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Selecting suitable wavelength bands for ultra-long open-path dual-comb spectroscopy is necessary for building a future GHGs global
monitoring network.

Public summary
m Conduct the wavelength bands selection studied for ultra-long open-path dual-comb spectroscopy for the first time.

m Based on stimulated transmission spectral results, discuss the feasibility and suitable wavelength band for ultra-long
open-path dual-comb spectroscopy in both horizontal and vertical configuration.

m High-power frequency combs between 1634 nm and 1639 nm allow for simultaneous measurements of methane, carbon
dioxide, and water vapor in the vertical open-path direction.
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Abstract: Dual-comb spectroscopy (DCS) is one of the most promising technologies for ultra-long open-path multiple
greenhouse gas detection. Ultra-long open-path DCS has the potential to realize horizontal open-path links over hundreds
of kilometers and vertical open-path links between satellites and the ground base. Under these extreme detection condi-
tions, identifying an appropriate wavelength band that ensures both technical feasibility and a reasonable absorbance for
target components is critical but currently lacks studies. In this work, we simulate transmission spectra under different de-
tection configurations to identify optimal wavelength bands for carbon dioxide (CO,) and methane (CH,) measurement.
The simulation results show that the 1540 nm Watt-level high-power frequency combs developed are suitable for CO,
measurement in both horizontal and vertical ultra-long detection configurations. The results also suggest that developing
high-power fiber amplifiers for 1630 nm and 1636 nm will facilitate CH, measurement in horizontal and vertical ultra-long
detection configurations, respectively. The amplification at 1636 nm will be a future research focus, as it is expected to en-

able simultaneous measurements of CH,, CO,, and water vapor in the vertical detection configuration.

Keywords: greenhouse gases; dual-comb spectroscopy; band range selection
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1 Introduction

Since the Industrial Revolution, human activities have intensi-
fied, leading to climate change issues that threaten human sur-
vival. Understanding the mechanisms of human-induced cli-
mate change is crucial for addressing this existential crisis.
Accurate monitoring of greenhouse gases (GHGs) across
multiple time and space scales is essential for such studies'*.
Broadband molecular spectroscopy offers a powerful tool for
analyzing components and quantifying the concentration of
multiple gas-phase species simultaneously, making it suitable
for GHGs research”™. Open-path measurement is averaged
over small-scale turbulent eddies, offering a more representat-
ive atmospheric composition for a given area. Additionally,
open-path measurement avoids biases caused by sample
handling, such as reactions or losses!. However, broadband
coherent laser sources are difficult to obtain. Broadband spec-
troscopy techniques for atmospheric components detection
mainly rely on passive detection™ or active detection with in-
coherent sources®’”’. Both techniques, however, face limita-
tions in open-path measurements, including short detection
distances, low precision, and observation time restrictions.
For example, passive solar-based detection cannot operate at
night, and Fourier-transform infrared spectroscopy (FTIR)
techniques with incoherent sources are typically limited to a
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few hundred meters and are vulnerable to atmospheric
turbulence.

The invention of the optical frequency comb in 2000
provided a highly coherent broadband light source, as a game
changer for precision spectroscopy™™’. Because the optical fre-
quency comb operates at a carrier oscillation frequency of
hundreds of THz in the time domain and features evenly
spaced comb teeth at the hundred MHz scale in the frequency
domain, state-of-the-art direct optical detection technologies
are unable to analyze the spectral information of the comb ef-
fectively, regardless of in the time or frequency domain!”. To
address this issue effectively, dual-comb spectroscopy (DCS)
was proposed'"l. DCS utilizes optical linear sampling
between two frequency combs with a slight repetition differ-
ence to obtain precise spectral information from the interac-
tion between the comb light and the materials. Essentially, it
is a type of time-domain Fourier spectroscopy that has the
ability to detect broadband spectra in parallel by using one
photon detector!>'l. While in the frequency domain, it down-
coverts the spectral information from the optical frequency into
the radio frequency through multiheterodyne interference
between hundreds and thousands of comb modes from two
combs''".

