Eachglass
:::::
optical

:
�bre is mapped onto around 6 usable lines on the chip which are binned to increase the signal-to-noise-ratio

before further analysis(seeSect. 2.2.1).
:
. For the Madrid �ight, the exposure time for a single readout was between 40 and
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Figure 2. The schematic diagram shows the measurement principle of MAMAP2DL. The instrument simultaneously acquires 28 ground

scenes across track with a swath width of� 3km at a �ight altitude of� 7.7km a:g:l:. The �nal ground scene size is� 110x110m2 .

45ms. This would result in a ground scene size of� 110x8.5m2 (across x along �ight direction). To achieve quadratic ground

scenes, we therefore bin 13 ground scenes in along �ight direction after the retrieval of the column anomalies.

The instrument was built at the Institute of Environmental Physics (IUP) at the University of Bremen (UB) and its design has195

its heritage in the non-imaging greenhouse gas sensor MAMAP (Gerilowski et al., 2011) built at IUP UB in 2006. MAMAP2DL

shares many of the optical concepts developed in MAMAP but uses a spectrometer consisting of lenses instead of mirrors and

a 2D-detector array allowing for imaging of emission plumes. MAMAP's column observations have been proven to be of high

data quality achieving a single-measurement precision of� 0.2% for the background normalised column anomaly (Krautwurst

et al., 2021). Its observations have been used successfully to estimateCO2 emissions from single power plants (Krings et al.,200

2011), power plant clusters (Krings et al., 2018), and were part of a model validation study for power plant emissions (Brunner

et al., 2023).CH4 emissions from coal mine ventilation shafts (Krautwurst et al., 2021; Krings et al., 2013) and land�lls

(Krautwurst et al., 2017) were determined, as well as upper limits of emissions from offshore geologicalCH4 seeps (Krings

et al., 2017; Gerilowski et al., 2015) were estimated.

2.1.3 Active CHARM-F Remote Sensing Instrument205

CHARM-F (CO2 andCH4 Remote Monitoring - Flugzeug), developed and operated by DLR, is anintegrated-pathdifferential-absorption

(IPDA )
:::::
IPDA lidar instrument that consists of a pulsed laser transmitter and a receiver system. The transmitter is based on

two optical parametric oscillators (OPOs) which are pumped by means of diode-pumped, injection seeded, and Q-switched

Nd:YAG lasers in a master-oscillator power-ampli�er con�guration. Installed on an aircraft, the nadir oriented lidar emits laser

pulses at two precisely tuned wavelengths in the near infrared at� 1645nm for CH4 and� 1572nm for CO2. These two laser210

pulses propagate through the atmosphere until they are backscattered at a surface. From the backscattered intensities entering

the detector, absolute column-averaged mixing ratios of carbon dioxide (X CO2 in ppm) and methane (X CH4 in ppb) be-
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Figure 3. The measurement geometry of CHARM-F installed on the HALO aircraft. Two laser pulses are emitted towards the Earth with a

delay of 500� s. The laser pulse with the online wavelength is denoted as� on , while the one with the of�ine wavelength is denoted as� o� .

The concentration in the surveyed column can be derived from the backscattered intensities. As the footprints are larger than the distance

between consecutive pulse pairs, they actually overlap. For the visualisation above, they were pulled apart. The order in which the on-off

pairs are sent out alternates.

low the aircraft are derived (see Amediek et al., 2017, and Appendix C1). A schematic illustration of the IPDA measurement

principle is shown in Figure 3.

The generation of narrow band wavelength is realised by injection seeding the OPOs with continuous wave (cw) radiation215

from stabilised distributed feedback (DFB) lasers. In order to ful�l the stringent requirements on frequency stability for the

online and of�ine wavelengths, a sophisticated locking scheme has been developed that is based on DFB lasers referenced to a

multi-pass absorption cell and offset locking techniques (Amediek et al., 2017; Quatrevalet et al., 2010). The online and of�ine

laser pulses are emitted as double pulses with a temporal separation of 500� s and a repetition rate of 50Hz.

CHARM-F's receiving system consists of four receiving telescopes, two for each greenhouse gas, with a diameter of 20 and220

6cm, and equipped with InGaAs pin diodes and InGaAs avalanche photodiode
:::::
diodes (APD), respectively. This redundant

measurement capacity proved to be very valuable for an independent quality assessment of the data. The received signals are

sampled using fast digitisers and processed by means of a home-built data acquisition system. Two digital cameras (in the VIS

and NIR spectral range) provide additional context information of the ground scene.

In the context of this study, we only make use of the(X CH4 ) measurement, which is fully independent of theCO2225

channels. TheCH4 wavelengths, at which CHARM-F operates, are at 1645.55 and 1645.86nm for on- and of�ine wavelength,

respectively.

Previous work has shown that CHARM-F measurements are suitable for quantifyingCH4 and CO2 emission sources

(Amediek et al. (2017); Wolff et al. (2021)
:::::::::::::::::::::::::::::::::
Amediek et al. (2017); Wolff et al. (2021)). Furthermore, CHARM-F serves as a tech-

nology demonstrator for the MERLIN space-borne methane lidar that will measure methane columns globally starting in the230

late 2020s (Ehret et al., 2017).
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2.1.4 Auxiliary Data

In support of the remote sensing data, we use additional measurements from in situ instruments aboard the HALO aircraft and

model data. To adapt radiative transfer model simulations (RTMs) used later during the retrieval process of MAMAP2DL data

(for details, see Sect. 2.2.1) to prevailing atmospheric background conditions, we useCH4 andCO2 in situ observations from235

JIG (operated by Max-Planck-Institute for Biogeochemistry, MPI-BGC, Ga�kowski et al., 2021; Chen et al., 2010) andH2O

from the BAHAMAS suite (Giez et al., 2023), recorded at a frequency of 1Hz (CH4), 1Hz (CO2), and 10Hz (H2O). CH4 and

CO2 are measured with a precision and accuracy of 1ppb and 2ppb, and 0.1ppm and 0.2ppm, respectively. Measurements

of H2O have an uncertainty of up to� 5%. Furthermore, for the correct georeferencing of the remote sensing observations,

positioning and attitude data of the HALO aircraft also measured by the BAHAMAS suite at 10Hz is used.240

A critical parameter for theemissionratequanti�cation
::::
�ux

:::
and

::::::::
emission

::::
rate

:::::::::
calculation

:
is the wind in the BL, where

the exhaust plumes are located. The BAHAMAS system delivers highly-accurate in situ wind measurements at 10Hz. The

uncertainty of the horizontal wind speed and direction usually is� 0.14m s� 1 and� 2.9� , respectively, for low �ying altitudes

(Giez et al., 2023). A special data analysis for the Madrid �ight shows slightly increased errors due to the replacement of the

static pressure sensor and the strong turbulence, but the wind measurements are still of very high quality with uncertainties of245

� 0.2m s� 1 and� 4� for the relevant altitude levels.

During the remote sensing measurements, the wind information within the BL is needed but not measured, as HALO was

�ying well above at � 7.7km a:g:l:. Therefore, we use the wind measurements from the BAHAMAS system to verify the

quality of the European Center for Medium-Range Weather Forecast (ECWMF) reanalysis v5 (ERA5) model (Hersbach et al.,

2020) in that area on that day. We use ERA5 data with a temporal and horizontal spatial resolution of one hour and 31km,250

respectively, and 137 altitude levels. The comparison is found in Appendix D1 and shows a very good agreement between

measurements and model with averaged deviations of 0.05m s� 1 and 0.8� within the BL and thus gives con�dence for the use

of the ERA5 winds in our study.

We also use airborne in situ observations to validate the boundary layer height (BLH) from ERA5. The analysis is given in

Appendix D2 and reveals that the observed boundary layer heights during the �ight are up to 15% lower than those given in255

ERA5.

2.2 Retrieval Algorithms

The following subsections describe how atmospheric columns are derived from the measured spectra in the case of the passive

instrument, and from the backscattered laser pulses in the case of the active instrument.

2.2.1 CH4 Column Anomalies by MAMAP2DL260

For the analysis of the MAMAP2DL spectral data, the WFM-DOAS (Weighting Function Modi�ed - Differential Absorption

Spectroscopy) approach is used. It was originally developed for the spaceborne instrument SCIAMACHY aboard ENVISAT

(Buchwitz et al., 2000) and later adapted to airborne geometry for the MAMAP sensor (Krings et al., 2011). The latest version
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of the algorithm is described in Krautwurst et al. (2021) and has been applied to the imaging data from MAMAP2DL. The

results are background normalised column anomaly maps ofCH4 or justCH4 column anomalies.265

For the current study, the single measurement precision of theCH4 column anomalies, derived from MAMAP2DL columns

in areas not (or only little) in�uenced by emissions, is around 0.4% (1-� ) for � 110x110m2 ground scenes. The accuracy of

theCH4 column anomalies is estimated to be around 0.14% possibly not correctable by the applied normalisation processes.

Further details about the algorithm setup and uncertainties associated with it are given in the Appendix B.

The retrieved anomaly maps are also orthorecti�ed (also known as georeferencing). A correction is applied along the lines as270

described in Schoenhardt et al. (2015) to account for the orientation of the aircraft (e.g., pitch, roll, yaw) which would lead to

spatially incorrectly projected ground scenes and would prohibit proper source allocation. For that, attitude data provided by the

BAHAMAS system at 10Hz resolution has been used. Visual inspection of measured intensity maps overlaid on Google Earth

yields a relative accuracy to Google Earth imagery of� 110m (or approx. one MAMAP2DL ground scene, see Appendix B4

for details).275

2.2.2 X CH 4 by CHARM-F

IPDA lidars, such as CHARM-F, directly measure the differential absorption optical depth between the online and of�ine

wavelength (DAOD), from backscattered signals without the need of auxiliary information. The DAOD is converted into a

weighted column average of the dry-air molar mixing ratio of the trace gas in question by applying the so-called weighting

function (see Appendix C1).280

The weighting function depends, apart from precise spectral information, also on external information about the state of

the atmosphere below the aircraft such as temperature, pressure and humidity, vertically resolved. For spectroscopic reasons,

the sensitivity of CHARM-F for methane is highest close to the ground, but varies by only a few percent within the lower

troposphere (Ehret et al., 2008, 2017).

As mentioned in Sect. 2.1.3, CHARM-F is equipped with two detector channels forCH4. For this study,X CH4 measure-285

ments from both detectors are combined in a weighted average, where the inverse variance due to noise is used as weights.

For the conditions present during the Madrid measurements the statistical uncertainty (1-� error) of a singleX CH4 mea-

surement (averaging both available detectors), based on one online and one of�ine pulse, is on the order of 5%. The main

contributing random sources of error are shot and detector noise, as well as random variations in the speckle and albedo pattern

(Ehret et al., 2008).290

When averaging along the �ight track over multiple double-pulse measurements, this uncertainty decreases, as expected,

with one over the square root of the number of measurements, until, systematic drifts and offsets start to dominate. For the 3s

averaging, which corresponds to a distance of about 500m on the ground and which is used in the plots, visualisations, and

�ux computations that are shown in the following, the statistical measurement uncertainty is roughly 10ppb or 0.5%.

Due to the background normalisation that is performed as part of the �ux calculation conducted in this context, the results are295

largely unaffected by constant offsets and slow drifts in the methane column. Our conversion into total columns and comparison
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with predicted values from the Copernicus Atmosphere Monitoring Service (CAMS) global inversion model (Segers and

Houweling, 2023) suggest an offset of less than 0.5%. See Appendix C3 for more details.

2.3 Common Columns

In order to allow for a better comparison between active and passive remote sensing measurements and the application of300

a uniform approach for computing cross-sectional �uxes with both instruments, CHARM-F partial columns (pc, below the

aircraft) X CH4 have been converted into total column (tc) relative enhancements (column anomalies). This conversion re-

quires assumptions about the composition and structure of the atmosphere that are not directly accessible from CHARM-F

measurements alone. A detailed formalised description of this conversion can be found in Appendix C2.

