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Abstract
Open-path dual-comb spectroscopy (DCS) is an emerging technique for long open-path measurements

across km-scale paths. It provides both broad spectral coverage over hundreds of wavenumbers with
high spectral resolution and negligible instrument lineshape. In this chapter we discuss the principle
of open-path DCS; provide an overview of the necessary technology and analysis techniques; review
field applications including near-infrared measurements of urban CO2 emissions, CH4 emissions from
drilling and agricultural operations, measurements to a UAV, and recent measurements of volatile organic
compounds in the mid-infrared; and finally provide an outlook especially on how this technique can move
to additional spectral regions beyond the near- and mid-infrared.
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1 Introduction

Optical frequency combs are a unique class of lasers that combine the advantages of continuous-wave (cw)
laser technology { tight spatial coherence and high spectral resolution { with broadband spectral coverage
approaching that of white light lamps [1]. The spectrum of a frequency comb is composed of individual
modes or \comb teeth" that behave very much like an array of many thousands to millions of individual,
perfectly evenly spaced cw laser lines spanning the entire comb spectrum { typically tens to hundreds of
nanometers of bandwidth { all with a high level of mutual phase coherence1. Optical frequency combs were
originally developed two decades ago to count the cycles of optical atomic clocks [2{6] but have since found
their way into a broad �eld of other applications [7{9]. Their development resulted in one-half of the Nobel
Prize in Physics in 2005 [10, 11].

Frequency combs are well-suited for atmospheric sensing, in part because they can probe many at-
mospheric species simultaneously, covering entire molecular bands at very high spectral resolution. This
is illustrated in Figure 1, which shows a broad spectrum before and after gas absorption as well as the
underlying closely spaced comb teeth. Additionally, frequency combs are a high brightness, minimally di-
vergent source that can measure integrated gas concentrations over distances exceeding ten kilometers in
both daytime and nighttime. In order to preserve the high spectral resolution during data acquisition, the
spectrometer needs to resolve each comb tooth. This can be accomplished using a technique called dual-comb
spectroscopy (DCS) [12], which uses a second optical frequency comb to read-out the �rst comb. There exist
other techniques to perform spectroscopy using frequency combs, see [13{16] for reviews, but DCS is the
only measurement technique so far to have used frequency combs in �eld environments for long open-path
atmospheric measurements, and thus we focus on DCS for the rest of the chapter. We �rst motivate the
use of DCS for open-path spectroscopy, then describe frequency combs and in particular dual frequency
comb spectroscopy, including a discussion of hardware components and spectral analysis with a focus on the
instruments used by the authors of this chapter. The next section discusses several recent applications of
open-path measurements using DCS. The �nal section looks at potential future improvements in the DCS
technology.

1.1 Long open-path atmospheric measurements

A signi�cant advantage of long open-path measurements on the hundreds of meters to kilometers scale is that
they also allow for characterization of trace gas emissions from potentially heterogeneous source types in-
cluding area-sources and multiple distributed sources [17{19]. For example, methane emissions from multiple
wells in a square kilometer area can be monitored with a single open-path spectrometer. By integrating sig-
nals in a horizontal \atmospheric column", an aggregate signal can be derived, which makes long open-path
measurements less likely to miss the plume from a source compared to a point measurement. In particular,
point measurements are subject to local or near-�eld features in emission source characteristics and atmo-
spheric dispersion caused, e.g., by turbulence or buildings. Plumes from point sources can be hard to reliably
detect downwind with a point measurement, and semi-stochastic variability in local micrometeorological con-
ditions can make predictability of plume locations problematic. Path-integrated measurements over large
distances relax this dimension of uncertainty due to the plume needing only to intersect a portion of the
beam path. This enables open-path systems to make continuous measurements of heterogenous sources,
which allows for better determination of temporal variability of the sources. Open-path measurements can
also be applied to both point and area sources because of the much larger measurement footprint relative to
a point sensor (see also Section 3.1) enabling detection of full plumes from area sources.

There are several other advantages to long open-path measurements. First, the long path length provides
high precision for trace gas retrievals. This is important for gases such as volatile organic compounds (VOCs),
which are present in small quantities, as well as for greenhouse gases (GHGs), which are challenging to
measure because their signals are often very small changes on a very large background. For example, a
typical enhancement for in situ CO2 measurements in the planetary boundary layer (PBL) could be 2 ppm
on a 400 ppm background. Another advantage of open-path measurements is the ability to measure so-
called \sticky" molecules. These include species like NH3 and H2O which can strongly adhere to sampling

1Note that these statements about bandwidth, number of comb modes, and phase coherence strictly only apply to traditional
frequency combs based on mode-locked lasers. They do not necessarily apply to newer sources.
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Figure 1: Overview of frequency comb spectroscopy. Light from the comb, made up of tens- to hundreds-of-
thousands of individual \comb teeth," passes through a sample resulting in absorption.

tubes via electrostatic and dispersion interactions, potentially introducing biases in retrieved concentrations.
Open-path measurements such as the ones described in this chapter do not require a sampling line and thus
enable more accurate measurements of these trace gases. Finally, measurements from long open-path sensors
are inherently better matched to the resolution of meteorological models, which reduces the representation
error of the measurements [20]. The applications described in Section 3 take advantage of one or more of
these open path advantages.

1.2 Current techniques

Well-established techniques for long open-path measurements typically fall into two categories: those that
use broadband spatially-incoherent light sources, and those that use lasers in very narrow spectral regions.
The �rst category primarily includes Fourier-transform infrared (FTIR) and di�erential optical absorption
spectroscopy (DOAS) spectrometers, which use active incoherent light sources such as a thermal sources or
light emitting diode (LED), or passive scattered solar sunlight as the light source. Spatially incoherent light
is di�cult to send over long distances, especially at eye-safe levels, so open-path FTIR [21{23] and active
DOAS [24, 25] measurements are typically limited to a few hundred meters of path length, or require large
telescopes and bulky light sources as done in [26]. Spectrometers relying on the sun are only operational
during daytime and are typically limited to vertical column measurements rather than horizontal column
measurements which make them less well-suited to many of the applications discussed later in the chapter.
Tunable laser systems with narrow spectral coverage include di�erential absorption LIDAR (DIAL) where
the laser is �rst tuned online to the center of a gas absorption line and then o�ine to a nearby baseline
wavelength [27{29], and tunable diode laser absorption spectroscopy (TDLAS) or the related tunable laser
dispersion spectroscopy, both of which scan across one or a couple of gas lines, see e.g., [30{35]. These
conventional laser systems can be launched over long distances but can only analyze a few carefully chosen
absorption lines without adding substantial complexity to the systems, for example an additional laser to
measure an additional molecule. Further, to ensure a meaningful gas concentration extraction, wavelength
calibration of the instruments is critical, which is unnecessary for DCS instruments (see Section 2.2).

The DCS technique combines the best of the above techniques: it combines broad spectral coverage that
can measure entire absorption bands of multiple trace gases simultaneously with spatially coherent light
that can be sent over long paths. Open-path DCS is presently used in a monostatic con�guration, with a
local transceiver and detector and a retro re
ector located at some distance from the transceiver/detector
which folds the light path back on itself. This is identical to how open-path TDLAS, open-path FTIR, and
active DOAS operate and similar to LIDAR-based gas sensing such as DIAL, where the scattered light from
a high-power laser is back re
ected and collected.

1.3 Advantages of open-path DCS

There are several other advantageous features of DCS that make it optimal for long open-path measurements
at an unprecedented high resolution and accuracy2. First, as compared to FTIR spectroscopy, the spectral
resolution in DCS measurements is not given by the length of a very well-aligned, moving arm, but instead

2Typically resolution is determined in part by instrument lineshape. DCS with stabilized comb sources does not add an
inherent instrument lineshape, so what matters is the measurement point spacing. When we refer to DCS \resolution", we are
referring to this instrument measurement point spacing.
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the point spacing for the frequency axis is determined by properties of the frequency comb as discussed more
in Section 2.2. This enables dual-comb spectroscopy to have high spectral resolution (for the measurements
discussed here, the resolution was usually 200 MHz or 0.0067 cm� 1) in a small package { an individual comb
is approximately the size of a tablet and the entire system, including electronics, is about the size of a small
desk. Further, frequency combs can be built with o�-the-shelf all-polarization-maintaining �ber components
making them environmentally robust. In fact, �ber-based comb systems have remained mode-locked with
sustained 0.5 g acceleration on a shaker table and while being driven around on dirt roads and on a sounding
rocket [36, 37].

Another key advantage is that DCS adds no instrument lineshape contribution to the measured absorption
feature. For fully stabilized frequency combs, the shape of each comb tooth is essentially a delta function
with a width much smaller than the spacing between the individual teeth, as shown in Figures 1 and 8. For
example, the systems discussed here have tooth line widths on the order of a kilohertz and tooth spacings of
� 200 MHz. Thus, the comb tooth width is � 100,000 times narrower than the point spacing. By resolving the
absorption at each comb tooth, the DCS instrument lineshape is given just by the comb tooth width and thus
is negligible. This can also be seen in [38] where the di�erence between the spectra from two comb systems
shows no instrument line shape residual. In addition, the underlying frequency combs have a frequency
axis that is absolutely calibrated against a microwave reference as discussed in Section 2.2. Therefore, it is
unnecessary to use an external wavelength calibration such as a line lamp or a solar spectrum.

DCS instruments are also immune to potential systematic e�ects from atmospheric turbulence because
they collect a single shot spectrum at very high temporal resolution { typically a few to ten milliseconds.
Of course, for high signal-to-noise ratio (SNR) many of these individual spectra must be added together,
so the time resolution is typically on the order of a half-minute to a few minutes. Because the single-shot
sampling rate is faster than any turbulence 
uctuations, the measured spectrum is not distorted due to
intensity changes during the measurement time. This is in contrast to some other open-path techniques,
which can su�er from turbulence-induced intensity 
uctuations during the time required to obtain a single
spectrum.

Finally, the broad spectral coverage enables measurements of many lines from multiple species simultane-
ously, which minimizes potential spectral interference e�ects. For example, open-atmosphere measurements
are subject to potentially large and rapid shifts in atmospheric water vapor. The ability to directly measure
H2O spectroscopically, with high spectral resolution, means that DCS measurements are less in
uenced by
changes in water vapor concentration. This could happen in other techniques due to crosstalk between spec-
tral features or shifts in the absorption baseline due to changing water lines and thus could result in biases
in retrieved trace gas concentrations [39{46].

In summary, open-path DCS combines broad spectral coverage with high accuracy spectroscopy in a
stable and precise technique for km-scale, path-integrated measurements. These features make open-path
DCS an ideal technique for performing atmospheric trace-gas measurements.

