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Abstract. Accurate quantification of urban greenhouse gas
(GHG) emissions can benefit from path-averaged, high-
precision, high-temporal-resolution measurements that com-
plement point sensors and passive remote sensing. Among
open-path techniques, dual-comb spectroscopy (DCS) stands
out as a particularly capable candidate, offering simultane-
ous broadband coverage, an absolute SI-traceable frequency
axis, and sufficient spectral radiance for multi-kilometer
paths. Here we present an open-path dual-comb spectrometer
using two commercial, self-referenced, turn-key frequency
combs operated continuously in Heidelberg, Germany, over
an urban landscape. The instrument allows to infer column-
averaged dry-air mole fractions of CO2 along a 3.1 km ab-
sorption path. Within the evaluation period from September
2025 to February 2026 the system achieved a data cover-
age of 76 %, with losses primarily attributable to visibility-
limiting weather conditions such as fog and heavy rain. The
instrument precision, characterized by the overlapping Al-
lan deviation under stable atmospheric conditions, reaches
6.13 ppm

√
s for CO2, equivalent to 0.35 ppm at 5 min av-

eraging time. These values are on par with or better than
previous open-path DCS experiments and represent roughly
one order of magnitude improvement over a co-deployed
open-path Fourier transform spectrometer operating on the
same path. The two instruments differ by a small bias of
0.50 ppm for CO2. These results demonstrate that commer-
cial frequency-comb technology has matured enough to turn
open-path DCS into an accessible tool for the broader atmo-

spheric science community, without sacrificing performance:
built exclusively from commercially available components,
our instrument remains fully competitive with custom-built
dual-comb spectrometers. This establishes a foundation for
distributed path-averaged observations, from urban emission
monitoring and network-scale deployments to the validation
of spectroscopic databases.

1 Introduction

Carbon dioxide emissions from urban areas account for up to
70 % of the global total, making urban emissions critical to
climate change mitigation. Yet the urban emission landscape
is inherently heterogeneous (Park et al., 2022; Hong et al.,
2023), inducing large inventory uncertainties that typically
increase with finer spatial and temporal resolutions (Gately
and Hutyra, 2017; Oda et al., 2019; Super et al., 2020; Gur-
ney et al., 2021). This heterogeneity also drives large spa-
tial and temporal variability in urban CO2 concentration
fields (Zhu et al., 2022; Estruch et al., 2024; Mitchell et al.,
2018). Atmospheric concentration measurements can verify
and improve emission inventories from a top-down perspec-
tive (Lauvaux et al., 2020; Mueller et al., 2021). However,
the heterogeneity poses a significant challenge to models and
measurements, which must either resolve or correctly aver-
age the induced variability, while being sensitive to urban
emissions.
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Point sensors provide local atmospheric CO2 records but
suffer from representativeness biases at urban scales due
to spatial heterogeneity (e.g., Kaminski et al., 2001). Verti-
cal column measurements from satellites and ground-based
sun-viewing spectrometers lack sensitivity to local urban
emissions and suffer from limited temporal coverage due
to weather conditions and daytime-only availability. In con-
trast, open-path measurements that average over kilometer-
scale horizontal paths provide representativeness at typical
model grid scales while maintaining sufficient sensitivity to
detect urban emissions. Open-path techniques may also serve
as calibration references for emerging dense low-cost sensor
networks (e.g., Shusterman et al., 2016; Kim et al., 2025;
Asimow et al., 2025; Patel et al., 2026).