In order to estimate a relative column anomaly, the methane concentration from the CAMS global inversion model (Segers305

and Houweling, 2023) is used as a reference. For the partial column between the aircraft and the ground,X CH4 measured by

CHARM-F is compared to the corresponding value calculated based on CAMS and the CHARM-F weighting function. For

the partial column above the aircraft the anomaly is zero by de�nition.

For the partial column below the aircraft a small correction (corresponding to a2-3% relative scaling effect on the column

anomaly) for the effect of the weighting function has to be applied to the column anomaly computed using CHARM-F mea-310

surements. As explained in Sect. 2.2.2, due to the spectroscopic properties of methane and the choice of lidar wavelengths,

CHARM-F is somewhat more sensitive close to the ground than in the upper troposphere. As a correction factor for the anomaly

of the partial column, we use the ratio between, the average weighting function for the full column below the aircraft, and the

average column only within the BL. This assumes that methane emitted from the land�lls is only dispersed within the BL5.

Finally, the anomalies of the partial columns above and below the aircraft are combined in a weighted average with number315

density of (vertically summed) air molecules per area as weights.

2.4 Flux Computation

Already during the planning activities for the Madrid �ight (see Sect. 2.1.1), the position and orientation of the �ight legs

were designed for the application of a cross-sectional mass balance approach or �ux method. To account for instrument spe-

ci�c properties, two slightly different methods are applied and described in the following. Both follow the widely applied320

approach for in situ (Klausner et al., 2020; Peischl et al., 2018; Cambaliza et al., 2015; Lavoie et al., 2015) or remote sensing

(Fuentes Andrade et al., 2024; Wolff et al., 2021; Reuter et al., 2019; Krings et al., 2018; Varon et al., 2018; Frankenberg et al.,

2016) observations, where the mass of molecules that is transported through an imaginary curtain or cross-section, is computed

by

5The way the weighting function is constructed ensures correct values for the average column concentration for a homogeneous methane mixing within

the column below the aircraft. Any deviation from homogeneity (column anomaly), as we deal with here by assuming the concentration enhancement from

the sources to affect thePBL
::
BL only, requires a correction factor like described in the text.
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Fcs = f �
X

i

� Vi � � x i � ui � cos(� i ); (1)325

whereFcs is the resultant and areal integratedCH4 mass �ux or theCH4 mass �ow rate int hr � 1 of one cross-section. In the

following, we use the term '�ux' when talking about mass �ow rates through a cross-section and 'emission rate' if the �ux

is attributed to a certain source or source area.f is a conversion factor6 to transform to units oft hr � 1, � Vi is the retrieved

CH4 column anomaly inmolec cm� 2, � x i the valid length element for the corresponding� Vi in metres,ui the absolute wind

speed (or effective wind speed valid for the plume) inm s� 1, and� i is the angle between the normal of the length element330

and the wind direction in degrees to calculate the wind fraction perpendicular to the length element. The sum indicates the

summation over all observationsi within the plume.

The �rst modi�cation of Eq. 1 accounts for the characteristics of the imaging data from the MAMAP2DL sensor. The

retrievedCH4 anomaly maps consist of strips with a swath width of� 3km and 28 ground scenes across track (see Fig. 2),

which are, however, additionally distorted by the movement of the aircraft (see schematic diagram in Fig. 4, a). In a �rst step,335

the leg is aligned parallel to the x-axis (x-axis, thus, corresponds to �ight direction in Fig. 4, a, from left to right).

Next, we applyn cross-sections parallel to the x-axis (dark cyan solid lines in Fig. 4, a) evenly distributed across the swath,

and de�ne plume and background areas as indicated in Fig. 4 based on visual inspection of the plume signal across the entire

swath similar to the approach taken in other publications (e.g., Krings et al., 2018; Krautwurst et al., 2017; Frankenberg et al.,

2016). To compute theCH4 anomalies along one cross-section, it is normalised by the observations in the local background340

area (i.e. the cross-section is divided by values from a straight line which has been �tted to observations in the background

only). This approach also accounts for smooth atmospheric concentration gradients or other systematic effects not considered

during the retrieval.

The process of estimating theCH4 background normalised column anomalies is shown schematically in Fig. 4 (a) to (c).

The objective of this sampling approach is to determine representative �uxes of one leg by considering as much available345

information as possible. Therefore, the numbern of cross-sections is chosen such that the swath is well covered (i.e. every

10m) and the number has basically no effect on the average �ux of one leg calculated later. In the same manner, one cross-

section is sampled with a suf�cient number of points (i.e. every 10m) so that changing this sampling has also effectively no

effect on the �ux anymore. As a result, Eq. 1 simpli�es to become:

FM2D, cs = f � � x � u � cos(� ) �
X

i

� Vi (2)350

as wind speedu, angle� and length element� x are constant for one cross-section. The wind speed and direction is calculated

at the position and over�ight time of every leg from ECMWF ERA5 �elds (see Sect. 2.1.4 or Appendix D for validity of ERA5

data during the �ight). We assume effective mixing of the emissions in the boundary layer and, thus, average the wind over all

6E.g. including the conversion from number ofCH4 molecules percm2 to mass ofCH4 perm2 .
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Figure 4. These schematic diagrams explain the principle used to estimate theCH4 �uxes from the measured MAMAP2DL anomaly maps

and CHARM-F anomalies.(a) shows schematically the MAMAP2DL �ight leg with the �ight direction parallel to the x-axis. The wind

direction is approximately perpendicular to the �ight direction. Horizontal dark cyan lines indicate the added cross-sections for which the

�uxes are computed. Vertical black lines, parallel to the y-axis, separate the plume and background areas. The latter is used to normalise the

entire cross-section and to compute theCH4 anomalies within the plume area. The (10m wide) CHARM-F ground track is depicted in blue.

(b) shows the column anomalies along the cross-sectional lines from(a). (c) shows the normalised cross-sectional lines from(b) normalised

by the background observation of the respective cross-section.

layers in ERA5 from the bottom to the top of the BL. Each layer is weighted by its number of air molecules. For an individual

leg, the same winds are applied to the MAMAP2DL and, later, also to the CHARM-F observations for the �ux calculation.355

The average �uxFM2D, leg for an entire MAMAP2D leg is computed by

FM2D, leg =
P

i FM2D, csi

n
:
P n

i =1 FM2D, csi

n
;

::::::::::::

(3)

:::::
where

::
n

::
is

:::
the

::::::
number

:::
of

:::::::::::
cross-sections

:::
of

:::
one

::::
leg. The errors of

:::
the �uxes for one cross-sectionFM2D, cs and of the average

�ux of one leg FM2D, leg are then computed by error propagation using the errors on the individual parameters used in Eq. 2, as

explained in Appendix F.360

However, the approach above does not allow for a 1-to-1 comparison of �uxes between those determined form the measure-

ments made by the imaging MAMAP2DL and those by the 1D CHARM-F instruments. Both datasets are actually distorted

by the aircraft movement (i.e. predominantly the aircraft roll). The straight cross-sections introduced above for MAMAP2DL

do not follow the distorted CHARM-F ground track. However, as seen in Fig. 4 (a), the CHARM-F ground track follows one
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�xed MAMAP2D
:::::::::::
MAMAP2DL

:
viewing angle approximately in the middle of the swath because the effect of the distortion is365

the same for both instruments. Therefore, Eq. 1 is directly applied to the measurements, with each parameter being evaluated

individually for one measurement i.e. the wind speed, direction and length segment are not constant anymore. The resulting

CHARM-F �ux is then representative for this one leg. De�nition of plume and background areas remain the same.

Independent of the applied approach for MAMAP2DL or CHARM-F data described above, the �uxes from several legs,

computed by Eq. 3, are then again averaged to derive
::
the

:
mean emission ratesFM2D, ar-averandFCHARM-F, ar-aver

7 of certain areas370

in the measurement area for the respective instrument:

FM2D or CHARM-F, ar-aver=

P
i FM2D or CHARM-F, legi

p

P p
i =1 FM2D or CHARM-F, legi

p
:::::::::::::::::::::

; (4)

wherep is the number of legs. This applies, for example, to the area in the lee of the two waste treatment areas, which is

representative of the total emissions from the measurement area.

3 Results375

3.1 Observed Column Enhancements over Madrid and Source Attribution

Figure 5 visualises the retrieved and orthorecti�edCH4 column anomaly maps derived from the MAMAP2DL measurements

(a, as described in Sect. 2.2.1) and theX CH4, given as 3 seconds averages, derived from CHARM-F data (d, as described in

Sect. 2.2.2) for the different remote sensing legs acquired at a �ight altitude of� 7.7km a:g:l:. Both data sets clearly show

CH4 enhancements (in red) located at or downwind of the waste treatment areas, whereas upwind or south-west of the Pinto380

land�ll in the bottom left corner, there are no indications of in�ow of external enhancedCH4 in the measurement area. These

observations are also con�rmed by two legs �own in along wind direction at two different �ight altitudes (see Appendix A and

Fig. A1 for details). Especially for the Pinto land�ll, there is a clear plume visible in both over�ights,� 2.5h apart from each

other.

The highestCH4 concentrations are observed at or close to land�lls.CH4 hot spots, with peak enhancements of around385

17%, are located at the eastern part of the Pinto land�ll according to the MAMAP2DL imaging data. This hot spot is also

captured by the CHARM-F instrument withX CH4 of up to 2.28ppm.

The insets (b) and (c) show more details of the individual land�lls including the locations of the highest column anomalies,

which were identi�ed in different over�ights. Marked regions in the southeast of the land�lls are areas which are, most prob-

ably, responsible for a large fraction of the observed emissions.
::::
They

:::::
were

:::::::
selected

::
by

::::::::
analysing

::::
the

::::
�ight

::::
legs

::::::
(those

:::::
�own390

:::::::::::
perpendicular

::
to

:::
the

:::::
wind

:::::::
direction

:::
as

::::
well

::
as

:::::
those

:::::
�own

::
in

::::
wind

:::::::::
direction)

::::
over

:::
the

:::::::
land�lls

::
to

::::
�nd

:::
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

:::
theCH4 :

is
::::
most

:::::::::::
concentrated

::::
just

:::::
above

::
or

::::
very

:::::
close

::
to

:
a
:::::::
source,

::
as

::
it

:
is

::::
not

:::
yet

::::::::
dispersed

::::::::::::
(horizontally),

7'ar-aver' stands for areal averages.
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Figure 5.
::::::
Retrieval

::::::
results

::::
from

:::
the

::::::
airborne

::::::
remote

::::::
sensing

::::::::::
instruments.

:
(a) and (d) show the retrievedCH4 column anomalies from

MAMAP2DL and theX CH4 from CHARM-F, respectively.(b) and(c) are zoomed pictures of the two land�lls including the MAMAP2DL

observations
:::::
ground

:::::
scenes

::
in

:::
red

:
with the largest anomalies only (

:::
only

:::::
those

:::::
larger

:::
than

:
� 4% for VTP or Las Dehesas

:
in

:::
(b), b, and

� 8% for Pinto
:
in

:::
(c), c

::
see

::::
main

:::
text

:::
for

:::::
details). The

::::::
different

::::::
colours

::
of

:::
the

::::::
borders

:::::
around

:::::
those

:::::
ground

:::::
scenes

::
in

:::
(b)

::
and

:::
(c)

::::
mark

:::
the

::::::::::
enhancements

:::::::
observed

::
in

:::::::
different

::::
�ight

::::
legs.

::::
E.g.,

:::::
yellow

::::::::
represents

::
the

:::
leg

:::::
�own

:
in

:::::
along

::::
wind

:::::::
direction

:::::
shown

::
in

:::
Fig.

:::
A1,

::
a.