2 Open-path DCS technology

This section gives a short overview of the history of DCS (Section 2.1), then discusses the theory behind
DCS (Section 2.2), technical details on light sources (Section 2.3), measurements (Section 2.4), and data
acquisition and processing (Sections 2.5 to 2.9).

2.1 Dual-comb spectroscopy history

The concept of DCS was based on similar work in the rf [47] as well as electro-optic sampling techniques in the
THz/infrared [48{50]. It was proposed using optical frequency combs in 2001 [51]. Related work using two
combs for optical coherence tomography was published concurrently [52]. DCS was �rst demonstrated in 2003
[53] with a set of unstabilized Ti:sapphire frequency combs. A year later, this setup was used for the �rst DCS
measurement of molecular lines by measuring NH3 plumes at 800-1100 cm� 1 from a 22 m stand-o� distance
with a low spectral resolution of 2 cm� 1 (� 60 GHz) [54]. Other early work included a demonstration of DCS
in the THz region in 2006 based on recti�cation of Ti:sapphire combs [55]. Further work starting in 2008
demonstrated comb-tooth resolution with high SNR for precision molecular spectroscopy [56] using Er:�ber
frequency combs. The same year phase correction of interferograms from DCS was �rst introduced [57], which
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helps to alleviate some of the stringent phase-control and phase-noise requirements. The �rst high-accuracy
line center measurements with DCS were performed in 2010 using Er:�ber combs that were down-converted
from 1.5 � m to 3.4 � m using di�erence frequency generation (DFG) [58]. This highly coherent DCS was
demonstrated with an all-�ber approach using ampli�cation and nonlinear broadening in highly nonlinear
�bers to cover � 1400 cm� 1(43 THz) of bandwidth in the near-infrared [59].

The �rst long open-path DCS measurements of GHGs were demonstrated in 2014 using lab-based Er:�ber
combs. Over the last six years, open-path DCS has evolved rapidly from this demonstration system to
prototype mobile systems in both the near-infrared (NIR) and mid-infrared (MIR) that have been used
to identify methane leaks from oil and gas infrastructure and to measure even larger molecules in the
atmosphere. DCS has also been used for time-resolved acquisition of reaction kinetics in shock tubes and
for hyperspectral imaging. These developments are summarized in Table 1.

There are also a limited number of open-path comb sensing demonstrations relying on a single comb,
see for including open-path CH4 and H2O at 3.25� m over a 26 meter path using a dispersive spectrometer
for detection [72], another demonstration of open-path CH4 and H2O at 2.9-3.4 � m from a DFG source
over a 3.3-meter path relying on a grating spectrometer for detection [73], and a CH4, C2H6, and H2O
demonstration over an open path of up to 70 meters using an optical parametric oscillator (OPO)-based
comb and a Michelson interferometer for detection [74]. Additionally, the combination of a single comb and
a CW laser was recently demonstrated for fast and photon e�cient CO2 and HCN sensing [75]. However, all
of these demonstrations have substantially lower spectral resolution than what is achievable with a dual-comb
spectrometer system.

2.2 Dual-comb spectroscopy principle

At its core, a frequency comb as discussed in this work is a pulsed, mode-locked laser. Figure 2 shows the
time-domain (a) and frequency-domain (b) pictures of a such a frequency comb. Comb sources based on
other technologies are emerging, see Section 2.3, and do not necessarily behave the same as a frequency
comb based on a passively mode-locked laser. In the time domain, a mode-locked laser emits pulses precisely
spaced asTr = 2L=vg = 1=f r where L is the length of the cavity, vg is the pulse group velocity in the cavity
and f r = 1=Tr is the pulse repetition rate. These pulses result from the coherent addition of all of the
optical longitudinal modes supported in the laser cavity. The emitted pulses are very short, on the order of
100 femtoseconds, resulting in a broad frequency domain spectrum spanning many THz. Analogous to the
time-domain pulse train with a Tr periodicity, the frequency-domain spectrum consists of a series of discrete
frequencies or laser modes, called comb teeth, which are separated by the repetition ratef r = 1=Tr . This
series of discrete frequencies is what gives rise to the description \comb". Each comb tooth or optical mode
frequency � n is described by the comb equation:

� n = n � f r + f 0 (1)

where the two radio frequenciesf r and f 0 < f r are the pulse repetition rate and the o�set frequency of the
�rst tooth from 0 Hz, respectively, and n is the comb mode number. Because the frequency of each comb
tooth is known precisely through equation (1), a comb is essentially a frequency ruler where each comb mode
represents a frequency tick similar to a length tick on a length ruler, and it maps the optical frequencies� n

from the THz domain which are inaccessible to electronics to more manageable rf frequencies (f 0; f r ) in the
MHz to GHz domain.

In the absence of any stabilization,f 0 and f r and thus also� n can drift and wander [9]. The key to enabling
high frequency accuracy and coherent averaging for broadband spectroscopy is phase noise suppression of the
two rf frequenciesf 0 and f r , which results in low-phase-noise, narrow-linewidth individual comb teeth. By
stabilizing these two frequencies, the comb is locked and prevented from drifting or from having the spacing
between the teeth change. For phase locking,f 0 is usually measured and stabilized by the so-calledf -to-2f
self-referencing method proposed in 1999 [2, 3].f r can either be measured directly with a photodiode or by
heterodyning one comb tooth to a frequency-stable cw laser at� cw as shown in Figure 3c. The o�set between
� cw and the comb tooth is locked, thus stabilizing f r . f 0 and f r can also be extracted by heterodyning two
separate comb teeth against two frequency-stable cw lasers at� cw 2 and � cw [56].

To access the full frequency accuracy of a comb as described by (1) for spectroscopy, one needs a read-out
technique to detect and distinguish each comb tooth. As shown in Figure 3, DCS uses two frequency combs
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Figure 2: Time and frequency domain picture of an optical frequency comb based on a passively mode-locked
laser. a) A non-linear element in an optical laser cavity (schematically depicted in green) acts as a saturable
absorber which has higher transmittance at higher optical power. This favors phase-locked addition of all
longitudinal optical modes inside the cavity (hence the name mode-locked), resulting in short, high peak
power pulses exiting the cavity compared to incoherent modes with low peak power, quasi-cw output. The
emitted pulse train has a pulse periodTr = 1=f r , where f r is the pulse repetition rate. b) The Fourier
transform of the time domain pulse train produces the frequency domain comb spectrum. It is composed of
a series of evenly-spaced \teeth" separated byf r . The frequency of each comb tooth� n can be calculated
by the comb equation (1).
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Figure 3: Dual-comb spectroscopy. a) Physical setup for open-path DCS. Two combs are overlapped and
light is sent from the combs to a telescope where it is launched through free-space and light is absorbed by
trace gases in the atmosphere. The light is detected at the far end of the path with a single photo detector.
b) Time domain pictures of the measurement. Pulses with di�erent spacing walk across each other (here,
red and blue pulses). The result is an interferogram or cross-correlation of the pulses. The time domain is
converted to the frequency domain by a Fourier transform. c) In the frequency domain, each laser produces a
comb spectrum with teeth in slightly di�erent locations (red and blue comb teeth). The two combs are phase
locked in such a way that they have comb tooth pairs overlapping at multiple places in the spectrum. The
spectrum in between these overlapping teeth is sometimes called the Nyquist zone, or twice the unambiguity
range, and the spectral region of interest is situated in this unambiguity range (see text for more detail).
This is schematically depicted as the lower half of the frequency span between� cw 2 and � cw . The comb tooth
pairs between the two combs interfere to produce a beat note that appears at the di�erence in the comb
tooth frequencies, which results in a comb in the rf domain with a spacing of �f r . There is a compression
factor on the order of 1 million when mapping the optical frequency combs to the rf domain in DCS.
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with repetition rates slightly o�set by � f r to rapidly read out the spectrum with comb-tooth resolution.
Similar to an FTIR spectrometer, illuminating a photodetector with overlapped light from both pulse trains
results in a voltage proportional to the cross-correlation (the interferogram) between the combs. However, in-
stead of a mechanical Michelson interferometer changing the inter-pulse delay, the DCS interferogram (IGM)
is formed by the pulses walking across each other due to the di�erence in comb repetition rates, as shown in
Figure 3b. The update time of the IGM equals one DCS measurement and is 1=� f r , which can be orders of
magnitudes faster than what is achievable with a scanning moving arm of an FTIR spectrometer. The time
o�set between the red and blue pulses advances by �Tr = 1=f r � 1=(f r + � f r ) = � f r =[f r (f r + � f r )] every
1=(f r + � f r ), resulting in an e�ective downsampling of f r =� f r . This downsampling maps the measurement
timescale to the e�ective time of the optical pulses. In DCS, typical values off r =� f r are around 106 (this is
also called the "compression factor"), mapping sub-picosecond optical signals to microsecond voltages that
can be processed with o�-the-shelf MHz-bandwidth photodetectors and electronics.

Another way to understand DCS is to consider the frequency domain as shown in Figure 3c. Here, both
combs are self referenced with thef -to-2f scheme. Both combs are also locked to a reference laser at a
frequency � cw ; comb 1 at the (N + � N )th comb tooth and comb 2 at the N th tooth:

� cw = ( N + � N )f r + f 0 = N (f r + � f r ) + f 0 (2)

� f r = f r
� N
N

(3)

While the two f 0 and two � cw locks each have a separate rf lock frequency, they are assumed to be equal
and drop out for this DCS discussion. AssumingN is an integer multiple of � N , this locking conditions
forces tooth pairs of comb 1 and 2 spaced byf r (N + � N )=� N to overlap in frequency. Within the spectral
region between two adjacent tooth overlaps, the distance between adjacent comb 1,2 tooth pairs increases
by � f r , resulting in an rf comb with teeth separated by � f r after square-law photodetection as shown in
Figure 3c.

One major feature of DCS is that there is a one-to-one amplitude and phase correspondence between
detected rf comb teeth spanning some MHz and optical comb teeth spanning multiple THz, fully preserving
the exquisite frequency accuracy of the frequency combs. To achieve this unambiguous mapping between one
rf comb tooth and a speci�c pair of optical comb teeth, the comb-mode-number di�erence between adjacent
optical teeth must be constant across the measured optical spectrum. In general, one cannot distinguish
between positive rf frequencies (comb 2 tooth frequency> comb 1 tooth frequency) and negative rf frequencies
(comb 2 tooth frequency< comb 1 tooth frequency); therefore the spectrum has to be restricted to half of the
region between overlapping comb teeth for unambiguous mapping. This is shown in Figure 3c as the lower
half of spectral region between overlapped comb teeth adjacent to� cw 2 and � cw . This spectral span is often
referred to as the unambiguity range and equalsf r (N + � N )=(2� N ) = f r (f r + � f r )=(2� f r ) � f 2

r =(2� f r )
in the optical frequency domain. In the rf domain, this corresponds tof r =2, or the Nyquist frequency for
a sampling frequencyf r . This is why the unambiguity range is also sometimes referred to as Nyquist zone.
While not discussed here, tuning the lock frequencies can be used to �ne tune the Nyquist zone to overlap
precisely with the optical span of interest [76].