DCS does not require any mechanical scanning structures;
its precision, accuracy and ultimate signal-to-noise ratio
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(SNR) primarily depend on the stability and coherence of the
two comb sources'**. More importantly, compared with
techniques such as Fourier-transform spectroscopy (FTIS)=4,
DCS offers much faster spectral scanning, allowing for rapid
atmospheric monitoring, where atmospheric turbulence is ef-
fectively frozen™. The optical scanning characteristic makes
DCS highly suitable for integration into portable, field-
deployable platforms. The fast spectral scanning capability of
DCS allows it to resist interference from atmospheric turbu-
lence and even capture the dispersive phase spectra of atmo-
spheric molecules ™, which cannot be achieved by other tech-
niques. After the verification of precision and accuracy, the
technology has evolved toward practical daily applications™".
The maturity of polarization-maintaining fiber combs”’ and a
“bootstrapped” scheme with a narrow-linewidth fiber laser™
has enabled the development of highly coherent, integrated
DCS systems. These systems are well suited for vehicle-
mounted or airborne deployment, providing high-precision
multicomponent gas monitoring in various field environ-
ments. It has already demonstrated remarkable advantages in
regional monitoring applications, such as oil and gas leakage
detection™ and vehicle exhaust emission detection™.

While open-path DCS has shown enormous potential for
long-range measurements, current systems are limited to few-
kilometer regional monitoring, restricting its use to large-
scale high-precision multicomponent measurements. To
achieve coverage of emissions from medium- to large-sized
cities and even vertical link measurements between satellites
and ground bases, DCS that has the ability to remote over a
hundred-kilometer horizontal open path is necessary™”. This
large-scale, high-precision monitoring ability, including long-
range open-path atmospheric measurements, is critical for es-
tablishing a comprehensive global GHGs monitoring net-
work. However, achieving ultra-long DCS requires overcom-
ing several great technical challenges. Notably, a 113 km
open-path DCS has been demonstrated recently by means of a
proposed two-way DCS configuration that uses high-power
combs and synchronizes the frequency standard between the
two stations®™”.

The 113 km open-path DCS overcomes the significant
challenge of link attenuation as a proof of principle. After
solving the issues of attenuation and frequency accuracy for
long-range dual-comb absorption spectra, the next critical
step is identifying and developing suitable detection
wavelength bands for practical ultra-long open-path scenari-
os in both horizontal and vertical links. Therefore, a theoretic-
al study on the selection of wavelength bands is necessary to
guide future designs and technological developments. Here,
we use the high-resolution transmission molecular absorption
database (Hitran2024) and the atmosphere community cli-
mate model (MERRA-2) to conduct ultra-long open-path
spectral simulations. On the basis of the simulation results,
we discuss and identify suitable wavelength bands for
different conditions, providing guidance for establishing a
standardized, all-day GHGs global monitoring network in the
future.

2 Principle of open-path DCS

For open-path dual-comb spectroscopy, we focus on the
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atmospheric transmission spectrum obtained via Fourier ana-
lysis of the original detected time-domain interferograms. The
atmospheric transmission spectrum includes the spectral
background (or baseline) with a gently sloping spectral pro-
file and the spectral absorption or dispersion information with
deep and narrow spectral profiles.