:::
The

:
small

insets in(b) and(c) zoom in further detailing some activities across the areas with
::
the largest observed enhancements. The shown Google

Imagery was recorded in August 2022. Thedifferent coloursof the bordersaroundthe observationsmark the enhancementsobservedin

different�ight legs.Thewaste treatment areas are encircled by different coloured solid lines: Cyan for the Pinto land�ll;darkpink
::::::
magenta

for the VTP;bright pink for the Valdemingómez land�ll; purple for the Las Dehesas land�ll. The map underneath is provided by Google

Earth (Image © Landsat/Copernicus, Maxar Technologies).

::::::
leading

::
to

:::
the

::::::
highest

::::::::
observed

:::::::
column

::::::::::::
enhancements.

:::::::::
However,

::::
there

::
is

::
a

:::::::
residual

:::::::::
uncertainty

:::::::::
associated

::::
with

::::
this

:::::::
method,

::
as

::
by

:::::::
chance,

::::
high

:::::::
column

::::::::::::
enhancements

:::::
could

::::
also

::
be

::::::::
observed

::::::
further

:::::
away

::::
due

::
to

::::::::
turbulent

::::::::
transport.

::::::::
Columns

:::
are

::::
also395

::::::::
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

:::::
�ight.

::::::::
However,

::
if

:::
the

:::::::
highest

::::::
column

:::::::::
anomalies

::::::
during

:::::::
multiple

::::::::::
over-�ights

::::
point

:::
to

:::
the

::::
same

::::::
region,

:::::
there

::
is

:
a

::::
high

:::::::::
probability

::::
that

:::
this

::::::
region

::
is

:::::
acting

::
as

:
a
:::::::
source.

The Google Earth imagery recorded in August 2022 (the same month and year as our �ight) clearly shows that these hot

spots are directly located over active land�ll areas where waste is deposited.
:::
The

:
CH4 ::::::

plumes
::::::
clearly

:::::
begin

::::
over

:::::
these

:::::
areas400

::
of

:::
the

:::::
Pinto

:::
and

::::
Las

:::::::
Dehesas

::::::::
land�lls

:::
(see

:::::
Figs.

::
5

:::
and

::::
A1

:::
and

:::::::::
discussion

:::
on

:::
the

::::::::
step-wise

::::::::
increase

::
of

:::
the

::::::
�uxes

::
in

:::::
Sect.

::::
3.3). However, we cannot exclude that other parts,for example,closed cells of the land�lls or facilities located in these waste

treatment areasalsocontribute
:
,
::::
also

::::::::
contribute

::::::::
(weakly) to the observedCH4 plume. ,

:::
but

:::
are

:::::
partly

:::::::
masked

::
by

:
CH4 :::::::

released
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:::::
further

::::::::
upwind.

:::
For

::::::::
example,

::
in

::::
the

:::::
north

:::::::
western

:::
part

:::
of

:::
the

:::::
VTP,

::::
there

::::
are

::::
also

:::
hot

:::::
spots

::::::::
identi�ed

::::
(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

:::::
waste405

::::::::
treatment

:::::
plants

::::::::
(PLANT

:::
OF

:::::::::::::::
BIOMEIZATION

::
La

:::::::
Paloma

:::
and

::::
Las

:::::::
Dehesa)

::::::::::
immediately

::
to

:::
the

::::::
south.

::::::::
However,

::
as

::
a

::::::
second

::::::::
over�ight

::::
(Fig.

:::
A1,

:::
b)

:::::
shows

:::
no

::::::::::::
enhancements,

::
it

:
is

::::::::
probably

:::
the

::::::
former.

:

3.2 Column Comparison between MAMAP2DL and CHARM-F

Figure 5 shows a good visual agreement between the column anomalies of the passive MAMAP2DL and theX CH4 of the

active CHARM-F instruments. In order to perform a more rigorous comparison between the two types of atmosphericCH4410

columns, we convert theX CH4 partial columns derived from CHARM-F to total column anomalies (see Sect. 2.3). We then

identify the ground scene in the MAMAP2DL swath which corresponds to the CHARM-F measurements, which are approx-

imately located in the middle of the MAMAP2DL swath. This procedure ensures the selection of observations, where both

instruments see similar ground scenes and air masses.

Figure 6 shows a typical example comparison for one leg. The two different types of observations have been processed as415

explained previously, i.e the plume anomalies have been processed as described in Sect. 2.3 and theCH4 �uxes have been

estimated as described in Sect. 2.4. The shown background normalised column anomalies agree well within their respective

errors inside and outside of the plume. Even more pronounced structures in theCH4 concentration, as encountered on the right

hand side (� 6 to 15km distance), are identi�ed by both instruments. The �uxes from the two shown cross-sections deviate by

only 0.1t h � 1 or 1%.420

More generally, when comparing �uxes estimated using measurements of MAMAP2DL with those derived from CHARM-F

observations from all �ight legs (see Fig. E1), the averaged absolute difference between them is� 1.2t h � 1 or � 13% excluding

the �ight legs upwind and directly over the Pinto land�ll (see Sect. 3.3 for reasoning).This differenceis in partattributedto

different
:::::
These

:::::::::
differences

::::
may

:::
be

:::
due

::
to

:::
(a)

:::::::
different

:::
but

::::::::::
overlapping opening angles of the two instruments. Thewidths(

:::
and

::
the

::::::::
resultant

:::::
spatial

:::::::::
resolution

::
of

:::
the

::::::
ground

:::::
scene

:::::
widths

::
of

:
110m vs.

:::
and 10m), aswenoted,aredifferent

:
,

::::::::::
respectively,

::
or

:::
(b)425

:::::::
different

:::::
paths

::::::
through

:::
the

::::::::::
atmosphere

::
of

:::
the

:::::::::::::
electromagnetic

::::::::
radiation

::::
used

::
to

:::::::
measure

:::::::
methane

::::::::::
absorption,

::
or

::
(c)

::::::::::
differences

::
in

::
the

:::::::::
algorithms

:::::
used

::
to

::::::
retrieve

:::
the

::::::::
columns,

:::
e.g.

::::
how

::::
they

::::
deal

::::
with

:::::::
variable

::::::
surface

:::::::::
re�ectivity

:::
etc. Consequently, observed

air masses are different.

Typically, the errors of the �uxes are around or below 30% of the respective �ux and are similar for MAMAP2DL and

CHARM-F.430

3.3 Derived Land�ll Emission Rates

Using imaging MAMAP2DL observations, we also computed the �uxes within the different legs (see Sect. 2.4). The results are

summarised in Fig. 7, which also includes the cross-sectional �uxes derived from the CHARM-F instrument already computed

and introduced in Sect. 3.2.

Based on the MAMAP2DL observations, the �uxes exhibit a step-wise increase at the location of land�lls as expected (from435

left - upwind, to right - downwind). The upwind leg at -5km shows no signi�cant in�ow of enhancedCH4 and a steep increase
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Figure 6. The background normalisedCH4 column anomalies for CHARM-F (orange) and the co-located MAMAP2DL (blue) observations

for one �ight leg collected between 11:42 and 11:46 UTC are shown. Vertical dotted lines separate the plume and background areas. Shaded

areas represent the random error (single measurement precision) of the retrieved column anomalies of the respective instrument. The com-

puted �uxes for the cross-sections according to Eq. 1 and the corresponding errors (MAMAP2DL: Eq. F1, and CHARM-F: Eq. F10) are

given by the text insets. For graphical presentation only, the MAMAP2DL data has been smoothed by a 500m kernel to match the spatial

resolution of CHARM-F in along �ight direction. Flux, error and uncertainty range is, however, based on the� 110x110m2 data.

directly over the Pinto land�ll. Between the Pinto and the VTP the �ux or emission rate stabilises at 4.2t h � 1 (� 38%) before

increasing to around 12.1t h � 1 (� 27 %) on average at and after the Las Dehesas land�ll. However, the cross-sectional �uxes

show some variability from �ight leg to �ight leg (see the bold horizontal coloured lines, representing averaged values over

one MAMAP2DL leg) and variability within one leg (see the thin solid coloured lines).
::::::::::
Furthermore,

:::
the

::::::::
retrieved

:::::::
column440

::::::::
anomalies

::
in

::::
Fig.

::
5

::
as

::::
well

::
as

:::
the

:::::::::::::
cross-sectional

:::::
�uxes

:::
in

:::
Fig.

::
7

:::::
show

::
no

::::
sign

:::
of

:::::::::::
accumulation

::
of

:
CH4 ::

as,
:::
for

::::::::
example,

::
in

::
the

::::::
valley

:::::::
between

:::
the

::::
two

:::::::
land�lls

:::
(see

:::::
Sect.

::::
2.1.1

:::
for

::
a

::::
brief

:::::::::
discussion

::
of

:::
the

:::::
local

::::::::::
topography).

:
Adding the �uxes derived

from the CHARM-F observations to the �gure (coloured stars) reveals very good agreement between active and passive remote

sensing (thin solid coloured lines) data as already indicated in Sect. 3.2. Computing average �uxes or emission rates from the

CHARM-F observations alone yields 5.2t h � 1 (� 37 %) for the Pinto land�ll and 13.3t h � 1 (� 26 %) for both waste treatment445

areas combined.

:::
The

::::
�rst

::::
two

:::::
�ight

::::
legs

::::
were

::::::::::
deliberately

::::::::
designed

:::
so

::::
that,

::
in

:::
the

:::::
blue

:::
leg,

::::::::
CHARM-

:
F

:::::::
sampled

:::::::::::
background

:::::::::
conditions

::::::
upwind

::
of

::::
the

:::::
Pinto

:::::::
land�ll,

:::::
while

::::::::::::
MAMAP2DL

:::::::
already

:::::::
partially

:::::::
covered

:::
the

::::::
source

:::::
area.

::::::::::
Conversely,

::::::
during

:::
the

::::::
green

:::
leg,

::::::::
CHARM-

::
F

::::::::
measured

:::::::
directly

::::
over

:::
the

::::
Pinto

:::::::
land�ll,

:::::::
whereas

:::
the

::::::::::::
MAMAP2DL

:::::
swath

::::
still

:::::::
included

:::::
parts

::
of

:::
the

:::::::
upwind

::::::::::
background.

:
For the averaged �ux between the two land�lls, the �ight leg directly over the Pinto land�ll (i.e. the green lines450

and star in Fig. 7) has been omitted. There, the plume might be still restricted to the surface and the wind speed is highly biased

due to the strong vertical wind gradient (see Fig. D2, a). Over the Las Dehesas land�ll, although there are new emissions
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Figure 7. This plot shows the evolution of theCH4 �ux values upwind of the waste treatment areas (-5 km) to downwind (> 8 km). Cyan,

purple and magenta vertical lines identify the locations of the two investigated waste treatment areas. The coloured thin solid lines are the

values of the cross-sectional �uxes across the different MAMAP2DL legs and exhibit a high variability most likely due to atmospheric

variability and turbulence on that day. Corresponding shaded coloured areas show the errors (estimated using Eq. F1). The averaged �ux and

error (Eq. F3) of one leg is given by the coloured bold horizontal lines and error bars, respectively. The averaged �uxes or emission rates and

their errors (Eq. F6) estimated using MAMAP2DL observations for the two areas (in between Pinto and the Valdemingómez technology park,

VTP, and in the lee of the VTP) are the black dashed lines in the right panel of the �gure. Coloured stars and vertical bars give the �uxes and

errors (Eq. F10) estimated using the CHARM-F measurements, respectively. Black stars and bars in the right panel are the averaged �uxes

or emission rates and their errors (Eq. F11) over the same areas as for the MAMAP2DL observations. The two areas over which emission

rates are computed are indicated by the grey shading. The pluses in the right panel indicate additionally the reported emissions for the Pinto

area, and both the Pinto area and the VTP for the year 2022 assuming constant emission during the year.

emerging at the bottom, the plume from Pinto is assumed to be already well-mixed. Therefore, this leg is included in the �ux

average.
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3.4 Uncertainties Discussion455

The estimation of errors or uncertainties is extensively discussed in the Appendix F and Table 1 lists the uncertainties for

the different components, we assumed in our error analysis. Table 2 summarises the effect of the these components on the

computed �uxes.