More precisely, the amplitude of each rf comb tooth corresponds to the geometric mean of the two adjacent
optical teeth's amplitude and the rf comb tooth phase corresponds to the optical teeth's phase di�erence.
The optical frequency � opt of two individual optical comb teeth is calculated from the corresponding rf comb
tooth's frequency f rf through

� opt = p � f r
f r + � f r

� f r
+

f r

� f r
� f rf (4)

wherep is an integer that is determined through a-priori knowledge of the spectrum's location (it is su�cient
to know the spectral location to within f 2

r =� f r , typically tens of THz) [77].
For all of the open-path DCS applications discussed here, robust �ber frequency combs were used withf r

usually � 200 MHz [78, 79]. These combs are referenced to either a kHz-linewidth cw laser or an rf reference,
resulting in teeth-lineshapes� 100,000� narrower than the � 200 MHz or 0.0067 cm� 1 spacing between comb
teeth. The di�erence in repetition rate and thus the measurement rate is usually on the order of of 100 Hz
to kHz, resulting in a spectral coverage (or Nyquist zone) off 2

r =(2� f r ) between 20 THz to 200 THz and a
downsampling factor N=� N = f r =� f r of up to millions.
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Figure 4: Simulated atmospheric transmission in the near- and mid-infrared for a 1-km-long open-air path.
The main transmission windows are indicated: NIR, near-infared; MIR, mid-infrared; LWIR, long-wave
infrared.

2.3 Dual-comb sources and spectral coverage

The laser used to create the comb is the most fundamental part of the DCS system. The choice of laser
determines, among other things, the wavelength region in which measurements can be made. In the lab,
the molecular absorption region of the target species determines the choice of laser, but in open-path mea-
surements the atmospheric absorption of other gases, such as H2O, must also be considered as illustrated in
Figure 4. This �gure shows the simulated atmospheric transmission of a� 1 km free-space open path. The
shaded regions represent regions of low transmission where atmospheric gas species, mostly water but also
CO2 and CH4, absorb the light. Regions with few absorbers and thus relatively high transmission are called
atmospheric windows and four of these are labeled in Figure 4. In the NIR, where comb sources are readily
available, mostly GHGs such as CO2 and CH4 and their isotopes can be targeted. To measure less prevalent
trace gases at lower concentrations, such as VOCs, a source situated at longer wavelengths in the MIR
or long-wave infrared (LWIR) is necessary to target the much stronger fundamental ro-vibrational bands.
In addition, not shown, there is a window in the visible to UV that provides access to strong electronic
transitions in some molecules and is used in DOAS [25].

At the time of writing, dual-comb sources are available spanning signi�cant swaths of the NIR, MIR,
and LWIR spectral range [59, 80{83], but to date no single source is a comprehensive solution to every
spectroscopic problem. While most atmospheric DCS sensing has relied on mode-locked Er:�ber lasers [84],
there are a large array of frequency comb platforms that might also be attractive for such work. However,
many of these sources are still being developed and are not yet robust enough for �eld deployment. In
addition, the trade-space in terms of mode spacing, spectral coverage, total power, and noise performance
for these platforms can be complicated. A long discussion of these platforms can be found in [12] and [9],
which we will summarize here.

Mode-locked laser frequency combs based on solid-state lasers or �ber lasers have long been the workhorses
of the frequency comb world. These systems have several features that are attractive for spectroscopy such as
high coherence { allowing for long averaging times { and a typical tooth spacing of 100 MHz - 1 GHz, which
is nicely matched to the few-GHz collisionally-broadened atmospheric absorption lines of small molecules.
Er:�ber-based frequency combs, emitting in the telecommunication band around 1550 nm are the most com-
mon mode-locked laser source for open-path DCS. This is largely driven by the fact that Er:�ber systems
strongly leverage the massive industrial investment in �ber communications and the favorable dispersion
of silica glass at these wavelengths, giving them a signi�cant edge in technological maturity [37, 78, 85].
However, Yb:�ber lasers around 1 � m and Tm:�ber lasers near 2 � m allow access to higher powers and
di�erent wavelength bands and may become more common as the technology advances [86{88]. Another
possibility for generating a high power frequency comb at 2� m is to combine an Er:�ber laser with am-
pli�cation in Tm:�ber [89]. Several solid-state frequency combs exist including Ti:sapphire, which cover
the 600-1000 nm range [90{92], and Cr:ZnSe and Cr:ZnS lasers, which produce frequency combs around
2.4� m [93{95]; however, these lasers have free-space cavities, which make them more di�cult to use for �eld

11



applications.
Additionally, the high peak powers possible with mode-locked lasers allows for e�cient non-linear wave-

length conversion. The spectral coverage of Er:�ber lasers can be extended via supercontinuum generation
in non-linear �ber to cover any wavelength from 1 � m to 2 � m [59, 80] or in new integrated photonic plat-
forms [96, 97] allowing even broader spectral coverage. To access longer wavelengths mode-locked lasers can
be used to drive frequency conversion based on DFGs [83, 98, 99] or optical parametric oscillators [64, 81,
100{102] and allow for DCS with octave spanning (or greater) spectra anywhere from 1� m to 25� m.

Recently, a number of potentially more compact comb sources have emerged which are based on electro-
optic (EO) modulators, semiconductor diodes, and microresonators. These sources are attractive for reducing
the size, weight, and power (SWaP) of DCS systems. The most well-developed of these are based on quantum
cascade laser (QCL) [103{106] and inter-band cascade laser (ICL) [107] frequency combs. These chip-based
semiconductor sources emit high-power light in the MIR, LWIR, and THz without requiring a pump laser
such as is used in DFG. They are also compact, robust, and commercially available. However, the bandwidth
of these devices (< 100 cm� 1) combined with the large tooth spacing (� 10 GHz or 0.33 cm� 1) leads to � 100
comb modes with su�cient SNR instead of the � 100,000 available from a traditional mode-locked laser source.
This combination of bandwidth and tooth spacing can be limiting for many atmospheric applications, but
the relative simplicity of the technology may more than outweigh the negatives for some applications. For
example, the large tooth spacing of these devices coupled with the high powers allows for impressively fast
measurement times, which can provide information about dynamic events [69, 108]. QCL and ICL combs
also have higher phase noise than mode-locked laser systems but increasingly this noise can be mitigated by
digital correction techniques [109, 110].

Another type of semiconductor platform based on integrated external-cavity surface-emitting lasers
(VECSELs and MIXSELs) [111] have recently been demonstrated for DCS [112]. Like other mode-locked
systems these devices can have two o�set combs sharing a single cavity, which mitigates much of the mutual
phase noise between combs. Bandwidth is again quite limited but in principle the MIXSELs could be de-
signed for many di�erent wavelengths potentially allowing a MIXSEL system to e�ectively target a speci�c
molecule with a compact robust sensor.

EO-based combs, which use EO modulation of a cw laser, are also emerging as an interesting source for
DCS [113{117]. These systems have the signi�cant advantage that the same cw laser can be used for both
combs ensuring a high level of coherence between combs. Additionally the tooth spacing of these systems can
be dynamically tuned from 10s of GHz to 1 MHz, agility that would be impossible in a mode-locked laser [113].
This control can even allow for acquisition (and imaging) on a very slow detector such as a camera [70]. The
principal downside of EO combs is the challenge of generating a broad optical spectrum, which currently
requires multiple stages of ampli�cation, �ltering, and pulse compression to generate an octave-spanning
spectrum [118]. This added complexity results in a system with larger SWaP than an Er:�ber-comb-based
system. Typical spectra without signi�cant ampli�cation are limited to tens of nanometers in the telecom
region where state-of-the-art EO modulators are available. Non-linear conversion to the MIR is also possible
but the bandwidth is again limited [119]. This limited bandwidth is a disadvantage in relation to the number
of detectable species, but it is an advantage for speed. EO-DCS can be performed on the millisecond time
scale with coherent averaging in the laboratory [120, 121]. The 
exibility and potential reliability of these
systems suggest that they will �nd an application space [122].

Finally, microresonator-based frequency combs rely on a cw laser coupled to a high-�nesse resonator to
drive non-linear frequency comb generation via the Kerr e�ect [123, 124] and have been demonstrated from
the NIR [125] to the MIR [126]. These sources have the potential to provide compact, chip-scale frequency
combs, but they face a challenging integration problem in order to couple the cw laser to the resonator and
typically require a high power pump laser to generate su�cient comb power. In addition, their output comb
power is typically quite limited and might not be su�cient for open-path measurements without additional
external ampli�cation, which increases the system SWaP. These comb sources can also have signi�cant noise
unless care is taken to achieve a quiet, mode-locked soliton state [123, 127]. Thus, there are relatively few
dual-comb demonstrations [128{132]. As with the QCL and ICL combs, these systems work better at higher
tooth spacing (10 GHz - 1 THz) and often have limited spectral bandwidth, leading to typically 10-100 comb
modes available for spectroscopy.
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Figure 5: Open-path DCS in a a) monostatic and b) bistatic con�guration.

2.4 Open-path sensing con�guration

Open-path DCS requires a dual-comb spectrometer, telescope and detector systems, and an open-air path.
To perform DCS, the combs can be combined either before or after the sample (here, the open-air path) but
before the photodetector in either case, as shown in [12]. The case where both combs are combined before
probing the atmosphere is shown in Figure 3. Combining the combs before the open-air path only allows
absorption data to be collected but not phase data; however, it is often substantially easier to implement. In
addition, when combining the combs on a beam splitter, two branches of light are produced. If one wishes
to use two beam paths, for example measuring upwind and downwind of an emissions source, combining
the combs prior to probing the sample conveniently provides light for each path. Further, the atmospheric
path introduces both phase noise and beam breakup. Thus, combining the comb light as early as possible
is advantageous as phase noise that is common to both combs does not degrade the measurement, and any
beam breakup is common and therefore does not a�ect the spatial overlap between the two combs, which is
required for heterodyne detection. On the other hand, if only a single comb is sent over the air, both the
absorption and phase of the sample can be retrieved [62], which could potentially provide unique sensing
opportunities. Another potential advantage of only sending one comb could be in the case of high-loss paths
(for example, very long distance). Because the heterodyne signal power is proportional to

p
I 1I 2, where I is

the intensity of each comb, the SNR can be improved by having a high-power local oscillator comb. However,
sinceI is limited to some I max by detector saturation e�ects, the SNR is optimum if I 1 � I 2 � I max =2; thus,
if the losses from open-air propagation are not too large, combining both combs will provide a higher SNR.

