

  remotesensing-09-01052




remotesensing-09-01052







Remote Sens. 2017, 9(10), 1052; doi:10.3390/rs9101052




Review



MERLIN: A French-German Space Lidar Mission Dedicated to Atmospheric Methane



Gerhard Ehret 1,*, Philippe Bousquet 2, Clémence Pierangelo 3, Matthias Alpers 4, Bruno Millet 3, James B. Abshire 5, Heinrich Bovensmann 6, John P. Burrows 6[image: Orcid], Frédéric Chevallier 2[image: Orcid], Philippe Ciais 2, Cyril Crevoisier 7, Andreas Fix 1[image: Orcid], Pierre Flamant 7,8, Christian Frankenberg 9, Fabien Gibert 7, Birgit Heim 10, Martin Heimann 11,12, Sander Houweling 13,14, Hans W. Hubberten 10, Patrick Jöckel 1[image: Orcid], Kathy Law 8, Alexander Löw 15,†, Julia Marshall 11, Anna Agusti-Panareda 16[image: Orcid], Sebastien Payan 8, Catherine Prigent 17, Patrick Rairoux 18[image: Orcid], Torsten Sachs 19[image: Orcid], Marko Scholze 20 and Martin Wirth 1





1



Deutsches Zentrum für Luft- und Raumfahrt (DLR) Oberpfaffenhofen, Institut für Physik der Atmosphäre, 82234 Weßling, Germany






2



Laboratoire des Sciences du Climat et de l’Environnement (LSCE), LSCE-IPSL (CEA-CNRS-UVSQ), IPSL, 91191 Gif sur Yvette, France






3



Centre National D’Etudes Spatiales(CNES), 31400 Toulouse, France






4



Deutsches Zentrum für Luft- und Raumfahrt, Raumfahrtmanagement (DLR), 53227 Bonn, Germany






5



NASA Goddard Space Flight Center (GSFC), Greenbelt, MD 20771, USA






6



Institute of Environmental Physics, University of Bremen, 28359 Bremen, Germany






7



Laboratoire de Météorologie Dynamique (LMD), Ecole Polytechnique, 91128 Palaiseau, France






8



Laboratoire Atmosphères, Milieux, Observations Spatiales (LATMOS), IPSL, CNRS-UVSQ-UPMC, 75005 Paris, France






9



NASA Jet Propulsion Laboratory (JPL), Pasadena, CA 91109, USA






10



Alfred-Wegener-Institut (AWI), Helmholtz -Zentrum für Polar- und Meeresforschung, Telegrafenberg, 14473 Potsdam, Germany






11



Max-Planck-Institut (MPI) für Biogeochemie, 07745 Jena, Germany






12



Division of Atmospheric Sciences, Department of Physics, University of Helsinki, 00100 Helsinki, Finland






13



SRON Netherlands Institute for Space Research Utrecht, 3584 CA Utrecht, The Netherlands






14



Department of Earth Sciences, Vrije Universiteit, 1081 HV Amsterdam, The Netherlands






15



Faculty of Geosciences, Department of Geography, Ludwig-Maximilians-Universität (LMU), 80539 München, Germany






16



European Centre for Medium-Range Weather Forecasts (ECMWF), Reading RG2 9AX, UK






17



Centre National de la Recherche Scientifique (CNRS), Observatoire de Paris, 75016 Paris, France






18



Institut Lumière Matière, UMR5306 Université Lyon 1-CNRS, Université de Lyon, 69622 Villeurbanne, France






19



Helmholtz-Zentrum Potsdam—Deutsches GeoForschungsZentrum (GFZ), Telegrafenberg, 14473 Potsdam, Germany






20



Department of Physical Geography and Ecosystem Science, Lund University Box 117, 221 00 Lund, Sweden









*



Correspondence: Gerhard.Ehret@dlr.de; Tel.: +49-8153-28-2509






†



Deceased.









Received: 26 August 2017 / Accepted: 2 October 2017 / Published: 16 October 2017



Abstract

:

The MEthane Remote sensing Lidar missioN (MERLIN) aims at demonstrating the spaceborne active measurement of atmospheric methane, a potent greenhouse gas, based on an Integrated Path Differential Absorption (IPDA) nadir-viewing LIght Detecting and Ranging (Lidar) instrument. MERLIN is a joint French and German space mission, with a launch currently scheduled for the timeframe 2021/22. The German Space Agency (DLR) is responsible for the payload, while the platform (MYRIADE Evolutions product line) is developed by the French Space Agency (CNES). The main scientific objective of MERLIN is the delivery of weighted atmospheric columns of methane dry-air mole fractions for all latitudes throughout the year with systematic errors small enough (<3.7 ppb) to significantly improve our knowledge of methane sources from global to regional scales, with emphasis on poorly accessible regions in the tropics and at high latitudes. This paper presents the MERLIN objectives, describes the methodology and the main characteristics of the payload and of the platform, and proposes a first assessment of the error budget and its translation into expected uncertainty reduction of methane surface emissions.
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1. Introduction


Monitoring methane (CH4) atmospheric concentrations from space is an important but challenging scientific problem.



It is important because human-induced emissions and land use changes make the global concentration of CH4 increase and contribute to additional radiative forcing with other increasing greenhouse gases, ultimately leading to the rise of the global mean Earth surface temperature [1]. Methane emissions have various sources, mostly anthropogenic (~2/3), which can be grouped around three processes [2]: the biogenic anaerobic degradation of organic matter by archaea (natural wetlands and inland waters, enteric fermentation and manure, rice cultivation, waste management, termites); the thermogenic formation in the Earth’s crust under high temperatures and pressure (natural degassing of the Earth’s crust, exploitation of fossil fuels); and the pyrogenic combustion of biomass under low-O2 condition (biomass and biofuel burning). Even if total methane emissions are estimated with a global uncertainty of only 5–6% by atmospheric-based studies, this uncertainty increases to 20–30% for process-based estimates, and individual sources have uncertainties on the order of 30–40% for anthropogenic sources and larger than 100% for some natural sources (e.g., freshwater emissions, e.g., [2]).



Methane dry-air mole fractions have been directly measured with high accuracy (better than 0.1% in the last years, [3]) at reference ground-based stations since the late 1970s [4]. The surface networks have developed throughout the years and, today, provide more than 150 regularly sampled or continuous point measurements at the surface or along tall towers [3]. They are complemented by regular vertical profiles and transects by small airplanes in the planetary boundary layer (e.g., [5]) or by commercial aircraft [6,7] and by some regional aircraft campaigns (e.g., [8,9,10]). The concept of AirCore [11] has also offered the possibility to measure vertical profiles of greenhouse gases (GHG) from the surface to the stratosphere (up to 30 km). On the remote-sensing side, the Total Carbon Column Observing Network (TCCON) uses ground-based Fourier transform spectrometers (FTS) to measure atmospheric column abundances of CH4 and other molecules using solar absorption spectroscopy in the near-infrared spectral region [12]. This surface-based remote-sensing technique makes use of sunlight, and can only be performed throughout the day during clear sky conditions, with the sun typically at least 10° above the horizon. During the last years solar absorption spectrometry, using backscattered sunlight detected with a spectrometer on an aircraft [13], was used to estimate CH4 emissions from strong and localized point sources like coal mine [14] ventilation shafts, or landfills [15], for instance.



Surface-based CH4 observations have been used for decades to estimate CH4 sources using data-driven methods and atmospheric inversion techniques, which optimally combine observed mole fractions ratios, some prior knowledge about emissions and sinks, and an atmospheric transport and chemistry model linking emissions and sinks to atmospheric observations (e.g., [2,16,17]). Converting atmospheric observations to surface emissions has been done mostly from global scale to regional scale (e.g., [2]). However, recently, various multi-institution collaborations have developed methodologies for the quantification of methane emissions in urban environments such as in Indianapolis (Indiana) or Los Angeles (California) in the United States (e.g., [18,19,20,21]). The importance of the monitoring of GHG surface fluxes based on atmospheric observations has grown in the context of climate change mitigation after the Paris climate agreement, because it in principle allows emissions and their changes to be tracked with independent data from country-based declarations to the United Nations Framework Convention on Climate Change (UNFCCC).