Table 1.Summary of relevant error sources used during the error analysis described in Appendix F. See Table F1 for further explanation of

error sources.

Parameter Assumed uncertainty

�F u 0.1ms� 1

�F � 10�

�F blh 20% on BLH

translating to� 0.8ms� 1 on wind speed

(see Appendix D1)

�F bg up to 50% variation of background area(s)

�F col-pr � 0.4% MAMAP2DL

(see Sects. 2.2.1 and B2)

� 0.5% CHARM-F

(see Sect. 2.2.2)

�F col-ac 0.14% (only MAMAP2DL)

(see Sects. 2.2.1 and B2)

�F col-cf 1.2% (only MAMAP2DL)

(see Appendix B3)

3.4.1 Individual Error Components

The uncertainties of our estimated �uxes are on the order of 25 to 40% of the respective �ux for the different spatial scales460

(single cross-sections/legs or areal averages) and therefore quite similar for the different spatial scales. This is due to the fact

that the major error source, BLH (�F blh: � 20% error on the �ux, see Table 2) consequently affecting the averaged wind speed

over the BL, is systematic and, therefore, cannot be reduced by averaging over several cross-sections or legs. The error on

the wind speed (�F u : � 2%) and wind direction (�F � : � 5%) itself, although also a systematic one, have only a limited

in�uence. The other two important error sources are plume distortions caused by atmospheric turbulence (�F X, atm, legs: � 15%)465

and the limits for the background area (�F bg: � 14%). The latter is especially pronounced on the scales of legs as it reduces by

averaging over several legs. The column single measurement precision (�F col-pr: < 1%) of the two instruments, or the remaining

systematic offset (�F col-ac: < 2%) and the conversion factor error (�F col-cf: < 2%) of MAMAP2DL lead to negligible errors on

the computed �uxes due to the relatively large spatial extent and large enhancements of the observed plume signals.
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Table 2.Summary of computed error components for the averaged �ux downwind of the two waste treatment areas according to Appendix

F. Values are given as percentages of the respective downwind �uxes: 12.1t h � 1 for MAMAP2DL and 13.1t h � 1 for CHARM-F. 'X' stands

for MAMAP2DL or CHARM-F according to nomenclature in Appendix F2 and F3, respectively.

Parameter MAMAP2DL CHARM-F

[%] [%]

�F u 2 2

�F � 5 5

�F blh 20 20

�F col-cf 1 -

�F X, atm, legs 15 15

�F X, legs 7 6

components of�F X, legs according to Eqs. F8 and F13

�F M2D, css < 1 -

�F M2D, atm, css 7 -

�F bg 14 13

�F col-pr - 1

The major error source is the uncertainty in BLH, which has a signi�cant in�uence on the averaged wind speed applied in the470

�ux computation. As stated above (Sect. 2.1.4 and Appendix D), we used atmospheric measurements of wind speed, direction,

and potential temperature collected during one ascent and one descent to validate and correct the ERA5 model estimates. Based

on the two measured pro�les and the overestimation of the BLH in ERA5 compared to these pro�les, we apply a correction

reducing the ERA5 BLH by� 17% on average. We assume that this correction is also applicable to ERA5 data up to 2 hours

earlier when the remote sensing measurements started. Due to the strong vertical gradient in wind speed, this also reduces the475

averaged wind speed by� 24% and leads to the same relative reduction in the �uxes. The uncertainty of the BLH estimates

itself is 20%, which consequently translates into an wind speed error of 0.8m s� 1 on average.

Additionally, to estimate the accuracy of the ERA5 wind data, we compare it to the BAHAMAS measurements. The averaged

deviations are only 0.05m s� 1 and 0.8� . Therefore, we assume that the error on the modelled wind speed within the BL is

0.1m s� 1. For the wind direction, we compare the modelled one with the visually observed plumes in Google Earth imagery480

and concluded an uncertainty of� 10� .

Other important error sources are the limits for the background area and plume distortions caused by atmospheric turbulence.

Depending on the spatial scale, they are reduced by averaging the estimatedCH4 �uxes from multiple cross-sections. For

example, the effect of the atmospheric variability reduces if more independent legs or cross-sections are collected (either

spatially or temporally separated). This variability is quanti�ed by the standard deviation over all legs of one area where a485

constant �ux is expected, or over the individual cross-sectional �uxes within one leg. We assume that the �uxes are independent
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for different legs as they are recorded at different times and/or locations but have a correlation length of around� 400m within

one MAMAP2DL leg resulting in 7 independent �uxes across one leg.

Even if correlation between all �uxes of one leg is assumed, the relative error on the averaged downwind �ux would only

increase from 27% to 28%. The effect would be slightly larger for the averaged �ux between the two land�lls (38% vs 45%)490

and for single legs (7% vs. 18%). The errors are still dominated by the systematic wind errors. As we use the standard deviation

to quantify the variability, it might also be partly in�uenced by measurement error and the error introduced by the background

normalisation.

For MAMAP2DL, also the uncertainty from the conversion factor related to the magnitude and change of the BLH during the

�ight time is a systematic error source and scales with the retrieved anomalies. This is not reduced by multiple cross-sections495

or legs and has the same in�uence on the cross-sectional �uxes within one MAMAP2DL leg as well as on the averaged total

�ux from the two waste treatment areas.

3.4.2 Potential Additional Sources

The most downwind leg in Fig. 7 (cyan leg) shows a high variability in the computed �uxes from the MAMAP2DL observations

across the �rst two-third of the leg. Whereas the last third, which is also located downwind of the position of the CHARM-F500

observation, shows a consistently more stable and higher �ux. This might be related to potential additionalCH4 emissions

from an industrial area located there (40.433� N, 3.491� W), which also includes a 'Planta de Combustible' (fuel plant,
::::

not

::::
listed

::
in

::::::::
E-PRTR), several storage tanks, and a waste-water treatment plant. Excluding this latter part of the MAMAP2DL leg

would reduce the mean �ux of this MAMAP2DL leg from 20.4 to 19.1t h � 1 and the average over the entire area, however,

only by 0.1t h � 1.505

Furthermore, thereare additionalurbanwaste-watertreatmentplantsdistributedin the measurementareaaccordingto

E-PRTR.While thesecould produceand emit , nonestands
:
is

::::
also

:::
the

::::::::::
possibility,

:::
that

:::::
other

:
CH4 ::::::

sources
::::::
located

:::
in

:::
the

:::::::::::
measurement

::::
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

::::::::
analysing

:::
theCH4 ::::::::

emissions
:::::::
reported

::
in510

:::::::
EDGAR

::::
v8.0

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Emission Database for Global Atmospheric 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,

:::
in

:::
the

:::::
worst

:::::
case,

:::
the

::::::::
resulting

::::::
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.515

3.4.3 Potential Plume Accumulation Effects

As discussed in Appendix D1 and shown in Fig. D2 (b), before the start of the remote sensing part of the �ight at 11:00 UTC, the

wind direction changed from around 130� to 210� . Additionally, during the entire �ight time, there was a very strong vertical

wind gradient with� 1ms� 1 at the ground and up to� 10ms� 1 at the top of the BL (Fig. D2, a). Especially the turn in wind
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direction directly before our measurement started could, potentially, have created an area with enhancedCH4 concentrations520

due to accumulation (a 'CH4 puff'), which would have subsequently been advected in wind direction. Surveying such a puff

would also lead to increased �uxes.

The grey and cyan leg in Fig. 7 would indicate these enhanced �uxes compared to the remaining legs. Assuming that

during the time of the remote sensing measurement, a mean wind speed of� 3.9ms� 1 prevailed, and that these legs were

acquired around 90 minutes after the start at 11:00 UTC, would lead to a travel distance of 21km of the observed air masses.525

21km would roughly correspond to the southern part of the Pinto waste treatment area. Excluding the two legs from the

downwind average would lead to a mean �ux of 9.6t h � 1 instead of 12.7t h � 1. Additionally, the change in wind direction also

caused some residual plume structures over the city of Madrid. A potential in�uence of this residual plume on our background

determination is covered by the respective error�F bg.

To investigate these effects further and to verify our assumption ofCH4 accumulation would, however, require more sophis-530

ticated model simulations and is not possible with a simple and fast mass balance approach. Applying model-inversion based

�ux-estimation methods is beyond the scope of this publication, but will be addressed in a follow-up paper that is currently in

preparation.

4 Comparison of emission rates determined in this study with other estimates

The waste treatment areas Pinto and VTP have reported emission rates of 0.35kt yr � 1 (or 0.04t h � 1 assuming constant emis-535

sions throughout the year) and 1.58kt yr � 1 (or 0.17t h � 1) in E-PRTR for the year 2022, respectively. Our observations were

collected within 2 hours on the 4th August 2022. This represents a snapshot of estimated emission rates and they should not

be lightly extrapolated to annual averages. Land�ll emissions usually exhibit some temporal variability and are modulated

by, e.g., emissions caused by leakages, activities across the land�ll when waste is deposited, atmospheric parameters such as

pressure changes, temperature, wind speed, or temperature and humidity conditions within the land�ll (e.g., Cusworth et al.,540

2024; Kissas et al., 2022; Delkash et al., 2016; Xu et al., 2014; Trapani et al., 2013; Poulsen and Moldrup, 2006).

However, over the past years, other studies using observations of a limited period derived similar emission rate estimates

as observed by us. The most recent is the webstory from ESA (2021) using satellite data from TROPOMI and GHGSat in

August and October 2021. They reported total emission rates of 8.8t h � 1 with one of the sources emitting 5.0t h � 1, without

mentioning land�ll names. However, in the GHGSat images on the website, the Pinto and Las Dehesas land�lls are identi�ed545

as part of their target area. Although these estimates are from the preceding year, partly from the same season, they agree well

with our results. Additionally, based on the available imagery, one main plume appears to originate, at least partly, from the

already closed and covered area of the Las Dehesas land�ll. Although we cannot exclude outgassing from closed parts of this

land�ll, our CH4 hotspots are predominantly located over the active areas of the land�lls.

In 2018, another study used ground-based and satellite observations to also estimate emissions of Madrid's land�lls (Tu550

et al., 2022). Their ground-based observations were collected between the end of September and beginning of October 2018
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and their resulting �ux is� 3.5t h � 1. This �ux was assigned to the Valdemingómez waste plant. Satellite data were analysed

over the period May 2018 to December 2020. Estimated emission rates are 7.1t h � 1 (� 0.6t h � 1) for the entire area.

A ground-based investigation in that area was undertaken from the 1st to 3rd March in 2016. Sánchez et al. (2019) used

speci�cally designed �ux chambers to measureCH4 emission from the already full and closed parts (or cells) of the Las555

Dehesas land�ll north of the still active area. They have estimated 1.1t h � 1 on average for this part which accounts for approx-

imately half of the total designated land�ll area of� 0.6km2. The values for the 95% con�dence interval are given with 0.4 to

2.8t h � 1. Their averaged value would correspond to around 9% of our total emission rate, however, derived for the entire area

also including the Pinto land�ll.

Over the past years, all these estimates indicate consistently high emission rates of up to 7 to 9t h � 1 for both waste treat-560

ment areas, although they are made over short periods (with the exception of the estimates using satellite observations8). Our

estimated emission rate for the two areas are at the upper end of this range (12.7t h � 1 or 9.3t h � 1 if the CH4 puff hypothesis

is applicable) and also indicates disagreement with the reported values in E-PRTR (see Table 3).
::::::::::
Interestingly,

:::
the

::::::::
reported

::::::::
emissions

::
of

:::
the

:::::
Pinto

::::::
land�ll

:::
site

:::::::::
decreased

::
by

:
a
::::::
factor

::
of

::::::
almost

::
40

::::
from

:::::
2021

::
to

:::::
2022,

:::::
which

:::::
could

:::::::::
potentially

:::
be

::::::
related

::
to

::
the

:::::::
change

::
in

:::::::
reporting

::::::::::::
methodology

:::
(see

:::::
Sect.