The basic monostatic measurement con�guration is shown in Figure 5a, with the comb system and
telescope on the left and the retrore
ector on the right. Figures 3a and 5b show the equivalent bistatic
setup; however, this setup has not yet been used for open-path DCS due to challenges associated with
coherent averaging (see Section 2.6) using a processing system spatially separated from the comb system.
DCS instruments perform path-integrated measurements with relatively low powers at eye-safe levels (e.g.
< 10 mW typically). Despite the low light levels a re
ective element that folds the optical path back enables
interrogation of optical paths of hundreds of meters to tens of kilometers. Although the initial demonstrations
used a 
at mirror as the re
ector [61, 62], it is common to use a corner-cube retrore
ector, which re
ects
incoming light back to the source regardless of the angle of incidence. The use of a retrore
ector signi�cantly
simpli�es the setup because no active control of the retrore
ector is necessary in contrast to a plane mirror.
The use of a retrore
ector also eliminates beam steering e�ects due to turbulence, which thus reduces the
bandwidth required to servo the telescope pointing. Preliminary work based on EO-modulator combs for
CO2 sensing has also been carried out in the NIR looking at comb light back scattered from a natural target
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[133].
Beyond these requirements, there is substantial 
exibility in the measurement paths for a system. DCS

can be used with a single path to obtain path-averaged concentrations for a particular area [61, 62, 67, 72],
or can use two paths with separate telescopes to measure upwind and downwind of an emissions source [68].
A single telescope system can also be used to measure many paths to di�erent retrore
ectors in sequence to
locate an emissions source [66, 134], and the retrore
ector can be located on a unmanned aerial vehicle (UAV)
for spatial scanning [65]. Examples of each of these setups are discussed in Section 3.

One important consideration is the desired path length because this in turn dictates the required launch
aperture size, receive aperture size, and pointing requirements. Selecting a path length is a balance between
many factors including line absorption strength, return signal, and desired scienti�c objectives. For example,
in the NIR line strengths tend to be quite weak as these are from overtone bands. Therefore, long path
lengths on the order of kilometers are helpful as they increase the interaction length between the light and the
target molecules. However, these long kilometer-scale path lengths have low return power and are in
uenced
more by atmospheric turbulence. In order to achieve these path lengths, comb launch power can be increased,
though not in�nitely, as it results in worsened SWaP due to the necessity of extra ampli�er pump diodes,
and can reach hard limits for eye safe light launch. Additionally, retrore
ectors can be increased in size or
retrore
ector arrays can be used though with substantial increased cost, and telescopes can be made larger
for increased return apertures though again at the cost of worsened SWaP and maneuverability.

In the MIR, line strengths are typically a factor of 100 stronger because this region probes fundamental
ro-vibrational bands. This means that path lengths can be shorter and launched optical power can be lower.
This is helpful because at present, MIR optics are less e�cient than NIR components, leading to higher
light losses in MIR systems. However, the line strengths are so strong that one-way path lengths beyond
about 1 km can result in total light attenuation due to absorption by H 2O, CO2, or CH4 (depending on the
spectral region, see also Figure 4). Looking in between these saturated lines for weaker absorbers can be
very challenging.

Physical constraints such as weather conditions, geography, and site access permissions can also dictate
path selection. One of the most important weather conditions is predominant wind direction. It is often
desired to set up paths both upwind and downwind of potential sources and the selection of upwind and
downwind requires knowledge of local wind data. Geography is important because DCS requires line-of-
sight between the telescope and retrore
ector. Further, highly local geography can in
uence air
ow patterns
and thus help determine the location of the downwind measurement path. Site access is an additional
consideration for permissions as well as ease of troubleshooting the system in the �eld.

Finally, the choice of path length must depend not only on physical system parameters and light attenu-
ation but also on the science problem. Several applications of DCS are discussed in Section 3, and di�erent
path lengths are needed for these problems. For example, one application is the quanti�cation of urban
GHG emissions on the city scale (Section 3.2). Cities are typically several to tens of kilometers across, so
measuring trace gases across an entire city must be at the multi-kilometer scale, not the tens or hundreds
of meters scale. However, emissions from oil and natural gas (Section 3.3) are typically very localized and
measurements at the kilometer or hundred meter scale can be used to quantify such emissions. For vertical
column measurements, several length scales are relevant. Close to sources, the plume only mixes up to
10s or 100 m, so< 1 km path lengths can still be used. For applications such as urban GHG emissions
quanti�cation, it would be useful to measure trace gases up to the top of the PBL, which can be at least
several km during summer days. Finally, vertical column measurements could potentially be performed into
the stratosphere, which would necessitate path lengths of> 10 km.

2.4.1 Telescope design

A key component of open-path DCS systems is the launch/receive telescope system. This system should be
optimized to maximize total e�ciency so that the launched power can be minimized, which is bene�cial in
order to simplify the laser systems and also to keep the launched power at eye-safe levels below the ANSI
Class 1 limit. Several factors need to be taken into account when designing the telescope system including
desired spectral coverage, total path length, retrore
ector size, and weight. Often, the best telescope system
for one application is not necessarily the best for other applications. Several telescope designs are shown
in Figure 6. These designs all use re
ective optics, such as spherical mirrors or OAPs, instead of lenses in
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Figure 6: Several telescope designs used for open-path DCS. In all of these designs, the locations of the signal
photodetector and optional reference photodetector are given. a) Single OAP design. Light is launched
directly out of �ber, passes through a 50:50 beamsplitter, and is collimated by an OAP. Return light traces
the same path, except is re
ected o� of the beamsplitter to a photodetector at the focus of the OAP. b) OAP
beam expander. Light is �rst collimated, passes through the 50:50 beamsplitter, and is expanded by a pair
of OAPs. Return light traces the same path, except is re
ected o� of the beamsplitter and is focused with
an additional lens onto a photodetector. c) Modi�ed commercial telescope. This design uses a commercial
Ritchey-Chr�etien telescope as the receiver optics. Because these telescopes (and similar designs) have a
center occlusion from the secondary mirror, this area can be used for the launch optics without additional
loss of power. To do this, the launch light is collimated, for example, with an OAP, and then is co-aligned
along the center axis of the receive telescope using steering mirrors. A few-percent picko� can be added
in the launch for a reference measurement. The return light is collected by the commercial telescope and
measured on a photodetector at the focus of the telescope.

order to avoid chromatic aberrations. This is important if the desired spectral coverage is greater than a
few percent of the central wavelength. The use of all re
ective optics also enables visible and/or NIR laser
light to be used for alignment. However, alignment of OAPs, especially beam expanders, can be somewhat
tricky. In addition, these designs show an optional reference detector, which can be used to normalize the
measured transmission spectrum. However, for this to be useful, care must be taken to match the signal and
reference spectra as much as possible. For this, it is best to have as few optics as possible in the light path
between the signal and reference detectors and to reduce polarization sensitivity in the optics or to control
the polarization of the light after the �ber.

In the design shown in Figure 6a, the launched beam size is set by the focal length of the OAP and is
given by 2(NA)=(EFL), where NA is the numerical aperture of the �ber (typically around 0.1-0.2) and EFL is
the e�ective focal length of the OAP. This design is simple and compact, but the use of a 50:50 beamsplitter
results in a factor-of-4 loss. The design in Figure 6b adds a beam expander using a pair of OAPs, which
provides some 
exibility in the size of the launched beam because the initial collimated beam size and
expansion ratio can both be varied. The fact that the laser beam is collimated in part of the telescope also
provides some additional 
exibility to add additional optics. For example, the 50:50 beamsplitter can be
replaced with a polarizing beamsplitter and �= 4-waveplate to reduce the loss from the beamsplitter at the
cost of additional complexity and the potential for etalons due to stray re
ections. However, the alignment
of the beam expander in particular can be challenging. The �nal design, shown in Figure 6c, di�ers from
the other designs in that the launch and receive optics are decoupled from each other. This design allows
for large collection apertures (� 25.4 cm and� 30.5 cm are commercially available) and does not su�er from
the inherent loss due to the 50:50 beamsplitter. However, the launch and receive optics need to be carefully
co-aligned and can drift relative to each other due to, e.g., temperature changes. Another disadvantage of
the large diameter telescopes is that they are heavy, which adds to the requirements for the pointing stage.

2.4.2 Telescope e�ciency

As discussed in Section 2.5, it is typically desirable to collect� 10-100� W of power on the signal detector,
depending on the detector. If we assume that� 10 mW of light is launched (this corresponds to the ANSI
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Class I limit for light > 1400 nm), then the total e�ciency of the system from launch to receive needs to
be 0:1 � 1%. In order to calculate the expected e�ciency, it is necessary to fully model the Gaussian beam
propagation and turbulence e�ects in the atmosphere [135{139]. However, in many cases the distance to the
re
ector is large compared to the Rayleigh range of the launched beam, in which case the beam size versus
distance can be determined from the divergence angle (� ): � = �

�w , where � is the divergence relative to
beam center,w is the beam waist (1=e2 intensity radius), and � is the wavelength. In addition, typically it is
su�cient to estimate the average power, so the turbulence e�ects can be approximated as an additional long-
term beam spread. With these assumptions, the total e�ciency (E t ) can be estimated using an equation
developed for laser ranging [139, 140]. Of particular note, the e�ciency in this case increases with the
square of the launched beam size and receive aperture diameter and increases with the fourth-power of the
retrore
ector diameter. The e�ciency also decreases with the fourth power of the distance to the re
ector.
These scaling factors are only valid as long as the beam at the retrore
ector and receiver is larger than
retrore
ector and receiver diameter, respectively. In practice, for kilometer-scale path lengths and moderate
turbulence, a launched beam diameter of� 10 cm (corresponding to a divergence angle of 10� rad), collection
aperture of � 20 cm, and a� 10 cm diameter retrore
ector will give e�ciencies of typically 1 � 10 %.