The core difficulty of open-path CO2 measurements lies
in detecting small relative signals (∼ 1 ppm enhancements
against ∼ 420 ppm background abundance). In the near-
infrared, this difficulty is compounded by intrinsically weak
absorption. This combination of small relative signal and
weak absorption demands spectrometers with high signal-
to-noise ratio. Multiple technological approaches have been
explored for kilometer-scale open-path CO2 measurements.
Early techniques adapted differential optical absorption spec-
troscopy (DOAS), originally developed in the visible and
ultraviolet, to the near-infrared using grating spectrometers
paired with thermal light sources (e.g., Saito et al., 2015).
Open-path Fourier transform infrared (FTIR) spectrometers
later improved upon this approach, achieving broader spec-
tral coverage and enabling simultaneous retrieval of mul-
tiple species (Griffith et al., 2018; Deutscher et al., 2021;
Schmitt et al., 2023). Both approaches, however, are funda-
mentally constrained by the limited spectral radiance of ther-
mal sources, which severely restricts achievable signal-to-
noise ratio. Consequently, both typically suffer from limited
precision, achieving only a few ppm on minute timescales,
although under optimized instrumental configurations and
near-ideal conditions, precision of sub-ppm levels has been
demonstrated (Deutscher et al., 2021). Replacing the thermal
source with a super-continuum source (a free running fre-
quency comb) yields higher spectral radiance, but at the price
of much higher source noise. Custom built Fourier transform
spectrometer using balanced detection (Krebbers et al., 2024)
can address this problem, but have only demonstrated open-
path operations below 100 m to this date (Krebbers et al.,
2025). Finally, the limited spectral resolution of these tech-
niques introduces accuracy problems due to instrument line
shape effects.

Laser-based approaches can overcome these limitations
and achieve high sensitivity and high spectral resolu-
tion at the same time. The simplest laser-based approach
uses on-band-off-band measurements, meaning two fixed-
wavelength lasers with one tuned to a CO2 absorption line
and one offset. It was the first method deployed at scale
for urban emissions inference (Dobler et al., 2013, 2017;
Lian et al., 2019). However, this approach suffers from

temperature-dependent biases of tens of ppm, especially
when the lasers are not actively stabilized to the absorption
feature (Zaccheo et al., 2019).

Tunable diode laser absorption spectrometers (TDLAS)
improve upon this approach by measuring across full absorp-
tion features, enhancing stability to changes in environmen-
tal conditions. Nevertheless, TDLAS faces fundamental lim-
itations: temperature-concentration degeneracy and insuffi-
cient spectral information to resolve interfering species com-
plicate the retrieval of unambiguous CO2 column amounts
(Plant et al., 2015; Bailey et al., 2017). Broad spectral cov-
erage spanning multiple ro-vibrational bands is required to
resolve these limitations and simultaneously measure multi-
ple interfering species.

Dual-comb spectroscopy (DCS, e.g., Coddington et al.,
2016; Picqué and Hänsch, 2019) is a natural candidate for
filling this role (Cossel et al., 2021). It offers simultane-
ous broadband spectral coverage enabling multi-species de-
tection in a single measurement; an absolute, SI-traceable
frequency axis that requires no wavelength calibration and
provides direct spectroscopic accuracy; and high spatial co-
herence that maintains adequate signal-to-noise ratios over
multi-kilometer paths even with µW-level return signals. The
first open-path DCS demonstration for atmospheric GHG
sensing was reported by Rieker et al. (2014), followed by a
quantitative intercomparison (Waxman et al., 2017) and the
first applications to emission quantification in urban (Wax-
man et al., 2019) and agricultural (Herman et al., 2021) set-
tings. Giorgetta et al. (2021) and Mead et al. (2023) demon-
strated open-path DCS operation in the mid infrared. Most
recently, a DCS open-path system was deployed near the
background station at Mauna Loa Observatory in an attempt
to verify cross-section databases, leveraging the superior ac-
curacy DCS can achieve relative to other open-path methods
(Malarich et al., 2025). These km-scale open-path field de-
ployments were pioneered predominantly by NIST, Boulder,
Colorado, and collaborating institutions, drawing on their
deep expertise in custom frequency-comb development.

Building on this foundation, open-path DCS was commer-
cialized for methane detection in oil and gas infrastructure
(Coburn et al., 2018; Alden et al., 2019, 2020), with sys-
tems deployed for continuous monitoring. However, these
commercial deployments remain focused on a single ana-
lyte (methane) and a specialized application domain, and the
technology has remained within the expertise ecosystem of
its original developers.