The atmospheric transmission spectrum satisfies Beer—
Lambert’s law. The emitted broadband light source can be
represented by the complex spectrum 4 (v). After the light
passes through a certain atmospheric path length, the trans-
mitted spectrum A () detected can be expressed as:

Ar(0) = Ay(V) - eXP(=A (V) = (V) - exp(=L- 2, - X, (V)
(M

where L represents the total absorption path length and where
the subscript i denotes different trace gases, such as carbon
dioxide (CO,), methane (CH,), or water molecules, in our
studies. j denotes the imaginary unit. y;(v) = a;(v)+]jB;(v) is
the complex scattering cross-section of each molecule, with
the real part «;(v) corresponding to the absorption effect and
the imaginary part S;(v)corresponding to the dispersion ef-
fect of the interaction between the molecule and the light. The
second term in Eq. (1), A, (v) and ¢, (v), describes the en-
ergy attenuation and dispersion effects caused by the atmo-
sphere. The third term in Eq. (1) describes the interaction
between comb light and target trace gas molecules. This term
is what we are interested in and is used to retrieve the concen-
trations of multiple substances in the atmosphere. The first
two terms on the right side of Eq. (1) represent a relatively
smooth variation in the spectrum compared with the third
term. By means of precalibration methods or spectral baseline
fitting algorithms™**!, the baseline can be removed to obtain
the atmospheric absorption or dispersion spectrum. Then, the
real-time concentration can be retrieved from the absorption
or dispersion spectrum by using an inversion algorithm along
with a molecular absorption database such as HITRANE"Y,

In a typical open-path DCS configuration, as shown in
Fig. la, the detection range is generally several kilometers.
The near-infrared fiber frequency comb used, which is the
most mature type of comb technology available, can output
milliwatt-level seed light, typically covering a broad spec-
trum ranging from 1520 to 1660 nm™!, In this kilometer-scale
range, the seed light provides sufficient transmittance power
and covers the appropriate absorption bands for methane, car-
bon dioxide, and water vapor.

In ultra-long open-path DCS, a two-way configuration is
employed (Fig. 1b)*” to reduce geometric attenuation and im-
prove detection sensitivity. In addition to this configuration, a
high-power Watt-level amplifier for the frequency comb is re-
quired for the measurements. Currently, such amplifiers are
limited to amplifying only a few specific regions, typically
within a bandwidth of just a few nanometers®”. Moreover, the
path length L is almost two orders of magnitude greater than
that in traditional setups. According to Eq. (1), the
absorbance decays exponentially with L, meaning that
wavelength bands suitable for typical open-path setups may
lead to absorption saturation under ultra-long conditions.
Therefore, it is essential to carefully select a suitable
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Fig. 1. (a) Schematic of a typical open-path DCS setup for kilometer-scale detection. (b) Schematic of the configuration for achieving ultra-long open-
path DCS. (¢) Two main application scenarios for ultra-long path DCS: horizontal open-path links over 100 km and vertical open-path links from the

satellite to the ground base, which exceeds 10000 km.

wavelength band for ultra-long open-path DCS. This band
should meet the following criteria: (O It must exhibit ad-
equate absorption of the target substance while minimizing
interference from other trace gases, and @) it must be technic-
ally feasible to develop and should ensure both system stabil-
ity and fieldability for practical usage.

3 Results

In the following study, we focus on the impact of target GHG
absorption over ultra-long open-path links. On the basis of the
simulated transmission results, we investigate the selection of
suitable wavelength bands for two application scenarios of
ultra-long open-path DCS (Fig. 1¢): ( 1) horizontal links over
100 km and (ii) vertical links from the ground to satellites
over distances of at least 10000 km.

3.1 Horizontal ultra-long open path

In the near-surface atmosphere, typical carbon dioxide con-
centrations range from 400 to 500 ppm, whereas methane
concentrations range from 2 to 4 ppm. Water vapor, however,
exhibits much larger fluctuations, generally varying by sever-
al thousand ppm. Fig. 2 shows the normalized transmission
spectra simulated via the HITRAN database and Eq. (1),
where normalization means that only the third term in Eq. (1)
is considered. Fig.2a shows the normalized transmission
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spectra at a 1 km open path, with 2 ppm CH,, 500 ppm CO,,
and 2000 ppm water vapor at 300 K and 1 standard atmo-
spheric pressure. The average absorbance for both CH, and
CO, is approximately 5% on average. Thus, for kilometer-
scale open-path conditions, the seed light output of the near-
infrared fiber frequency comb, which spans a relatively broad
bandwidth of approximately 100 nm (shown in Fig. 2a as
Range 1), is suitable for detecting CH, and CO,.