2.5 Signal-to-noise (SNR) considerations

Open-path DCS has many of the same SNR considerations as DCS in general, see e.g. [141] and [12], and
also has many of the same considerations as Fourier-transform spectroscopy (FTS) (see e.g. [142]). Because
DCS relies on acquisition in the time-domain as opposed to frequency-domain multiplexing (e.g. using
a dispersive spectrometer), the SNR of the magnitude spectrum which corresponds to the optical power
spectrum is reduced from the temporal IGM SNR by the number of acquired spectral elementsM = � �=f r

encompassed within the spectral bandwidth of the source, �� [141]. To understand this better, consider a
time-domain measurement of a series of IGMs with a total ofN points in the time series and a sampling
rate of f r . The discrete Fourier transform (DFT) of this time series has a measurement bandwidth of 1=N
(in units of Nyquist frequency), so the spectral-domain noise� f can be related to the time-domain noise� t

by � f = � t
p

N . On the other hand, the spectral-domain signalsf (i.e., the height of a comb tooth after the
DFT) is related to the time-domain signal st (given by the peak height of the IGM) by sf = st

N
M , where M

is the number of spectral elements (comb teeth). De�ning the SNR as SNR =s
� and noting that N

f r
= tmeas,

where tmeas is the total measurement time, we can relate the frequency-domain SNR to the time-doman
SNR:

SNRfp
tmeas

=
p

f r �
SNRt

M � �
: (5)

Here SNRf is de�ned as the average frequency-domain SNR assuming a Gaussian spectrum. The proportion-
ality constant � accounts for spectral chirp in the IGMs (i.e., di�erent wavelengths occur at di�erent times),
which reduces the temporal SNRt relative to the unchirped case without a�ecting the spectral SNRf . If the
IGMs are chirped, � < 1. If they are not chirped, � = 1. Note that Equation (5) requires the dual-comb
tooth linewidth to be narrower than 1 =tmeas, which is usually achieved with real-time or post-processing
phase correction (see also section 2.6). To account for the dependence onM when comparing systems, it is
often worthwhile to de�ne a �gure of merit (FOM)

FOM =
SNRfp

tmeas
� M: (6)

Typical FOM values range from 106 - 107 [12].
There are several limits to the attainable SNR. Figure 7 shows the achievable FOM versus optical

power due to di�erent noise sources. At very low measured optical powers, the SNR is typically limited by
detector noise, given by the detector noise-equivalent power (NEP). In this case, the SNR scales linearly with
increasing optical power. Because the detectors used for DCS often have a large rf bandwidth (in order to
measure a broad spectrum), the NEP is typically limited by the transimpedance ampli�er and not the noise
of the photodiode itself. The NEP of 100-MHz-bandwidth InGaAs and extended InGaAs photodetectors in
the 1.0-2.5� m spectral region is typically on the order of 1-10 pW/Hz1=2. In the MIR region, detectors are
a bit worse; however, thermoelectrically cooled photovoltaic HgCdTe detectors are available in the 3-5� m
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Figure 7: FOM versus detected power. The FOM is shown by the solid line, limiting cases are shown by
broken lines. The detector noise is set at 10 pW/Hz1=2 and the RIN is � 140 dBc/Hz. The grey shading
indicates the region where detector saturation e�ects occur (more shading indicates more potential e�ects).
More details can be found in [141] and [12]

.

spectral region with an NEP of � 15 pW/Hz 1=2. On the other hand, avalanche photodiodes (APDs) have
signi�cantly lower noise but at the cost of signi�cantly lower saturation power.

As the optical power on the detector is increased, other noise sources dominate over the detector NEP.
These include fundamental shot noise and laser relative intensity noise (RIN), which arises from fast (pulse-
to-pulse) intensity noise in the combs. The RIN varies between laser systems (even ones with similar designs)
and can be di�cult to reduce. In addition, spectral broadening or other nonlinear processes can often result
in increased RIN. Once the RIN limit is reached, the SNR remains constant with increasing optical power
on the detector. Figure 7 shows the RIN limit for a typical level of � 140 dBc/Hz, which results in a RIN-
limited FOM of around 7 � 106. In principle, it is possible to cancel noise from RIN with balanced detection
and reach FOM values > 107. This has been demonstrated in lab DCS measurements [59, 79, 80, 143];
however, this is complicated to accomplish for open-path DCS because of the required polarization elements
and challenges associated with beam overlap.

Unfortunately, even for negligible RIN, it is not possible to increase the SNR by increasing the power
on the detector inde�nitely. In addition to the obvious limit of received laser power, there are inherent
dynamic range limitations in the detection electronics. One potential limitation is the bit depth of the
analog-to-digital converter (ADC); however, even for a 12-bit ADC, the ADC-limited FOM is > 2 � 107

so is unlikely to be the primary limitation. Another source of dynamic range limitation is saturation,
which is used here broadly for a nonlinear response versus input signal. Saturation can potentially arise
in the photodetector as well as subsequent rf ampli�ers and can result in mixing between comb teeth, the
appearance of harmonics in the rf spectrum, and structure in the spectral baseline. These e�ects in turn
result in distortion of the spectral lineshapes, which cause biases in the retrieved concentrations. As indicated
by the shading in Figure 7, saturation does not occur only above a well-de�ned power level, even for a speci�c
detector/ampli�er con�guration. Instead, the e�ects of saturation become progressively stronger at higher
powers. Thus, the power level at which saturation becomes problematic depends on both the detector and
ampli�er con�guration and also on the requirements of the particular application. For some applications,
adding a small bias by running with some amount of detector saturation is acceptable for the increase in
SNR. Because of this, it is best to characterize the saturation behavior of a system �rst before using it in an
application. In general, commercially-available detectors in the NIR and MIR start to su�er from saturation
around 20-200� W.

2.6 Data acquisition and coherent averaging

As discussed in Section 2.2, the voltage signal resulting from superimposing both frequency combs on a
photodiode is a series of interferograms which repeat every 1=� f r seconds (see Figure 3). The IGM is
proportional to the cross-correlation between the electric �eld of both comb pulses. According to the Wiener-
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Figure 8: Illustration of coherent averaging of DCS interferograms. a) In the time domain, successive IGMs
are summed to produce a single interferogram with higher SNR. b) In the frequency domain, coherent
averaging results in a spectrum sampled just at each tooth. Here black is the spectrum with resolved teeth
obtained by Fourier transforming a time series consisting of many IGMs and the red points are obtained by
Fourier transforming the coherently averaged IGM. The inset on the right shows a zoom on two of the lines
illustrating the negligible instrument lineshape.

Khintchin theorem, the Fourier transform of the IGM results in a spectrum which is proportional to the
product of both comb spectra. This is analogous to an FTIR instrument, where the temporal cross-correlation
of a light source is usually generated with a Michelson interferometer.

To obtain fully resolved DCS spectra, the relative tooth linewidths between both combs needs to stay
below � f r during the entire measurement time to avoid crosstalk between adjacent pairs of rf comb teeth
in the DCS downmixing process. One way to achieve this is tight phaselocking of both combs with a comb
tooth integrated phase noise well below 1 radian and most of the optical power con�ned to the carrier [144].

While an individual IGM acquired over 1=� f r thus results in a fully resolved spectrum with point
spacing of f r , its SNR is often insu�cient for many applications. It is thus standard practice in DCS to
measure multiple consecutive interferograms [56, 145, 146], which ideally leads to an improvement of the
SNR proportional to the square root of the measurement time as shown in Equation 5. Note that this
only holds true if the relative tooth linewidth stays below � f r during the measurement time. For second-
scale measurement times, this can be achieved through tight phase-locking of both combs [56]. While the
measurement time of such tightly locked systems is often limited by slow phase drifts, it can easily be
extended. The phase drift between consecutive saved interferograms can be extracted by either subtracting
their phase in the spectral domain or calculating the cross-correlation between the initial IGM and each
subsequent IGM. The calculated phase drift� noise can then be removed from the IGM by multiplying it
with e� i� noise . To reduce the data and processing burdens, those phase coherent interferograms are often
coherently averaged before being saved to disk and transformed into a spectrum [145]. Figure 8 shows the
concept of coherent averaging. Individual IGMs are coadded for a desired averaging time before being written
to disk. In the spectral domain, this is equivalent to sampling the spectrum at the peak of the comb teeth
as shown in Figure 8b.
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Figure 9: Example measured NIR, open-path DCS spectra for a 1-km one-way path. a) Raw transmission
spectrum in red and �t baseline in black. b) Extracted absorption spectrum, A(� ), shown in red in the upper
panel. The lower panel shows the model using HITRAN for each species (inverted for clarity).

DCS systems that use frequency combs with looser locks or are even completely free-running often exhibit
linewidths exceeding � f r over the time span of a single IGM and require high-bandwidth phase drift (and
also timing jitter) characterization and correction before co-adding. One approach is to measure the comb's
di�erential phase noise (e.g. using a CEO signal and a heterodyne signal between the combs and a common
cw laser) and subtract it in real-time signal processing through point-by-point rotation and resampling of
the IGMs on an �eld-programmable gate array (FPGA) [99, 143]. Alternatively, an adaptive sampling clock
can be used in an analog high-bandwidth phase correction scheme [147]. Yet another approach is to extract
the phase noise from the measured interferograms using an augmented Kalman �lter [148].

2.7 Extraction of species concentrations

Spectroscopic trace gas analysis typically relies on the Beer-Lambert law:

I (� ) = I 0(� )e� `
P

i � i ( � )ci (7)

where I (� ) is the measured spectrum,I 0(� ) is the reference spectrum in the absence of any absorbers,` is
the measurement path length,� i (� ) is the molecular cross section for trace gasi , and ci is the path-averaged
concentration of the trace gas. Here we focus on trace gas concentration retrievals, where typicallyI (� ),
I 0(� ), and ` are measured,� (� ) is a property of the trace gas, and the molecular concentrationc is the
quantity of interest and estimated through inversion of (7)3. An example open-path DCS spectrum and
analysis is shown in Figure 9. Note that the DCS instrument can also be used to determine� (� ) and has

3Technically, open-path DCS measures the path-integrated column density, ci ` , often given in units of a mixing ratio as
ppm-m or ppb-m. Since the path length, ` , is known, this can be converted to path-averaged mixing ratio in ppm or ppb. We
use both notations throughout the text.
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been used to supplement databases [76, 149{152].� (� ) is often obtained from databases containing either
line shape parameters or cross section spectra.

For most of this work, the path length ` is measured using either a Mach-Zehnder interferometer which
has an uncertainty of � 30 cm, or a laser range-�nder which has an uncertainty of� 50 cm, resulting in a sub-
% error contribution for typical path lengths of 100s of meters. I (� ) is measured every 1=� f r seconds and
recorded every� 30 seconds, and� (� ) is calculated from line shape parameters obtained from HITRAN (hi gh
resolution tran smission molecular absorption database) [153{155]. However, it is challenging to measureI 0(� )
with the DCS system because of rapid spectral 
uctuations causing baseline drift and complex telescope optics
hindering the measurement of a precise duplicate of the probing spectrumI 0(� ). For rovibrationally-resolved
lines with narrow spectral features, we estimateI 0(� ) by �tting I (� ) to a combination of a polynomial baseline
and molecular transmission in small spectral chunks and stitching together the polynomials across all chunks.
Later in this section we will discuss approaches for �tting larger molecules whose absorption cross section is
no longer rovibrationally-resolved (broad absorbers).

