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Abstract.

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

for short-term climate mitigation. Waste-related activities, such as landfills, are a major CH4 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 high CH4 emissions. For the first 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 quantify CH4 emissions. Using the CH4 column data and ECMWF ERA5 model wind in-

formation validated by airborne measurements, we estimate landfill emissions through a cross-sectional mass balance approach.

Strong emission plumes are traced up to 20km downwind on the 4th August 2022, with the highest CH4 column anomalies

observed over active landfill areas in the vicinity of Madrid, Spain. Total emissions are estimated to be up to ∼13t h−1. Single10

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, first 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 of ∼0.54Wm−1 or one quarter of that of CO2 (Forster et al., 2021). It is a more potent greenhouse gas
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than CO2 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 relatively short20

(∼12 years, Szopa et al., 2021). For the above reasons, Shindell et al. (2012) proposed that the reduction of CH4 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 anthropogenic CH4 emissions by 30% from 2020 to 2030

(EU-US, 2021).25

Landfills and waste related activities are estimated to account for one-fifth of anthropogenic CH4 emissions (Saunois et al.,

2020). Within landfills, CH4 (but also CO2 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 landfills.

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 the CH4 (e.g., Parameswaran et al., 2023) for possible energy generation in

gas-fired power plants or flaring, and/or by deploying special covers, which partly oxidise CH4 to the less potent greenhouse

gas CO2 (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), reported CH4 emissions from waste (IPCC sector 5)

are 97MtCO2;eq yr
−1 (or 3.5Mtyr−1)1 and still account for ∼24% (or ∼18% if only solid waste disposal, IPCC sector 5A,35

is considered) of the anthropogenic CH4 emissions in the European Union in 2022 (EEA, 2024).

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

significant amounts of CH4 have been identified 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 national CH4 emissions in 2020 reported to the United Nations Framework Convention on

Climate Change (UNFCCC, EEA, 2023).

Landfill facility emissions must be reported to the authorities (E-PRTR) in the European Union to comply with the objectives

of EU directives if they meet certain criteria, such as emitting more than 100 ktCH4 yr
−1 or receiving more than 10 t d−1 or

having a total capacity of more than 25 kt (European-Parliament, 2006). This reporting is usually carried out using bottom-45

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 facility

emissions. Commonly used measurement techniques are ground based measurements of the gases by closure chambers, scat-50

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

1Converting CO2;eq to CH4 by using a factor of 28.
2see footnote 1.
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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., Ren

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.,55

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 thermal

imagers (e.g., Tratt et al., 2014). These allow not only precise leakage detection, but also emission quanti�cation. Moreover,60

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 not

to a detail possible by their high spatial counterparts.65

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

ing the capabilities of active airborne remote sensing measurements for such endeavours. Active remote sensing instruments

are independent of sunlight because they use a laser as their own source of electromagnetic radiation. In contrast to airborne70

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, measure 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�ectiv-

ity of the ground scene and any inaccuracies in the knowledge of the absorption cross-sections. However, Wolff et al. (2021)75

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. 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, both80

designed to capture atmosphericCH4 column gradients. Thus, we obtain both high-precision transects and spatial context,

which supports a more robust interpretation of the observedCH4 column enhancements. Moreover, these remote sensing mea-

surements are complemented by auxiliary in situ measurements ofCH4, CO2 and 3D winds in support of the remote sensing

data. It was the �rst time that this payload was �own aboard the same aircraft acquiring spatially and temporally collocated

active and passive remote sensing measurements side-by-side for the acquisition of atmosphericCH4 column observations.85

The greenhouse gas lidar CHARM-F (CO2 andCH4 Atmospheric Remote Monitoring Flugzeug) is an airborne demonstrator
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for the future satellite mission MERLIN (MEthane Remote Sensing LIdar missioN, Ehret et al., 2017). The passive imaging

MAMAP2DL (Methane Airborne Mapper 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 202290

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 high 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 and95

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 observations

(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), the100

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).

2 Methods and Data

2.1 Campaign and Instrumentation

Below we describe the waste treatment facilities that were the targets of the research �ights, and the �ight strategy used to105

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 by the DLR, Deutsches Zentrum für Luft- und

Raumfahrt, type: Gulfstream G550). The retrieval algorithms used to derive theCH4 columns are explained next. This is

followed by a description of the observedCH4 columns. Finally, we derive the methane �uxes, i.e. the methane emission rates,

using the plume cross-sections.110

2.1.1 Target Description and Flight Strategy

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 complex 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 in-115

cluding the largest biomethane plant in Spain (Calero et al., 2023), which is also one of the largest in Europe (UABIO, 2022).

Additionally, it contains land�ll sites such as the non-operating Valdemingómez land�ll (40.331� N, 3.580� W) equipped with a
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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 spread120

over an area of� 0.9 and 0.6km2 for the inactive Valdemingómez and the active Las Dehesas sites, respectively. More de-

tails 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 around 53kt of waste being dumped in 2022

(Spanish-PRTR, 2025b), and the already closed parts of the land�lls are equipped with gas recovering system (MdS, 2024).

The topography around these land�ll sites shows some variability, ranging from about 550 to 700m a:g:l: with a small valley125

between the two sites 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 2022CH4 emissions for the two

facilities "VERTRESA-URBASER, S.A. UTE (UTE LAS DEHESAS)"3 and "DEPOSITO CONTROLADO DE RESIDUOS

URBANOS DE PINTO"4 are 0.2t h � 1. Both sites are classi�ed as "land�lls" according to the European-Parliament (2006,

Regulation (EC) 166/2006 E-PRTR, Annex I). We assume that these reported values are representative for the two investi-130

gated areas, which include land�lls and waste treatment plants, as 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 calcu-

lation methodology) and 'C' (for calculation) using 'issue factors', and 'CRM' (for measurement methodology by means of

certi�ed reference materials) and 'M' (for measurement) using 'electrochemical cells' for the Las Dehesas and Pinto land�lls,135

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.