The inversion systems inferring CH4 emissions from CH4 mole fractions are limited by the quality of the underlying atmospheric transport model used (e.g., [22,23]) and by the uneven distribution of surface observations in space and time (e.g., [24]). Some key regions for the biogeochemical cycles of GHGs remain extremely difficult to access for long-term scientific activities because of their remote location or their political situation (e.g., the Arctic, tropical forests, some African countries). In addition, industrialized regions often have many different sources of CH4 from, for example, livestock, fuel extraction and waste—some of them concentrated in hotspot regions—which requires high spatial density surface networks to separate and quantify those sources individually [25].



In this context, measuring CH4 from space becomes important, as it offers a drastic improvement in observational capacity to potentially provide either global coverage of CH4 concentrations on a regular temporal basis (solar synchronous orbits), or regional coverage with continuous observations during daytime (geostationary orbits).



However, the monitoring of a trace gas such as CH4 from space at a sufficient precision and accuracy to determine the changes in the plume resulting from changes in surface emissions is challenging. This is because the magnitude and variability of the absorption signal measurable at the top of the atmosphere for atmospherically relatively long-lived gases such as CH4 is relatively small in comparison to the changes in reactive gases such as O3 and CO, for example. Further, the accurate retrieval of these small changes is limited by the knowledge of spectroscopic parameters and of other atmospheric species which may have overlapping absorptions in the same spectral region. Recent progress in the methane spectroscopy in the near-infrared should reduce uncertainty in retrievals (e.g., [26]). CH4 fluxes emitted from the surface result in small changes in the spatial distributions of the above CH4 dry column mole fraction (e.g., typically a few ppb, and up to a few tens of ppb, on a day-to-day basis and at a typical model spatial resolution of 200 × 200 km, (see Science Plan of MEthane Remote sensing Lidar missioN (MERLIN) [27] with most of the variation happening in the boundary layer. The level of measurement uncertainty that is required in this context to identify such changes above atmospheric background (~1800 ppb) is typically lower than ±2% for the total measurement error, with low systematic errors. Such an already ambitious objective for a space-based measurement of methane columns is still far from the recommendation of the World Meteorological Organisation (WMO) for surface in situ observations of atmospheric methane, which is to be better than ±2 ppb (<0.1%, for point in situ measurements [28]).



In the decade beginning in 2000, two passive instruments were launched into sun synchronous orbits and have provided column-averaged dry air mole fractions (XCH4) using shortwave infrared absorption spectrometry (SWIR). Between 2002 and 2012, the Scanning Imaging Absorption spectrometer for Atmospheric CHartographY (SCIAMACHY) was operated on board ESA’s (European Space Agency) ENVIronmental SATellite [29,30,31,32,33,34]. In January 2009, the JAXA (Japan Aerospace Exploration Agency) satellite Greenhouse Gases Observing SATellite (GOSAT) was launched with the TANSO-FTS instrument [35,36]. Global and regional inverse modelling of CH4 fluxes made use of SCIAMACHY [37,38,39,40,41] and GOSAT [22,42,43] satellite retrievals to infer CH4 emissions. Passive SWIR instruments offer a limited coverage in cloud-covered regions and in high latitudes from the autumn to the spring equinox. Instruments based on thermal infrared (TIR) spectroscopy can retrieve XCH4 at high latitudes, but are much more sensitive to mid-troposphere concentrations than to concentrations in the boundary layer where CH4 emissions occur. Recently, CH4 data from SCIAMACHY and GOSAT was also used to detect and quantify local emission hotspots from oil/gas production and coal mining (e.g., [44,45]). Although it offers very low sensitivity in the boundary layer, data from Infrared Atmospheric Sounding Interferometer (IASI) flying on the European MetOp satellite series since 2006 [46] also provides statistically consistent methane emissions [42].



Passive satellite data have brought a new vision of the space-time distribution of CH4 atmospheric mole fractions that complements that from the surface observations, albeit with comparatively lower precision and accuracy. The use of SCIAMACHY to infer CH4 emissions in global inversions necessitates the use of accurate radiative transfer models in the retrieval of XCH4, which account for scattering by cirrus and aerosol. As a result of the loss of a SCIAMACHY detector at the end of 2005, instrumental noise increased, resulting in XCH4 retrieval uncertainties increasing up to 40 ppb [38,40,47]. Although GOSAT retrievals still present significant biases [31,48], these data represent an important improvement both for random and residual systematic errors, the latter being now estimated to be only 4–6 ppb on individual column soundings [48].



Several passive missions aiming to measure CH4 (Table 1) are scheduled to be launched in the upcoming years. TROPOMI on ESA Sentinel 5 Precursor is planned to be launched in 2017 [49], followed by JAXA-NIES-MOE GOSAT-2 in 2018 [50]. NASA plans the geostationary mission geoCARB [51] to be launched after 2020, while CNES and EUMETSAT are preparing the next generation of IASI (IASI-NG, 2021) [52] and ESA-EUMETSAT are preparing UVNS/Sentinel 5 (2021). In this context of the evolving development of passive instruments, the MEthane Lidar missioN (MERLIN) proposes an active measurement of XCH4 by employing an IPDA (Integrated Path Differential Absorption) nadir-viewing Lidar instrument [53,54,55,56]. As described below, this new technique has the potential to deliver global coverage during all seasons and with low systematic errors. In view of this potential benefit, the development of Lidar sensors for the measurement of CH4, and also CO2, has attracted increasing attention. Several experimental setups have been tested by different groups, each using slightly different approaches [57,58,59,60,61,62,63]. Recent efforts in the framework of NASA’s ASCENDS (Active Sensing of CO2 Emissions over Nights, Days, and Seasons) mission proposal have led to a significant step towards an active CO2 sensor in space (NASA report on ASCENDS, and references therein [64]). For CH4, reports on active airborne measurements are still sparse [65]. CHARM-F, DLR’s new airborne IPDA Lidar instrument for CH4 and CO2, has just recently been completed and tested on the German research aircraft HALO (High Altitude and Long Range Research Aircraft) for the first time [66]. Initial results from this campaign show a high measurement precision (<0.5%) for both species, even in strongly varying geophysical conditions (mountain-like topography, surface albedo jumps, water surfaces, atmospheric aerosol load, and cloudy conditions).



MERLIN is a joint French (CNES) and German (DLR) space mission, with a launch scheduled for the timeframe 2021/22 (Table 1). The development of the payload is the responsibility of the German space agency (DLR), while the platform (MYRIADE Evolutions product line) is that of the French space agency (CNES). The IPDA technique foreseen for MERLIN relies on DIAL (Differential Absorption Lidar) measurements using a pulsed laser emitting at two frequencies around a methane line multiplet at 1.64 µm. One wavelength is accurately locked to a spectral feature of the CH4 absorption manifold, minimizing any small frequency shifts, to diminish potential systematic errors. The other frequency is selected to have negligible CH4 absorption and is used as the reference. The MERLIN instrument concept, the measurement approach, and frequency selection are similar to the CHARM-F instrument, mentioned above. An Optical Parametric Oscillator (OPO) pumped by a Nd:YAG laser will serve as the MERLIN transmitter to make use of DLR’s long-term experience with such devices for atmospheric water vapor profiling [67]. With respect to space application, this technical concept will benefit from ESA’s laser development program in connection to the Earth Explorer Aeolus (ALADIN) and EarthCARE (ATLID) [68]. Further heritage on the instrument readiness level is provided by the NASA/CNES CALIPSO mission that uses high average power Nd:YAG lasers as Lidar transmitters in space over a period of more than 10 years [69,70]. To mitigate the risk of the spaceborne pump laser development for MERLIN, the conceptual design will make use of the so-called “Future Laser System” FULAS development, which is a cooperation between ESA and DLR to advance spaceborne laser technology [71].



This active method does not require reflected sunlight, and enables measurements to be made in all seasons at all latitudes, during daylight and night. The differential approach, the size of the laser spot (~120 m at the surface along the track), and the selective sampling guarantees low systematic errors (target < 3.7 ppb) and measurements in broken cloud condition, with almost no contamination by aerosol or water vapor. MERLIN observations promise to enhance the effective constraints brought by satellite data on methane surface emissions once assimilated into atmospheric modelling systems. Given the experience in the development and operation of previous Lidar missions in space, a mission lifetime of three years for MERLIN appears feasible.



In this manuscript, the MERLIN mission objectives (Section 2), the methodology employed (Section 3), the different mission elements (Section 4), a first analysis of the expected performances (Section 5), and conclusions are presented.




