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This document provides supplementary information to “Regional trace-gas source attribution using a fielddeployed dual frequency comb spectrometer,” https://doi.org/10.1364/OPTICA.5.000320. Detailed information
surrounding the dual frequency comb spectrometer, the field performance characteristics, as well as details
regarding the design and execution of the field test are provided. Further information about the assumptions
and framework behind the atmospheric inversion used in the research are also presented.

1. OPEN-PATH RETURN SIGNAL
The amount of light that reaches the detector is a key driver of the
signal-to-noise ratio (SNR) and hence the precision for a given set of
measurements. With the current detector (Thorlabs PDA10CF), the
return power to achieve optimal SNR without nearing saturation
(which can lead to spectral distortion in DCS) is 200-300 µW, and
measurements are feasible down to ~15 µW (at which point nonlinearity in the digitization of the return signal can also give rise to
distortion) [1]. There is a large range of return power realized in the
measurements presented here due to various factors such as
turbulence and drift in telescope alignment. The total range is ~0300 µW and the average is between 100-150 µW (Figs. S1 and S2
panel d). This is compared to the proof-of-concept measurements
in [2], where the launch power was actively controlled in order to
keep received power under a conservative limit of 50 µW to avoid
detector saturation.

2. SPECTRAL FITTING

The following steps are taken to determine concentrations of the
measured species from the collected interferograms: 1) Take FFT of
the coherently averaged interferogram; 2) Fit a piece-wise
polynomial to the baseline of the spectrum (this process also
includes an absorption model to take into account any absorption
lines of species within the fitting region); 3) Remove the polynomial
fit from the spectrum; 4) Generate an absorption model using
HITRAN 2008 for the region of interest and determine
concentrations of absorbing species from the model fit to the data
(simultaneously with a low order polynomial) [2]. We chose
HITRAN 2008 to generate the absorption model because a previous
comparison between fits of DCS-based spectra showed that updates
in methane line parameters implemented in HITRAN 2012 result in
poorer agreement between model and measurements [2].
Figure 2 panel (a) in the main text contains the raw transmission
spectrum (showing only the fitting region) and panel (b) contains
the model fit to the absorbance data for an example 128 s spectrum
collected during the 1 km beam path tests. The raw spectrum
shown in panel (a) demonstrates the capability of the DCS system
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Fig. S1. Concentration measurements from the long path
experiment: (a) CH4, (b) H2O, (c) temperature. The color coding of the
traces distinguishes the measurements by retroreflector, i.e. which
beam path the measurement represents. Additionally, panels (d) and
(e) contain time traces for wind speed and wind direction, respectively,
for the duration of the measurements.

Fig. S2. Concentration measurements from the multi-source
experiment: (a) CH4, (b) H2O, (c) temperature. The color coding of the
traces distinguishes the measurements by retroreflector, i.e. which
beam path the measurement represents. Additionally, panels (d) and
(e) contain time traces for wind speed and wind direction, respectively,
for the duration of the measurements.

to achieve high signal-to-noise measurements (peak-to-peak noise
values of 3x10-3 with a standard deviation of 5x10-4 in absorbance
units).

return power (panel d), wind speed (panel e) and wind direction
(panel f) are included for the duration of the measurements.

Figure 2 panel (c) in the main text also shows the Allan deviation
plots for CH4 from the original open-path DCS measurements [2]
and the field-deployed system under windy, well-mixed conditions.
Both curves follow the expected √(averaging time) decrease at
short averaging times, but the fielded DCS delivers improved
precision values for a given averaging time (i.e., 3 ppb vs 8 ppb in 30
s), primarily because of improved transceiver optics. Both of the
instruments reach a similar minimum precision value of ~2 ppb,
which is the approximate stability of the atmospheric methane
concentration over the seconds-to-minutes timeframe under wellmixed conditions.