:::::
2.1.1).

:
565

Table 3.ReportedCH4 emission rates in E-PRTR for the Pinto area and the VTP int h � 1 assuming constant emissions throughout the year.

Year 2016 2017 2018 2019 2020 2021 2022

Pinto 1.10 1.19 1.28 1.37 1.47 1.55 0.04

VTP 1.02 0.70 0.82 0.94 0.29 0.33 0.18

The locations of high human activity and waste deposition correlate with the highest observed column concentrations. We

infer that these locations on the land�ll are the main origin of our observed emissions. These active areas were also identi�ed

by Cusworth et al. (2024) asCH4 emission sources. However, it is unclear whether these emission hot spots exist only during

the day, when work is done on the land�ll, or also at night. The degree of correlation between emissions and activity is unclear

and these emissions should actually cease when a cell is completed and closed. Local process-based bottom-up modelling of570

emissions of waste deposition is challenging due to the unpredictability of exact locations and practices. This may explain

some of the discrepancies between the inventory and the top-down estimates (Balasus et al., 2024).

5 Summary and Conclusion

The reduction of anthropogenicCH4 emissions has been proposed as target for climate mitigation strategies, due toCH4 's

relatively short tropospheric life time. In spite of this objective, knowledge of theCH4 emissions from many anthropogenic575

sources and in particular land�lls, even though these emissions account for a signi�cant fraction of the global anthropogenic

CH4 budget, are still uncertain. Relevant examples are the recent discussions of the emissions from land�ll sites in Madrid,

8But especially the TROPOMI satellite data have issues to allocated sources precisely due to the largefootprint
::::
ground

::::
scene

:::
size

:
of 7.0x5.5km2 .
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the capital of Spain. Exceptionally highCH4 emission rates have been reported using both ground based and satellite borne

observations in the year 2021 and before.

To examinethis
::::
theseCH4 source

::::::
sources and to estimateits

::::
their emissions, we undertook a measurement �ight on the580

4th August 2022 as part of the CoMet 2.0 mission. In this study, for the �rst time, the passive imaging MAMAP2DL and

active lidar CHARM-F remote sensing instruments �ew aboard the same platform, the German research aircraft HALO, and

successful co-located and independent measurements were made. During the �rst part of the �ight, remote sensing column

observations were acquired. MAMAP2DL collected 28 ground scenes having a spatial resolution of� 110x110m2 within a

� 3km swath for a �ight altitude of 7.7km a:g:l:. CHARM-F recorded ground tracks with a spatial resolution of� 500m in585

�ight direction, due to averaging, and� 10m across.

In total, 10 �ight legs, aligned perpendicular to the prevailing wind direction, were �own at several distances up- and

downwind of the two waste treatment areas Pinto and VTP including the Las Dehesas land�ll. Exploiting the design of the �ight

plan, emissions from the two land�ll sites were separated and estimated by combining the retrievedCH4 column anomalies

with model wind data from ECMWF ERA5. Additionally, from the over�ights above the land�ll areas in combination with590

CH4 imaging data, potential source locations on the land�lls were identi�ed.

The BL was physically characterised by the measurements of vertical atmospheric pro�les of meteorological parameters and

trace gases within the BL. This supported our analysis of the remote sensing data and was used to validate the ERA5 model

data for that day. As the remote sensing data was acquired well above the BL, we relied on models for (wind) data within the

BL.595

The emissions from the two land�ll sites werewell separated
:::::::::
suf�ciently

::::::::
separated

:::
for

:::
our

::::::::
methods

:
by the two remote

sensing instruments with an observed emission rate of� 5t h � 1 for the Pinto area, while the combined emission rate of

Pinto and VTP was� 13t h � 1. The error on theseCH4 emission rate estimates are around 26 to 38% of the given �uxes

(or 1.9 to 3.5t h � 1) and are dominated by the knowledge of the BLH in combination with a strong vertical wind gradient

and the separation between plume and background areas. Moreover, the measured �uxes and emission rates are in�uenced by600

atmospheric turbulence. This results in the �ux variation in different legs expressed as standard deviation over all legs in the

downwind area of up to� 5t h � 1. We conclude that a suf�cient number of independent �ight legs are required to minimise the

error from turbulent �ow in the estimation of the the �uxes from observed plumes.

This was the �rst time that emissions were observed and quanti�ed
::::::::::::
simultaneously

:
by two different and independent

:::::
active

:::
and

::::::
passive

:
remote sensing techniques. The comparison of �uxes retrieved using the measurements of the active and passive605

remote sensing instruments shows that the two estimates are in very good agreement. To ensure comparability of the �ux

estimation using the different remote sensing approaches, we also used identical wind speeds for individual legs. Absolute

differences are 13% of the respective �uxes on average. These differences may be explained by the different ground scene

sizes observed by the two instruments, which are 10m and 110m for CHARM-F and MAMAP2DL in across �ight direction.

Consequently, they measure different but overlapping air masses in the plume. The agreement between the two different610

techniques also increases our con�dence that the emission rates are as high as our estimates. The complementarity of the active

and passive instruments shows good prospects for their joint deployment also on spaceborne platforms.
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For source attribution, the imaging data of the MAMAP2DL instrument was utilised. The determination of the exact source

location is limited by a combination of the ground scene size of� 110x110m2and,
:
the accuracy of the orthorecti�cation pro-

cess itselfandhasbeen
:::::
being estimated to be better than110 m. Highestcolumnenhancements, identifying

:
,

:::
and

::::::::::
modulation615

::
by

::::
local

::::::
winds.

::::
The

::::::
highest

:::::::
column

::::::::::::
enhancements

:::
and

:::
the

::::::
'start'

::
of

:::::::
plumes,

::::::::
indicating

:
the origin of the emissions, were ob-

served over active parts of the land�lls, where the garbage is deposited, towards the south-east for Las Dehesas and in the

eastern part of Pinto. In the same regions CHARM-F observes the largest column enhancements. This implies signi�cant

emissions from areas which are not yet managed during nominal operations but probably also not suf�ciently covered by the

reporting. Nevertheless, the question remains about night time and weekend emissions, when there is less or no activity on the620

land�ll.

A crucial parameter for the estimation of emission rates is the wind speed, which is particular challenging to determine for

remote sensing instruments as they typically �y above the plumes and the BL. Here, we used modelled ERA5 data, which

were validated by airborne measurements within the BL. On average, wind speed and direction disagree by only 0.05m s� 1

and 0.8� , respectively.625

However, larger deviations occurred for the BLH in ERA5, which was consistently lower in the comparison of ERA5 to

the two measured pro�les. Correcting for this discrepancy led to a decrease in the average wind speed used for the cross-

sectional �uxes of� 24% due to the strong vertical wind gradient (present in both ERA5 model data and BAHAMAS wind

measurements). This reduction in wind speed directly changes proportionately the estimated emission rates.

Our analysis shows the importance of knowledge and understanding of the characteristics of the BL during a measurement.630

While we had the privilege to compare in situ wind measurements with model data, even though at a later time of the day,

emission estimates based on satellite data rely on atmospheric parameters from models. Moreover, there is usually no possibility

to validate the conditions during measurement times. Systematic errors such as the BLH in combination with the strong vertical

wind speed gradient,in�uences
::::::::
in�uence the estimated emission rates. They need to be identi�ed and taken into account to

minimise their impact.635

Our calculated emission rates are in good agreement with previous top-down estimates, even though, strictly speaking, they

are only valid for the time of the over�ight. The prevailing winds in combination with the vertical distribution of theCH4

emissions in the BL could introduce a common error in our emission rate estimate but not to an extent that we approach

reported values assuming constant emission throughout the year, at least on the 4th August 2022 during our �ight. The fact

that our emission estimates are a factor of 40 to 50 higher than reported values (assuming constant emissions) supports the640

inference that a major part of the emissions are unreported, especially as the reported emissions in E-PRTR fell by a factor of

10 from 2021 to 2022.

:::
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

:::::::
satellite

:::::::
platform

:::::
would

:::::
show

:::::::
promise645

::
for

:::
the

::::::
future,

::
as

:::
the

:::::::::
advantages

:::
of

::::
both

:::::::
methods

:::
can

:::
be

::::::::::::
synergistically

::::::::
exploited.

:
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An additional analysis is currently being studied. This makes use of a transport model to constrain the in�uence of the

(changing) wind �eld and the (vertical) mixing of theCH4 plume during the measurement �ight. We consider the use of

a transport model will resolve some of the issues encountered when the direction of the wind changes i.e. residual plume

structures over the city of Madrid and potentialCH4 accumulations. These are dif�cult to account for using the simple cross-650

sectional mass balance approach.

Data availability. The MAMAP2DL CH4 column anomalies and the CHARM-F observations are available from the authors upon request.

The HALO BAHAMAS in situ dataset (including SHARC and JIG) can be directly inquired from the authors or can be downloaded from the

HALO database (https://halo-db.pa.op.dlr.de/, Deutsches Zentrum für Luft- und Raumfahrt, 2024). The ECMWF ERA5 data can be directly

inquired from the authors.655

Appendix A: Further Flight Legs

Figure A1 supplements Fig. 5 with two additional �ight legs, which were �own in along wind direction. Therefore, they were

not used for any �ux estimates. However, they reveal further insights into possible source regions.

The �ight leg in (a) was acquired at the same �ight altitude as the legs shown in Fig. 5. The leg shown in (b), on the other

hand, was collected after the in situ part of the �ight at around 13:34 UTC at a �ight altitude of� 1.6km a:g:l:. The reduced660

�ight altitude also reduced the swath width of the MAMAP2DL imaging data from� 3km to 700m and also the ground scene

size from� 110x110m2 to 24x24m2.

Interestingly, in the lower �ight leg (b),CH4 enhancements are observed at similar positions as in the leg �own at higher

altitudes (a) and in the perpendicular legs in Fig. 5 (a) for the Pinto land�ll in the south. However, no enhancements are

visible across the VTP Fig. A1 (b). This is in-line with the legs �own perpendicular to the wind direction, in which the highest665

anomalies were observed in the south-eastern part of the Las Dehesas land�ll, however, not covered by the low �ying leg. As

the �ight leg, acquired at lower �ight altitude (b), was within the BL and, therefore, within the plume, caution needs to be taken

with an quantitative interpretation of the shown MAMAP2DL column anomalies.

Appendix B: MAMAP2DL Retrieval

B1 WFMD-DOAS670

The WFM-DOAS retrieval has been extensively described in other publications (Krings et al., 2011; Krautwurst et al., 2021)

and thus, we focus here on the aspects, which are important for the quality of the retrievedCH4 column anomalies. The

core of the retrieval is based on radiative transfer model (RTM) simulations (in our case with SCIATRAN v3.8, Mei et al.,

2023; Rozanov et al., 2014) of radiances, which describe the general state of the atmosphere at the time of the measurement

�ight to our best knowledge. Differences between the modelled radiance and the measured radiance are described by �tting675
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Figure A1. Similar to Fig. 5 but for the along wind legs at �ight altitudes of� 7.7km a:g:l: (a) and� 1.6km a:g:l: (b). In (a), the retrieved

CH4 column anomalies from MAMAP2DL data are overlaid by theX CH4 from CHARM-F data. There is no CHARM-F data available

for low �ying altitudes due to saturation of the detectors. The map underneath is provided by Google Earth (Image © Landsat/Copernicus,

Maxar Technologies).

weighting functions9 to the model and minimising the difference between measurement and modi�ed model. An example for

such differences are deeper absorption lines due to enhancedCH4 from an emission plume in the atmosphere. The resulting

�t factors are called pro�le scaling factors (PSFs) and are representative for the observed atmosphericCH4 andCO2 columns.

The weighting functions, one for each �t parameter (in our case forCH4, CO2, H2O and temperature), describe the change of

radiance due to a change of one of the listed parameters. Furthermore, we apply a 1D look-up table approach for the topography680

to account for strong variations in surface elevation during the retrieval process.