2. Mission Objectives


The overarching scientific goal of the French-German Climate Mission MERLIN is to provide atmospheric constraints to improve our knowledge of the global methane emissions and sinks. This scientific goal is to be achieved by the development, launch and operation of an Earth observation satellite in the framework of a French-German cooperation. The mission aims to provide information on the global methane cycle at all latitudes, including the still-underexplored regions such as tropical lands and high latitudes. The measurements are consequently of relevance for climate change research, and with respect to the monitoring approach needed for the implementation of the Paris Climate Agreement signed during COP21 in December 2015. Indeed, CH4 is a potent greenhouse gas, and has interesting mitigation options due to its limited lifetime of approximately nine years [77] which is shorter than that of most other anthropogenic greenhouse gases, thus offering a variety of mitigation opportunities in different sectors (e.g., [2,78,79]). It is therefore important to measure its atmospheric variations with time and to develop methods to estimate its sources and sinks independently from the Intended National Determined Contributions (INDCs) provided by the signatory countries.



The main scientific objective of MERLIN is to deliver column-weighted dry-air mole fractions of CH4, referred to as XCH4 along the satellite sub-track with a targeted random error better than 27 ppb (Table 3, 50 km averaging along the satellite track, as illustrated in Figure 1) and a systematic error better than 3.7 ppb (68% interval). As a novel feature, the MERLIN mission will use pulsed narrow-bandwidth laser radiation, thus not relying on sunlight or Earth infrared emission. With a range-gated receiver for detection of the signals reflected from the Earth’s surface or from optically thick clouds, the MERLIN instrument will distinguish surface from cloud or aerosol backscatter, permitting high-precision retrievals of XCH4 in the presence of particle layers with low optical depth, such as thin cirrus or aerosol. In the presence of optically thick clouds, the Lidar beam can reach the surface when gaps between clouds occur due to the near-nadir view and the small Lidar ground spot. MERLIN can also provide XCH4 measurements above dense stratiform clouds to be used as a reflective target instead of the surface target. As MERLIN has its own transmitter, its observations will produce data at high latitudes, in winter and at night. MERLIN XCH4 will complement and enhance the existing observation systems for GHG monitoring, complementing surface-based, balloon, aircraft and passive satellite observations. In addition to XCH4, the MERLIN products will also include information on secondary climate-relevant parameters, for example, cloud top heights, surface retro-reflectance and, potentially, canopy height. MERLIN XCH4 will nicely complement existing measurement techniques by providing XCH4 where either surface networks (tropics, high latitudes) or other satellites (high latitude winter, night, some cloudiness conditions) provide no or only sparse observations in space and time.



MERLIN will deliver maps of XCH4, built from XCH4 measurements using an original Bayesian approach [80] that provides daily global maps of XCH4 with reliable (in the statistical sense) associated uncertainties in the form of a full space-time covariance matrix. These maps will be used, together with their error statistics, to rigorously compare the retrievals with distant validation data, in the absence of a target mode for MERLIN.



The main scientific goal of the MERLIN mission is to contribute to the estimations of CH4 sources and sinks using atmospheric inversions in order to reduce uncertainties in the global CH4 cycle. Indeed, MERLIN should provide insights for the different scientific communities working on CH4 sources and sinks including activities around land-surface modelling, emission inventories, and atmospheric chemistry. With a revisit time of 28 days and the ability to measure at all seasons, MERLIN will help constrain surface sources and sinks from seasonal (e.g., changes in gas leaks from winter to summer) to annual scale (e.g., evolution of regional sources during the three years of the mission). The inverse modelling used to convert the atmospheric columns into source estimates is not formally part of the MERLIN mission scope handled by space agencies. Uncertainties in the estimates of CH4 sources and sinks from XCH4 products suggest that several modelling groups should develop their own approaches, as was done for previous GHG missions. Ensemble atmospheric inversions have proven to be more robust than individual studies to represent the remaining uncertainties in the global methane cycle (e.g., [27]) Hence, by providing global and low-biased XCH4 data, MERLIN will help reducing uncertainties both in the global and regional methane cycle (Section 5).



One further objective of the MERLIN mission is to deliver XCH4 retrievals to operational centers such as the Copernicus Atmosphere Monitoring Service [81] at the European Centre for Medium range Weather Forecasts (ECMWF), which assimilates satellite GHG observations to initialize its GHG forecasts [82]. Following this objective, the MERLIN mission plans to deliver these products within two days of acquisition, as it is currently implemented for the GOSAT data used within CAMS.



MERLIN will also be a scientific and technological demonstrator. On the scientific side, if XCH4 has the expected performances in terms of systematic errors, MERLIN will provide the first very low-biased space-based GHG data. Such low-biased data will be highly useful to the scientific community, especially for atmospheric inversions. This will in turn facilitate the evolution of verification systems to test the GHG emissions reported at the country level, that is, independent data complementary to the country declarations to the UNFCCC based on inventories. Until now, only country-based declarations from inventories have been used to officially report GHG emissions. In the case of CH4, inventories are associated with large errors because those emissions are often fugitive, related more to processes controlling emissions than to a measurable feedstock or pool. Atmospheric inversions can provide a complementary approach. This is especially true for changes (inter-annual variations, trends, etc.) in regional to global emissions, which can generally be more safely inferred than total annual emissions because (at least) some systematic errors vanish when looking at the difference between two time periods (e.g., [16,83]). The success of MERLIN would open the possibility to develop, jointly with surface observations and passive missions providing CH4 imagery, inversion frameworks for the monitoring of regional CH4 emission changes with time. Such an alternative to country declarations is critical for the success of the implementation of the Paris Climate Agreement. On the technological side, the success of a Lidar mission for greenhouse gases on a microsatellite would open a path to further Lidar system developments. By offering campaign possibilities, the validation phase of MERLIN is the occasion to stimulate research and test new technologies, including ground-based or aircraft-based remotesensing approaches and to prepare future active GHG missions.




3. Methodology


As a novel feature, MERLIN will make use of the IPDA Lidar technique to derive XCH4. The envisaged methodology and basic measurement concept has been developed in the framework of two dedicated ESA studies [84,85] to support the Advanced Space Carbon and Climate Observation of Planet Earth (A-SCOPE) study for CO2 [86], and subsequent studies focusing on CH4 [55,87]. The Lidar instrument measures the reflected or scattered radiation from the Earth’s surface and from cloud tops along the satellite footprint as depicted schematically in Figure 1. For each measurement, the ground spot will be illuminated by spectrally narrow laser pulses having slightly different frequencies in the 1.64   μ  m spectral domain, commonly denoted as online and offline frequencies, respectively. To be sensitive to the CH4 concentration changes close to the Earth’s surface, the online frequency will be accurately positioned on the wing of a pressure-broadened CH4 absorption line. In contrast, selection of a frequency position on the CH4 absorption line center would give highest sensitivity in the stratosphere. In general, the absorption feature of spectrally narrow laser radiation is determined by the Weighting Function (WF), which in principle describes the relative contribution of an atmospheric layer at pressure p to XCH4 (see Figures 1 and 2 in [53] and Equation (3)). The spectral precision is possible since the spectral width of the laser pulses is set by the constructor at about 60 MHz (FWHM). Hence, it can be regarded as being quasi-monochromatic compared to the pressure-broadened CH4 absorption line of about 3 GHz (FWHM). As in usual laser differential-absorption methodology, each online measurement is accompanied by corresponding offline measurement that serves as a reference exhibiting significantly less CH4 absorption. Both online and offline frequencies are sequentially emitted with a very short time delay (   Δ t ~ 250   μ s   ) in order to observe near-identical light paths and surface scattering properties.