2.7.1 Line parameters

HITRAN provides a list of lineshape parameters for small molecules that have rovibrationally-resolved spectra
rather than molecular cross section data. For small molecules, open-path spectra are typically �t using the
Voigt pro�le, which is the most complex lineshape that can be calculated using the standard HITRAN data.
As of HITRAN 2016 [155], data for more complex lineshapes are being incorporated but at the time of
analysis, this data was not available for the molecules of interest. Data in this chapter was typically �tted
using HITRAN 2008 [156] as it was found to produce smaller residuals for methane than HITRAN 2012
[157] and, for most work, HITRAN 2016 [155] was not available for CO2 and CH4 at the time of analysis.

The Voigt pro�le is a convolution of Gaussian and Lorentzian line pro�les [158] and is given by the
equation:

FV (� ) =
Z 1

0
FG (� � � 0; � D )FL (� � � 0; �) d� (8)

where � 0 is the line center, FG is the Gaussian line function, FL is the Lorentzian line function, � D is the
Gaussian half-width, and � is the Lorentzian half-width.

The Gaussian line pro�le is given by the function

FG (� � � 0) =

r
ln(2)

�
1

� D
exp

 

� ln(2)
�

� � � 0

� D

� 2
!

(9)

where � D is the Doppler half-width and is given by the equation:

� D =

r
2 ln(2)kT

mc2 � 0 (10)

where k is the Boltzmann constant, T is the measurement temperature in K,m is the molecular mass in kg,
and c is the speed of light.

The Lorentzian pro�le is given by the equation:

FL (� � � 0) =
1
�

�
(� � � 0 � � )2 + � 2 (11)

where � is the pressure-induced line shift and � is the Lorentzian half-width and is determined experi-
mentally and obtained from HITRAN.

HITRAN provides the Voigt pro�le parameters Si (linestrength), v0 (vacuum line center), � (Lorentzian
half width), and � (line center pressure shift) as well as an additional parametern (temperature-dependent
exponent for the Lorentzian half-width). The Gaussian half width for a given molecule can be calculated for
a given measurement temperature. An overview of Voigt line shape parameters are given in Figure 10.
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Figure 10: Voigt spectral line pro�le with several line shape parameters shown:Si (linestrength), v0 (vacuum
line center), � (Lorentzian half width), and � (line center pressure shift). Adapted from hitran.org.

2.7.2 Spectral �tting of ro-vibrationally resolved species

Much of the analysis discussed in the applications section (Section 3) results from �tting small molecules
with isolated ro-vibrational lines such as CO2, CH4, and H2O. An example open-path DCS spectrum of these
species in the NIR is shown in Figure 9. As discussed above, it is di�cult to measure anI 0 spectrum for
DCS, so for these molecules we calculate a baseline as theI 0 spectrum. The calculation typically �ts a 7 th

order polynomial to the spectrum in 0.3 THz (10 cm� 1) chunks. The baseline calculation is also informed
by the line center positions and the strengths based on the estimated concentration, so the calculation is not
distorted by absorption lines, even for strong absorption.

The measuredI (� ) spectrum is then divided by this calculated I 0(� ) spectrum to produce an absorp-
tion spectrum A(� ) = � ln( I

I 0
) = � ln

P
i (� i (� )ci `). Using HITRAN, � i (� ) is calculated for each species

assuming Voigt line pro�les as discussed above. Then, the species concentrations can be estimated from the
measured absorbance spectrum through linear least-squares �tting. However, this is only an approximation
as the molecular lineshapes change as a function of temperature, pressure, concentration of other gases,
etc. Most of these other e�ects, such as self-pressure, air-pressure and water-pressure lineshape changes and
linemixing, are either negligible in many cases or not su�ciently well known to include in the �t. Thus,
we calculate � (�; T ) for di�erent temperatures T and, using nonlinear least-squares �tting, estimate both
species concentrationsci and measurement path-averaged temperatureT from A.

This �tting uses spectral databases. This means that no calibration is necessary in the traditional sense
where an instrument relies on bottles of calibrated gas standards. However, this can introduce systematic
errors that are present in the database. For example, di�erent databases can yield substantially di�erent
retrieved trace gas concentrations. The switch from HITRAN 2008 to HITRAN 2016 results in an 8%
increase in retrieved CH4 concentration at the 1.6 � m region due to changes in the linestrength values.
Further, databases are sometimes lacking under certain conditions such as high pressures or very high
temperatures. This makes it challenging to retrieve accurate concentrations under such conditions.

2.7.3 More complex �tting cases

As DCS moves beyond �tting small molecules with rovibrationally resolved spectra that are well-represented
in HITRAN, additional �tting techniques are necessary. In particular, this is necessary in the MIR when
�tting ethane, acetone, and other molecules with many C-H stretches as discussed in Section 3.6. These
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Figure 11: Schematic depicting change detection for broad absorbers. Here, water is a narrow absorber
present in both sig spectra and isopropanol is a broad absorber present only insigAbs .

molecules do not have rotationally-resolved lines; rather they have broad spectra that are di�cult to distin-
guish from the broad comb baseline structure. Therefore, it does not make sense to use lineshape pro�les to
model the overall absorption. Instead, these are �t using absorption cross sections from the Paci�c North-
west National Laboratory (PNNL) Infrared Database [159] or with other measured cross sections. Ideally,
the overall broad comb baseline structure could be removed by recording a signal and reference channel
simultaneously as shown in the telescope designs in Figure 6. Here, the signal channel records the signal
after passing through the analyte (for example, ambient air with acetone and isopropanol plumes), while the
reference channel records the comb spectrum after passing through just centimeters of air. The transmission
spectrum of the analyte can then be obtained by the simple ratio sig

ref . However, the telescope optics and
retrore
ector usually introduce additional broad structure in this ratio that can interfere with the �tting of
broad absorption features, thus additional techniques are often required as discussed below.

One technique that can help separate the spectral baseline from the gas absorption lines is change
detection. In this method, the ratio of signal to reference is further referenced to a ratio taken in the absence
of any absorbers, i.e. the �nal data to be analyzed = sig Abs =ref Abs

sig NoAbs =ref NoAbs
where sigAbs and ref Abs are the

signal and reference spectra in the presence of the broad absorbers andsigNoAbs and ref NoAbs are the signal
and reference spectra in the absence of broad absorbers. This is shown schematically in Figure 11 with
synthetic data. This works well for cases where a plume of a broad absorber is added arti�cially such as in
[67] or when a time period exists where there are no broad absorbers of interest. In this case, the signal
and reference measurements made during the time with no broad absorbers are thesigNoAbs and ref NoAbs

spectra shown in Figure 11. This technique was used in [67] to retrieve acetone and isopropanol over a 162
m (one-way) path with sensitivities of 5.7 ppm-m and 2.4 ppm-m at one-minute averaging time and was
limited by baseline variability not removed by the double ratio. However, this does not work for all cases for
analyzing broad absorbers, for example, if there is no known period with no absorption from the species of
interest.

A second technique that has been used for analysis of broad absorbers, especially for short time periods
of an hour or less, is to use a \shorted path". This technique is conceptually similar to the idea of change
detection above, but the spectrum in the absence of any absorbers is a very short open-air path that is
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a meter or two long rather than the full-length path in the absence of the broad absorbers. Thus, the
absorption on the short path is negligible. The �tted spectrum is therefore sig Long =ref Long

sig Short =ref Short
where sigLong

is the signal data measured over the long path andref Long is data measured at the same time but over
the reference path. On the other hand,sigShort is the signal data measured over the short path (e.g. few
meters), and ref Short is data measured at the same time, but over the reference path. The short and long
path data are taken sequentially and then compared to each other. This technique allowed ethane to be
detected at a concentration of 3.75 ppb with a sensitivity of 0.4 ppb at one-minute averaging times over
measurement time periods of 30 minutes [67]. However, optical di�erences between the short and long path
as well as temporal baseline variation can still result in spectral structure at the few-percent level.

A third method that has been used to �t data, especially broad absorbers, is di�erential �tting. This
technique is borrowed from the DOAS technique [25]. The principle behind DOAS is that spectra can be
decomposed into a broad polynomial component that varies slowly with wavelength and a narrow-structure
component that varies rapidly with wavelength.

I (� ) = I 0 � exp
� X

i

�
� � i (� )ci `

�
�

�
� Ray (� ) + � Mie (� )

�
`
�

(12)

where � i (� ) is the wavelength-dependent cross section of molecular speciesi , ci is the concentration
of speciesi , ` is the path length, � Ray (� ) is the wavelength-dependent Rayleigh scattering cross section,
and � Mie (� ) is the wavelength-dependent Mie scattering cross section.� i (� ) is further broken up into a
broadband component � B (� ) and a narrow-band component � 0(� ). The previous equation can then be
expanded as:

I (� ) = I 0 � exp
� X

i

�
� (� B;i (� ) + � 0

i (� ))ci `
�

�
�

� Ray (� ) + � Mie (� )
�

`
�

(13)

and the sum of all broadband components {� B;i (� ), � Ray (� ), and � Mie (� ) { are �tted out as a polynomial.

The resulting di�erential spectrum I 0
0(� ) = I 0 � exp

� P
i (� � 0

i (� )ci `)
�

is �tted with the di�erential cross

section � 0
i (� ). In practice, this is done by �tting a baseline with the same parameters as the standard

baseline �t to the broad absorber cross section, for example, �tting the cross section with the same baseline
parameters as the baseline correction. This technique is most successful with molecules that have a signi�cant
narrow-band component. For example, this �tting technique is more successful with ethane than propane.
This approach was used to �t the broadband VOCs discussed in Section 3.6.

A �nal technique that is used for �tting more complex data is time-domain or cepstral �tting of the
molecular free induction decay [160, 161]. This technique relies on the fact that the centerburst of the
IGMs produces the broad spectral structure, while the free induction decay far from the centerburst is what
produces narrow absorption lines in the absorption spectra. To `deconvolve' the spectrally broad baseline
intensity from the spectrally narrow molecular response in the time domain, the �t is performed on the
inverse Fourier transform of the logarithm of the measured spectrumI (� ), also known as the cepstrum
F � 1f ln( I (� ))g. The cepstrum is then masked up to a certain cut-o� time that depends on overall spectral
shape and absorber widths, but should roughly be shorter than the inverse absorber width. This is similar
to applying a high-pass �lter to the measured spectrum and suppresses the broad baseline. An advantage of
this method is that it can speed up processing when compared to the computationally expensive standard
piecewise polynomial baseline estimation discussed above.