3. MEASUREMENTS AND ATMOSPHERIC CONDITIONS
Figs. S1 and S2 contain time traces of the retrieved concentrations
of CH4 (panel a), H2O (panel b), and temperature (panel c) for the
two experiments presented here. Additionally, the approximate

There is a small offset in the temperature (2-4 K) between the
values retrieved from the DCS measurements and those recorded
from the sonic anemometer, which are within the combined
uncertainty of the two measurement methods. In the case of DCS
measurements, temperature is extracted from the absorption
model fit, relying on the different temperature dependence of the
absorption strength of each absorption transition. The quality of the
temperature dependencies depends on the quality of the
underlying HITRAN linestrength and temperature scaling
parameters, which are known for methane within this band to a few
percent. In the case of the sonic anemometer, the reported
temperature is the sonic temperature and is calculated based on the
measured speed of sound. The manufacturer stated accuracy is ±2
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K, but can be influenced by humidity. Errors in either of these
methods could account for the observed differences.
During the measurements, the ambient temperature varied by
~10-15 K, and the wind direction and speed shift distinctly (which
also correlates with changes in the measured background
concentrations as air from mountain, urban and nearby natural gas
development contain different levels of methane). For the multisource tests conducted on April 26th, 2017, weather conditions
were cool with mild to moderate wind and slightly overcast for a
majority of the day. During the 1 km beam tests on June 15-16,
2017, weather conditions were warm to hot with moderate winds
and clear skies.

4. TRANSCEIVER AND RETROREFLECTOR PLACEMENT
During the 2-leak tests, the telescope transceiver was placed on a
small platform on top of the mobile laboratory, which resulted in a
total height of ~4.3 m. However, this placement was found to be
suboptimal for beam path distances >600 m due to wind-loading on
the mobile laboratory (the large sail area of the trailer resulted in
increased side-to-side movement under wind speeds greater than
~4 m s-1). Based on these observations, during the 1 km beam path
test the telescope transceiver was placed on a stand-alone tower
located 1-2 m northwest of the mobile laboratory. The total height
of the telescope transceiver once located on the tower was ~3.7 m.
The retroreflectors used throughout this study consist of a solid
aluminum hollow corner cube form coated with unprotected gold
on the cube faces, known as replicated hollow corner cube
retroreflectors. These optics have a clear aperture of 63.5 mm and a
stated return beam accuracy of 30 arc sec. For both testing
scenarios presented here, the retroreflectors are placed on
standard camera tripods and had a total height between 1-1.5 m.
For the 1 km beam path test, the retroreflectors were placed ~50 m
apart; while for the multi-source test, the retroreflectors were
placed 70-100 m apart.

5. CONTROLLED METHANE RELEASE
The methane leak tests in this study use standard compressed
methane cylinders with the output regulated by an Alicat mass flow
controller (MFC) (model MC-20SLPM-D). For the 1 km beam path
tests, the cylinders and MFC are co-located and only a short line of
standard ¼” outer diameter Teflon tubing is run to the leak location
(<3 m of tubing) that was ~1.5 m above ground level. However, for
the multi-source study the cylinders are placed closer to the mobile
laboratory and Teflon tubing is run to the MFC, which is located at
the mid-point between the two leak locations (each individual line
was ~200 m). A splitter after the MFC directs the gas flow to the two
individual leaks and the total flow is set to double the desired flow
rate at each location. Both emissions points were located ~1 m
above ground level. Figures S1 and S2 show time series of the
retrieved species concentration and temperature for the 1 km and
multi-leak tests, respectively.

6. TRANSPORT OPERATOR, H
For the inversion process, the transport operator can be generated
with any simulation of atmospheric motion. The transport operator
is defined as the integrated relationship between each source and
each receptor, or beam, which is discretized into ~1 m sections for
calculation of H. Here, we use a Gaussian plume model with an
adaptation of Turner’s method [3] for characterization of
atmospheric stability (using the Pasquill-Gifford classes) driven by

meteorological measurements from a 3D sonic anemometer. The
method is also amenable to the use of transport fields generated by
high-resolution computational fluid dynamics simulations, which
come at higher computational cost.

7. OBSERVATION VECTOR, Z
The vector of observations, z, is populated with concentrations
measured on beams downwind of each source location. The vector
of background concentration estimates (the portion of sp devoted to
the background) is populated with concentrations measured on
beams upwind of each source location. Upwind and downwind
measurements are paired based on tolerances that the wind
direction does not shift by more than 180º and that no more than
12 minutes elapse between measurements.