In parallel, different extensions to the concept were
demonstrated: drone based reflectors (Cossel et al.,
2017, 2023) as well as extending open-path DCS sens-
ing into the visible (Eber et al., 2024) and into the mid-
infrared domain (Westberg et al., 2023). Further, Han et al.
(2024) demonstrated DCS operation over distances exceed-
ing 100 km. While many of these DCS deployments were
based on custom-built hardware and operation required a
high level of metrology expertise, the recent maturation of
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commercial, self-referenced, turn-key frequency comb sys-
tems (e.g., Quatrevalet et al., 2025) and the here reported
results take DCS usage closer to routine use within the at-
mospheric measurement community.

Here we present an open-path dual-comb spectrometer
using commercial, turn-key, self-referenced combs, operat-
ing over a 3.1 km urban path in Heidelberg, Germany. The
system measures column-averaged dry-air mole fractions
of CO2 (XCO2) continuously. We validate its performance
through comparison with a co-located FTIR that operates
along the same light path (Schmitt et al., 2023). The remain-
der of this paper is structured as follows: Sect. 2 describes
the experimental setup; Sect. 3 details the data evaluation and
spectral retrieval; Sect. 4 presents results and validation.

2 Dual-Comb setup

Two frequency combs (SmartCombs from MenloSystems)
with a comb mode spacing of 100 MHz (100 MHz–50 Hz
for the second comb) and a central wavelength of about
1560 nm at a full-width-half-maximum of 30 nm (45 nm for
the second comb) form the core of the spectrometer. The
lasers provide five outputs at 5 mW each, and one output
which is amplified and then broadened in a highly nonlin-
ear fiber (HNLF), with a total output power up to 100 mW
and a spectral coverage spanning up to an octave from 1 to
2 µm. Further, the lasers are self-referenced, turn-key sys-
tems, which provide a radio-frequency-lock of the repeti-
tion rate frep and offset frequency fceo to either an internal
or external 10 MHz reference out of the box. Both combs
are then referenced to an external 10 MHz Rubidium clock
(FE-5680A, FEI Communications). Locking the repetition
rate of each comb to a common external optical reference
improves the mutual coherence of the two combs. To this
end, our combs are also configured with a beat detection
unit (BDU) at 1542.14 nm, which accepts an optical refer-
ence at the correct wavelength via a fiber port. Our exter-
nal reference laser is a continuous-wave narrow-linewidth
(< 100 Hz) distributed-feedback laser from NKT Photonics
(Koheras Basik X15). The internal frequency counter of the
frequency combs measures the fceo and frep frequencies, as
well as the beat-note to the reference laser in 1s intervals.
This enables the reconstruction of the frequency axis with
respect to the Rubidium clock.

Figure 1 shows the complete locking scheme, with the two
frequency combs indicated by the blue and red boxes. Both
combs are referenced to the Rubidium clock and locked to
the external optical reference via their BDU. The offset fre-
quencies of both combs are stabilized to the 10 MHz refer-
ence. The integrated single-sideband phase noise (100 Hz–
2 MHz) amounts to 70 and 76 mrad for the two carrier-
envelope offset (CEO) locks and 41 mrad for each optical
beat lock. Since the detection band lies close to the mutual
optical reference, the CEO contribution is suppressed to the

Figure 1. Locking scheme of the dual comb setup. The blue and
red boxes indicate the SmartCombs and their internal modules.
Black lines are electronic connections, colored lines optical fibers.
The carrier-envelope offset (CEO) of each comb is radio-frequency
locked to a mutual 10 MHz frequency standard, provided by a Ru-
bidium clock. The repetition rates are locked to an optical reference
(opt. ref.) at 1542.14 nm, via a beat detection unit (BDU) within
the comb package. To compensate for long term drifts the repetition
rate of comb 1 is locked to exactly 100 MHz by slowly acting on the
optical reference.

few-mrad level, and the mutual phase noise of the comb pair
is dominated by the two uncorrelated beat-lock residuals,√

2× 41mrad≈ 58mrad.
A bootstrapped approach is used to further stabilize the

system (e.g., Truong et al., 2016): the first comb’s frep is
actively locked to exactly 100 MHz through feedback on
the optical reference. The lock error signal is generated by
mixing frep with a reference signal from an arbitrary wave-
form generator (AWG, Siglent SDG6022X), referenced to
the 10 MHz clock. The mixer output is low-pass filtered
and fed to a digital servo controller (DSC1, Thorlabs) with
proportional-only gain, whose output drives the frequency
control of the optical reference. This feedback loop, com-
bined with the internal integration in the reference laser mod-
ule, stabilizes both the optical reference and the locked rep-
etition rates over extended timescales, eliminating long term
drifts and allowing averaging times of minutes or longer.