2.8 Comparability

In addition to sensitivity, it is important to look at potential biases in DCS. While in principle DCS has
high accuracy because of the lack of instrument lineshape, there are other potential e�ects that can lead to
biases in the retrieved concentration. In order to look for these e�ects, two NIR DCS systems based on the
same Er:�ber design but constructed by di�erent groups were compared across an open path [38]. The two
systems are referred to below as DCS A and DCS B. The light was launched from two neighboring telescopes
(designs b and c in Figure 6) over adjacent open-air paths of approximately 2 kilometers round-trip to two
retrore
ectors separated by approximately 10 meters.
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During initial testing, several issues were identi�ed that can cause biases in the retrieved concentrations.
In particular, di�erences were observed for the same signal split between di�erent channels of the ADC
and between di�erent ADCs. This was eliminated by amplifying the signal to �ll the voltage range of the
ADC and by adding a low-frequency dither signal (� 1 kHz) to spread the IGM over a range of voltages.
In addition, as discussed in Section 2.5, saturation can occur in any rf ampli�er used after the detector.
Saturation in standard low-power rf ampli�ers (e.g., the Minicircuits ZFL series [162]) led to biases in the
path-averaged concentration of a few ppm (� 1%) for CO2, which were eliminated by using high-power rf
ampli�ers or fast voltage ampli�ers (e.g. Stanford Research Systems ampli�ers and Minicircuits ZHL-1-2W
[162]). Smaller biases were observed due to etalons in optical components as well as light scattering from the
reference path of the telescope being picked up on the signal detector (see telescope b in Figure 6), which
looks like an etalon in the spectrum. In addition, optical nonlinear mixing can occur and lead to biases if the
two frequency combs are combined in �ber at high optical power so care should be taken to spectrally �lter
the combs �rst before combining to reduce the total power. Finally, biases were observed for signals that
were mapped to higher radio frequencies. This is believed to arise from the frequency response of the ADC.
To remove this bias, the comb locks were adjusted to �t the entire spectrum in lower radio frequencies.

The instruments were compared over a two-week time period after removing the sources of bias discussed
above. Three-hour-averaged spectra were compared between the two DCS instruments, as well as retrieved
CO2, CH4, and H2O concentrations over the full two weeks [38]. The two averaged spectra agreed to better
than 10� 3 and showed no residuals at any lines, indicating that the DCS instruments do have identical
delta function lineshapes and that instrument lineshape does not contribute to biases. The magnitude of
the di�erence between the two spectra was driven by an etalon on one of the telescopes. Without this
etalon, the actual agreement was more than a factor of four better and dominated by white noise. Over
the two week intercomparison period, the retrieved concentrations between the two DCS instruments agreed
to better than 0.6 ppm of CO2, 7 ppb CH4, and 40 ppm H2O over a temperature variation of 4.6 to 28.9
� C, 10 to 90 % relative humidity variations, and large return power 
uctuations (retrieved data shown in
Figure 12). All three di�erences show an approximately Gaussian distribution indicating that the di�erences
are likely driven by white noise. This agreement is a factor of 10-100 better than other published open-
path intercomparisons and is close to the World Meteorological Organization intercomparability goals for
greenhouse gas instruments [163].

2.9 Long term operation and �eld deployment challenges

As mentioned in Section 1.1, one advantage of open-path measurements is that they can provide continuous
monitoring of numerous area or point sources. However, in order to realize this advantage, the system must
be able to run continuously with high SNR over the full time frame of the deployment. This in turn places
stringent requirements on the stability and robustness of the DCS system. For long-term operation, any
system ideally should be housed in a moderately temperature-controlled environment (e.g. small trailer
with heating and air conditioning) and have access to a cellular network or internet connection for remote
uploading of measurement data as well as for occasional troubleshooting and maintenance. Furthermore,
the combs need to remain locked for long periods of time { preferably weeks to months { with minimal
to no intervention and need to be relatively insensitive to temperature 
uctuations since �eld sites have
substantially worse temperature control than most metrology laboratories. All-�ber frequency comb designs
such as the Er:�ber ones used in Section 3 are the most developed solution to this problem so far. These
lasers are compact and are able to withstand signi�cant vibrations without loss of locks [36, 37, 78]. Further,
the all-�ber nature means that the alignment of the system will not drift with temperature changes. We
have found that the addition of any free-space components (such as the optics used for the DFG systems
discussed in Section 3.6) greatly increases the system sensitivity to environmental parameters and requires
substantial e�ort to either temperature control the entire system or the entire �eld environment.

In addition to remaining locked for weeks to months at a time, the system must also be able to collect
data over this time period. This essentially makes the coherent averaging described in Section 2.6 a necessary
component of �eldable DCS systems for data reduction. For a system such as ours that collects an inter-
ferogram every 1.6 ms, 24 hours of data collection will produce 54 million interferograms without coherent
averaging. Storing, transferring, and processing that much data is a substantial challenge, and one that
cannot be met by streaming data on an oscilloscope as is done for a number of laboratory demonstrations of
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Figure 12: Comparison of data retrieved from two DCS systems (A and B) over approximately two weeks.
The upper three time series show the retrieved concentrations overlaid; the lower three time series show the
di�erence in retrieved concentrations. Adapted from [38].

DCS. However, with coherent averaging to 30 second time resolution, that same system will produce 2880
interferograms which requires much less disk space and much less time to process. Further, the coherent
averaging enables increased SNR, which reduces the requirement for data averaging in the post-processing
steps [145] and reduces bias that arises from processing low-SNR spectra [141].

Further important considerations for the �eld deployment of a DCS system include the space, power
draw and equipment needed for a successful deployment in rugged conditions. A full �ber-laser-based, NIR
DCS system will draw about 800 W of power and occupies approximately one 18U 19-inch rack mount
(not including the telescope system). This power draw includes all lasers and pump diodes, temperature
controllers, power supplies, control electronics, computers, data acquisition, and gimbal control; however,
it does not include external temperature control of the environment. The MIR system used in Section 3.6
currently requires more space and power. In addition, the telescope and pointing stage need to be mounted
outside with connections to the electronics inside (typically an optical �ber, power, and USB or ethernet for
the camera). The telescope/stage can be placed on a tripod, mounted to the roof of a building or trailer
(note that mounting to the roof of a trailer will require a faster pointing servo to account for movement of
the trailer due to wind, etc.), or mounted on a tower (which will require � 10-20 m2 of ground space for
securing the tower).

Another challenge of long-term operation is maintaining the telescope/re
ector alignment even in possibly
adverse outdoor conditions. While the use of a corner-cube retrore
ector eliminates issues with pointing drift
of the re
ector, the telescope pointing can still drift. Because the divergence angle of the launched beam
is typically small in order to reduce the required launch power, the tolerance for pointing errors is also
small. Thus, in order to enable long-term operation, an active pointing servo is typically required. This is
accomplished by mounting the telescope on a motorized stage or gimbal. For kilometer-scale path lengths,
this stage usually needs 0:01� 1 mrad pointing precision and needs to be able to support the weight of the
telescope systems, which can be> 20 kg for large-aperture systems like that shown in Figure 6c. In addition,
for active control it is desirable to have as low of hysteresis and backlash as possible and is important that
these e�ects are repeatable across a range of environmental parameters.

Several options exist for obtaining the error signal to use to feedback to the telescope pointing. The
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simplest option is to maximize the collected power; however, there are di�culties with this approach. First,
the collected power can vary signi�cantly over short timescales due to atmospheric turbulence [61, 62, 164,
165]. This can lead to confusion in the optimization routine unless care is taken to average the returned
power values for long enough to smooth out these variations. Second, a simple measurement of the collected
power does not provide directional information, i.e., low power does not tell you if the pointing is o� left,
right, up, or down. This can be addressed in principle by slightly dithering the pointing of the telescope or
launched beam at two frequencies (one for horizontal and one for vertical) and then using lock-in detection
to obtain an error signal. However, this adds signi�cant complexity both in applying a modulation at a good
frequency and in demodulating the return power. It also modulates the data, which can cause issues in DCS
if the modulation frequency is too close to�f r . Alternatively, one can perform a search routine to optimize
the power. A drawback to this is that some data interruption occurs during the search routine, so care must
be taken to develop an e�cient routine that is not applied too frequently. Finally, if the signal is completely
lost, it can be very di�cult to regain alignment by just using the received power.

An alternative method is to use a camera co-aligned with the telescope to provide two-dimensional
alignment feedback [65]. While it is in principle possible to just use the camera image to identify the
location of the re
ector, this process can be simpli�ed by including a light source that is detectable by the
camera. Then the location of the re
ector in the camera image can be readily identi�ed by selecting the bright
spot arising from the re
ected light. High-brightness, NIR LED 
ashlights (emitting light at � 850 nm with
� 1 W of power) are readily available and work well for this. These light sources have signi�cantly higher
divergence angles (� 10 degrees), thus the pointing feedback has a wide capture range. One challenge with
this method is that stray re
ections or bright spots on the camera can lead to errors in the spot detection
routine. Adding a bandpass �lter in front of the camera helps signi�cantly but occasional problems still
arise. In addition, for path lengths beyond a few kilometers especially with high turbulence, the amount
of light collected is low and 
uctuates signi�cantly, which can result in problems with this simple scheme.
With a bit of added complexity, it is possible to do a simple lock-in detection by turning the LED on and
o� and looking at the di�erence between successive camera images. Perhaps the biggest challenge with the
camera-based method is that the alignment of the camera relative to the telescope can drift, resulting in
a drop in the received spectroscopy light power. To compensate for this, it is often useful to add a slower
feedback using the collected power.

3 Applications

In this section, we discuss recent applications of open-path DCS to measurements of urban greenhouse gases
(Section 3.2), measurements of emissions of methane from oil and gas (Section 3.3), measurements using a
mobile retrore
ector on a UAV (Section 3.4), measurement of emissions from agriculture (Section 3.5), and
measurement of VOCs (Section 3.6). For many of these applications, the goal is to determine emission rates
of gases from sources, which requires meteorological measurements as well as an atmospheric model in many
cases. This is discussed in Section 3.1.