The signals received by the payload can be described using the hard target Lidar equation [53]:
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For both frequencies, P is the instantaneous light power entering the detector area from reflecting target at range rT, D is the total optical efficiency, A is the size of the telescope area, O the overlap function between laser ground spot and the field of view (FOV) of the receiving telescope at the target, ρ [sr−1] is the target reflectance parameter defined as the reflected power towards the receiver divided by the incident power, τon,off is the one-way atmospheric transmission, Eon,off are the emitted pulse energies at both frequencies which slightly differ in real lasers systems, and Δteff is the effective pulse length, given by the time spread of the structured target, the temporal length of the emitted pulses, and the detector impulse response time. By applying the Beer-Lambert law, the Differential Atmospheric Optical Depth (DAOD) with respect to CH4 is given by the ratio Poff/Pon of the measured Lidar signals:
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In this equation, mCH4 is the dry-air mixing ratio of CH4 at a given distance r’, qH2O is the water vapor mixing ratio, nair is the number density of air, and σon,off denotes the respective molecular absorption cross sections for the selected online and offline frequencies. The integration runs from top of the atmosphere (TOA) down to the target distance rT. On the right-hand side of Equation (2) a further term appears that sums all other DAOD contributions from interfering gases, notably H2O and CO2. In principle, the contribution of these spectroscopic terms can be minimized by a careful selection of the quasi-monochromatic laser frequency position within a chosen CH4 absorption band, which should be almost free from interfering gases. As a unique side effect of our approach, investigations revealed that the water vapour interference can be significantly further reduced by applying the so-called water vapor compensation mode [55,88]. It is based on the idea of choosing the offline position within a water vapour line such that a measurable water vapor DAODH2O appears, which then partly compensates the water vapour contribution related to the dry-air mixing ratio calculation (left hand side of Equation (2)). It is worth mentioning that the scattering and extinction properties of the atmosphere can be regarded to be identical for both frequencies and will not contribute to a measurement bias, which is a key asset of the proposed measurement principle. A further advantage of using pulsed lasers relates to the known light path, which is indisputably defined by the viewing geometry of the Lidar instrument and the round-trip time of the transmitted laser pulses with typical pulse lengths of a few tens of nanoseconds. However, small amounts of multiple scattering from penetration of optically thick aerosol layers and optical thin cirrus clouds could impact on the length of the light path, and thus can give rise to a measurement error. This impact will be suppressed by choosing a narrow transmitter divergence in conjunction with a narrow receiver field of view.



For modelling purposes it is convenient to introduce pressure coordinates using the hydrostatic equation in combination with the ideal gas law. By this convention, the column-integrated dry-air mixing ratio of CH4 can be calculated from measured DAOD using the following identity:
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where
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denotes the weighting function. This function contains the differential absorption cross section for methane, given as function of pressure and temperature, g is the acceleration of gravity, Mair and MH2O are the masses of dry air and water vapour molecules, and qdry is the water vapour mixing ratio with respect to dry air. Information of the observed air mass is obtained from the integration of WF, spanning the column between pressure 0 at TOA and pT the pressure at the location of the target (e.g., laser footprint on the target). Note that to obtain this information by passive remote sensing, an additional oxygen channel is required. If the target is the Earth’s surface, pT will be the surface pressure psurf. It will be derived using operational analyzes from Numerical Weather Prediction (NWP) centres, after correction for a pressure change given by the target height, commonly denoted Surface Scattering Elevation (SSE), as shown in the conceptual drawing of Figure 2.



The elevation correction can be calculated assuming hydrostatic equilibrium:


    p  s u r f   =  p  N W P   exp  [    S S E −  Z  N W P     − R ·  T  N W P    ( p )    g  ]    



(4)




where TNWP(p), pNWP, and ZNWP are the modelled vertical temperature profile, surface pressure and the surface elevation of the NWP analyses for the grid box in which the measurement is located. R denotes the gas constant for air. SSE is an ancillary data product that results from knowledge of the orbit height, instrument pointing, and measurement of the distance to the target (rT) given by laser ranging methods. The geophysical auxiliary parameters (surface pressure, temperature profiles and water vapour profiles) are provided by (NWP) centres. Absorption cross sections of methane and other “interfering gases” for the desired temperature and pressure ranges are derived from line-by-line calculations using updated spectroscopic databases in combination with numerical models for the calculation of the integrated weighting function [26]. This method can also be applied to infer additional information on partial CH4 columns above cloudy scenes by taking the signal reflected (scattered) by cloud particles at cloud tops [66]. In that case, pT will be the pressure at cloud top height and SSE corresponds to the height of the cloud top above ZNWP.




4. Mission Elements


The MERLIN mission concept as detailed in Section 3 is driven by the need to fulfil the scientific objectives and requirements for accurately measuring XCH4, as discussed in Section 2. Besides the satellite, other mission elements such as the orbit, data processing and validation will have a strong impact on the quality of the products. These mission elements are described in the following.



4.1. Space Segment


The space segment of MERLIN is comprised of a mini-class satellite carrying only one scientific instrument, an IPDA Lidar system operating in a near-nadir-viewing configuration (Figure 3). To share the philosophy of a joint development between France and Germany, the satellite uses a modular approach with a clear separation between the payload provided by Germany (DLR) and the platform module from France (CNES). Figure 4 illustrates the assembled Lidar instrument with its various subsystems attached. All optical units (laser head, telescope, star tracker) are mounted on a common stiff optical bench with an isostatic interface to the spacecraft panel. Other subsystems, such as the Instrument Control Unit (ICU), Frequency Reference Unit (FRU), and Laser Electronics Unit (LEU), will be hard-mounted on a secondary structure, which also contains a thermal interface to a radiator not shown in this figure. The online and offline pulses in the 1.64 µm spectral domain are generated by the laser head (Figure 4b) consisting of an OPO that is pumped by a pulsed single-frequency Nd:YAG laser at 1.064 µm. By means of injection seeding using a continuous wave (cw) single-frequency laser system at 1.64 µm, the OPO provides itself spectrally narrow pulses which can be tuned to the desired frequency position within the absorption profile of the selected molecular transition. The spectral properties of the transmitted OPO pulses (frequency, spectral profile) are controlled by means of the FRU, indicated as the green box in Figure 4a. To ensure narrow-band and spectrally stable operation of the OPO, its cavity must be matched to the frequency of the seed lasers. A CH4-gas cell in combination with an interferometric standard serves as a frequency-calibrated wavemeter. This enables spectral control of both the seed lasers and transmitted pulses on a shot-by-shot basis. As outlined in Section 3, the IPDA Lidar method is not free from “internal” radiometric calibration needs and requires the knowledge of the ratio of outgoing online and offline pulse energies at similar accuracy as requested for the measurement of the Lidar signals. In order to account for ageing of the detector, this measurement will be performed by the same Lidar detector. For this purpose, an integrating sphere is used to attenuate the calibrating laser beam to a power level that is comparable to the received Lidar signals. Initial breadboard studies revealed that this concept for the relative pulse energy measurement in principle works well, but at the expense of introducing a further error source. The integrating sphere gives rise to a speckle pattern, which is not stationary within the relevant timing sequence (~7 s) due to small temperature drifts. Investigations show that this kind of error source can sufficiently be suppressed through the implementation of a synthetic high frequency speckle generator. Such device can be regarded as an additional white noise source and therefore does not increase systematic errors in the IPDA Lidar measurement [89].



Further optical elements, which will be traversed by the outgoing beam, include the Active Pointing Control (APC) and the transmitter telescope to ensure that the outgoing OPO pulses are centred on the telescope receiver footprint of about 200 m in diameter. For the latter, an off-axis Cassegrain-like telescope (with a diamater of about 69 cm) in bi-static configuration has been selected. This configuration satisfies both the scientific requirements of a large signal collection area and possible launch constraints for a piggyback satellite, which calls for a rather compact instrument in the x-direction (see Figure 3 and Figure 4a). The collected signals pass an optical filter for background light rejection and are focused on a low-noise, single-pixel detector with a relative large sensitive area of about 200 µm (circular diameter). For MERLIN, a commercially available Avalanche Photo Diode (APD) that does not require extra cooling was chosen as the detector. To fulfil the demanding measurement performance, an intensive evaluation and critical selection program in connection to breadboard activities has been initiated and will continue over the development phases of the instrument. The goal is to select the best-qualified device on the market.



With respect to operations, the instrument will collect data without interruptions all over the orbit. The targeted pulse-pair sampling rate is 20 Hz, while the pulse energy for each OPO pulse amounts to 9.5 mJ. The overall sizing of these major instrument parameters was driven by the needs to fulfil the observational requirements and to fit platform resources and overall mission costs. The proposed transmitter concept is expected guarantee stable instrument operation throughout the envisaged mission lifetime of 3 years. With respect to timing, the round-trip time of the emitted pulses and received echoes from the Earth’s surface is about 3.4 ms for a 500 km orbit height. Since only one detector unit is used, the online and offline pulses are not transmitted simultaneously. A temporal separation of about 250 µs will be applied to avoid possible signal ambiguities due to interfering Lidar signals from polar stratospheric clouds (PSC) or strong aerosol layers in the stratosphere after a big volcanic eruption. As a result of this small time delay, the online and offline ground spots will be separated by about 2 m, which is regarded as negligible compared to the spot diameter of about 100 m (90% of encircled energy). The maximum sampling distance between two shot-pairs of the MERLIN measurements amounts to about 350 m, which is given by the ground spot velocity of about 7 km/s and the pulse-pair sampling rate of 20 Hz. Single shot- pairs are then averaged during the on-ground processing on 50 km windows (about 142 shot- pairs).