We employ a DCS scheme where we overlap the two fre-
quency combs HNLF outputs in free-space using a wedged
50 : 50 non-polarizing beam-splitter (BSW18, Thorlabs), be-
fore we transmit the light through the atmosphere. The beam-
splitter may be replaced by a 2× 2 50 : 50 fiber coupler
(PN1550R5A2, Thorlabs) for a more compact setup, but at
the cost of a narrower spectral bandwidth. Either fiber or free-
space coupler induce a 3 dB loss on the input power, due to
the use of a non-polarizing beam-splitter. Currently we use
the second output of the beam-splitter to monitor the spectral
envelope with a grating spectrometer (waveScan Extended
IR spectrometer, APE), but in principle it can supply a sec-
ond light path to the open-path system.
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Figure 2 sketches the transceiver setup for the atmospheric
open-path measurements: The employed design consists of a
smaller transmitting telescope concentric within a larger re-
ceiving telescope. The transmitting telescope does not cause
additional obstruction of the return light, since it is smaller
than the secondary mirror of the receiving telescope (GSO 8′′

Ritchey-Chretien Pro 203/1624 mm, TS-Optics). The main
optic of the transmitting telescope is a 50.8 mm off-axis
parabolic mirror with a focal length of 190.5 mm, which is
mounted on top of the tube of the receiving telescope to form
a compact package. The receiving telescope images directly
onto the detector (PDA05CF2, Thorlabs). This transceiver
telescope package accepts a fiber input of the already mixed
dual-comb light and outputs the electronic signal from the
detector. We initially tested telescope designs using a shared
main mirror with a beam-splitter to separate transmit and
receive paths. This design suffered from additional etalons
and multi-reflections in the beam-splitter, resulting in sub-
stantial signal contamination from light that never traveled
the atmospheric path. This is consistent with the observations
by Waxman et al. (2017). The transceiver is located within a
lab environment, which is temperature stabilized on the level
of about 2K and we are currently not using any active align-
ment to the reflector array.

The reflector array is currently the same as in Schmitt et al.
(2023) and consists of solid glass cube-corners relying on
total internal reflection. Their reflectivity is in the range of
70 % at 1.6 µm and the array has a geometric loss of roughly
50 % due to the spacing and housing of the circular reflec-
tor modules. In total we receive on average about 55 µW of
the 7.2 mW launched by the telescope, putting the total sys-
tem transmission at 0.8 %. This is comparable to the results
by Waxman et al. (2017).

The electronic signal is low-pass filtered (SLP-44+, Mini-
Circuits) to ensure it stays below our Nyquist limit of
50 MHz, and attenuated (−3 dB) to reliably match the dy-
namic range of our analog-to-digital converter (ADC). We
digitize the signal using a RedPitaya board (SDRlab 122-16
External Clock, RedPitaya), which includes an onboard ADC
and an input for an external clock. We provide a 100 MHz
clock signal, which we derive from the first frequency comb’s
frep, to ensure synchronized sampling. In a first step we ac-
quire 1 s of data with deep memory acquisition directly into
the RAM of the RedPitaya, using the available high level
Python API. Next, we locate the individual interferograms
(IFGs) and add them up, overlapping and centering them at
the maximum point of the IFG.

This simple averaging algorithm is enabled by the high
mutual coherence of the two combs together with the fact
that both CEO frequencies are locked to the same value. The
relative phase between carrier and envelope is the same for
consecutive interferograms and the carrier position remains
fixed with respect to the envelope, independently of the ex-
act value of1frep. Centering on the interferogram maximum
therefore also acts as a first-order carrier-phase correction.

