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Abstract. A differential absorption lidar (DIAL) based on
an Er:YAG laser was used to retrieve methane concentration
profiles within the mixed layer along a near-horizontal line
of sight (4° above the horizontal) from the École Polytech-
nique site, directed northward toward the western part of the
city of Paris. The achieved precision remains below 1 % up to
a range of 3.5 km for profiles with a spatio-temporal resolu-
tion of 470 m per 20 min. The measurements were compared
with in situ observations from an ICOS (Integrated Carbon
Observation System) site located 5 km from the lidar. The li-
dar successfully captured the late stage of the dispersion of
a methane plume originating from a fire occurred at a waste-
sorting facility in the city of Paris, in good agreement with
the in situ measurements. Both random and systematic errors
in the lidar measurements are dominated by uncertainties in
the ON wavelength measurement.

1 Introduction

Methane (CH4) is the second most important anthropogenic
greenhouse gas after CO2. CH4 emissions come from vari-
ous sources, ∼ 60 % of which being anthropogenic through
three major processes: anaerobic biochemical degradation
of organic matter (wetlands, termites, livestock, rice culti-
vation, landfills); natural degassing of the Earth’s crust and
the exploitation of fossil fuels; and biomass burning under
low-oxygen conditions (Saunois et al., 2020). The terres-
trial sink of CH4 results primarily (∼ 90 %) from oxidation
by the OH radical and from chemical reactions with the Cl
radical (in the marine environment) or from heterogeneous
reactions (in dry soils). The current trend, i.e., the signifi-

cant increase of atmospheric CH4 since 2007, is not com-
patible with the Paris Agreement’s objective of limiting the
global warming to below 2 °C compared to pre-industrial
levels and requires action from the scientific community to
understand, locate, measure, and verify inventories of CH4
emissions across various spatial scales. An in-situ measure-
ment network exists at the surface (150 stations) but remains
heterogenous in time and space, while uncertainties concern
both individual processes and the regional scale. These ob-
servations are completed by vertical profiles in the tropo-
sphere (routine AIRCORE profiles) (Membrive et al., 2017),
by passive remote sensing measurements from the ground
(TCCON: Total Carbon Column Observing Network) (Zhou
et al., 2019), and, since 2003, by reconstructions of inte-
grated methane columns from space (SCIAMACHY, IASI,
TANSO-FTS (GOSAT), TROPOMI) (Buchwitz et al., 2000;
Clerbaux et al., 1998; Butz et al., 2011; Lorente et al., 2021;
among others). Private nanosats (e.g., GHGsat, Bluefield,
methaneSAT) also have objectives for estimating local indus-
trial sources.

Differential absorption lidar (DIAL) is well suited tool
to monitor CH4 concentration in the atmosphere, as it en-
ables three-dimensional mapping of anthropogenic methane
plumes, vertical profiling in the troposphere and study of
the atmospheric transport when combined with wind mea-
surements. Note that global observations from space are also
foreseen in a near future with the development of the MER-
LIN CH4 lidar mission (launch is currently planned to 2029)
(Ehret et al., 2017).

The expected lidar performance in terms of spatial and
temporal resolution, as well as measurement precision, de-
pends on the intended application. From a ground-based per-
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spective, the lidar could contribute to the validation of satel-
lite observations, in particular those from the MERLIN lidar
mission. For this purpose, high spatial and temporal resolu-
tion is not critical. An integration time of one hour combined
with a vertically integrated measurement would be sufficient
to validate the satellite observations. However, it will still be
necessary to achieve the 1 % relative statistical error on the
integrated column expected for MERLIN. For applications
aimed at methane city emission inventories, a spatial resolu-
tion of 1 km associated with a temporal integration time of
1 min and a relative statistical error on methane concentra-
tion of approximately few percent are expected (Saboya et
al., 2022). The requirements for methane flux measurements
using the eddy covariance method are the most demanding.
Indeed, this application requires, first, spatial and temporal
resolutions on the order of 100 m and 10 s, respectively, to
respect turbulence scales together with a precision on the or-
der of 1 % to obtain a 1 h mean significant geophysical flux
measurement (Nemitz et al., 2018).

Since the late 1990s, several DIAL systems have been
developed for atmospheric methane measurements. Ikuta et
al. (1999) used a Ti:sapphire laser combined with a Raman
cell to access methane absorption lines near 1.67 µm, with
a system primarily dedicated to methane leak detection at
ranges of a few hundred meters. The National Physical Lab-
oratory (NPL, UK) subsequently developed a containerized
DIAL system with scanning capabilities for field deploy-
ments, dedicated to monitoring methane emissions at indus-
trial sites (Innocenti et al., 2017). ONERA also developed a
DIAL system for industrial methane leak detection (Cezard
et al., 2020), based on fiber laser technology combined with
a Raman cell to reach methane absorption lines. Its het-
erodyne detection scheme additionally enables radial wind
measurements, opening perspectives for the quantification
of methane emission rates. Stroud et al. (2023) developed a
multi-wavelength DIAL system based on an optical paramet-
ric oscillator (OPO) laser and photomultiplier tube (PMT)
detection. The multi-wavelength capability relaxes the con-
straints on wavelength accuracy. The airborne HALO (High
Altitude Lidar Observatory) system, also based on an OPO
laser and using InGaAs avalanche photodiode (APD) detec-
tion, is primarily dedicated to integrated path differential ab-
sorption (IPDA) measurements, but has demonstrated its ca-
pability to retrieve methane profiles within the atmospheric
boundary layer (Barton-Grimley et al., 2022). Meng et al.
(2018) proposed an alternative detection approach using non-
linear optical frequency conversion (upconversion detection),
enabling the use of PMTs in the visible spectral range, where
detector performance is significantly enhanced, and demon-
strating promising potential for range-resolved methane mea-
surements. Veselovskii et al. (2019) investigated the retrieval
of atmospheric methane profiles using the Raman lidar tech-
nique. Due to the very weak Raman signal, measurements are
limited to nighttime conditions, and significant biases were
reported, potentially originating from aerosol fluorescence.

