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Abstract. Monitoring the atmospheric concentrations of the
greenhouse gases (GHG) carbon dioxide (CO2) and methane
(CH4) is a key ingredient for fostering our understanding
of the mechanisms behind the sources and sinks of these
gases and for verifying and quantitatively attributing their
anthropogenic emissions. Here, we present the instrumen-
tal setup and performance evaluation of an open-path GHG
observatory in the city of Heidelberg, Germany. The obser-
vatory measures path-averaged concentrations of CO2 and
CH4 along a 1.55 km path in the urban boundary layer above
the city. We combine these open-path data with local in situ
measurements to evaluate the representativeness of these ob-
servation types on the kilometer scale. This representative-
ness is necessary to accurately quantify emissions, since at-
mospheric models tasked with this job typically operate on
kilometer-scale horizontal grids.

For the operational period between 8 February and 11 July
2023, we find a precision of 2.7 ppm (0.58 %) and 18 ppb
(0.89 %) for the dry-air mole fractions of CO2 (xCO2) and
CH4 (xCH4) in 5 min measurements, respectively. After
bias correction, the open-path measurements show excellent
agreement with the local in situ data under atmospheric back-
ground conditions. Both datasets show clear signals of traffic
CO2 emissions in the diurnal xCO2 cycle. However, there are
particular situations, such as under southeasterly wind condi-
tions, in which the in situ and open-path data reveal distinct

differences up to 20 ppm in xCO2, most likely related to their
different sensitivity to local emission and transport patterns.

Our setup is based on a Bruker IFS 125HR Fourier trans-
form spectrometer, which offers a spacious and modular de-
sign providing ample opportunities for future refinements of
the technique with respect to finer spectral resolution and
wider spectral coverage to provide information on gases such
as carbon monoxide and nitrogen dioxide.

1 Introduction

Current climate change is driven by anthropogenic emissions
of carbon dioxide (CO2) and methane (CH4). The interna-
tional community has pledged itself to limiting global warm-
ing to below 2 ◦C and ideally below 1.5 ◦C compared to the
preindustrial era (United Nations Framework Convention on
Climate Change, 2015). Thus, substantial reductions of CO2
and CH4 emissions will be required in the coming years.
Urban areas are major contributors to anthropogenic green-
house gas (GHG) emissions (e.g., Marcotullio et al., 2013)
and their reporting entails considerable uncertainties (Gurney
et al., 2021). Monitoring of these emissions through atmo-
spheric concentration measurements provides a tool to ver-
ify reported emission rates and to improve on the precision
and spatiotemporal granularity of emission inventories (e.g.,
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Mueller et al., 2021). This, in turn, might help effective im-
plementation of emission reduction measures.

Atmospheric CO2 and CH4 concentrations above local-
ized source regions can be measured by spectrometers on
satellites (e.g., Nassar et al., 2017; Kiel et al., 2021), by
ground-based sun-viewing spectrometers (e.g., Wunch et al.,
2011; Frey et al., 2019), and by in situ sensors deployed in
networks or on moving platforms (e.g., Shusterman et al.,
2016; Fiehn et al., 2020). Recently, techniques have emerged
that measure the GHG concentrations integrated along long
horizontal absorption paths above urban areas (e.g., Dobler
et al., 2013; Waxman et al., 2017; Griffith et al., 2018).
This configuration has the particular advantage that the ob-
served path-integrated gas concentrations are (1) more sensi-
tive to emission patterns than vertical column-average con-
centrations accessible through satellites and ground-based
sun-viewing techniques and (2) more representative than in
situ data for typical grid scales of atmospheric transport mod-
els that are used to translate the observed concentration gra-
dients into emission rates. The latter advantage might be par-
ticularly important for urban regions with spatially highly
structured source patterns.