To represent the atmosphere by the modelled radiances as realistically as possible, vertical concentration pro�les of the

gases (CH4, CO2, H2O), pressure and temperature are needed. The model takes the properties of the re�ecting surface into

account. Multiple scattering by aerosols in the atmosphere is considered. Finally, geometrical factors such as �ight altitude,

surface elevation and solar zenith angle (sza) are included in the calculations (see Table B1 for details on the parameters used).685

Fig.
:::::
Figure B1 shows one example �t for the two �t windows which we use in this study. These are 1590.0 to 1635.0nm for

CO2 and 1625.0 to 1672.5nm for CH4.

9Here, a weighting function describes the change of radiance due to a change of one parameter and must not be confused with CHARM-F's weighting

function used to describe its altitude sensitivity, Appendix C1.
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Table B1. Boundary conditions for the radiative transfer model simulations (RTMs) for the remote sensing (RS) part at� 7.7km a:g:l: of

the �ight over Madrid.

Flight day 04.08.2022

Time for RS pattern (local time, UTC)

start [hh:mm] 13:00, 11:00

end [hh:mm] 14:40, 12:40

Mean solar zenith angle (sza)a) [ � ] 25.8

Flight altitudeb) [m a:s:l:] 8371

Surface elevation along �ight trackc)

min [m a:s:l:] 441

max [m a:s:l:] 1026

Mean column mole fractionsd)

CH4 [ppb] 1876

CO2 [ppm] 417.0

H2O [ppm] 4127

Aerosol scenarioe) [� ] urban

Albedof ) [� ] 0.30

a ) ;b ) ;c ) ;e ) ;f ) are estimated similarly to Krautwurst et al. (2021).

d ) The vertical atmospheric pro�les are taken from the U.S. standard

atmosphere (USCESA, 1976), which are adapted to and replaced by the in

situ observations collected by BAHAMAS (H 2 O, temperature, pressure)

and JIG (CH 4 , CO 2 ) for the measurement �ight at altitudes between

� 1.6 and 7.7km a :g:l :.

Then, theCH4 column anomalies are computed from the retrieved PSFs as follows:

� VCH4 =

 
PSFratio

PSFratio
� 1

!

� CHabs col
4 � kcf

::
(B1)

where690

PSFratio =
PSFCH4

PSFCO2

; (B2)

where PSFratio is the unitless ratio of the two retrieved PSFs forCH4 andCO2, which is also called the proxy method (Krings

et al., 2011, 2013),� VCH4 is theCH4 column anomaly inmolec cm� 2 (for visualisation purposes displayed as% relative to

the given background column),k
:::
cf is a unitless conversion factor (see Appendix B3),CHabs col

4 is the assumed background

column ofCH4 in molec cm� 2 as used in the RTM simulation, andPSFratio denotes a normalisation process using observations695

from the local background (see Sect. 2.4).
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Figure B1. Example �ts for the two �t windows used in the WFM-DOAS retrieval:(a) CO2 and(b) CH4 �t window. The black diamonds

denote the measurement and the red solid line the �tted model.

As an example, a PSF forCH4 (PSFCH4 ) of larger than 1 would, compared to the modelled background radiances, indicate

moreCH4 in the measured spectrum (and thus in the atmosphere) due to an emission plume and vice versa. However, the

absorption depth in a measurement is not only determined by the amount of gases but also by other effects like variations in

sza, surface elevation, �ight altitude or aerosol composition, which might not be modelled accurately. These effects lead to700

a light path error, which affects the PSFs ofCH4 andCO2 in a similar way due to their spectral proximity. Using the proxy

method as indicated in Eq. B2, which is only possible if there are no major variation in the atmosphericCO2 concentration �eld

expected, reduces these apparent column variations due to light path errors signi�cantly (Krings et al., 2013, 2011). Another

important step is the normalisation by the local background, indicated byPSFratio, and the consideration of the conversion

factor, before obtaining theCH4 column anomalies inmolec cm� 2 (or better suited for visualisation purposes in%) used705

during the cross-sectional �ux method (Sect. 2.4).

B2 Errors of the CH4 Column Anomalies

Previous sensitivity studies have shown (Borchardt et al., 2021; Krautwurst et al., 2021; Krings et al., 2011) that false assump-

tions in the input parameters for the RTM simulations can cause signi�cant systematic errors in the retrieved single columns

or the PSFs ofCH4 andCO2. Most of these systematic errors are related to light path errors and are thus signi�cantly reduced710

by the proxy method as described in Sect. B1. Remaining systemic errors (e.g., a changing sza, or a constant offset caused

by an inaccurateCO2 pro�le, temperature or aerosol pro�les) vary either smoothly with time or are approximately constant

over the measurement area. These effects are therefore corrected by the additional normalisation with observations outside of
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a plume. Exceptions could be changes in surface elevation and surface spectral re�ectance, which can occur pseudo-random

and over short distances (see Krautwurst et al., 2021, for details). Additionally, potentially co-emittedCO2 from land�lls af-715

fect the proxy method. Krautwurst et al. (2017) have shown that the reduction on theCH4 anomalies could be around 5% on

average. This effect is however, not considered further here. The sensitivity of the retrieval to parameters for the Madrid �ight

are summarised in Table B2 and could potentially lead to a remaining systematic offset of the retrievedCH4 column anomalies

of around 0.14% after correction (Krings et al., 2011) by the conversion factor (0.763) resulting from the basic scenario used

in Table B2.720

Table B2.Sensitivity of the retrieved PSFs to the input parameters for the RTM simulations according to expected variations during the �ight

on the 4th August 2022. The deviations for the PSFs ofCH4 , CO2 and the ratioCH4 overCO2 are given relative to the background column.

The parameters for the basic scenario used during the retrieval are given in Table B1 using a surface elevation of 0.734km. Not all values

deviate symmetrically around 0%, therefore, the worst case scenario is always selected.

Expected

variation in parameter deviation of PSF [%]

CH4 CO2 ratio

Solar zenith angle [� 3� ] � 1.31 � 1.29 � 0.02

Surface elevation [� 50m] � 0.83 � 0.93 � 0.10

Flight altitude [� 5m] � 0.02 � 0.01 � 0.01

Aerosol [desert, background] � 0.12 � 0.32 � 0.21

Albedo [0.1–0.50] � 0.98 � 1.14 � 0.16

H2O [� 50%] � 0.01 � 0.00 � 0.01

CO2 [� 1%] � 0.00 � 1.00 � 1.00

CH4 [� 1%] � 1.00 � 0.00 � 1.00

Temperature [� 5� C] � 1.60 � 1.80 � 0.21

In addition to the systematic effects described above, random effects like measurement noise produce random column errors.

They are not separated further and estimated together as the single-measurement precision, which is directly computed from

the retrievedCH4 column anomalies outside of the plume (as, e.g., done in McLinden et al., 2024; Chulakadabba et al., 2023;

Borchardt et al., 2021; Krautwurst et al., 2021; Krings et al., 2013). Moreover, the measurement precision can cover some of

the remaining small scale systematic offsets. For Madrid's land�lls �ight, it has been estimated to be� 0.4%. This is slightly725

worse than that of its precursor instrument MAMAP (see Sect. 2.1.2) and possibly related to the coarser spectral sampling (� 3

to 4 pixels vs.� 10 pixels). However, this is compensated by simultaneously acquiring 28 observation in across �ight direction

for a swath width of� 3km at a �ight altitude of� 7.7km a:g:l:.
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Figure B2. Averaging kernel (AK ) of CH4 for the atmospheric and geometrical conditions as encountered during the Madrid �ight for

MAMAP2DL. The step in the pro�le at 8.37km a:s:l: (or 7.7km a:g:l:) marks the �ight level of the aircraft. The shaded area of the BLH

represents the growth and uncertainty of the BLH during the remote sensing �ight according to ERA5 and measured vertical pro�les (also

see Appendix D2).

B3 Averaging Kernels and Conversion Factor

An important parameter of the WFM-DOAS retrieval applied to MAMAP2DL observations is the so-called averaging kernel730

(AK ). It describes the sensitivity of the retrieval toCH4 column changes in different altitude levels. It is computed by retrieving

theCH4 column from simulated measurements in which theCH4 concentration at various altitude levels has been perturbed.

Figure B2 shows theAK based on a RTM simulation mimicking the atmospheric and geometrical condition during the �ight

over Madrid as used in Sect. B1 for analysis of the MAMAP2DL observations.

An AK of unity at a certain altitude or pressure level would indicate that the retrieval is able to retrieve the perturbed735

CH4 concentration correctly. However, due to the measurement geometry the retrieval overestimatesCH4 changes below the

aircraft close to the surface. This effect is related to the light path in the atmosphere. An idealised light beam covers the air

masses below the aircraft twice before reaching the sensor leading to apparent enhanced absorption byCH4. This effect must

be corrected for, otherwise, the retrieval would overestimate potential enhancements below the aircraft.

Assuming that observed variations in theCH4 column originate from air masses inside the BL, a conversion factork
::
cf740

is computed as mean of the averaging kernelsAK below within the BL and then applied in Eq. B1 for the computation of the

column anomaly:

kcf
::

=
1

AK below
: (B3)

The altitude resolvedAK (z) is de�ned as variation of the retrieved totalCH4 column@Vretrievedas a result of a perturbation

of the trueCH4 subcolumn@vtrue(zj ) at altitudezj (Krings et al., 2011):745
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AK (zj ) =
@Vretrieved

@vtrue(zj )
: (B4)

The conversion factork
::
cf

:
for the Madrid �ight is 0.763 for an average BLH of 2.4km a:s:l: as encountered during the

remote sensing �ight. Computing the BLH as described in Appendix D2 indicates an increase in the BLH at the position and

time of the different �ight legs from approx. 1.9 to 2.7km a:s:l:. Considering additionally the given uncertainty of the BLH

estimate would lead to an error of the estimated conversion factor of 1.2%.750

B4 Orthorecti�cation

In order to correctly deduce source positions of theCH4 emission plumes across the two land�lls, theCH4 anomaly maps

from MAMAP2DL have to be accurately projected on the ground. Important parameters for this procedure are the attitude

information of the aircraft: pitch, roll, and yaw, which de�ne the line of sight of the instrument. Moreover, the aircraft's �ight

altitude and the surface elevation at the position of the projected ground scene, in combination with the viewing angle of755

the instrument, determine the across leg ground scene size and, thus, the width of the entire swath and, �nally, the aircraft

position itself. The position and attitude data (pitch, roll, yaw, �ight altitude, location) are provided by the BAHAMAS system

introduced in Sect. 2.1.4 at a resolution of 10 Hz. Topography data is derived from the SRTM (Shuttle Radar Topography

Mission, Farr et al., 2007) digital elevation model (DEM) also used for the estimate of the surface elevation applied in the

RTMs in Appendix B1. Next, the orthorecti�cation is performed along the lines as described in Schoenhardt et al. (2015).760

As main RGB imagery source, we use Google Earth data, overlaid with theCH4 column anomaly maps (as kmz-�les, see

Fig. 5). Therefore, the accuracy of the orthorecti�cation is validated against Google Earth imagery. Coincidentally, at least

some of the Google Earth images of Madrid were taken in August 2022, which is in the same month as the measurements

were acquired. Therefore, we assume that the state of the land�ll during the over�ight on the 4th August is very similar to

that shown in the Google Earth images. For the validation process,we use high-resolution (not spatially binned) intensity maps765

of the measured on chip signal strength around 1.6µm with a spatial resolution of� 8.5m in along �ight direction as they

mimic to a certain degree the surface properties and structures seen in the Google Earth RBG maps. The deviations (or better

gradients) of distinct features such as rivers or streets are then used to verify the accuracy of the orthorecti�cation. In along

�ight direction the accuracy is better than� 20m, whereas in across �ight direction, it is determined by the coarse spatial

resolution of� 110m. Overall, we estimate an accuracy of the column anomaly maps of better than 110m, or around one770

ground scene, for the Madrid dataset, in generally limited by the �nal ground scene size.
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Appendix C: CHARM-F Retrieval

C1 Retrieval and Weighting Function

The quantity that is independently measured by CHARM-F is the differential absorption optical depth (DAOD,� � ), calculated

from the received signals by775

� � =
1
2

ln
�

So� =Eo�

Son=Eon

�
: (C1)

Son , So� are backscatteredsignal
::::::
signals andEon , Eo� are internal energy referencemeasurement

:::::::::::
measurements

:
at the

on- and of�ine wavelength, respectively.� � can on the other hand also be described in terms of the molecular absorption

cross-section at both wavelengths (� on and� o� ) and the number densitynCH 4 or the dry-air mixing ratio of methaner CH 4 .