In this study, we present methane mixing ratio profile mea-
surements obtained with a DIAL system using a novel laser
source based on Er:YAG crystals (Edouart et al., 2024). This
laser technology provides high optical power with good wall-
plug efficiency and features a simpler architecture compared
to OPO-based systems. We first describe the lidar system de-
sign, then detail the data processing chain used to retrieve
methane mixing ratio profiles. Atmospheric measurements
performed along a quasi-horizontal line of sight and their
comparison with in situ observations are presented. Finally,
the main sources of random and systematic errors affecting
the lidar measurements are identified and quantified.

2 DIAL set-up

The schematic layout of the lidar system is shown in Fig. 1
and its main specifications are summarized in Table 1. The
laser source is a prototype developed in the laboratory. Its
operation and performance have been described in detail in
Edouart et al. (2024). Here, we briefly recall its main charac-
teristics. The laser cavity contains an 8 cm long Er:YAG rod
(0.25 % doping) and an acousto-optic Q-switch (AOM) en-
abling pulsed operation. The output coupler transmission is
20 %. The dichroic mirrors surrounding the Er:YAG crystal
are plane, while those around the AOM Q-switch are con-
cave with a radius of curvature of 1 m. Two linearly po-
larized Erbium-doped fiber pump lasers (IPG Photonics –
model ELR-30-1532-LP), each delivering 30 W at 1532 nm,
are combined using a polarizer to end pump the Er:YAG
crystal inside the cavity. An additional polarizer is inserted
in the cavity to enforce linearly polarized emission. Al-
though such polarization is not required for direct-detection
DIAL measurements, it enables the future implementation
of a heterodyne detection channel, thus allowing simulta-
neous wind velocity retrieval in addition to methane con-
centration measurements as it was previously done for CO2
(Gibert et al., 2015). Provided that the spatio-temporal res-
olution is sufficient, this combination could give access to
turbulent methane flux measurements using the lidar eddy-
covariance technique (Gibert et al., 2025). The laser cavity
is seeded alternately by two continuous-wave (CW) fiber-
coupled distributed-feedback (DFB) diode lasers (output
power: 15 mW), using a fast fiber switch (fSWT). This fast
fiber switch, featuring a switching time of 100 ns, is con-
figured in a dual-stage configuration, thereby providing a
crosstalk of 35 dB between the two channels. It alternates the
wavelengths on a shot-to-shot basis at the 1 kHz laser rep-
etition rate. Consequently, the DIAL measurements are re-
peated at a rate of 500 Hz. The seeders are injected into the
laser cavity through the first diffraction order of the AOM. A
booster optical amplifier (BOA) is employed to maintain an
injection power of 15 mW despite insertion losses of the fiber
components. One DFB wavelength is tuned to the center of
the methane triplet at 1645.55 nm (ON line), while the sec-
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ond is tuned close to the absorption line at 1645.39 nm (OFF
line). Each wavelength is locked to the cavity resonance by
applying an external phase modulation with an electro-optic
modulator (EOM) and implementing a Pound-Drever-Hall
(PDH) double-phase servo loop (Gibert et al., 2014). De-
spite the difference in Er:YAG gain between the ON and
OFF wavelengths, the laser emits pulses with identical en-
ergy (7 mJ) and duration (300 ns) at a repetition rate of 1 kHz,
as a differential loss is introduced by the AOM Q-switch be-
tween the two wavelengths (Edouart et al., 2024). Two fiber
couplers extract 10 % of the power from each DFB for wave-
length monitoring with a wavemeter (Bristol 621 A-IR, accu-
racy: 35 MHz @ 1645 nm). The wavelength measurement al-
ternates between the two DFBs using a fiber switch (sSWT)
toggling every 10 s, thereby tracking the slow drift of each
seeder locked to the laser cavity. The wavemeter requires a
few seconds to stabilize its measurement, therefore, a 10 s
switching interval represents a good compromise between
accurate wavelength measurement and effective monitoring
of the slow drift of the ON and OFF wavelengths. A beam
expander with a magnification of × 8 is used to reduce the
laser beam divergence to approximately 300 µrad (full angle).
Relay mirrors direct the beam vertically along the telescope
optical axis. A large gold-coated steering mirror is used to
direct the beam along a nearly horizontal line-of-sight while
reflecting the atmospheric backscattered lidar signal towards
the telescope. An elevation angle of 4° above the horizon-
tal was maintained to avoid obstacles in the line-of-sight.
The telescope is of Newtonian type, with a 50 cm diameter
primary mirror (gold-coated) and a focal length of 1.65 m.
An iris placed at the focal plane limits the detection field-of-
view (full angle) to 600 µrad. An interference filter centered
at 1645.55 nm with a 1 nm bandwidth is used to filter the
solar background while transmitting the laser wavelengths.
The telescope primary mirror is imaged onto the photo-
cathode of a photomultiplier tube (NIR PMT, Hamamatsu-
H10330C-75), and the signal is subsequently digitized by a
lidar signal acquisition module (Licel TR80-16bit-3U). The
Licel module includes two separate memory channels that
allow ON and OFF shots to be accumulated independently
while the laser alternates between the two wavelengths. The
PMT gain is limited to 3× 104 (corresponding to an applied
voltage of −400 V) in order to restrict the continuous an-
ode current generated by the solar background transmitted
through the interference filter during daytime measurements.
The Licel acquisition module can operate in both the analog
mode (voltage digitization via an analog-to-digital converter)
and the photon-counting mode. The measurements presented
here make use of the analog mode only. It should be noted
that, since the laser pulse duration is 300 ns, the spatial res-
olution of the lidar profile cannot exceed 45 m. As the li-
dar signal is sampled at 80 MSamples s−1 by the acquisition
module, corresponding to one point every 1.9 m, the profile
is therefore oversampled with respect to its actual spatial res-
olution.