Various absorption spectroscopic techniques have been
suggested for long open-path measurements of CO2 and
CH4. There are systems that utilize continuous wave lasers
at a few discrete spectral points (Dobler et al., 2013; Lian et
al., 2019). Typically one spectral point is located on a strong
absorption feature of the target gas and another one in the
transparent region right next to it. This approach does not
provide any information on the shape of the target absorp-
tion feature. Tunable diode lasers (TDLs) extend this tech-
nique to measurements of a full absorption line, with the
potential to measure a few spectrally close absorption lines
(Bailey et al., 2017). Laser frequency combs, e.g., operated
in a dual-comb spectroscopy setup (Coddington et al., 2016),
can improve on this by covering a few hundred wavenumbers
and measuring full rotational–vibrational absorption bands
with dozens of lines (Truong et al., 2016; Waxman et al.,
2019). This can provide access to temperature information
within the spectrum. Fourier transform spectroscopy (FTS)
can measure across spectral intervals of several thousand
wavenumbers simultaneously, giving access to a plethora of
species at the same time. FTS open-path systems working in
the mid-infrared (MIR) are well established (Wiacek et al.,
2018; Bai et al., 2020; You et al., 2021). MIR FTS systems
are typically limited by low brightness of the light source, re-
sulting in maximum atmospheric absorption paths lengths of
a few hundred meters. Near-infrared (NIR) FTS systems can
make use of hotter thermal light sources like halogen lamps
and with that achieve path lengths exceeding kilometers.

Such NIR FTS open-path measurements for CO2 and CH4
were pioneered by Griffith et al. (2018) in a demonstration
study for the city of Heidelberg, Germany. Their system was
built around an IRCube FTS manufactured by Bruker Op-
tics – a compact, robust spectrometer. Since then, their setup

has been improved and developed into a portable version
suitable for field deployments (Deutscher et al., 2021). We
followed a complementary path and built a new open-path
system in Heidelberg with the goal of designing a permanent
atmospheric observatory suitable for future methodological
explorations and for long-term measurements of CO2 and
CH4 above Heidelberg. To this end, we used a Bruker Op-
tics IFS 125HR FTS that, due to its modular and spacious
layout, allows for configuring the spectral resolution and for
deploying various detectors giving access to various spectral
ranges.

Here, we report on the initial setup of the observatory and
its performance for measuring CO2 and CH4 concentrations
along a 1.55 km path above Heidelberg, essentially mimick-
ing the overall configuration of the demonstrator study by
Griffith et al. (2018) but demonstrating the performance of
the IFS 125HR FTS. Section 2 elaborates on the experiment
and the methods used, with a particular focus on how the
125HR FTS is used in the long open-path setup. Section 3
reports on the performance for months-long CO2 and CH4
observations and discusses the observations in comparison to
the local in situ records. Section 4 concludes the study with
a discussion of future exploration possibilities.

2 Experiment and methods

2.1 Deployment configuration

The location of the measurement path above the city of Hei-
delberg is shown in Fig. 1, which is the same as in Griffith et
al. (2018). All active components (spectrometer, light source)
are located at the west end of the path in the rooftop obser-
vatory (Fig. 2, left) of the Institute of Environmental Physics
(IUP). A reflector array is located at the east end of the path
on the roof of the old physics institute (OPI) (Fig. 2, right).
The length of the path is 1553± 1 m as determined with a
laser rangefinder. The open-path instrument is situated 33 m
above ground. The ground below is mostly flat (within 5 m)
and rises nearly linear in the last 200 m by about 20 m. The
typical roof height of the residential area below the absorp-
tion path is around 15 m. The air inlet for the in situ analyzer,
which is used for comparison, is located at the western end
on the roof of the IUP. The in situ analyzer is a cavity ring-
down spectroscopy (CRDS) system (G2201-i, Picarro, Inc.,
Santa Clara, CA). The whole system, including the drying
and calibration setup, is described in detail by Hoheisel et al.
(2019) and Hoheisel (2021). Measurements of temperature,
wind speed, wind direction, humidity, and pressure are reg-
ularly taken by a weather station located on the roof of the
IUP.

The setup in the current hardware configuration has been
operating since 8 February 2023 and the measurements dis-
cussed here extend until 11 July 2023. During this time, the
instrument was operated in different configurations concern-
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Figure 1. Aerial view of the measurement path above the city of Heidelberg, Germany. All active components are located at the western end
of the path at the Institute of Environmental Physics (IUP). The reflector array is located on the roof of the old physics institute (OPI). The
light path passes predominantly over a residential area. At the western end (just 120 m east of the IUP) the path crosses a major road with
heavy commuter traffic. Base map: © Google Earth.