Fig. 2b presents the simulated transmission spectra for a
100 km open path, with parameters identical to those in
Fig. 2a. The wavelength bands that are suitable for methane
and carbon dioxide detection at 1 km show significant spec-
tral saturation due to strong long-path absorption, rendering
them unsuitable for spectral extraction in this range.

In a previous horizontal ultra-long open-path DCS study®”,
Watt-level high-power frequency combs with a 7 nm band-
width centered at 1543 nm were chosen, where the CO, ab-
sorbance does not exceed 80%. The amplification technology
for high-power femtosecond pulses in this band at approxim-
ately 1543 nm is relatively mature, and this region is well
suited for detecting the carbon dioxide absorption spectrum
over a hundred kilometer horizontal path. However, strong
water vapor absorption interference is also present in this re-
gion. To avoid interference from water vapor, an interesting
wavelength band shown as Range 2 in Fig. 2b can be selec-
ted, where water vapor absorption is relatively low. Fig. 2d
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Fig. 2. Simulated normalized transmission spectra for horizontal open-path links. Simulations were performed using concentrations of 2 ppm methane,
500 ppm carbon dioxide, and 2000 ppm water vapor at 300 K and 1 standard atmospheric pressure. (a) Transmission spectrum for a 1 km path length,
covering the wavelength range from 6000 to 6600 cm™, which corresponds to the output range of mature fiber comb seed light sources. (b) Transmission
spectrum for a 100 km path length. In this case, most of the wavelength bands suitable for measuring GHGs at kilometer-scale paths become saturated.
(c) Wavelength band suitable for methane measurement in ultra-long open-path DCS. (d) Wavelength band suitable for carbon dioxide measurement in

ultra-long open-path DCS.

shows an expanded view of Range 2, between 6475 and
6500 cm™ (approximately 1538.5—1544.4 nm), which is a
promising choice for such measurements.

For methane measurements over a hundred-kilometer hori-
zontal path, most of the absorption features are saturated, as
shown in Fig. 2b. However, a band still exists that allows for
moderate methane absorption, as indicated in Range 3 of
Fig. 2b. This range, from 6120 to 6150 cm™ (approximately
1626-1634 nm), is recommended. Although the high-power
frequency comb amplifier for this band has not yet been fully
developed, it is technically feasible and can be specifically
targeted for further development.

3.2 Vertical ultra-long open path

Owing to atmospheric diffusion, the concentrations of meth-
ane and carbon dioxide, as well as the temperature and pres-
sure, change slowly along the horizontal path near the Earth’s
surface. Thus, the horizontal link measurement can represent

08024

the average concentration of gases along the path. In the ver-
tical direction, a simple estimation suggests that the total
number of atmospheric molecules is equivalent to that of a 10
km horizontal path™. Fig. 3a shows the transmission spec-
trum for a 10 km path; other parameters are the same as those
used for Fig. 2. If we consider only the results in Fig. 3a, it
may appear that the suitable wavelength bands for vertical
satellite-to-ground atmospheric links are similar to those for
kilometer-scale horizontal open-path DCS, as shown in
Fig. 2a. However, since the atmosphere in the vertical
direction follows a hydrostatic equilibrium, with the molecu-
lar density decreasing exponentially with height, most of the
GHGs molecules along the satellite-ground base link extend
over 10000 km and are concentrated only within the first few
tens of kilometers near the surface. Additionally, the sharp
variations in concentration, temperature, and pressure along
the path result in significant differences in the linewidth, line
shape, and line depth of the characteristic absorption peaks
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Fig. 3. (a) Simulated normalized transmission spectrum for a 10 km horizontal open-path link. The simulation parameters are the same as those in Fig. 2.
(b) Molecular number density profiles of three GHGs (methane, carbon dioxide, and water vapor). (c) The temperature profile over Hefei, China (117°E,
32°N), on January 5, 2015, derived from MERRA-2 specified dynamics (SD) assimilation data.

between different altitude layers. This is in stark contrast to
the nearly uniform conditions of horizontal open-path DCS.