The lidar system is installed on the second floor of the
laboratory, located 10 km southwest of Paris. The 45° steer-
ing mirror positioned above the telescope is mounted at roof
level, approximately 15 m above ground. The laser beam is
directed northward, toward the western suburbs of Paris.

3 Data processing

3.1 DIAL equations

The principle of the DIAL (Differential Absorption Lidar)
technique for measuring atmospheric methane profiles re-
lies on the acquisition of two lidar signals. The first one, re-
ferred to as the OFF-line profile, corresponds to a wavelength
only weakly absorbed by the atmospheric gases, particularly
methane, and serves as a reference. The second one, the ON-
line profile, is spectrally positioned on a methane absorption
line that is spectrally isolated from the absorption lines of
other atmospheric constituents and as close as possible in
wavelength to the OFF-line. Consequently, the only signifi-
cant difference between the two profiles arises from methane
absorption. From these two profiles, the differential absorp-
tion optical depth (DAOD) due to methane absorption along
the line of sight can be computed and related to the methane
dry-air mixing ratio profile by the following expression:

DAOD(R)=
1
2

ln
(
S (λOFF,R)

S (λON,R)

)

=

R∫
0

XCH4(r)nd(r)
[
σ̃CH4 (λON, r)

− σ̃CH4 (λOFF, r)
]
dr (1)

where S(λOFF,R), S(λON,R) are the lidar power profiles
at the OFF and ON wavelengths, respectively; XCH4(r) is
the methane dry-air mixing ratio profile; nd(r) is the dry-
air molecular number density profile; and σ̃CH4(λON, r),
σ̃CH4(λOFF, r) are the effective methane absorption cross-
sections at the ON and OFF wavelengths. The methane mix-
ing ratio profile is then retrieved by derivation of the previous
expression:

XCH4(R)=
α(R)

WF(R)
(2)

with α(R)=
dDAOD(R)

dR , the differential absorption coeffi-
cient, and WF(R)= nd(R)[σ̃CH4(λON,R)− σ̃CH4(λOFF,R)],
the weighting function.

The ON and OFF lidar profiles used to compute the dif-
ferential optical depth are averaged over several laser shots
and spatially integrated along the line of sight, resulting in a
coarser effective range resolution than the original sampling
resolution of 1.9 m at 80 MS s−1. Such spatial and temporal
averaging is necessary to achieve sufficient signal-to-noise
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Figure 1. DIAL set-up for methane measurements. AOM: acousto-optic modulator, PBS: polarization beam splitter, ISO: optical isolator,
HWP: half wave plate, D: detector, EOM: electro optic modulator, BOA: boost optical amplifier, fSWT: fast optical switch, sSWT: slow
optical switch, WAV: wavemeter, PI: proportional integral servo controller, PMT: photo-multiplier tube.

Table 1. Main specifications of the methane DIAL.

Transmitter Receiver

Pulse energy 7 mJ Telescope Field
of view

Diameter 50 cm/focal length 1.65 m
600 µrad (full angle)

Pulse duration 300 ns LOS elevation 4°

PRF 1 kHz
(DIAL: 500 Hz)

Filter Transmission: 0.8 @ 1645.55 nm,
bandwidth: 1 nm

Wavelengths OFF 1645.39 nm
ON 1645.55 nm

Detector NIR PMT, quantum efficiency: 1.1 % @
1645 nm, Gain: 3× 104

divergence 300 µrad (with
× 8 magnification)

Data acquisition
system

Licel TR80, bandwidth: 40 MHz, sampling
rate: 80 MS s−1, precision: 16 bit

ratios (SNR), ensuring that the ratio remains positive and that
the optical depth (Eq. 1) can be reliably computed. The ratio
of the two profiles can then be temporally integrated so that
the SNR on the optical depth becomes high enough to allow
a bias-minimized estimation of its derivative. These consid-
erations regarding the space and time integration of the lidar
profiles will be discussed in more detail in a subsequent sec-
tion.