The accuracy of this correction is limited by the sampling
interval, since the shift is applied in whole samples. With
about 13 samples per carrier period, one sample corresponds
to 2π/13≈ 480mrad of carrier phase. As the length of the
interferogram does not correspond to an exact integer num-
ber of samples, the position of the centre burst within a sam-
pling interval varies between interferograms. Conservatively
assuming a uniform distribution for the exact interferogram
peak within the sampling interval yields an RMS residual
phase error of 480mrad/

√
12≈ 140mrad. Added in quadra-

ture with the mutual phase noise of the comb pair, this gives
about 150mrad, corresponding to a modulation efficiency of
approximately 99 %. This is a marginal loss and an order of
magnitude below the phase error of about 1.4 rad at which
the fringe contrast would drop to 1/e, the commonly quoted
coherence limit.

After averaging these 1 s intervals on the RedPitaya, we
transfer the averaged IFG via an ethernet connection to a PC,
where we average them further to match the desired time res-
olution. The whole process of acquiring the 1 s of data, aver-
aging it and sending it to the PC takes about 4.2 s. As a result
our duty cycle is around 24 %, i.e. a factor of 1/2 in SNR. In
the future, the implementation of real-time averaging at the
hardware level will allow us to recover this factor (e.g., Roy
et al., 2012; Eber et al., 2025).

Finally, we also collect auxiliary data, which we need
to process the measured spectra. For temperature measure-
ments, we use either the information provided by a lo-
cal meteorological weather station or auxiliary output from
our pressure sensor. The exact source is not critical, since
the path-averaged temperature is fitted in the retrieval (see
Sect. 3 for details) and only requires a reasonable first guess.
The most relevant environmental parameter is pressure, since
it impacts the later retrieved mole fractions linearly. While
we can fit pressure from our spectra (approximately 2.6hPa
precision in 1min measurements), measuring pressure allows
us to essentially remove the pressure measurement precision
from the equation, since it is two orders of magnitudes lower
than retrieving it, and, unlike temperature, it should not expe-
rience relevant horizontal gradients on the km scale. For this,
we are using a PTB330-A sensor (from Vaisala), which is
accurate to ∼ 0.1hPa, and corrected for average path height
above the sensor (4.5m).

After receiving the frequency combs in mid-September
2024, the system is operational in the presented configura-
tion since early August 2025. After running multiple tests in
August and improving our data storage strategy, we acquired
the dataset shown in this work, starting 2 September 2025.
Table 1 gives a full list of the above mentioned equipment
making up our open-path DCS observatory.
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Figure 2. Open path DCS setup. After mixing the light of the two frequency combs, it is launched as a collimated beam to an array of retro
reflectors. A larger, co-aligned telescope collects the return light (which is expanded to a larger diameter by divergence and atmospheric
turbulence) and images it on a detector. The electrical signal is filtered, digitized, averaged and transmitted to a PC for long term averaging
and further analysis. OAP, off-axis parabolic mirror; LPF, low-pass filter, ADC, analog-to-digital converter.

Table 1. List of equipment.

type of equipment model manufacturer

frequency combs SmartCombs MenloSystems
reference laser Koheras Basik X15 NKT Photonics
Rubidium clock FE-5680A FEI Communications
function generator SDG6022X Siglent
servo controller DSC1 Thorlabs
non polarizing beam-splitter BSW18 Thorlabs
fiber PM1550-XP (PANDA) Thorlabs
grating spectrometer waveScan Extended IR spectrometer APE
return telescope GSO 8′′ Ritchey-Chretien Pro 203/1624 mm TS-Optics
off-axis parabolic mirror 50.8× 190.5 mm EFL 90° Protected Gold Edmund Optics
detector PDA05CF2 Thorlabs
acquisition system SDRlab 122-16 External Clock RedPitaya
pressure sensor PTB330 (A0AAHAACEB0A0B) Vaisala

3 Data evaluation

To retrieve trace gas information from the measurements, we
Fourier transform the IFGs and reconstruct the optical fre-
quency axis from recorded comb parameters. The result is
a spectrum as depicted in Fig. 3. We fit the baseline using
a cepstral approach (Cole et al., 2019), implemented similar
to Malarich et al. (2025). In each optimization step, we treat
the residual of all times below 38 ps, which also includes the
main etalon of the lab window, as contribution of the base-
line. We further include narrow regions from 793 to 800 ps,
880 to 895 ps, and 899 to 906 ps in this baseline treatment,
since these regions contain spurious noise which likely re-
sults from the lasers themselves. Otherwise, the spectral fit
contains only Beer-Lambert’s law and is derived from the al-
gorithm described in Schmitt et al. (2023), but adapted and
improved for higher spectral resolution and faster runtime.