The near infrared spectral region around 1.6 microns was preselected to minimize the sensitivity to atmospheric temperature and aerosol loading and cross-sensitivities to other trace gases (mainly CO2 and H2O). Four candidate line multiplets and associated pairs of online/offline frequencies were identified and considered. The final choice is the R6 multiplet at a frequency of 6077 cm−1 (corresponding to 1.645 μm in vacuum), which promises higher measurement sensitivity to CH4 molecules residing in the planetary boundary layer (PBL). In reference to the A-SCOPE study, the decision was based on calculation of a scaling factor for each candidate line that expresses the fractional amount of absorption taking place in the PBL (e.g., up to 850 hPa [86]. It turned out that the preferred R6 multiplet yields a scaling factor that is 25% to 35% larger with respect to the other candidate lines, and about 23% with respect to an instrument with a constant weighting function (as illustrated in Figure 5).



A further important aspect for implementation of the envisaged payload is the need to minimize systematic errors that may arise from “small” laser frequency instabilities or unknown Doppler shifts caused by instrument/satellite pointing errors. These mainly spectral-based error sources can seriously impact the systematic error budget of IPDA Lidar measurements, as analyzed to some depth in the framework of the A-SCOPE report for CO2 [86]. In the case of MERLIN, however, a dramatic relaxation of the required frequency knowledge can be achieved by tuning the online position close to the trough minimum of the one-way optical depth spectrum, as illustrated in Figure 5. For this frequency position, the measured DAOD is rather immune to small changes of the laser frequency, as shown by the derivative function with respect to frequency. Further details of the error budget are given in Section 5.



The platform considered for MERLIN strongly benefits from the MYRIADE Evolutions Program, which is an enhancement with respect to the original MYRIADE concept of small satellite series. The new concept offers the MERLIN instrument payload to allocate more power (around 150 W) and a greater mass (around 140 kg). The bus structure is a rectangular parallelepiped with dimensions of 98 × 102 × 58 cm3. The main improvements are a new structure compatible with a satellite mass up to 470 kg (limited to 430 kg on MERLIN due to launcher capacities); an increased solar array capacity and power supply; a more effective propulsion system; an improved Attitude and Orbital Control System (AOCS); an increased capacity for payload data storage; improved reliability figures, and; obsolescence handling and finally compatibility with low orbits (addressing atomic oxygen issues). The Lidar payload is housed on the upper panel of the platform. Some platform units are located close to the instrument: two star tracker optical heads with their baffle, two solar arrays, one X-band antenna and a sun sensor notably to take into account a sun avoidance mechanism.




4.2. Mission Orbit


The selection of the MERLIN orbit (see Figure 6) is driven by the following considerations. To reduce sampling biases in the estimation of the methane sources, rather homogeneous measurement coverage in space and time is generally preferred. Of particular importance are measurements over ecosystems such as tropical and boreal wetlands, which are poorly monitored by the existing surface network. In practice, however, the measurement coverage of a Lidar will be limited by the overpass positions and frequency, and the presence of optically thick clouds. As an optimal compromise, a near-polar orbit to observe all latitude zones providing good samples of all climate zones over the continents and the oceans has been chosen. Even though the sampling of diurnal variations is not the focus of the mission, the choice of a sun-synchronous orbit at a local time of the ascending node LTAN = 06:00 or 18:00 appears preferable. At these times, the relatively stable sun-illumination condition and, therefore, stable thermal environment, helps to mitigate possible biases related to instrument frequency drifts or transmitter pointing issues. At both 06:00 and 18:00 local time, the low sun elevation angle reduces the amount of solar flux reflected from the surface to the satellite and thus limits the noise caused by the background light. Of key importance is the selection of a low orbit height of about 500 km in order to maximize the signal strengths that directly impacts measurement precision considering the limited power of the OPO. Orbit cycling of 28 days allows for overpasses within a circle of 50 km of all ground reference stations (notably TCCON) on a monthly basis which will help the long-term validation of the satellite measurements. The eclipse phase will be ≤20 min for each orbit during winter times, which in principle allows continuous operation of the instrument throughout the mission. All relevant orbit parameters are listed in Table 2.




4.3. Data and Products


The precise measurements performed by MERLIN require a careful processing, with reliable algorithms, to ensure the final performance of the mission. A Payload Data Processing Centre (PLDP) will operationally produce and distribute the official products of the mission to the users by request. The level 1 to level 3 products will be made publicly available, while access to the level 0 data will be restricted to expert users. In the following the individual products and processing steps are briefly described.



Level 0 (L0) data consist of raw data containing the backscattered signals for each individual laser shot pair, auxiliary data, and some geometric information (latitude, longitude) in a chronological data sequence. The ordering of the data and its cutting into individual products of one orbit is done in this L0 processing step.



Level 1a (L1a) products consist of vertically resolved, pulse energy corrected Lidar data on a shot-by-shot basis. The processing steps include removal of background signals and performing minor non-linearity corrections. The vertical sampling of this product is 2 m below an altitude of about 3 km. This corresponds to the length of the range bin given by the speed of the Analog-Digital-Converter (ADC), which is 75 MHz. It is 50 m (sum of 25 range bins) between 3 and 20 km and 200 m (sum of 100 range bins) between 20 and 40 km, respectively. The vertical resolution of the Lidar signals (e.g., the length of uncorrelated vertical backscatter signals) is 30 m, which is given by the limited bandwidth of the detection electronic chain. L1a product will be complemented by the ensemble of parameters that are necessary to go from L0 data to L1a product. This complement will be gathered as the level 1p data and distributed to experts on request.



Level 1b (L1b) products consist of DAOD values both on single shot-pair basis and for an averaging window (nominal 50 km to improve the signal-to-noise ratio (SNR), about 142 shot- pairs). The first processing step is to retrieve the range distance from satellite to the hard target, which is done by a sophisticated search of the maximum value using the offline measurement due to the higher SNR. An integration of the vertical signal around the hard target echo provides the signals Poff,on from Equation (1) and a similar algorithm yields Eoff,on. The DAOD is then computed for each shot-pair. The retrieved range, combined with knowledge of the altitude and attitude of the spacecraft, also serves to refine the geolocation and determine the SSE. Once this shot-by-shot processing is performed, an average value of DAOD for a window of 50 km is computed, combining about 142 shot-pairs [66,90]. Note that the averaging distance might change in accordance to a changing albedo. A clear sky only averaging is also realized.



Level 2 (L2) products consist of the column-weighted dry-air mole fraction of methane (XCH4), at the scale of both single shot-pairs and across the averaging window. The processing includes NWP analyses to obtain the pressure, temperature and humidity information needed to apply Equations (3) and (4) and compute the weighting function. The random error associated with XCH4 is also computed. For the averaged product, the last processing step consists of removing the bias introduced by the averaging of noisy signals [91].



Level 3 (L3) products consist of XCH4 maps. Processing incudes the visualisation of the L3 products using gap-filling and comparison with independent distant XCH4 measurements. A Kalman-filtering algorithm, as described in [80], will be applied.



Aside from these data products directly delivered by the MERLIN mission, level 4 (L4) data products are methane surface fluxes at various temporal and spatial scales, obtained through assimilation in transport models. Level 4 data products will be provided by scientists at various scientific research institutions using lower level MERLIN data.



In the context of the overall mission objective, additional geophysical products can be derived from MERLIN mission using the above mentioned L1a products. They might provide information about the surface (topography, estimates of the vegetation height and occasionally information on the vertical structure, Lidar retro-reflectance) and the atmosphere (cloud boundaries, including cloud base for small-to-moderate cloud optical thickness). Their retrieval will be left to individual scientific groups worldwide.