3.2 Weighting function calculation and spectroscopy

To retrieve the methane mixing ratio profile, the DIAL
method requires the computation of the weighting function.
The effective absorption cross-sections σ̃CH4 take into ac-
count the laser spectral linewidth and possible spectral im-
purities of the emitted pulses. In the present measurements,
which are limited to the atmospheric boundary layer, the li-
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dar backscatter is dominated by Mie scattering from aerosols.
This scattering regime causes a spectral broadening of the
scattered light on the order of a few MHz, which remains
negligible compared with the methane absorption linewidths
(typically of the order of GHz). Furthermore, the spectral im-
purity of the laser source used here can also be neglected
(Edouart et al., 2024). As a result, the effective absorption
cross-sections can be considered equal to the methane ab-
sorption cross-sections at the ON and OFF wavelengths and
the weighting function can thus be expressed as:

WF(R)= nd(R)
[
σCH4 (λON,R)− σCH4 (λOFF,R)

]
(3)

The dry-air number density profile is given by:

nd(R)=
p(R)

kBT (R)

1
1+ ρw(R)

(4)

where p, T , ρw are the pressure, temperature, and water va-
por mixing ratio profiles along the line of sight, and kB is
the Boltzmann constant. In addition, the absorption cross
sections also depend on temperature and pressure. Conse-
quently, computing the weighting function requires knowl-
edge of the pressure, temperature, and water vapor profiles.
For the quasi-horizontal profiles considered here, standard
atmospheric profiles are assumed.

The methane absorption cross-sections are obtained by in-
terpolating precomputed spectral atlases with a resolution of
5× 10−4 cm−1, covering the range of thermodynamic condi-
tions encountered in the atmosphere (44 pressure levels and
12 temperature levels per pressure level). These atlases are
generated using the HITRAN2020 spectroscopic database
(Gordon et al., 2022), which includes recent improvements
in methane spectroscopic parameters (Delahaye et al., 2016,
2019). The calculations apply the Hartmann–Tran line-shape
model (Ngo et al., 2013) and account for line mixing, par-
ticularly for the methane multiplet near the ON wavelength.
Figure 2 shows the absorption spectra of methane, water va-
por, and carbon dioxide at ground level. The CO2 lines can be
neglected, whereas water vapor contributes non-negligibly to
the total absorption, especially between 1645.0–1645.5 nm
and beyond 1645.7 nm. Because water vapor concentration
can vary by more than an order of magnitude, it is essential
to select ON and OFF wavelengths with similar water vapor
absorption. Indeed, since the residual water vapor absorption
at the ON wavelength cannot be neglected without introduc-
ing a potential bias in the methane measurement, the OFF
wavelength must be selected to exhibit a water vapor absorp-
tion identical to that at the ON wavelength. This ensures that
the corresponding differential optical depth is zero and that
the potential bias is eliminated regardless of the water va-
por content (Refaat et al., 2015). The selection of the OFF
wavelength must also provide a suitable differential optical
depth for methane DIAL measurements. Three OFF candi-
dates were considered: 1645.31, 1645.39, and 1645.88 nm.
Due to the Er:YAG gain bandwidth, wavelengths beyond

Figure 2. Absorption cross sections of the CH4 multiplet near
1645.55 nm, together with those of H2O and CO2 normalized to
their relative atmospheric abundances with respect to CH4. The po-
sitions of the ON wavelength and the OFF wavelengths accessible
with the Er:YAG laser are also indicated.

1645.6 nm are difficult to reach (Edouart et al., 2024). Al-
though using 1645.31 nm as the OFF wavelength would pro-
vide a slightly larger differential optical depth, this wave-
length lies near the edge of the interference filter transmis-
sion band. Therefore, 1645.39 nm was selected as the OFF
wavelength. In the current laser configuration, the ON and
OFF wavelengths may slightly drift over time, since they are
locked to the laser cavity rather than to an absolute reference
(e.g., a methane absorption cell). As the wavelengths are con-
tinuously monitored by the wavemeter, the weighting func-
tion can be recalculated accordingly to compensate for these
drifts. However, such drifts may also lead to incomplete com-
pensation of residual water vapor absorption between the ON
and OFF wavelengths. In that case, the contribution of wa-
ter vapor must be subtracted from the measured differential
absorption coefficient prior to deriving the methane mixing
ratio profile, using either external water vapor measurements
or a modeled humidity profile.

4 Atmospheric measurements

4.1 ON and OFF lidar profiles

The lidar measurements were conducted on the morning of
8 April 2025 between 10:30 and 13:30 LT (local time). The
Licel acquisition module integrates 2000 laser shots for both
ON and OFF wavelengths in real time, resulting in ON and
OFF profiles recorded with a temporal resolution of 4 s. A
screening of the profiles is performed to eliminate those ob-
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tained with improperly seeded laser pulses, which are likely
to exhibit a non-compliant spectral profile. This screening
is carried out by monitoring the pulse build-up time. Under
nominal operating conditions (i.e., in the absence of signifi-
cant mechanical or thermal disturbances), such malfunctions
are rare (< 0.3 %). These raw ON and OFF profiles are then
integrated along the line of sight using a 25-point moving
average. The resulting spatial resolution is therefore 47 m,
which corresponds to the limit imposed by the 300 ns laser
pulse duration. Distance-corrected ON and OFF quicklook
profiles are shown in Fig. 3 (left). The color scale is dis-
played on a logarithmic axis because the signal dynamics be-
tween particulate and molecular scattering are very large in
the near-infrared. At the beginning of the measurement se-
quence, since the laser beam is slightly inclined upward (4°
above horizontal), it exits the boundary layer at a distance
of 4 km. The subsequent rise of the boundary layer over the
course of the time series is clearly observable. The retrieval
of methane mixing ratios will here be limited to the first 5 km,
where atmospheric backscatter is dominated by particulate
scattering. Indeed, because molecular scattering in the near-
infrared is much weaker than particulate scattering, the mea-
surement precision degrades significantly outside the bound-
ary layer. Moreover, DIAL processing using signals domi-
nated by molecular scattering is more complex (Bösenberg,
1998) and will be addressed in a subsequent publication.