3.1 Emission rate determination

Traditionally, emission rates have been determined using point-sensor-based concentration measurements
[166, 167]. There exist several methods to accomplish this including eddy covariance e.g. [168{171] and

ux gradient for area sources [172, 173]; tracer release e.g. [174{179] and EPA Other Test Method (OTM)
33a e.g. [180{183] for point sources; and numerical inversion techniques for point and area sources (see
references below). Numerical inversions can also be used with path-integrated measurements. This method
relates concentration measurements (atm locations) to the source strength (from n sources) with a matrix
equation [184]

C = Cbg + GQ : (14)

Here,C is a matrix of concentrations with dimensions ofm � 1, Cbg is a matrix of background concentrations
with dimensions of m � 1, Q is a length-n vector of source strengths, andG is an m � n matrix that relates
the source strength at one point to a concentration at a sensor.Q is often called the in
uence function
and is typically determined with an atmospheric dispersion model which is represented byG. Alternatively,
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Figure 13: Emission rate measurements using long path. a) Con�guration using two measurement paths,
one upwind and one downwind of a source. b) Example footprint for a single hour measurement. c) Same
but for a point sensor. The color scale in b and c is the contribution to the footprint and is linear and spans
two orders of magnitude.

the in
uence function can be expressed as a sensor footprint, which gives the in
uence of a source at each
grid point in the measurement domain on the sensor measurement. Finally, various methods can be used to
invert Equation 14 and determine an estimate ofQ, see, e.g., [184{190]. Note that this equation can also be
run \forwards" to calculate C if Q is prescribed.

However, these point-sensor-based methods all have limitations. For example, eddy covariance and 
ux
gradient techniques are challenging to apply in complex terrain and have limited spatial footprints [167, 191,
192]. Tracer release measurements and OTM 33a require site access and knowledge of the location of the
emission and cannot be used for continuous measurements. In addition, the accuracy of OTM 33 depends
substantially on the layout of the site [193]. Finally, numerical inversions rely heavily on a dispersion model
to determine an emission rate and when using data from point sensors are sensitive to wind variations, which
can lead to high errors [167]. Determining 
uxes not from point sensors but from an integrated line sensor
like open-path DCS can overcome many of these challenges.

A simple, idealized example of emissions quanti�cation using open-path measurements is shown in Figure
13a. Here, two measurement paths are used, with one located upwind of the source to be characterized and
one located downwind. Enhancements on the downwind path relative to the upwind path can be directly
related to sources and sinks within the contained area. Note that these paths can be upwind and downwind
of an entire well pad or land�ll, and thus do not necessarily require site access. Trace gas enhancements are
then combined with simple models or atmospheric inversions to determine source or sink characteristics, e.g.,
[17, 66, 134, 166, 194{198]. Compared to similar techniques using a point sensor, open-path measurements
have several potential advantages. First, open-path measurements can be applied for both point and area
sources and also have wide 
exibility in coverage by changing the path length. Second, because of the
distributed measurement path, they are less sensitive to loss of data due to wind direction shifts and to
measurement biases due to errors in the wind direction measurement. Third, the distributed measurement
path increases the measurement footprint (the upwind fetch or source area the measurement is sensitive to),
which allows for measurement sensitivity to a larger upwind area. This is illustrated in Figure 13 where the
footprint of an open path measurement is shown in b compared to that of a point measurement in c. Warmer
colors represent a greater contribution to the footprint and cooler colors represent a smaller contribution to
the footprint. These images show that the footprint from the open-path measurement is broader and more
uniform than that from a point sensor. Open-path measurements can also be used in other con�gurations
beyond this simple, idealized con�guration. One con�guration utilized in several applications discussed
below is to use radial beam paths that originate from a central location, see e.g. [17, 18, 66, 134, 199]. The
beam paths can originate from multiple co-located transmitters or from a single transmitter that is scanned
between re
ectors. Depending on the wind direction, di�erent beam paths can then be used to represent
the upwind and downwind measurements from a source. This con�guration has the advantage that the
the transmitter or transmitters and spectrometer are all co-located, which reduces setup and operational
complexity. Other con�gurations for open-path measurements include 
ux gradient, which use two vertically
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separated beam paths [172, 200], vertical radial plume mapping using �ve beam paths [31, 201] as well as
tomographic reconstructions using many beam paths [202{205].

Several challenges can arise from the use of open-path measurements to characterize trace gas sources
and sinks. For example, locations of measurement paths can be limited by terrain features, given that
line-of-sight is necessary between the telescope and the retrore
ector. Second, as with the point-sensor
techniques listed above, the choice of model used for determination of emission rate can be a challenge. One
possibility is to use a basic box model where the source is considered to be inside a box with background air
entering on the upwind side and background plus emissions exiting on the downwind side [206]. This can
work well if the downwind measurement path is far enough downwind from sources to consider the emissions
fully mixed up to the height of the box (typically assumed to be the height of the atmospheric boundary
layer). Otherwise, many dispersion models exist [207{210], including Gaussian plume and pu� models [206,
211], forward and backward Lagrangian models such WindTrax [194] and STILT [212, 213], as well as more
advanced computational 
uid dynamics models. The choice of model depends on many factors, including
the size of area to be modeled, complexity of terrain (including buildings or other obstructions), as well as
computational resources available. A full treatment of available dispersion models is beyond the scope of this
review. Recently, a technique for 
ux quanti�cation without the use of a dispersion model was developed -
that method is described in Section 3.4.

3.2 Urban greenhouse gas emissions

One example use case for frequency comb-based emissions estimation is a recent demonstration of vehicle CO2

quanti�cation in Boulder, Colorado, USA [68]. Urban areas contribute signi�cantly to total anthropogenic
GHG emissions [214, 215], with a large fraction of urban emission coming from the transportation sector.
Because many cities have aggressive GHG emissions reduction targets, it is important to develop tools for
monitoring, reporting, and veri�cation of GHG emissions in order to track progress towards the reduction
targets. While a number of di�erent techniques are being developed using networks of sensors, e.g., [216{219],
many of these methods rely on an inversion model with well-known priors and high-resolution atmospheric
models. Long-horizontal-path measurements could help by increasing the measurement footprint of a single
sensor (see Figure 13), and by reducing representation error by spatial averaging [20] which enables emissions
measurements with reduced requirements on priors and atmospheric models. A similar long-path LIDAR
technique has also recently been tested in downtown Paris [204, 205]; however, this technique uses cw lasers
and is thus limited to measuring one species. Here, we used DCS to measure multiple species simultaneously
with high time resolution.

The city of Boulder is contained in a relatively small area: approximately 8 km east-to-west by 12 km
north-to-south. This area is a good �t for the current range of frequency comb path lengths. Boulder is
bordered by mountains to the west and plains to the north, east, and south. A DCS system was installed
in a laboratory at the western edge of the city (Figure 14). One beam path extended to the west to sample
air entering the city from the mountains over a 1-km one-way path, and a second beam extended to the
north-east to measure air containing emissions from the city over a 3.35 km one-way path.

In this work, we use the Er:�ber laser system described previously. It measured between 6023 and
6376 cm� 1 (1.57 and 1.66� m) to capture CO2 and CH4 as well as H2O lines as can be seen in Figure 9.
Measurements were performed in a monostatic con�guration (con�guration a in Figure 5). The reference
path used a 5 cm home-built OAP telescope (telescope b in Figure 6 but without a reference channel) while
the over-city path used a modi�ed 25.4 cm diameter Ritchey-Chr�etien telescope (telescope c in Figure 6 but
without the reference channel). The choice of telescope was dictated primarily by the measurement path
length { the � 2 km reference path allowed for a smaller telescope than the 6.7 km over-city path due to
much higher return power. Spectra were coherently averaged for 32 seconds per data point. This spectral
region contains only narrow absorbers at concentrations detectable by the DCS, so data was �tted using the
procedure described in Section 2.7.2 using data from HITRAN 2008.

The system measured near-continuously for seven and a half weeks. CO2, CH4, and H2O concentration
measurements were collected over both paths simultaneously. This data is shown in Figure 14 and shows that
the system measured nearly continuously for the 7.5 weeks except for a several-day gap due to bad weather.
The reference path data is shown in red and the over-city path is shown in black, corresponding to the path
colors in Figure 14. The water data over the two paths agrees well, but clear and consistent enhancements
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Figure 14: Diagram of measurements over the city of Boulder, Colorado for CO2 emissions quanti�cation.
The DCS was located at the intersection of west-looking red beam path and the northeast-looking black beam
path. Meteorological measurements were made at the DCS location as well as the two green diamonds. Mean
wind during two case study days are given by the blue and aqua arrows. Gaussian plume emissions locations
are given by the circles, colored and sized by the emissions strength as determined from vehicle tra�c counts.
Adapted from Figure 1 in [68].
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Figure 15: Time series of Boulder data over nearly eight weeks. Red: data from reference path in Figure
14. Black: data from over-city path in Figure 14. Substantial CO2 and CH4 enhancement is visible in the
over-city data relative to the reference data.

in CO2 and CH4 are observed on the over-city path relative to the reference path with maxima of almost
550 ppm CO2 and 2.4 ppm CH4. This indicates that the city of Boulder is emitting both of these gases.
Much of the enhancement occurs at night when gases are trapped in the descending boundary layer.

The 7.5-week dataset was �ltered for west winds (ensuring that the west-looking path could be used as a
clean air reference), and daytime enhancements in over-city CO2. This choice was made to simplify modeling
requirements, as simulation of nighttime boundary layer dynamics is more uncertain than for the daytime
boundary layer. Data �ltering for these criteria yielded two full days of measurements - one weekday, and
one weekend day. This �ltering ensured that the enhancement in the over-city path was due primarily to
vehicle emissions, with minor contributions from heating/cooling and small nearby power plants with minimal
impacts due to meteorology. Biological CO2 was deemed an unlikely source of the observed enhancement,
given the time of day and season, location, and wind direction. Further, power plant contributions were
deemed unlikely under west wind conditions because the over-city beam path excluded emissions from the
main power plant east of Boulder under these wind conditions.

To calculate emissions from the observed CO2 enhancement, a Gaussian plume model was used. The
STILT-R [213] dispersion model was also tested, but found to be highly sensitive to parameterizations of
vertical dispersion. Tra�c measurement locations logged by the city of Boulder were used as point source
locations for the Gaussian plumes, shown as colored circles in Figure 14. More plumes were emitted in
areas with high tra�c and fewer in parts of the city with less tra�c. Each emissions location was further
scaled by the fraction of tra�c counts at that location to provide a more accurate source strength (circle
size and color in Figure 14). When the calculated emissions were scaled up to a year to compare with the
city tra�c emissions inventory, they agreed within a factor of 1.6. This is within the error bars calculated
for the dual-comb-based emissions (the city inventory does not include error bars). This example shows the
potential to use open-path DCS to quantify emissions in support of or potential replacement of bottom-up
estimates with top-down measurements.

3.3 Industrial oil & gas methane emissions

Another practical �eld application of open-path DCS is the detection, attribution and quanti�cation of
methane emissions from oil and gas production and storage. Several aspects of upstream natural gas and
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