4.4. Validation


The overall goal of validation is to assess the usefulness of the main MERLIN products for their intended scientific application [90]. In practice, the MERLIN data and products will be compared to temporally and spatially coincident measurements performed by independent instrumentation from various platforms and from a variety of locations around the globe. To infer the data quality over the mission lifetime, both long-term and campaign-based validation activities are foreseen. For this, the full suite of the existing, high-accuracy and reliable techniques, including flask sampling and remote sensing, will be used (e.g., [3,12,24]). The Total Carbon Column Observation Network (TCCON), which has been developed and already successfully deployed for validation of space-based passive GHG sensors, is regarded as a beneficial validation infrastructure, since it consists of various stations distributed over the globe [12]. Of particular importance for validation are balloon-borne and airborne in situ sensors, both providing profile information on CH4, which can be converted to XCH4 using Equation (3) (e.g., [8,11]). In situ sensors provide the most accurate data calibrated against the WMO standard, thus promising the highest level of confidence [24]. Furthermore, aircraft are quite flexible, providing temporally and spatially coincident measurements almost anywhere on the globe (e.g., in data-sparse regions without any information, or far away from ground-based measurements). The validation of the DAOD (L1b) products will benefit from co-located flights with the airborne MERLIN demonstrator CHARM-F introduced in Section 1 [66]. This instrument will use identical measurement frequencies and a similar viewing geometry for a direct inter-comparison of the airborne DAOD values to the MERLIN observations, which is particularly helpful for validation over orographically structured terrain and areas with changing surface reflectivity. In the case of the high-flying HALO aircraft (up to 15 km altitude), about 95% of the CH4 column as seen by MERLIN can be captured by airborne validation. The remaining part of the profile (above the aircraft) will be taken from simulations of state-of-the-art atmospheric chemistry and transport models, as well as from co-located in situ profiles acquired by balloons. In order to fly more frequently, the installation of CHARM-F on the SAFIRE (Service des Avions Français Insrumentés pour la Recherche en Environnement) Falcon aircraft will be considered. Synergies of validation with other space missions scheduled for the early 2020s are also foreseen (e.g., GOSAT II, Sentinel 5P, MICROCARB for CO2 and IASI-NG for broader atmospheric composition).





5. Performance


The main, albeit indirect, scientific objective of the MERLIN mission is to reduce uncertainties on CH4 sources and sinks, from global to regional scales. This is done through atmospheric flux inversions, using the information (L2 products) on atmospheric CH4 columns (XCH4) provided by MERLIN (see introduction and Section 2). To be confident in these uncertainty estimations, a multi-model assessment is necessary accounting for the full error budget for L2 XCH4, including both random and systematic errors.



5.1. XCH4 Error Budget


The random error is usually defined as the part of the error which tends towards zero when enough independent data are accumulated. For practical issues, in order to get a definition that can be easily handled when estimating the instrument error budget, we define the random XCH4 error as the part of the error with spatial and/or temporal evolution at high frequency (i.e., >1 Hz), with zero mean over the mission lifetime, and the systematic error as either varying at low frequency (i.e., <1 Hz), or being dependent on the scene observed. This ensures that the random error is strictly non-correlated between two measurements (defined after a 50 km averaging, thus separated by about 7 s). Consequently, the horizontal averaging of data described in Section 4 leads to a reduction of error by square root of N, with N being the number of shot-pairs considered in the averaging process. Table 3 shows the user requirement related to these two types of errors.



The “threshold” requirement is the minimum requirement to ensure that the MERLIN products are useful for CH4 emission retrievals by inverse modeling. The “breakthrough” requirement is an intermediate requirement level that provides a significant improvement to the current satellite observation system and, given the current status of the instrument development, is regarded as the optimum from a cost-benefit point of view. The “target” requirements represent a tremendous improvement relative to what is achieved today and may be achieved by a follow-on MERLIN-type instrument. We note that the requirements in Table 3 apply to a total column with vertically constant weighting function. As illustrated in Figure 5b, MERLIN’s online frequency has been chosen to obtain a weighting function with enhanced sensitivity in the boundary layer (about at least 1.23 higher than in the upper part of the atmosphere), yielding more variability in the XCH4 retrieval. This offers the possibility to relax the requirements applying to MERLIN in Table 3 by a factor 1.23, making the actual targeted random error to be better than 27 ppb and the actual targeted systematic error better than 3.7 ppb (A-SCOPE-Report for CO2, Figure 4.1, p. 43 in [86]). The actual target for random errors is between threshold and breakthrough values of the user requirements (Table 3). The (already ambitious) actual target for systematic errors is at the threshold level.



The MERLIN system specification requirements (column 5 of Table 3) result from parameter analysis of the various error contributors as described in the following. As the processing of MERLIN data up to level 2 can be written in a fully analytical form, the error budget is estimated mostly through an analytical approach based on derivative computations from Equations (1)–(4). The random error on XCH4 mostly depends on the random error of the measured DAOD, coming from the signal-to-noise ratio of the instrument. The error contributors to XCH4 from the weighting function, such as the random part of the error from Numerical Weather Prediction (NWP) external data (temperature, surface pressure and humidity) or from spectroscopy, or from the target Scattering Surface Elevation (SSE) estimation, are negligible. Indeed, an upper estimate of the random error part arising from surface pressure (from NWP models and SSE) and spectroscopy errors is about 5 ppb compared to about 20 ppb for instrument-related errors. As the errors must be summed up quadratically, this contribution can thus be neglected. The error from the DAOD itself comes from several contributors, the first being the instrument noise. Half of it comes from detector noise, and the other part from amplifier noise and signal shot noise. Thanks to the orbit selection (dawn-dusk), the solar contamination is rather low and the background signal shot noise is almost always negligible. Other potential error sources such as speckle noise and the noise from internal calibration chain have been minimized by design of these subsystems, as outlined in Section 4.



The main part of the random error depends on the geophysical situation: It is mainly related to the surface reflectivity and to the aerosol load, which directly relates to the signal strength, and secondly to the surface pressure and other elements with minor impact (e.g., slope of terrain, CH4 concentration, solar elevation angle, etc.). The performances are given in Table 4 for a typical reference scene with reflectivity 0.1 sr−1 (typical of a vegetation surface), a median aerosol load, and a SSE (related to surface pressure) of 300 m, which corresponds to median altitude over land. A worst-case situation corresponds to sea and snow areas, where the 50 km random error might reach 50 to 100 ppb. In that case, the random error can be reduced by further averaging.



For the systematic error, the situation is rather different than for the random error. Indeed, as shown in Table 5, there are many contributors, which have roughly the same magnitude: (i) the DAOD measured by the payload; (ii) the error on the surface pressure; and (iii) the error on the weighting function. The first one is caused by the yet limited variations of the on/off ratio between the atmospheric and the internal calibration path, and by the as-yet-unknown residual of non-linearity after the correction of the detector. The second one comes from both the uncertainty of NWP products and the error of SSE estimation (including platform altitude, attitude and Lidar ranging contributors). Regarding the third contributor, the cross-section knowledge depends on external parameters (temperature profile from NWP, spectroscopic parameters), but also of the Lidar itself, through the knowledge of the emitted frequency. As explained in Section 3, the “online” frequency has been chosen to be in a local minimum of the CH4 manifold in order to reduce the sensitivity to laser stability. Moreover, the Doppler effect is minimized by the choice of an across-track pointing angle of −1°, for which the Doppler effects caused by the Earth rotation and the satellite movements almost compensate (a negative sign means the line-of-sight points east at the Ascending Node). Thus, the residual frequency error resulting from our limited knowledge of FRU measured frequency and the Doppler effect is almost negligible. For the error arising from the use of humidity profiles obtained from NWP, an optimal position of the offline wavelength guarantees a minor impact, due to compensating effects between the error impact on the water vapor DAOD corrective term and on the weighting function, as explained in chapter 3. Finally, the processing itself may contribute to the systematic error through the introduction of scene-dependent biases, for example in the horizontal averaging step [91].



The errors for individual contributors of Table 5 are obtained either from the basic equations of processing, or with more detailed simulations, for example for the errors related to frequency which combine the uncertainty of the emitted wavelength, the FRU characteristics, the Doppler effect, and so forth. Then, they are summed quadratically as they are independent. A more detailed description of the modelling of the error is outside the scope of this paper and will be given in a further publication.




5.2. Random and Systematic Error Scenarios


In order to transfer the errors on level 2 products to errors on flux estimates (level 4), global spatial and temporal patterns of both random and systematic errors have been generated for cloud-free observations.



As explained above, the random error mainly depends on the signal intensity measured by the instrument that depends on the ground reflectance and atmospheric transmission. Thus, the random error maps of level 2 data are obtained as a simple function of surface reflectance and aerosol optical depth, both provided by observations with the Moderate Resolution Imaging Spectrometer (MODIS) which is operated on NASA satellites.