4.2 Temporal integration of the lidar signals

To determine the minimum temporal integration times for
the ON and OFF signals, Fig. 4 (left) presents the Allan
deviations of these signals at distances of 5 and 10 km.
For the ON and OFF signals at 5 km, the Allan deviation
follows a τ 1/3 dependence up to τ ≈ 100 s. This indicates
that the signal fluctuations are dominated by turbulent at-
mospheric motions following a Kolmogorov law. The in-
strumental noise of the 4 s integrated signals is therefore
lower than the atmospheric turbulent fluctuations. At a dis-
tance of 10 km, the ON-signal fluctuations are dominated by
white instrumental noise (τ−1/2 law) up to τ ≈ 30 s. Thus,
at this range, additional temporal averaging of the lidar sig-
nals is required to reduce instrumental noise before atmo-
spheric fluctuations can emerge. The OFF-signal fluctuations
at 10 km lie between both regimes at small τ and then follow
a Kolmogorov-type behavior similar to the 5 km signals. For
τ > 100 s, turbulent fluctuations give way to larger-scale at-
mospheric variations.

When the temporal integration of the lidar signals is suffi-
cient for instrumental noise to become negligible, the DAOD
can be retrieved. Turbulent fluctuations in the ON and OFF
signals cancel in the ratio SOFF/SON, leaving the DAOD
dominated by instrumental noise. This is illustrated in Fig. 4
(right), which shows the Allan deviation of ln(SOFF/SON) at
distances of 5 and 10 km. At 5 km, white instrumental noise
dominates the DAOD fluctuations for τ up to roughly 100 s.

This indicates that after a few minutes of integration, the
lidar precision is sufficient to resolve fluctuations in atmo-
spheric methane concentration and/or a drift of the weight-
ing function. Such a potential drift of the weighting func-
tion may in particular be caused by spectral drifts of the laser
wavelength, which is not actively stabilized. At a distance
of 10 km, the DAOD must be averaged for more than one
thousand seconds (∼ 17 min) for instrumental noise to be-
come negligible. Accordingly, for ranges shorter than 5 km,
the DAOD will be integrated over 2 min in order to minimize
instrumental white noise. Figure 3 (right) shows an example
of the DAOD integrated over 2 min. Further integration of
the DAOD could introduce an additional error in the retrieval
of the methane mixing ratio due to a potential drift of the
weighting function. To further reduce the statistical uncer-
tainty, the methane mixing ratio itself must then be tempo-
rally averaged. In this study, methane mixing ratios retrieved
with a 2 min temporal resolution are averaged over 20 min to
reduce the statistical error.

4.3 Calculation of the weighting function

To compute the weighting function (see Eq. 3), it is first nec-
essary to determine the dry air density profile (see Eq. 4). The
SIRTA observatory at the École Polytechnique site (https:
//sirta.ipsl.fr/, last access: July 2026) provides measurements
of surface pressure, as well as temperature and humidity
measured on a 50 m mast. Since the laser beam has a slight
upward inclination (4° above the horizontal), typical de-
creases in temperature and pressure with altitude are taken
into account in the calculation of the weighting function.
The water vapor mixing ratio is assumed to be constant, as
the lidar measurement of the methane profile is restricted to
the mixed layer. The temperature and pressure profiles are
also used to compute the absorption cross sections by in-
terpolating spectroscopic atlases at the ON and OFF wave-
lengths recorded by the wavemeter. Figure 5 shows the time
series of surface pressure, temperature, and humidity, as well
as the wavelength drifts of the ON and OFF pulses and
the corresponding weighting functions at the lidar location
(R = 0 km) and at a range R = 5 km.

4.4 Time series of methane mixing ratio profiles

The time series of methane mixing ratio profiles is shown
in Fig. 6 (left). Differential absorption coefficients are com-
puted using linear fits applied to contiguous range gates of
10 points. As a result, the spatial resolution of the profile is
reduced to 469 m. The use of a linear fit based on the least-
squares method corresponds to the maximum-likelihood es-
timator when the noise is assumed to be Gaussian, white, and
of constant variance. In addition, the fit provides an estimate
of the uncertainty in the calculated slope and therefore allows
the statistical error associated with the methane retrieval to be
assessed. Methane mixing ratios retrieved with a 2 min tem-

Atmos. Meas. Tech., 19, 4875–4888, 2026 https://doi.org/10.5194/amt-19-4875-2026

https://sirta.ipsl.fr/
https://sirta.ipsl.fr/


D. Edouart et al.: 1.645 µm DIAL measurements of atmospheric methane 4881

Figure 3. Time series of the logarithm of the range-squared-corrected ON and OFF signals (left). Examples of ON and OFF signals and the
corresponding DAOD around 11:16 LT (right).