Fig. 3b and 3c show the GHGs densities and temperature
profiles, respectively, over Hefei, China (117°E, 32°N), on
January 5, 2014. The profiles used in this study are based on
output from the specified dynamics (SD) Whole Atmosphere
Community Climate Model Version 6 (WACCM®6) ", which
is nudged by NASA’s Modern-Era Retrospective Analysis for
Research and Applications, Version 2 (MERRA-2) product®.
The results show that methane and carbon dioxide exhibit rel-
atively small diurnal variations, whereas water vapor shows
larger fluctuations near the surface due to phase changes and
transport processes.

Considering the inhomogeneity of the atmosphere, the nor-
malized transmission spectrum for a segmented vertical path
can be expressed as:

Apm ) = exp (=2, {IZX )z -p), L)), @)

where j refers to the jth segment along the vertical path and
the total path length L =2XL;. On the basis of Eq. (2) and
profiles from the climate model, we can simulate the normal-
ized transmission spectrum in the vertical path link.

Fig. 4a shows the transmission spectrum between 6354
cm™ and 6370 cm™, which is a suitable wavelength range for
a 10 km horizontal open-path DCS. Owing to the presence of
vertical profiles, the transmission spectrum exhibits much
narrower line widths and deeper absorption features than
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those of a homogeneous 10 km horizontal near-surface path
(Fig. 4b), with the maximum absorbance exceeding 90%.
Notably, this simulation only considers absorption along the
vertical direction, but a relatively slanted ground-to-satellite
path could lead to absorption saturation. Fig. 4c shows the
transmission spectrum in the band range near 1543 nm, which
is suitable for horizontal ultra-long open-path DCS, as dis-
cussed above. The transmission spectrum shows moderate ab-
sorption depths. Moreover, the interference from water vapor
is significantly lower than that in the horizontal direction (Fig.
4d). Therefore, for vertical link measurements, selecting the
same wavelength band as that used for ultra-long open-path
DCS in the horizontal direction is a reasonable choice.

Similarly, for methane detection, the simulated results
show a strong saturation trend (Fig. 5a). In this case, using the
band range near 1620 nm, specifically from 6080—6120 cm™,
offers a more suitable and optimal solution for methane detec-
tion (Fig. 5b). Amplifying this band range is also technically
feasible. Moreover, this band allows for the simultaneous
detection of carbon dioxide and water vapor. Fig. 5¢ shows an
absorbance peak that combines the absorption of water vapor,
carbon dioxide, and methane, all at similar absorption
magnitudes, which can be used to extract the GHGs
concentration.

4 Discussion
This study addresses the selection of wavelength bands for
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Fig. 4. Simulated normalized transmission spectra for CO, in the vertical open-path link (blue solid line). The black dashed line represents the transmis-
sion spectrum for a 10 km horizontal open path for comparison. (a) Transmission spectrum from 6354 to 6370 cm™ (approximately 1570—
1574 nm), showing a strong trend of absorption saturation. (b) Enlarged view of the absorption lines from panel (a), showing narrower line widths and
deeper absorption in the vertical path than the more uniformly distributed horizontal link. (¢) Transmission spectrum from 6484 to 6500 cm™ (approxim-
ately 1538—1542 nm), showing a reasonable absorption. (d) Enlarged view of the absorption lines from panel (c).

ultra-long open-path DCS in atmospheric greenhouse gas
(GHGs) measurements. Using the HITRAN database, cli-
mate model, and radiative transfer models, we simulate the
transmission spectra across various wavelength bands, both
for horizontal and vertical open-path links. According to the
simulation results, we provide guidance for selecting
wavelength bands for ultra-long open-path DCS in different
future implementation scenarios.