Through the analysis of the root cause of systematic error, geographical patterns have been attributed to each component of the systematic error (e.g., the error on SSE coming from limited knowledge of the platform exact altitude is expected to lead to orbital effects and thus produce a systematic error pattern linked to latitude). The six following individual patterns were defined: seasonal; latitudinal; proportional to surface pressure; proportional to topography variations, and; proportional to the product of surface albedo and atmospheric transmission. The amplitude of each pattern of systematic error was obtained by analysis of the error budget. By combining the six individual patterns with + or − signs, we obtained a full set of 32 different mixed scenarios of systematic error global maps. A detailed description of the error patterns on global basis will be given in a dedicated study of a follow-on paper.




5.3. Expected Uncertainty Reductions on Surface Emission


The spatially distributed scenarios of random and systematic errors described above for MERLIN have been integrated into an atmospheric inversion simulator that converts uncertainties in XCH4 into uncertainties on surface emissions using an inversion system (based on [92]). This simulator has the originality to carry both random and systematic error (Philippe PEYLIN, pers. Comm.). Although relatively marginal at sounding level (±3.7 ppb on global scale, value from the MERLIN system specification requirement), the systematic errors have a larger influence than the random errors on the regional CH4 emission estimates because they are not reduced by data averaging accounting for both types of errors. Expected uncertainty reductions on CH4 emissions are found on average to be 59% for the continental tropics (30°S–30°N), 84% for continental mid-latitudes (30°N–50°N), and 53% for continental high latitudes (above 50°N, Figure 7). The largest uncertainty reductions are achieved for temperate regions. Uncertainty reductions obtained for the aggregated boreal regions is 53% on average, indicating that MERLIN still brings constraints for high northern latitudes, contrary to most passive SWIR missions. For tropical regions, the score for uncertainty reduction is mostly influenced by desert regions and the choice to distribute systematic errors partly on albedo to represent potential driver of nonlinearity effect of the MERLIN detector. More details and regional analyses will be provided in follow-up papers.



Unsurprisingly, once the instrument is flying, systematic errors are expected to be the main limiting factor to use XCH4 to reduce uncertainties on CH4 emissions. Nevertheless, the MERLIN error budget presented here is considered an important step towards anticipating the major causes and magnitudes of MERLIN systematic errors. Using validation measurements, it should be possible to correct some of these systematic errors, thus reducing their impact on the error budget. Most surely, some other unexpected errors will appear or expected ones will be different in their space-time distribution or magnitude. Although the ambitious systematic error targeted by MERLIN calls for caution before the mission is operating, these first results on the end-to-end error budget of MERLIN are very encouraging, highlighting the ability of MERLIN to provide useful information for the global CH4 cycle.





6. Conclusions


The overall goal of the French-German Climate Mission MERLIN is to reduce uncertainties on our knowledge of the global methane budget. For this purpose, the scientific objective is to deliver observations of atmospheric methane from space for all latitudes using a satellite based on an innovative Lidar instrument. The programmatic goal is to develop, launch and operate this satellite in French-German cooperation to provide relevant information about the global CH4 cycle. Since atmospheric CH4 is the second-most important anthropogenic greenhouse gas, MERLIN will give insight into the nature and variety of its sources which will offer interesting opportunities in the context of climate change—also the context of the implementation of the Paris Agreement signed during COP21 in December 2015.



MERLIN will deliver column-weighted dry-air mole fractions of CH4, referred to as XCH4, along the satellite sub-track (level 2 product) with arandom error better than 27 ppb (50 km averaging along the satellite track) and a (1-sigma) systematic error of better than 3.7 ppb. The mission serves as a scientific and technological demonstrator for a trace gas Lidar in space that will use the differential absorption measurement principle. The low-biased data will be highly useful to the scientific community, especially for atmospheric inversions estimating CH4 emissions from XCH4 products. In particular, the mission will provide complementary information to the ground-based network and to passive satellite sensors that are limited either by insufficient sunlight (NIR-sensors) or lack of sensitivity to CH4 molecules in the planetary boundary layer (PBL) (IR-sensors). The combined use of different data sets (including in situ observations) in a single model parameter optimization framework offers the perspective of applying the concept of carbon cycle data assimilation (e.g., [93]) to CH4. Such a combined use of different data sets in a consistent manner will certainly be challenging, but potential inconsistencies will provide directions for improvements.



The methodology proposed for the MERLIN observations is well demonstrated by ground-based and airborne measurements. It involves the measurement of the DAOD using Lidar signals at two distinct frequencies in the vicinity of a CH4 absorption line originating either from ground or cloud top as the target. The measured DAOD values are converted to XCH4 by means of auxiliary meteorological data from NWP and spectroscopic information. To observe all latitude zones for year-round observations, a sun-synchronous, near-polar orbit was selected.



The MERLIN space segment is comprised of a mini-class satellite carrying only one scientific instrument, which is the IPDA Lidar system operating in near-nadir-viewing configuration. A Nd:YAG pumped OPO will serve as the MERLIN transmitter operating in the 1.64 µm spectral domain. The platform benefits from the French MYRIADE Evolutions Program, which is an enhancement of the original MYRIADE concept of small satellite series. The development of the payload also benefits from CHARM-F, the airborne MERLIN demonstrator and from European space laser development efforts at ESA and DLR (ALADIN, ATLID, FULAS).



MERLIN provides three levels of products, which will be made publicly available. Level 1 processing comprises vertically resolved Lidar data up to a height of 40 km at three different vertical sampling rates, as well as the generation of DAOD products on different horizontal averaging intervals (baseline is 50 km). Level 2 processing yields XCH4 and level 3 products will consist of corresponding maps using an original Kalman-filtering algorithm.



The full suite of the existing, high accuracy and reliable techniques, including flask sampling and passive remote sensing (e.g., TCCON), will be used for validation of the MERLIN products as long as the mission is operating. Of particular importance for campaign-based validation are balloon-borne and airborne in situ sensors, as well as airborne remote sensors such as CHARM-F, the DLR’s IPDA Lidar instrument operated onboard the German research aircraft HALO. The latter serves as an airborne demonstrator for MERLIN, as it uses identical transmitter frequencies and viewing geometry. To prepare for the validation exercise, a pre-launch campaign will take place, possibly involving both German (HALO) and French (SAFIRE) aircraft.



A first analysis of an end-to-end error budget revealed that the following CH4 surface uncertainty reduction can be achieved by the MERLIN observations for the different regions: 59% for the continental tropics (without the Sahara dessert); 84% for continental mid-latitudes, and; 53% for continental high latitudes. This performance relies to nominal random errors, modelled with a dependency on the surface reflectivity and aerosol load (as a reference case, of 24.3 ppb on XCH4, dominated by the DAOD related error with an impact of 23.1% on XCH4). The situation is quite different for the calculated systematic error budget of 3.1 ppb where several contributors show similar errors. However, the largest impact of 2.3 ppb arises from assumed detector non-linearity. Uncertainty reductions obtained here for the aggregated boreal regions (+53% on average) indicates that MERLIN observations will further constrain flux estimates at high northern latitudes, contrary to most passive missions.



A successful MERLIN mission will provide the first low-bias, global, spaceborne IPDA Lidar data for an anthropogenic greenhouse gas, allowing for the significant improvement of our knowledge of the global CH4 budget. The MERLIN mission will open the path for future active remote sensing missions dedicated to the monitoring of greenhouse gases from space.
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Figure 1. Schematic diagram of a two-frequency Integrated Path Differential Absorption (IPDA) Lidar measurement. It makes use of the small fraction of emitted laser radiation which is reflected by a “hard” target (i.e., the Earth’s surface or a cloud top) towards the instrument’s receiver, and subsequently converted into electrical signals by a photodetector. Both signals from online and offline pulses are digitized and corrected for the energy of the emitted laser pulses which are monitored within the instrument. Many such pulse-pairs are accumulated along the instrument’s ground track to increase the measurement precision. The ground reflectivity and beam attenuation from contributors other than the trace gas are typically constant at the very narrow spectral scale of a molecular absorption line, as shown using dashed lines in the right-hand corner. 
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Figure 2. Conceptual drawing illustrating on the definition of Surface Scattering Elevation (SSE) and local surface pressure psurf according to the description in Section 3. 
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Figure 3. MERLIN satellite with the IPDA Lidar instrument from DLR attached on the MYRIADE evolution platform from CNES. Copyright Airbus Defence and Space. 
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Figure 4. (a) IPDA-Lidar instrument with all subsystems integrated, (b) assembled laser head (will be mounted upside down on the optical bench). Copyright Airbus Defence and Space. 
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Figure 5. (a) One-way optical depth (thick black line) and its first derivative (thin dashed line) for the selected R6 multiplet around a frequency of 6077 cm−1. The simulation is based on Voigt-profile calculations using the HITRAN database with US Standard Atmosphere. The thin solid line corresponds to the one-way optical depth for selected on-line frequency marked by the dashed arrow. (b) Corresponding pressure-based weighting function for the selected online frequency. 
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Figure 6. (a) Example of global ground track density for the 28-day repeat cycle. (b) Ground track density over Europe per month. The yellow spots indicate the Total Carbon Column Observing Network (TCCON) ground reference stations considered for long-term validation. 