Figure 4. Allan deviation of the ON and OFF signals at ranges of 5 and 10 km (left). Allan deviation of the DAOD at 5 and 10 km (right).
Characteristic Allan deviation trends for white noise and for a turbulent signal with a Kolmogorov-type spectrum are added for comparison.

poral resolution are subsequently averaged over 20 min to re-
duce the statistical uncertainty. The first two range gates are
not shown because the corresponding measurements exhibit
a substantial bias. This bias is most likely due to a differ-
ence in the overlap function between the ON and OFF laser
pulses. This difference, which still needs to be investigated,
may have several origins. It could arise from a difference in
the pointing of the ON and OFF pulses or from a difference in
transmission through the interference filter caused by larger
angles of incidence during the overlap region. The measure-
ments are compared with observations from an instrumented
tower belonging to the ICOS (Integrated Carbon Observation
System) network (https://meta.icos-cp.eu/resources/stations/
AS_SAC, last access: July 2026), located 5 km west of the

laboratory. This tower is equipped with in situ analyzers
based on Cavity Ring-Down Spectroscopy (CRDS). Mea-
surements are performed at three heights: 15, 60, and 100 m.
Figure 6 (right) compares the lidar measurements at a range
of 2100 m with the tower observations. This lidar range gate
is also located approximately 5 km from the ICOS station.
The uncertainty bars of the ICOS measurements represent
the dispersion of the measurements within each hourly inter-
val. Uncertainties in the lidar measurements arise from the
linear fit used to determine the differential absorption coeffi-
cient. The differences in methane concentration between the
ICOS measurements (at 100 m) and the lidar measurements
averaged over one hour up to a range of 3.5 km remain below
50 ppb. A fire occurred at a waste-sorting facility located in
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Figure 5. Time series of surface pressure, temperature, and humidity (at 50 m) provided by the SIRTA observatory (left). Measurements of
the ON and OFF wavelengths and evolution of the weighting functions at the lidar location (R = 0 km) and at a range R = 5 km (right).

the city of Paris on the evening of 7 April. This event gen-
erated an aerosol plume accompanied by an increase in at-
mospheric methane concentration. The methane plume was
detected by the ICOS tower, with a maximum concentration
observed around 08:00 LT at 15 m and around 09:00 LT at 60
and 100 m. Under the nocturnally stratified atmospheric con-
ditions, methane concentrations at 15 m reached 2500 ppb,
corresponding to an increase of approximately 25 %, with a
measurement dispersion of 50 ppb. At 60 and 100 m, the con-
centration peak was lower, around 2200 ppb. The lidar ob-
served the tail of the plume between 10:30 and 13:30 LT. The
lidar measurements are in agreement with the tower observa-
tions within their respective errors bars and show a gradual
decrease in methane concentration, indicating the end of the
plume dispersion.

5 Measurement error budget

5.1 Random error

From Eq. (2), the error propagation on the methane mixing
ratio is given by the following expression:

1XCH4

XCH4

=

√(
1WF
WF

)2

+

(
1α

α

)2

(5)

5.1.1 Weighting function random error

The first term accounts for the error in the estimation of the
weighting function arising from fluctuations of its parameters
during the DIAL measurement. These parameters include
temperature, atmospheric pressure, humidity, and the laser

wavelength. It should be noted that temperature and pressure
fluctuations affect both the dry air density and the absorption
cross sections in Eq. (3). These fluctuations can be quantified
using the Allan deviation computed over 2 min, correspond-
ing to the temporal resolution of the DIAL measurement. The
uncertainty in the weighting function associated with tem-
perature, pressure, and wavelength variations involves ab-
sorption cross sections calculated from spectroscopic atlases.
These uncertainties are therefore evaluated numerically, as-
suming linear error propagation for these small fluctuations.
The uncertainty in the weighting function related to the wa-
ter vapor mixing ratio only affects the air density and can be
calculated analytically as:

1WF
WF

∣∣∣∣
1ρw

=
1ρw

1+ ρw
≈1ρw (6)

Table 2 lists the 2 min fluctuations of temperature, pres-
sure, humidity, and the ON and OFF wavelengths, together
with the associated uncertainties in the calculation of the
weighting function. The uncertainties are dominated by fluc-
tuations of the ON wavelength. Uncertainties related to the
absorption cross sections depend on the wavelength position-
ing. As shown in Fig. 7, the error induced in the weighting
function by wavelength fluctuations is minimal at locations
where the derivative of the absorption cross section with re-
spect to wavelength is zero. If the ON wavelength is posi-
tioned on the flank of a methane multiplet, the relative error
in the weighting function can exceed 1 %.

5.1.2 Differential absorption random error

The second term describes the error originating from the
signal-to-noise ratio of the ON and OFF profiles. The uncer-
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Figure 6. Time series of methane concentration profiles measured by the lidar (left). The time series enclosed by the dashed outline is shown
in the figure on the right. Comparison between ICOS tower measurements (heights: 15, 60, 100 m) and lidar measurements at a range of
2100 m (right).

Table 2. Weighting function random relative errors.