We follow the recent HITRAN recommendation for CO2
remote sensing applications (Gordon et al., 2026, p. 12) and
use the results from Birk et al. (2024a) (dataset: Birk et al.,
2024b), which include pressure depletion and continuum ab-
sorption, as well as water-vapor broadening, all from the
same set of measurements. Their published pre-computed
absorption-cross-section database (Birk et al., 2025) also
contains information on interfering H2O lines. We use a
modified version of this data product on a different tem-
perature and pressure grid, to better fit our parameter space
of lower troposphere conditions, which we received through
private communications. We use the HITRAN standard mix-
ture of isotopologues for CO2 and H2O. For the evaluation
of the FTIR measurements, we used the same cross-section
information, where available and defaulted to HITRAN2024
for the 2 µm band of CO2. For the O2 delta band at 1.35 µm,
we used HITRAN2020 (Gordon et al., 2022), including colli-
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Figure 3. Panel (a): Single spectrum (1 min acquisition time) in comparison to 8 h average, along the open path of 3106 m total length.
Inset shows a zoom into three CO2 absorption lines. Panels (b) and (c): fit residuals, with different levels of zoom. Spectral sampling of
3.34×10−3cm−1. The single spectrum was measured on 30 October 2025, 14:27 UTC. The average was acquired on 30 October 2025, from
08:30 to 16:30 UTC.

Figure 4. Timeseries of XCO2 for the DCS instrument (this work) and a co-deployed FTIR instrument (Schmitt et al., 2023) for the full
reported period. Time resolution of 5 min.

sion induced absorption (Karman et al., 2019). In these cases
we processed the line-by-line data using the HITRAN Ap-
plication Programming Interface (HAPI, Kochanov et al.,
2016). We operated the FTIR at an optical path difference
of 4.5 cm, resulting in a resolution of about 0.2cm−1.

We fit individual spectra averaged over a duration of 1 min,
using pressure information on one end of the path and cor-
recting it for the average height of the path above the sen-
sor position (4.5m). We use locally measured temperature
as an initial guess, but fit a path averaged temperature from
the spectrum (precision of approximately 0.5K for an aver-
aging time of 1min). We evaluate the spectrum from 6180 to
6260cm−1 (Fig. 3a), where we have a strong CO2 absorp-

tion signal and CO2 is the main absorber. Finally, we convert
the fitted total absorber columns to dry-air mole-fractions by
using the measured pressure, the fitted path-averaged tem-
perature, and the fitted water column to calculate the dry-air
column.

The residuals are dominated by statistical noise for aver-
aging times of 1 min, as Fig. 3b illustrates. The noise level
is typically below 1 % of the maximal signal intensity and
mostly independent of the signal strength. This is expected
from a system mostly limited by detector-noise. Averaging
consecutive residuals over 8 h reveals a systematic residual
(Fig. 3c). It is still partially defined by random noise to-
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Figure 5. Timeseries of XCO2 for the DCS instrument (this work)
and a co-deployed FTIR instrument (Schmitt et al., 2023) for 24 h.
Time resolution of 5 min.

gether with a few clear line residuals, e.g., the strongest one
at 6241.7cm−1, which we could attribute to water lines.