� � =

h1Z

h0

nCH 4 (� on � � o� )
| {z }

=� �

dh; (C2)780

=

h1Z

h0

r CH 4

(1 + r H 2 O )
� nair � � � dh: (C3)

The integral runs over the air column between aircraft (h1) and ground (h0). In Eq. C3 the number density of greenhouse-gas

molecules has been expressed in terms of the number density of air moleculesnair and the dry-air molar mixing ratio of the

greenhouse-gas species, while also accounting for the dry-air molar mixing ratio of water

nair = (1 + r H 2 O ) � ndry air: (C4)785

Using the general gas equation (nair = p
kB �T ) nair can be expressed in terms of pressurep and temperatureT. Furthermore,

the integral over altitude can be transformed into a pressure integral (dh = dh
dp � dp = � kB �N A �T

p�M air �g dp).

� � =

p0Z

p1

rCH 4 � NA

(1 + r H 2 O ) � M air � g
� � � dp: (C5)

Here,kB is the Boltzmann constant,NA the Avogadro constant,g the gravitational acceleration andM air the average molar

mass of air. Next, molar mass is expressed as molecular mass (mair = M air
N A

) and dry air is discriminated from water vapour.790

� � =

p0Z

p1

r CH 4

(1 + r H 2 O )
�

� �
mair| {z}

=
m dry air + r H 2 O m H 2 O

1+ r H 2 O

�g
dp; (C6)

=

p0Z

p1

r CH 4

(mdry air + r H 2 O � mH 2 O )
�

� �
g

dp: (C7)
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Finally, r CH 4 is pulled out of the integral by replacing it with a (weighted) column averageX CH4, which is thus de�ned.

� � = X CH4

p0Z

p1

� on (p;T) � � o� (p;T)
g (mdry air + r H 2 O � mH 2 O )

dp; (C8)

= X CH4

p0Z

p1

W (p;T) dp : (C9)795

The quotient remaining in the integral is the so-called weighting function

W (p;T) =
� on (p;T) � � o� (p;T)

g � (mdry air + mH 2 O � r H 2 O )
; (C10)

which carries the terms that are pressure/altitude dependent but known to some degree. In the standard data analysis routines

of CHARM-F, the absorption cross-sections are calculated based on the spectroscopic data sets GEISA20 and Vasilchenko

(Delahaye et al., 2021; Vasilchenko et al., 2023), and the state of the atmosphere (vertical structure at measurement location)800

is extracted from the ECMWF Integrated Forecasting System (IFS).

The partial-column weighted-average molar mixing ratio is therefore described by

X CH4 =
� �

Rp0

p1
W (p;T) dp

: (C11)

C2 Column Anomalies from CHARM-F Measurements

This section describes the details of how we convertX CH4, as measured by CHARM-F, into a column anomaly of the dry-air805

CH4 molar mixing ratio for the total column. The reference for the calculation of anomaly is the methane concentration from

the Copernicus Atmosphere Monitoring Service (CAMS) global inversion model (Segers and Houweling, 2023). Based on the

dry-air molar mixing ratio from CAMS (rCH 4 ;CAMS ) we calculate a column-averaged molar mixing ratio between surface (sfc)

and �ight altitude (�h), using number density of air molecules from CAMS as weightnair :

X CH4CAMS =

R
h
sfc r CH 4 ;CAMS � nair dz

R
h
sfc nair dz

: (C12)810

On this basis, the partial column anomalyApc is calculated.

Due to the temperature and pressure dependence of the spectroscopic properties of methane,X CH4CHARM � F andX CH4CAMS

are weighted somewhat differently along the column (see Fig. C1). Nevertheless, in the hypothetical case, where methane is

homogeneously distributed along the surveyed column, they give the exact same result by de�nition of the weighting function.

To compensate for this small bias (few percent), which only affects the anomalous part of the column concentration, based on815

the CHARM-F weighting functionW (p;T), we calculate a correction factor.

CW =

Rflh
sfc W (p;T )n air dz

Rflh
sfc n air dz

Rblh
sfc W (p;T )n air dz

Rblh
sfc n air dz

: (C13)
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Figure C1. Typical altitude dependency of the CHARM-F weighting function for methane. The weighting function has been normalised to

the particle-number-averaged value of the column between the ground and the �ight altitude of about 8km. The dashed green line indicates

the unity weighting used for the CAMS reference column concentration.

Here, we assume that methane plumes from a nearby source at the surface lead to a mole-fraction enhancement only below

the top of the atmospheric BL. No enhancement is expected within the free troposphere, up to the �ight altitude (�h).CW

quanti�es the ratio between how a homogeneously distributed methane enhancement would be perceived by CHARM-F versus820

an enhancement that is also homogeneous, but restricted to the BL.

The partial column anomaly for the column below the aircraft can therefore be calculated as follows:

Apc = CW �
X CH4 � X CH4CAMS

X CH4CAMS
: (C14)

Finally, also the column from the aircraft to the top of the atmosphere (toa) has to be considered. That region, where the

anomaly is zero by de�nition, is combined with the column below by averaging, using particle number density of air molecules825

as weight.

A tc =
Apc �

R
h
sfc nair dz

Rtoa
sfc nair dz

: (C15)

Thus,A tc is the closest approximation of theCH4 anomaly in terms of mole fraction for the total column along �ight tracks,

comparing CHARM-F measurements with CAMS reanalysis data as reference.

C3 Uncertainties of CHARM-F Measurements830

The measurement uncertainties ofX CH4 retrieved with CHARM-F can be categorised into statistical and systematic uncer-

tainties. Statistical uncertainties are introduced through the measurement of DAOD, or more precisely, the measurement of
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Figure C2.Allan deviation plot of the CHARM-F measurements over the Madrid land�lls. In the case of pure ideal noise, the scatter reduces

from single pulse-pair measurements with one over the square root of the number of measurements that are averaged. Deviations indicate

either drifts, or like in this case, mostly real methane gradients.

the four signal intensities that contribute to DAOD. These are associated with a certain degree of noise, largely independent

between individual laser pulses. The main noise sources are photon statistics, detector noise, and speckle noise (Ehret et al.,

2008). The exact magnitude can be estimated from the system parameters or directly determined from measurement statistics.835

The in�uence of these uncertainties can be reduced by averaging multiple pulse-pairs. Such statistical uncertainties can be

characterised with an Allan deviation (Allan, 1966) plot, as shown in Fig. C2. For an individual double-pulse measurement the

standard deviation is about 100ppb or 5%. Averaging multiple measurements reduces the uncertainty with an inverse square-

root law, as expected, until at about 1sof averaging. At this point the Allan deviation diverges from this noise-only expectation,

which can be explained by actual gradients in form of the observed methane plumes. Residual uncertainties from systematic840

drifts or offsets have to be addressed using a different strategy.

Systematic uncertainties are related to inaccurate knowledge or deviation of certain system or meteorological parameters

from the design/assumed values. These deviations typically change over time at very slow rates of the order of minutes to

hours and are therefore highly correlated between individual pulse-pairs. Systematic uncertainties arise from various sources.

These include small misalignments in the optical setup, which could cause unequal clipping of light between the online and845

of�ine pulses in the receiver. Additional factors contributing to uncertainties are errors in the tuning of the emitted wavelengths,

spectroscopic inaccuracies and discrepancies between the numerical weather simulation model and the actual atmospheric

conditions during measurement, which impact the calculation of the weighting function (Ehret et al., 2008).

In order to estimate relevant systematic uncertainties for our measurements, we de�ne a background region, south-east of

the land�lls and also the city of Madrid. The region has been chosen such, that the aircraft typically stays within that region850

for about 100sor 5000 individual measurements (orange track segments in Fig. C3). This length/duration is comparable to the

typical plume or background regions used for the �ux measurements. For each overpass of the background region the average

partial-columnX CH4 is computed, resulting in a residual scatter of 4ppb or 0.2%. From extrapolating the random-noise
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Figure C3. Uncertainties of the CHARM-F column concentration background, averaged over 100 second background segments. The �ight-

track segments that were used for the background-uncertainty study are shown in orange(a). The average values and statistical errorsX CH4

for these segments are shown in panel(b), together with the overall mean value and standard standard-deviation band, drawn as solid and

dashed lines respectively. Base map data © OpenStreetMap contributors, ODbL 1.0. Tiles accessed using Cartopy.

model in the Allan deviation plot, 2ppb or 0.1% are expected. We conclude that on the time scales that are relevant for our

measurements, systematic effects lead to a doubling of the errors that would be expected from random noise only.855

Appendix D: Validation of ECMWF ERA5 Data by on-board Aircraft Measurements

D1 Validation of ERA5 Wind Data

In order to con�rm that the wind parameters, that are relevant for our �ux or emission rate estimates, are correctly modelled

in ECMWF ERA5, we compare them to on board wind in situ measurements on HALO from BAHAMAS (see Sect. 2.1.4).

ERA5 data have been interpolated and evaluated along the �ight track in space and time. The on-board measurements have860
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Figure D1. Flight altitude of the HALO aircraft(a), wind speed(b) and direction(c) as modelled in ECMWF ERA5 vs. actual in situ

measurements of BAHAMAS during the HALO �ight over Madrid. The section of the �ight that took place within the BL is highlighted in

grey and the section for the remote sensing observations in light blue.

been smoothed with a 30s Gaussian kernel to reduce �uctuations from turbulence, which is on a scale far below the resolution

of ERA5. The ERA5 model matches the BAHAMAS measurements very well over longer time frames, especially when

neglecting the small scale turbulence still visible in Fig. D1. This is particularly valid for the part of the �ight within the BL

(gray region), where the plume is located in. The averaged difference between model and measurement for the wind speed and

wind direction is 0.05m s� 1 and 0.8� in the BL (averages are actually quite independent from the applied smoothing kernel).865

The only caveat is that the time period for which the good match can be demonstrated is up to around 2h after the start of

remote sensing section of the �ight. Therefore, a similarly good match between model prediction and actual wind situation

within the BL has to be assumed also for earlier times without explicit proof. The signi�cantly larger mismatch between ERA5

and the measured winds in some segments of the �ight at earlier times (not within the PBL) can most likely be explained with
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Figure D2. Vertical pro�les for wind speed(a), wind direction(b), and potential temperature(c) between 9 and 14 UTC based on the

ECMWF ERA5 model data. The height of the pro�les is restricted to the BLH as given in ERA5. Time of the remote sensing over�ight was

between 11:00 and 12:40 UTC. In situ data collection within the BL was between 12:50 and 13:30 UTC. The pro�les are representative for

40.292� N and 3.614� W, which is located between the two land�ll complexes.

strong wind shear in a thin layer, exactly at about the �ight altitude during the remote sensing part of the �ight, in combination870

with a relatively coarse vertical resolution of ECMWF there.