Parameter Allan deviation WF random
@ 2 min relative error

Temperature 0.06 K < 0.03 %
Pressure 6 Pa < 0.005 %
Humidity 0.05 g kg−1 < 0.005 %
λON 0.25 pm < 0.25 %
λOFF 0.20 pm < 0.015 %

Figure 7. Relative methane mixing ratio error induced by a 0.25 pm
wavelength error as a function of the ON wavelength.

tainty on the differential absorption coefficient corresponds
to the uncertainty on the slope of the DAOD, determined us-
ing linear fits applied to each range gate. It can also be theo-
retically estimated from the SNR of the ON and OFF profiles
(Bösenberg, 1998):

1α

α
=

1
√

2α1R

√(
1

SNRON

)2

+

(
1

SNROFF

)2

(7)

where1R is the length of the range gate used to compute the
differential absorption coefficient, and the signal-to-noise ra-
tio is defined as SNRi = Si/σ(Si) at the spatio-temporal res-
olution of theXCH4 profiles. A radiometric budget shows that
the noise affecting the ON and OFF signals resulting from
aerosol scattering in the boundary layer is dominated by shot
noise from the signal itself and from the solar background.
The SNR of the ON and OFF signals for a single laser shot
can therefore be expressed as:

SNRone shot =
NS√

NS+Nbkg
(8)

where NS and Nbkg are the numbers of detected laser and
solar photons, respectively, within the detection bandwidth.
The number of detected photons can be derived from the dig-
itized voltage as:

Ni =
Si

2eRlGB
(9)

with Si the digitized voltage, e the electron charge, Rl the
load resistance of the digitizer, G the PMT gain, and B the
detection bandwidth. The SNR corresponding to the DIAL
profile resolution to be used in Eq. (7) is computed assuming
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Figure 8. Comparison of relative random errors on the differential
absorption coefficient derived from linear-fit uncertainties and from
Eq. (6) using shot-noise-limited SNRs.

independent samples:

SNRDIAL = SNRone shot

√
nshot

1RDIAL

1RRAW
(10)

where nshot is the number of integrated laser shots required
to reach the DIAL temporal resolution, 1RDIAL is the DIAL
spatial resolution, and1RRAW is the spatial resolution of the
raw digitized profiles. Figure 8 shows a comparison between
the theoretically calculated precision on the differential ab-
sorption coefficient derived from Eq. (7) and the precision
computed using the uncertainties of the differential absorp-
tion coefficients obtained from linear fits applied to the DIAL
range gates. Both precisions exhibit a similar dependence on
range but differ by approximately a factor of five. In Fig. 6,
the error bars of the ICOS measurements and those of the
lidar measurements are nearly identical. The error bars of
the ICOS measurements represent the dispersion over one
hour of a time series of highly precise measurements (error
< 1 ppb according to Hazan et al., 2016) and therefore re-
flect variations in atmospheric methane concentrations. At
11:00 LT, the relative dispersion of the methane concentra-
tions measured by ICOS is 0.4 %. In Fig. 8, we observe that
the methane fluctuations are larger than the theoretical lidar
error. Consequently, the relative standard deviation measured
by the lidar represents fluctuations in atmospheric methane
concentrations.

5.2 Systematic error

A first source of bias arises from the accuracy of the laser
spectral properties. The laser wavelength is measured using
a wavemeter, whose manufacturer-specified wavelength ac-
curacy is 0.2 ppm, corresponding to 0.3 pm at 1645 nm. This

wavelength measurement uncertainty results in a 0.3 % bias
in the retrieved methane mixing ratio, dominated by the bias
on the ON wavelength. The spectral purity of the laser was
measured to be greater than or equal to 0.996, leading to
a bias of 0.03 % (Edouart et al., 2024). Spectroscopic data
are known with a finite degree of accuracy. The R(6) multi-
plet of the 2ν3 methane band was studied in the framework
of the MERLIN mission (Delahaye et al., 2016, 2019). The
methane absorption cross section for the multiplet around
the ON wavelength is known to within 0.1 %. For the OFF
wavelength, the accuracy of the absorption cross section is
0.3 %. Since the ON absorption cross section is two orders
of magnitude larger than the OFF absorption cross section,
the uncertainty in the spectroscopic data is dominated by the
uncertainty in the ON absorption cross section.

Another source of bias is the residual differential absorp-
tion by water vapor. The ON and OFF wavelengths defined
in Fig. 2 are selected such that the differential absorption by
water vapor is zero, thereby eliminating the corresponding
bias. However, in the experimental setup used here, the laser
wavelengths may experience small drifts, which can lead to
residual differential water vapor absorption and introduce a
bias:

1XCH4

XCH4

∣∣∣∣
σH2O

=
αH2O

α−αH2O
≈
αH2O

α
(11)

where αH2O = nH2O(R)[σH2O(λON,R)− σH2O(λOFF,R)] is
the water vapor differential absorption, with nH2O the molec-
ular number density of water vapor, σH2O the water vapor
absorption cross section, and α the measured differential ab-
sorption. Figure 9 (left) shows the temporal evolution of this
bias during the measurement for the range gate at 2100 m.
Since the slope of the water vapor absorption cross section is
steeper around the ON wavelength, this bias is more sensitive
to drifts of the ON wavelength.