We first discuss the horizontal open-path link, where the
sensing distance is up to one hundred kilometers. This range
can effectively cover the horizontal flux measurements of
large- and medium-sized cities, complementing satellite and
point-source measurements to form a multiscale monitoring
network. The simulated transmission spectra encompass the
output range of the near-infrared fiber comb seed light
sources. For horizontal ultra-long open-path DCS, the selec-
ted band should not only be technically feasible for high-
power amplification but also exhibit appropriate absorption
characteristics for the target molecules without interference
from other gases. The simulation results show that for the
detection of CO,, a band range near 1540 nm, spanning a few
nanometers, can be amplified to achieve challenging detec-
tion. This band is relatively easy to implement with current
high-power amplification technology, and the supporting
fiber—optic components are well developed. For methane de-
tection, the band range from 1626 to 1634 nm can be targeted
for the development of high-power, compact integrated

0802-6

frequency comb amplifiers. Although this technology is not
yet fully mature, it is more technically feasible than longer
wavelengths above 1660 nm.

For vertical open-path links between satellites and the
ground, the total number of molecules encountered is roughly
equivalent to that in a 10 km horizontal path. However, our
simulations show that, owing to steep gradients in gas con-
centration, temperature, and pressure in the vertical direction,
molecular collisions and thermal motion are sharply reduced
with altitude. This results in much narrower linewidths and
deeper absorption features in the vertical transmission spec-
trum than in the horizontal 10 km open path. The simulation
results suggest that for satellite-to-ground vertical links, the
band range near 1540 nm is suitable, which is the same as that
used for horizontal ultra-long open-path DCS. In other words,
current technologies are already capable of detecting CO, in
both horizontal and vertical ultra-long open-path DCS. For
methane detection, high-power frequency combs between
1634 and 1639 nm are suitable. This band is technically feas-
ible for high-power fiber-based femtosecond pulse amplifiers.
If this amplifier is successfully developed, it would allow for
simultaneous measurements of methane, carbon dioxide, and
water vapor in the vertical open-path direction.

Notably, high-precision DCS measurements in the vertical
direction can also be used to retrieve real-time profiles of at-
mospheric GHGs. The basic principle is similar to that of
laser heterodyne spectroscopy or upward-looking Fourier-
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absorption depths, making this range suitable for satellite-to-ground vertical open-path detection. (c) Enlarged view of the absorption peak in (b), show-
ing the combined absorption features of methane, carbon dioxide, and water vapor.

transform spectrometers®**. However, unlike these passive
detection methods, vertical open-path DCS is not limited to
daytime measurements. Moreover, DCS offers higher resolu-
tion, negligible instrument line-shape effects, high signal-to-
noise ratios, and faster sampling rates, all of which contribute
to obtaining more accurate profiles. Therefore, it is reason-
able to believe that vertical DCS could become a revolution-
ary tool for monitoring GHG profiles in the future.

5 Conclusions

Through the simulations and analysis presented in this study,
we demonstrate that the current development of high-power
frequency combs near 1540 nm can enable ultralong open-
path applications for both horizontal and vertical links. For
methane detection, the band ranging from 1626 to 1634 nm is
suitable for horizontal detection. The band range from 1634
to 1639 nm can be deployed for vertical detection. Notably,
the development of high-power fiber amplifiers for fre-
quency combs in this band range will facilitate simultaneous
vertical open-path measurements of methane, carbon dioxide,
and water vapor. An amplifier in this range will be a key tech-
nique paving the way for the development of satellite-to-
ground open-path DCS. These findings validate the practical
potential of high-power frequency combs in long-range atmo-
spheric sensing. Moreover, it provide a clear technical
roadmap for optimizing global open-path GHGs monitoring
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network, ultimately contributing to more accurate and real-
time climate-related gas emissions.
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