4 Results

The evaluation period spans from 2 September 2025 to 25
February 2026. Figure 4 shows the retrieved dry-air mole
fraction of CO2 (XCO2) for the DCS open-path instrument
in comparison with a FTIR open-path instrument (Schmitt
et al., 2023). To address the different acquisition times of
individual measurements for each instrument, the measure-
ments are binned and averaged on a time grid of 5 min.
The DCS instrument demonstrates a coverage of 76 % of
the 5 min bins, after filtering the DCS data for measurements
of extremely low signal of less than 5 %, typically resulting
from strong rain or fog, and conservatively for unexpectedly
high χ2

red of the spectral fit. The two major data gaps from
mid to end of November result from benchmarking tests for
different modes of operation, which are not covered here. In
the following months, the system shows up times of about
85 %. Both instruments show the same long-term trends like
the typical annual cycle of increased CO2 in the northern-
hemisphere winter and agree well along the full timeseries.
While the better precision of the DCS system over the FTIR
is already visible on this time scale, it becomes substantially
clearer when zooming into a single day (Fig. 5). Both instru-
ments are in good agreement within their respective precision
throughout the day, where the diurnal cycle is dominated by
boundary layer dynamics, with the FTIR instrument showing
a substantially higher scatter. This reduced scatter in the DCS
measurements makes it substantially easier to discern actual
temporal variations of the CO2 concentration from measure-
ment noise compared to the FTIR data.

Figure 6. Correlation of XCO2 measurements between the two in-
struments in a 2D-histogram. A simple fit reveals a high bias of
0.50ppm for the FTIR instrument.

The correlation of the XCO2 values between the two in-
struments is close to a one-to-one line as Fig. 6 shows, further
attesting to the good performance of both open-path spec-
trometers. A fit reveals only a minimal bias of 0.50 ppm be-
tween them, with the FTIR high-biased versus the DCS in-
strument. This bias does not show a temperature dependency
over the analyzed time period, where we have strong statis-
tics from 270 to 300K.

Finally, we quantify the performance of the instrument by
calculating the overlapping Allan deviation for 400 consecu-
tive datapoints, measured 12 September 2025 from 10:04:12
to 16:16:26 UTC, during relatively stable atmospheric condi-
tions. Figure 7 shows the expected τ−1/2 scaling for averag-
ing times τ below approximately 400s, where atmospheric
variability starts to dominate the measurement uncertainty.
From fitting a function of type a · τ−1/2 to the first three dat-
apoints, we determine the instrument performance from the
proportionality factor a to 6.13ppm

√
s. This is equivalent to

a precision of 0.35ppm at an averaging time of 5 min for the
DCS instrument, outperforming the FTIR instrument by an
order of magnitude (2.7 ppm, Schmitt et al., 2023). Figure 7
also shows, that the performance compares well to previous
DCS open-path experiments: The fit of the averaging char-
acteristic demonstrates better precision than most other se-
tups, with the notable exception of Waxman et al. (2019) and
one instrument from Waxman et al. (2017). The implementa-
tion of real time averaging should improve the performance
at least by another factor of two, resulting in a record preci-
sion. Please note that the good precision value of Malarich
et al. (2025) of 0.2ppm at long averaging time of 1 h is to a
large part the result of the local conditions of the respective
measurement, since it was taken far away from any sources
and sinks at the Mauna Loa observatory under particularly
stable conditions.
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Figure 7. Overlapping Allan deviation for DCS XCO2 measurements. The time between individual datapoints of the original timeseries
is 55s. The fit shows the expected τ−1/2 scaling of Gaussian noise for low averaging times, where the measurement noise dominates the
real atmospheric variability. The dotted line corresponds to the same performance extrapolated under the assumption of real time averaging.
Previously reported precisions are marked in the plot for reference and numbered. The corresponding references are: (1) Rieker et al. (2014),
(2) DCS A of Waxman et al. (2017), (3) DCS B of Waxman et al. (2017), (4) 2 km path of Waxman et al. (2019), (5) 6.7 km path of Waxman
et al. (2019), (6) 0.6 km path of Giorgetta et al. (2021), (7) 2 km path of Giorgetta et al. (2021), (8) Malarich et al. (2025), (9) Chen et al.
(2023), (10) Han et al. (2024) at 5 min averaging time, (11) Han et al. (2024) at 1 h averaging time.