Table 3 summarizes the different biases and their sources.
The largest instrument-related bias arises from the accu-
racy of the ON wavelength measurement provided by the
wavemeter. The weighting function is computed using pres-
sure, temperature, and humidity profiles. In most cases, these
profiles are provided by models whose accuracy may vary.
Table 3 shows that the error is highly sensitive to tem-
perature. Figure 9 (right) illustrates the dependence of the
temperature-induced error on the ON wavelength. This error
is minimized near the edges of the multiplet lines and there-
fore does not correspond to the wavelengths for which the
wavelength-induced error is minimal (see Fig. 7). This type
of bias may explain the slight decrease in methane concen-
tration observed at a range of approximately 1500 m. At this
distance, the laser beam passes over a valley and therefore
moves significantly away from the ground surface. As a re-
sult, the temperature used in the calculation of the weighting
function is likely biased, leading to a bias in the retrieved
methane concentration.
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Figure 9. Temporal evolution of the bias induced by residual water vapor absorption (left). Relative methane mixing ratio error induced by
a 1 K temperature profile error as a function of the ON wavelength (right).

Table 3. XCH4 relative systematic errors.

Parameter Parameter error XCH4 systematic comment
relative error

λON 0.2 ppm < 0.3 % wavemeter accuracy from manufacturer
λOFF 0.2 ppm < 0.005 % wavemeter accuracy from manufacturer
Spectral purity > 0.996 < 0.03 % Edouart et al. (2024)
σCH4 0.1 % < 0.1 % Delahaye et al. (2016, 2019)
αH2O λ drift dependent < 0.15 % more sensitive to drifts of the ON wavelength
temperature model dependent < 0.45 %/K 1645.541 nm<λON< 1645.547 nm
pressure model dependent < 0.07 %/hPa 1645.541 nm<λON< 1645.547 nm
humidity model dependent < 0.01 %/0.1 g kg−1 independent of the wavelength

5.3 Discussion

A direct comparison of the performance of this lidar with
other methane DIAL measurements reported in the litera-
ture is not straightforward, as the spatio-temporal resolu-
tions and measurement ranges vary. In addition, performance
can strongly depend on atmospheric conditions, in particular
aerosol loading. Nevertheless, we attempted such a compari-
son by using Eq. (7) to scale the different precisions reported
in the literature. The relative precision of the DIAL methane
measurement follows the relation:

1XCH4

XCH4

∼ (1R×SNR)−1 (12)

Assuming that the SNR is limited by shot noise of the sig-
nal, it is proportional to the square root of the signal. Since
the signal scales as 1/R2, the SNR ultimately varies as:

SNR∼ R−1
× (1R1t)−1/2 (13)

As a result, the relative random precision of the methane
measurement can be expressed as:

1XCH4

XCH4

∼ R× (1R)−3/2(1t)−1/2 (14)

This relation highlights that, for a DIAL measurement,
increasing the range gate length (provided that the optical
thickness allows it) is more advantageous than increasing the
integration time. The above equation can be used to scale the
performance measured by different lidars. Table 4 compares
the performance obtained in this study with that reported in
the only two publications providing a detailed evaluation of
the precision of methane DIAL mixing ratio measurements.

In Stroud et al. (2023), the reported performance is slightly
lower, as the laser used here is more powerful (7 W ver-
sus 0.5 W) and the telescope collecting area is also slightly
larger. The performance reported in Cezard et al. (2020) is
largely exceeded, since their laser power is lower (0.2 W) and
the heterodyne detection scheme used is affected by signifi-
cant speckle noise.
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Table 4. Comparison of performance with other DIAL systems.

Ref. XCH4 random R 1R 1t scaled XCH4
relative error error

This paper 0.4 % 2 km 500 m 20 min 1
Stroud et al. (2023) 1 %–2 % 750 m 250 m 10 min 1.6–3.3
Cezard et al. (2020) 100 % 150 m 30 m 30 min 60

6 Conclusion and outlook

An 1.65 µm DIAL was used to retrieve methane mixing
ratio profiles within the atmospheric mixed layer along a
near-horizontal line of sight (4° above the horizontal). The
achieved precision reaches 0.4 % at a range of 2 km with a
spatio-temporal resolution of 500 m per 20 min. This level of
precision made it possible to measure the late stage of the
dispersion of a methane plume. These measurements were
confirmed by nearby CRDS sensors.

We have shown that the main instrument-related limitation
on precision is the accuracy of the ON wavelength, which de-
pends on its position within the methane absorption line. In
the configuration presented here, the laser wavelength may
drift if the laser temperature is not strictly stabilized. Such
drift can rapidly limit the precision of the DIAL measure-
ment. In addition, it may induce laser instabilities (cavity
mode hopping or even loss of single-mode operation), which
restrict the acquisition of long, high-quality time series. To
address this issue, we plan to modify the laser operating
scheme by actively locking the ON seeder to the methane ab-
sorption line using a setup similar to that described in Gibert
et al. (2014). This will prevent drift of the ON wavelength.
The seeders will also be replaced by external-cavity diode
lasers (ECDLs), which offer narrower linewidths and bet-
ter spectral stability than DFB diode lasers, and are expected
to improve the stability and reliability of the laser injection
seeding operation. Another limiting factor is the accuracy
of the DIAL retrieval due to insufficient knowledge of the
temperature profile. In future measurements, we will inves-
tigate the benefit of joint observations with a Raman lidar
capable of providing temperature and water vapor profiles.
These lidar-derived profiles should improve the accuracy of
the weighting function calculation and thereby reduce biases
in the retrieved methane mixing ratio profiles.
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