8. MODEL-DATA MISMATCH MATRIX, R
Parameterization of the model data mismatch term, R, accounts for
and describes measurement and transport uncertainties and their
temporal covariance. The mean value of the diagonal elements of R
is 11.2 ppb2 for the single, 1 km path study. The mean value of the
diagonal elements of R is 21.9 ppb2 for the multiple-leak study. The
diagonal elements of R vary measurement-to-measurement (see
Table S1) because of changes in the measurement uncertainty term,
which is the goodness-of-fit of the fits to absorption line shapes for
each measurement. The increase in the model data mismatch for
the multi-leak case is due to differences in atmospheric conditions
(turbulence) during the measurements as well as to smaller
impacts of transport uncertainty on longer beam paths, where the
signal from a discrete plume is smaller on a longer beam path than
on a shorter beam path. R includes measurement uncertainty (as
described above); and transport uncertainty (which includes
uncertainties in instrument wind speed and wind direction,
atmospheric stability parameterization, and placement of the sonic
anemometer relative to the leak location). These terms are added in
quadrature (see Table S1).
The off-diagonal elements in R are populated with covariance terms
related to measurement proximity in time, with an exponential
decay function with a length scale of 10 minutes. This covariance
results from the expected covariance of transport uncertainties and
expected covariance of measurement uncertainties (due, for
example, to expected temporal autocorrelations in turbulence,
which affects measurement return power).
Table S1. Components of the model-data mismatch term, R, for the
1.1 km path tests and the 2-leak tests (570 m beams)
Components of model data
1.1 km
570 m
mismatch
beam
beams
3.0 ppb 4.22 ppb
smeasurement (mean value of vector)
stransport
RInv-bkg

(scalar value)

(mean value of diagonal
elements)

1.3 ppb

2.0 ppb

11.2
ppb2

21.9
ppb2

9. PRIOR FLUX ESTIMATE, SP
The prior emissions estimate state vector sp is populated with
emission rates of 0 g min-1. This choice serves the important
purpose of not biasing results so as not to trigger unnecessary leak
detection and repair efforts. This choice represents an important
consideration in inversion studies, in which prior assumptions
must be carefully considered so as to best fit the goals of and to
minimize biased answers to the particular scientific questions being
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posed. While future applications of the observing system described
here might have different aims (for example, to optimize prior
bottom-up estimates of facility or city-wide emissions), the goals of
the field tests described here are to identify fugitive emissions of
methane. In this particular application, very little (if any) prior
knowledge of the hourly, daily, diurnal and monthly time variability
of total-pad emissions exists. Therefore, it is important that, in the
absence of observational constraints (for example if H matrices
approach zero under shifting winds), that the posterior emission
rate revert to zero and not to an otherwise poorly-constrained nonzero emission rate. This choice therefore leads to a low incidence of
false positive leak identification. The trade-off for achieving a low
incidence of false positive leak identification is that this choice could
result in a low bias of recovered emissions. Given the known
absence of methane sinks in the timescales and regions in which the
tests were performed, we truncate negative fluxes to a maximum
limit of 0 g min-1.

10. PRIOR FLUX COVARIANCE MATRIX, Q
Prior emissions uncertainty is 1.9 g min-1, less than the average
emissions rate from a low-bleed pneumatic controller [4,5]. Flux
uncertainties are parameterized with a 3-hour temporal
decorrelation length scale describing exponential decay in time
between time steps of fluxes. No spatial correlation between
potential leak sites is imposed.
The background uncertainty portion of Q includes uncertainties in
both background sampling and background “construction” (See
Table S2). These values are added in quadrature to form the
diagonal portion of the part of the Q matrix that is devoted to
background uncertainty.
Table S2.
Components of background uncertainty
Components of background
1.1 km
570 m
uncertainty
beam
beams
1.6 ppb
1.6 ppb
sbkg_construction (scalar value)
sbkg_sampling

(mean value of vector)

2.9 ppb

4.1 ppb

Background CH4 covariance is parameterized with a 10-minute
temporal decorrelation length scale between time steps.
Posterior flux uncertainty, 𝑸, is calculated as [6]:

𝑸 = 𝑸 − 𝑸𝜢𝑻 𝜢𝑸𝜢𝑻 + 𝑹

*𝟏

𝑯𝑸

(S1)

This allows the calculation of 𝑸 analytically [6], not by
approximation. Reported 1-s uncertainties are the combination of
diagonal and off-diagonal elements related to each spatiotemporal
approximation of the flux. In this case, where no averaging is
performed through space or time, the 1-s uncertainties are the
square root of the diagonal elements of 𝑸.
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