Redoing this evaluation for 8 h of data on 30 October 2025
by fitting the atmospheric pressure instead of measuring it re-
sults in the following changes: The more degrees of freedom
result in a deterioration of the XCO2 precision by about 16 %
to 7.13ppm

√
s. Further, the fitted pressure results in a 0.28 %

low bias compared to the fixed pressure evaluation scenario,
but also a correlated 0.26 % low bias of the retrieved CO2
column. Together with a 0.10 % (0.28K) low bias of the re-
trieved temperature, these correlated biases mostly cancel
and result in a 0.09 % (0.36ppm) low bias of the retrieved
XCO2. The systematic residuals do not show any significant
differences compared to those in Fig. 3. This encourages the
use of fitted pressures, where an accurate pressure sensor is
not available or regular recalibration is not possible.

Finally, providing additional information to the retrieval
which constrains the temperature can also have the reverse
effect: When also fitting CH4 in the 1.65 µm region, the pre-
cision of the retrieved XCO2 values improved by 22 % to
4.79ppm

√
s. This also introduced a bias of 0.34ppm via the

temperature.

5 Conclusions

We presented an open-path dual-comb spectrometer using
exclusively commercial, turn-key, self-referenced combs. It
allows to retrieve column-averaged dry-air mole fractions
of CO2 over a 3.1 km urban path in Heidelberg, Germany.
Over the evaluation period from 2 September 2025 to 25
February 2026, the instrument achieved a data coverage
of 76 %, with uptime of approximately 85 % during com-
mitted routine observations; data losses were primarily at-
tributable to visibility-limiting weather conditions such as
fog and heavy rain. The DCS instrument reaches a CO2 pre-
cision of 6.13ppm

√
s, corresponding to 0.35ppm at 5 min

averaging time. This is on par with or better than previous
open-path DCS experiments and represents roughly one or-
der of magnitude improvement over the co-deployed open-
path FTIR instrument (Schmitt et al., 2023). Please note, that
this does not show a general advantage of that magnitude
over FTIR instruments in terms of precision, since there are
examples of FTIR setups with a substantially better preci-
sion than our comparison instrument (e.g., Deutscher et al.,
2021, whose best configuration shows a precision similar to
Waxman et al., 2019).
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Direct comparison between the DCS and FTIR instru-
ments reveals good agreement, with 0.50ppm bias in XCO2
between the two instruments. Systematic fit residuals in the
CO2 evaluation window are small and partially attributable
to known water-vapor absorption lines, confirming the matu-
rity of current spectroscopic databases for this region (Birk
et al., 2024a).

We aim to update the current retrieval setup by adding
CH4 to the list of retrieved gases and improving the CO2
performance as a by-product via a better constraint path av-
eraged temperature. Since the recent updates to the HITRAN
database (Gordon et al., 2026) addressed only some of the
CH4 line manifolds in the 1.65µm region and HITRAN2008
still tends to show the most accurate results for remote sens-
ing applications (Gordon et al., 2026; Malarich et al., 2025),
this is left for future work, to avoid the introduction of unin-
tended biases into the CO2 data product.

The DCS system operates in the vicinity of a dense sensor
network currently being deployed in Heidelberg, enabling
three complementary scientific contributions: (1) character-
ization of sensor biases and drift through direct compari-
son with high-quality reference measurements; (2) gradient-
based constraints on urban emissions through path-averaged
measurements, which can complement or validate emission
estimates derived from in-situ networks; and (3) combined
interpretation of dense in-situ and path-averaged data to dis-
entangle spatial heterogeneity in urban CO2 from measure-
ment artifacts.

Beyond applications within the local metropolitan area,
the high spectral resolution and signal-to-noise ratio make
the DCS instrument valuable for validating absorption cross-
section databases, addressing ongoing questions about, e.g.,
continuum absorption and water-vapor broadening parame-
terization of CO2 (Birk et al., 2024a; Malarich et al., 2025).

This work demonstrates that the maturation of commer-
cial frequency-comb technology has fundamentally trans-
formed open-path DCS from a specialized metrology tech-
nique into an accessible tool for the broader atmospheric sci-
ence community. Crucially, this accessibility does not come
at the expense of performance: built exclusively from com-
mercially available components, our instrument is fully com-
petitive with custom-built open-path dual-comb spectrome-
ters. These advances establish a foundation for distributed,
high-quality atmospheric observations spanning greenhouse
gas monitoring and beyond, enabling diverse sensing solu-
tions and broader applications in atmospheric chemistry and
air quality assessment.
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