To properly investigate emissions from these two land�lls, dedicated �ight patterns where the aircraft is levelled (so called

�ight legs) were aligned perpendicular to the forecasted wind direction (Fig. 1). The over�ight time was between 13:00 and140

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.

D2 in the Appendix D1 shows time-resolved wind pro�les for the time measured in the measurement area). For later emission145

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

from the sources at 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 high spatial

3E-PRTRSectorCode / Name: 5 / Waste and wastewater managements, mainActivityCode: 5.(d), land�lls, EU-Registry Code: 003510000, PRTR Code:

3510 (Spanish-PRTR, 2025a).
4E-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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Figure 1.Top-view of the �ight path of the HALO aircraft during the test �ight over Madrid. An overview map in Google Earth of the Iberian

Peninsula is shown in(a) and Madrid is marked by the white cross. Panel(b) shows a zoom-in of the Pinto land�ll, outlined with a solid

cyan line. Panel(d) displays the Valdemingómez Technology Park (VTP), marked with a solid magenta line. In the same panel, the closed

Valdemingómez land�ll is shown in pink, and the open Las Dehesas land�ll is highlighted in 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).

resolutionCH4 imaging data. Remote sensing observations were collected upwind of each of the land�lls to account for150

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 were

repeated twice. Afterwards, the aircraft descended to the altitudes optimal for in situ measurements, �ying four legs downwind155

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 Instrument

MAMAP2DL (Methane Airborne Mapper 2D - Light) is a light-weighted airborne imaging greenhouse gas sensor for mapping160

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 (for
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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 .

details, see Sect. 2.2.1). MAMAP2DL comprises a grating spectrometer and records spectra in the range between 1558 and165

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 28 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).

Each optical �bre is mapped onto around 6 usable lines on the chip which are binned to increase the signal-to-noise-ratio before170

further analysis. For the Madrid �ight, the exposure time for a single readout was between 40 and 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 has

its heritage in the non-imaging greenhouse gas sensor MAMAP (Gerilowski et al., 2011) built at IUP UB in 2006. MAMAP2DL175

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.,

2011), power plant clusters (Krings et al., 2018), and were part of a model validation study for power plant emissions (Brunner180

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.

7



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.

2.1.3 Active CHARM-F Remote Sensing Instrument

CHARM-F (CO2 andCH4 Remote Monitoring - Flugzeug), developed and operated by DLR, is an IPDA lidar instrument185

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 wave-

lengths in the near infrared at� 1645nm for CH4 and � 1572nm for CO2. These two laser pulses propagate through the

atmosphere until they are backscattered at a surface. From the backscattered intensities entering the detector, absolute column-190

averaged mixing ratios of carbon dioxide (X CO2 in ppm) and methane (X CH4 in ppb) below 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) radiation

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 a195

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

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

measurement capacity proved to be very valuable for an independent quality assessment of the data. The received signals are200

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.
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In the context of this study, we only make use of theX CH4 measurement, which is fully independent of theCO2 chan-

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

respectively.205

Previous work has shown that CHARM-F measurements are suitable for quantifyingCH4 andCO2 emission sources (Ame-

diek et al. (2017); Wolff et al. (2021)). Furthermore, CHARM-F serves as a technology demonstrator for the MERLIN space-

borne methane lidar that will measure methane columns globally starting in the late 2020s (Ehret et al., 2017).

2.1.4 Auxiliary Data

In support of the remote sensing data, we use additional measurements from in situ instruments aboard the HALO aircraft and210

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 from

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. Measurements215

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.

A critical parameter for the �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 data220

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 of� 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 the225

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,

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.230

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 in

ERA5.
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2.2 Retrieval Algorithms

The following subsections describe how atmospheric columns are derived from the measured spectra in the case of the passive235

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

2.2.1 CH4 Column Anomalies by MAMAP2DL

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 version240

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.

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.245

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 as

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 Earth250

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

for details).

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 a255

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).

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 lower260

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-

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 main265
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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).

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, and270

�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 are

largely unaffected by constant offsets and slow drifts in the methane column. Our conversion into total columns and comparison

with predicted values from the Copernicus Atmosphere Monitoring Service (CAMS) global inversion model (CAMS, 2023)

suggest an offset of less than 0.5%. See Appendix C3 for more details.275

2.3 Common Columns

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

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-F280

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 (CAMS,

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.285

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-

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 the290

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 number

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

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 the BL only, requires a correction factor like described in the text.
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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 legs295

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 applied

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 computed300

by

Fcs = f �
X

i

� Vi � � x i � ui � cos(� i ); (1)

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 retrieved305

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 element

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. The310

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,

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 entire315

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 background

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.320

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 available

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-

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.

section is sampled with a suf�cient number of points (i.e. every 10m) so that changing this sampling has also effectively no325

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

FM2D, cs = f � � x � u � cos(� ) �
X

i

� Vi (2)

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 all330

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.

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

FM2D, leg =
P n

i =1 FM2D, csi

n
; (3)
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wheren is the number of cross-sections of one leg. The errors of the �uxes for one cross-sectionFM2D, cs and of the average335

�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.

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 MAMAP2DL340

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

�xed MAMAP2DL viewing angle approximately in the middle of the swath because the effect of the distortion is 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.345

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 areas

in the measurement area for the respective instrument:

FM2D or CHARM-F, ar-aver=

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 is350

representative of the total emissions from the measurement area.

3 Results

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 in355

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 Pinto

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 each360

other.

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

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.
7'ar-aver' stands for areal averages.
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