Interestingly, during the descent into the BL (at around 12:45UTC ) and the subsequent ascent around two hours later the

wind speed peaks at values of up to 10m s� 1 without signi�cant change in wind direction. This indicates a strong vertical

gradient in wind speed in the BL in both model and measurement from top of the BL to at least 1.6km a:g:l:. This is actually

con�rmed by vertical pro�les of the wind speed from ERA5 data (Fig. D2, a). They show a strong vertical gradient, which is875

around 2m s� 1 at the ground and increases to 10m s� 1 at the top of BL for 12 UTC. Moreover, on that day the wind speed

increases from 10 to 14UTC in the BL. The wind direction (b) is relatively stable after 11UTC with values between 200� and
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Figure D3. Comparison between HALO in situ measurements and ERA5 model data. The vertical pro�les of potential temperature for the

descent at 12:45UTC (40.345� N, 3.010� W) and the ascent at 13:40UTC (40.322� N, 3.745� W) as measured by BAHAMAS aboard HALO

are shown in(a). Thedotted
::::
solid black horizontal line marks the BLH, estimated from these pro�les to be 3.2km a:s:l:, in all sub-�gures.

Blue marks the pro�le during descent; the relevant ERA5 model pro�les at that location and times (12, dotted, and 13, dashed, UTC) are

then given in(b). Orange marks the pro�le during ascent; the relevant EAR5 model pro�les at that location and times (13, dotted, and 14,

dashed, UTC) are then given in(c). Red vertical and horizontal lines mark the newly estimated BLH for each time step in the model based

on the method described in the main text. Different line types show different temporal af�liations. BHL values are given in the legends.

220� . However, before the stabilisation to south-south-west at 11UTC (right before the measurement �ight started), the wind

had a strong easterly component.

D2 Validation of ERA5 BLH Data880

For the BLH, ERA5 shows an increase from� 1.3km a:s:l: (0.7km a:g:l:) to � 4.2km a:s:l: (3.6km a:g:l:) nicely illustrated

in the potential temperature pro�les for that location and time period (Fig. D2, c). To validate ERA5's BLH, we compare it

to measured potential temperature pro�les during the descent and ascent at 12:45UTC (40.345� N, 3.010� W) and 13:40UTC

(40.322� N, 3.745� W), respectively, at the respective locations. The descent took place over a more hilly environment approx.

50km east of the land�lls and the ascent right over the city of Madrid 12km west of the land�lls.885

Both pro�les are shown in Fig. D3 (a). We estimate the BLH for both pro�les to� 3.2km a:s:l: (considering topography

would yield 2.4km a:g:l: and 2.6km a:g:l: for descend and ascent, respectively) due to the strong increase in potential tem-

peratures at these altitudes. Comparing the BLHs from ERA5 at these positions and times yield signi�cantly and consistently

higher BLHs of 700m relative to sea level (b, c). In order to correct for this discrepancy but also to transfer it to earlier time of

the measurement, when the remote sensing observations were collected, we use the potential temperature pro�le from ERA5890

and estimate a new BLH. We do that by using the temperature at the surface and then searching for the altitude level where this

value is approached for the �rst time. The assumption behind this is that an air parcel, having a certain potential temperature,

rises if the potential temperature is lower in the surrounding air masses and reaches an equilibrium (height) when the potential

temperature of the surrounding is similar. This process is indicated in the panels (b) and (c) in Fig. D3 by the vertical red lines
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for the respective time steps of the model. If the leg, or in this case one pro�le, is collected in between two time steps, the895

newly computed BLH is linearly interpolated in time.

For the descending and ascending pro�les, this method yields� 3.33km a:s:l: (2.53km a:g:l:) and� 3.65km a:s:l: (3.05km a:g:l:),

respectively, which is up to 15% lower than given directly by ERA5 with regards tokm a:s:l:. On average over all leg positions

and times, the BLHs decrease by around 17%, which also leads to a decrease in the computed wind speed of 24%. As conser-

vative uncertainty estimate, we assume an error of 20% in our BLH estimate with respect to its depth relative to the ground.900

A deeper BL would have a larger error. Applying this to the pro�les would lead to absolute errors in the BLH for descent and

ascent of 0.5km and 0.6km, respectively. This uncertainty in BLH translates into a wind speed uncertainty of 0.8m s� 1 (or

20%) on average for our �ight legs. The wind direction is hardly in�uenced by a change in BLH.

Appendix E: Column and Flux Comparison MAMAP2DL and CHARM-F

Figure E1 summaries the comparison of cross-sections between MAMAP2DL and CHARM-F.905

Appendix F: Errors of the Flux Estimates

F1 General Error Handling

Assuming that theCH4 emission plumes are well-mixed within the BL, major error sources for the cross-sectional �ux com-

putation are the wind speed and direction, the random and systematic errors of the retrieved column anomalies from the remote

sensing instruments, the boundaries or limits of the background normalisation used to compute the real enhancements, and the910

uncertainty in the estimate of the BLH from ERA5. To compute these errors, we use Gaussian error propagation of Eq.
::
1/2

where possible. All considered sources of uncertainty are summarised in Table F1 and their range is given in Table 1. Error

propagation is applied to the error in wind speed (�F u ) and the error in the BLH (�F blh), which changes the part of the wind

pro�les over which the average is calculated, and remaining systematic errors of the columns (�F col-ac) and of the conversion

factor (�F col-cf). Moreover, the random error of the columns (�F col-pr) is propagated. However, the single-column precision is915

additionally divided by
p

n, with n
::::

p
k,

::::
with

:
k
:
being the number of measurements or ground scenes inside of the plume of

one cross-section, taking into account its random nature (see for example Appendix C3). The error of the wind direction on the

computed �ux is considered by varying the direction (� ) according to the respective directional uncertainty. The error in the

�ux is then given by the variation of the computed �uxes. In a similar way, we take into account the error of the background

normalisation (�F bg) by computing a set of �uxes based on reasonable variations of the background limits and calculating the920

standard deviation of their differences from the main �ux estimate.

F2 Error Handling for MAMAP2DL

In the case of MAMAP2DL the total error of the �ux of one cross-section (�F M2D, cs) is calculated by root sum squaring the

error contributions:
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Figure E1. Same as Fig. 6 but for the remaining cross-sectional �uxes of the different legs from MAMAP2DL and CHARM-F observations.

Cross-section in Fig. 6 would correspond to(g). Order of cross-sections is from upwind(a) to downwind(j) . The spike in the CHARM-F

column anomalies at� 5km in (i) is an albedo artefact due to retro-re�ecting road markings parallel to the �ight leg.

�F M2D, cs =

vu
u
u
t

�F 2
u + �F 2

� + �F 2
blh + �F 2

bg

+ �F 2
col-pr(n) + �F 2

col-ac+ �F 2
col-cf

vu
u
u
t

�F 2
u + �F 2

� + �F 2
blh + �F 2

bg

+ �F 2
col-pr(k) + �F 2

col-ac+ �F 2
col-cf

:::::::::::::::::::::::::::

: (F1)925
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Table F1.Summary of relevant error sources and quantities for the �ux computation.

Parameter Description

�F u error in wind speed

�F � error in wind direction

�F blh error in boundary layer height

�F bg error in the selected background region(s)

�F col-pr column single measurement precision

�F col-ac remaining systematic column offset

(Appendix B2, only MAMAP2DL)

�F col-cf error in the conversion factor

(Appendix B3, only MAMAP2DL)

�F M2D, cs error of one cross-section (MAMAP2DL)

�F M2D, leg error of one leg

�F M2D, css errors from the single cross-sections

�F M2D, atm, css error due to atmospheric turbulence

within one leg

�F M2D, ar-aver error of one area (or areal average)

�F M2D, legs error from the single legs

�F M2D, atm, legs error due to atmospheric turbulence

across area

�F CHARM-F, leg error of one leg

�F CHARM-F, ar-aver error of one area (or areal average)

�F CHARM-F, legs errors from the single legs

�F CHARM-F, atm, legs error due to atmospheric turbulence

across area

If the emission source is constant, the actual uncertainty of the �ux of one cross-section at a certain position is also in�uenced

by atmospheric variability or turbulence in the atmosphere (Krautwurst et al., 2021; Wolff et al., 2021; Krautwurst et al., 2017;

Matheou and Bowman, 2016). This is also visible in the imaging data and at this point not covered by the error�F M2D, cs

(Eq. F1). However, this error component is reduced by taking spatially and/or temporally independent cross-sections. We

estimate this factor as 1-sigma standard deviation (SD) from the cross-sections of one entire MAMAP2DL leg itself:930

�F M2D, atm, css=
SD(FM2D, cs;j )

p
meff

SD(FM2D, cs;j )
p

neff
::::::::::::

(F2)
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wheremeff :::
neff is the number of actual independent cross-sections across a MAMAP2DL �ight leg. Additionally, the wind (�F 2

u

and�F 2
� ), BLH (�F 2

blh), background (�F 2
bg) and conversion factor (�F 2

col-cf) errors introduced in Eq. F1 must be considered as

systematic errors10. For the average �ux of one leg, they are computed by averaging over the respective errors for all cross-

sections of one leg. Eventually, the error of one leg�F M2D, leg summarises therefore to:935

�F M2D, leg =

vu
u
u
t

�F 2
M2D, css+ �F 2

M2D, atm, css

+ �F 2
u + �F 2

� + �F 2
blh + �F 2

bg + �F 2
col-cf

(F3)

where

�F M2D, css=

q P l
j =0 �F 2

M2D, cs;j

m

q P n
j =1 �F 2

M2D, cs;j

n::::::::::::::::

(F4)

where

�F M2D, cs;j =
q

�F 2
col-pr;j (n) + �F 2

col-ac;j

q
�F 2

col-pr;j (k) + �F 2
col-ac;j

::::::::::::::::::::

; (F5)940

where�F M2D, css is the contribution of the single cross-sections' errors. However, only random (�F 2
col-pr(n)

::::::::
�F 2

col-pr(k)) and

remaining systematic (�F 2
col-ac) errors of the columns from Eq. F1 are included, as others are systematic for all cross-sections

of one leg.m
:
n

:
is the actual number of cross-sections of one leg.

The argumentation above also applies if we compute a mean �ux over a speci�c area, e.g., downwind of the Las Dehesas

area or in between the two waste treatment areas, from the averaged MAMAP2DL legs:945

�F M2D, ar-aver=

vu
u
u
t

�F 2
M2D, legs+ �F 2

M2D, atm, legs

+ �F 2
u + �F 2

� + �F 2
blh + �F 2

col-cf

; (F6)

where

�F M2D, legs=

q P p
j =0 �F 2

M2D, leg;j

p

q P p
j =1 �F 2

M2D, leg;j

p
::::::::::::::::

; (F7)

where

�F M2D, leg;j =
q

�F 2
css;j + �F 2

M2D, atm, css;j + �F 2
bg;j ; (F8)950

and

�F M2D, atm, legs=
SD(FM2D, leg;j )

p
p

; (F9)

where�F M2D, legs are the error contributions of the errors of the single legs of MAMAP2DL, however, excluding systematic

uncertainties that are valid for the entire areas such as errors in wind, BLH, and the conversion factor. For example, the

background error is not systematic for different legs anymore.p is the number of (independent) legs.955

10I.e. not being reduced by averaging over several cross-sections.
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F3 Error Handling for CHARM-F

In contrast to MAMAP2DL, the CHARM-F instrument measures in one viewing direction so that the differentiation between

cross-section and leg is not necessary. Furthermore, errors for�F col-ac and�F col-cf are negligible and Eq. F1 simpli�es thus to

�F CHARM-F, leg =
q

�F 2
u + �F 2

� + �F 2
blh + �F 2

bg + �F 2
col-pr(k):

(F10)

The error of the average over certain areas follows then modi�ed versions of Eqs. F6 to F9.960

�F CHARM-F, ar-aver=

vu
u
u
t

�F 2
CHARM-F, legs+ �F 2

CHARM-F, atm, legs

+ �F 2
u + �F 2

� + �F 2
blh

(F11)

where

�F CHARM-F, legs=

q P p
j =0 �F 2

CHARM-F, leg;j

p

q P p
j =1 �F 2

CHARM-F, leg;j

p
:::::::::::::::::::

(F12)

where

�F CHARM-F, leg;j =
q

�F 2
bg;j + �F 2

col-pr;j (n) ; (F13)965

and

�F CHARM-F, atm, legs=
SD(FCHARM-F, leg;j )

p
p

: (F14)
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