Figure 6. (a) Example of global ground track density for the 28-day repeat cycle. (b) Ground track density over Europe per month. The yellow spots indicate the Total Carbon Column Observing Network (TCCON) ground reference stations considered for long-term validation.



[image: Remotesensing 09 01052 g006]







[image: Remotesensing 09 01052 g007 550] 





Figure 7. Uncertainty reduction on methane emission (%, y-axis) for three latitudinal bands (x-axis) for MERLIN (orange) using the scenarios developed to represent MERLIN random and systematic errors. Sahara pixels, with very low methane flux and high albedo, have been removed from the 30°N-30°S barplot. 
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Table 1. Comparison of MEthane Remote sensing Lidar missioN (MERLIN) mission with other past, current, decided, or proposed missions measuring methane with characteristics that are suitable for source estimation.
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	Parameter/Information
	MERLIN
	SCIAMACHY
	GOSAT
	GOSAT-2
	Sentinel 5P TROPOMI
	Sentinel 5
	IASI
	geoCARB
	IASI-NG





	Agencies
	DLR/CNES
	DLR/NSO/ESA
	JAXA
	JAXA
	ESA/NSO
	ESA
	CNES/EUMETSAT
	NASA
	CNES/EUMETSAT



	Orbit
	Low sun synchronous
	Low sun synchronous
	Low sun synchronous
	Low sun synchronous
	Low sun synchronous
	Low sun synchronous
	Low sun synchronous
	Geo-stationary
	Low sun synchronous



	Meas. tech.
	Active Lidar
	Passive SWIR
	Passive SWIR
	Passive SWIR
	Passive SWIR
	Passive SWIR
	Passive TIR
	Passive SWIR
	Passive TIR



	Mission status
	Selected and funded
	Terminated 2012
	In orbit and functioning
	Selected and funded
	Selected and funded
	Selected and funded
	Selected and funded
	Selected and funded
	Selected and funded



	Spectr. window (µm) a
	1.64555/1.64585 b
	1.63–1.70

2.23–2.34
	1.63–1.70
	1.63–1.70

2.33–2.38
	2.31–2.39
	1.63–1.70

2.31–2.39
	3.62–15.50
	2.3–2.34
	3.62–15.50



	Launch date
	2021/22
	2002
	2009
	2018
	2017
	2022
	2006/13/18 MetopA/B/C)
	2022/23
	2021/28/35 (Metop-SG- A1/A2/A3)



	Product
	XCH4
	XCH4, XCO2, SIF, other react. gases
	XCH4, XCO2, SIF
	XCH4, XCO2, XCO, SIF
	XCH4, SIF, other react. gases
	XCH4, SIF, other react.gases
	Free trop. XCH4 and others
	XCH4, XCO2, other react. gases
	Free trop. XCH4 and others



	Revisiting time (days)
	28
	6
	3
	6
	1
	1
	1
	2–8 h c
	1



	Smallest spot size (km2)
	0.15 × 0.15
	30 × 60
	Circular

10 km diam.
	Circular

10 km diam.
	7 × 7
	7 × 7
	12 × 12
	4 × 5 d
	12 × 12



	Soundings/s
	20
	3
	0.25
	0.25
	215
	215
	215
	~250
	215



	Overpass time (local)
	06:00/18:00
	10:00
	13:00
	13:00
	13:30
	9:30
	09:30/21:30
	Continuous during daylight
	09:30/21:30



	References
	This paper
	[32,72]
	[73]
	[50]
	[74]
	[75]
	[46]
	[76]
	[52]







a Only windows for CH4 detection are listed; b Online/offline wavelengths; c At continental scale; d Resolution at roughly 30°. The resolution is degraded when latitude increases. German Space Agency (DLR); French Space Agency (CNES); SCanning Imaging Absorption spectroMeter for Atmospheric CHartographY (SCIAMACHY); Greenhouse Gases Observing SATellite (GOSAT); shortwave infrared absorption spectrometry (SWIR); Netherlands Space Office (NSO); European Space Agency (ESA); Japan Aerospace Exploration Agency (JAXA); thermal infrared (TIR); Tropospheric Monitoring Instrument (TROPOMI); solar-induced chlorophyll fluorescence (SIF); National Aeronautics and Space Administration (NASA); European Organisation for the Exploitation of Meteorological Satellites (EUMETSAT); geostationary carbon cycle observatory (geoCARB); new generation of infrared atmopsheric sounding interferometer (IASI-NG).
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Table 2. Satellite and orbit parameters for MERLIN. Optical Parametric Oscillator (OPO).
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	Platform
	MYRIADE Evolutions





	Satellite Mass (Platform+Payload):
	430 kg



	Satellite Power (Platform+Payload):
	500 W



	GPS receiver:
	2 sensors



	Star tracker:
	2 optical Heads



	Payload:
	IPDA Lidar for Methane



	Mass allocation:
	140 kg



	Power allocation:
	150 W



	Laser transmitter type:
	Nd:YAG pumped OPO



	Online frequency:
	6076.9896 cm−1



	Offline frequency:
	6075.97 cm−1



	Pulse energy:
	9.5 mJ



	Pulse length:
	20 ns



	Time lag between on/offline transmission:
	250 µs



	Pulse-pair repetition rate:
	20 Hz



	Receiving telescope size:
	69 cm



	Detector type:
	Avalanche Pin Diode (APD)



	Spot size on ground
	100 m (90% encircled energy)



	Orbit:
	Sun synchr. polar, low Earth orbit (LEO)



	LTAN:
	06:00 h or 18:00 h



	Height:
	~500 km



	Inclination:
	97.4°



	Repeat cycle:
	28 days



	Attitude control:
	3 axis stabilized
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Table 3. User requirements for MERLIN (1-sigma error). * The values in brackets correspond to the actual targets after applying a correction factor of 1.23 to account for the actual MERLIN weighting function with enhanced sensitivity in the boundary layer (see text).
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Parameter

	
User Requirements

	
MERLIN System Specification Requirement




	
Threshold

	
Breakthrough

	
Target






	
XCH4 random error

	
36 ppb

	
18 ppb

	
8 ppb

	
22 ppb (27 ppb *)




	
XCH4 systematic error

	
3 ppb

	
2 ppb

	
1 ppb

	
3 ppb (3.7 ppb *)




	
Spatial coverage

	
Global

	
Global

	
Global

	
Global




	
Resolution

	
Horizontal: 50 km averaging; vertical: total column
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Table 4. Total budget for XCH4 random error obtained by combining specified values for contributors. The current best estimate of the budget (24.3 ppb) is compliant when accounting for the actual weighting function with enhanced sensitivity in the boundary layer (27 ppb, see Table 3).
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	Parameter
	Random Error
	Impact on XCH4





	Differential Atmospheric Optical Depth (DAOD)
	1.3%
	23.14 ppb



	SSE
	10 m
	2.57 ppb



	Surface pressure (Numerical Weather Prediction (NWP))
	2 hPa
	4.27 ppb



	Temperature
	2 K
	5.2 ppb



	Total budget based on specified values
	
	24.3 ppb
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Table 5. Total budget for XCH4 systematic error obtained by combining specified values for contributors. The current best estimate of the budget (3.1 ppb) is compliant to the observational requirements when accounting for the actual weighting function with enhanced sensitivity in the boundary layer (3.7 ppb, see Table 3).
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	Parameter
	Systematic Errors
	Impact on XCH4





	DAOD
	0.13%
	2.31 ppb



	SSE
	6 m
	1.54 ppb



	Surface pressure (NWP)
	0.2 hPa
	0.43 ppb



	Temperature
	2 profiles of bias
	0.5 ppb



	Water vapor
	4%
	0.1 ppb



	Methane cross section
	0.2%
	0.62 ppb



	Frequency
	7 MHz offset, 8 MHz systematic
	0.3 ppb



	Laser width knowledge
	5% for 100 MHz
	0.17 ppb



	Spectral purity
	-
	0.23 ppb



	Processing
	
	1 ppb



	Total budget based on specified values
	
	3.1 ppb











© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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