Figure 2. (a) Overview of the rooftop observatory of the IUP with the IFS 125HR spectrometer in the center, as well as the telescope pointing
out a window. (b) View along the light path at night, with the reflector array on top of the OPI shining bright in the center of the picture.

ing the integration time as well as spectral resolution. Fur-
ther, the measurements were interrupted on several occa-
sions, when the FTIR instrument was needed for other ex-
periments.

2.2 FTIR setup and open-path optics

Figure 3 shows a sketch of the optical setup. The internal
light source of the spectrometer (a 20 W halogen lamp) is
collimated and transmitted through the interferometer of the
IFS 125HR (focal length of collimator: 418 mm, field stop:

2 mm). The modulated beam of light is coupled into a bundle
of fibers (6× 200 µm, length 5 m, VIS–IR silica), which we
call the transmitting fibers. At the other end, the transmitting
fibers are grouped around a single central fiber and are posi-
tioned close to the focus of the telescope mirror (focal length:
813 mm, diameter: 406 mm). The telescope mirror collimates
the modulated light of the transmitting fibers and sends it
through the atmosphere to an array of retro-reflectors (the ar-
ray consists of 41 solid UV quartz cube corners, each with
a diameter of 53 mm). The retro-reflector array returns the
beam of light back to the telescope, where it is coupled into
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Figure 3. Schematic drawing of the optical setup. The light source
is modulated in the interferometer of the spectrometer and coupled
into a bundle of six fibers (blue). These six fibers transport the light
to a telescope, where it is collimated and sent along the open path on
an array of retro-reflectors. The reflectors return the beam of light
to the telescope where it is collected by a single central receiving
fiber (red). From this fiber the light is focused on a detector.

the single central fiber (200 µm, length 5 m). At the other end
of this receiving fiber the light is focused on the photodiode
of an external detector of the spectrometer. This type of open-
path telescope design and fiber system were originally devel-
oped for differential optical absorption spectroscopy (DOAS)
measurements. An extensive description of the system and
an in-depth analysis of the optical throughput is provided in
Merten et al. (2011).

For the target gases CO2 and CH4 relevant here, the de-
tector is an InGaAs diode with a lower-frequency cut-off
around 4200 cm−1. The quartz cube corners also cut off at
around 4200 cm−1. To high frequencies, the spectrum is lim-
ited by a filter at around 9200 cm−1. The current setup is also
equipped with Si and GaP detectors for the UV–visible spec-
tral range, but these were not used here.

Compared to Griffith et al. (2018), the new setup modu-
lates the light in the interferometer before sending; i.e., it is
the interferogram (instead of the lamp spectrum) that trav-
els along the absorption path. This has the advantage that
scattered sunlight does not disturb the spectrum, and thus
background measurements (with the lamp blocked) are not
required. Any light that is collected in the telescope but not
modulated by the interferometer contributes to the total pho-
ton flux on the detector, only increasing shot noise but not
confounding the spectral information.

The FTS instrument itself was operated in three different
configurations throughout the reported time frame. Our de-
fault mode of operation was chosen to be similar to Griffith
et al. (2018) to allow for easy comparison. In this mode, we
average 34 interferograms over a time span of approximately
5 min. The interferograms are measured double-sided using a
maximum optical path difference (OPDmax) of 1.8 cm, which
corresponds to a nominal resolution of about 0.55 cm−1. The
scanner operates with 10 kHz scanning speed at the refer-

Figure 4. Typical spectrum measured over 5 min with a resolution
of 0.55 cm−1 and an SNR of 600. Target windows are highlighted in
color: O2 (blue), CO2 (orange), CH4 (green). The off-band window,
where we gather noise information, is marked in grey.

ence He–Ne laser line. The Fourier transform is performed
using the standard Merz phase correction and a Norton–Beer
medium apodization function. These settings were employed
from 8 February until 22 March and from 25 May until
11 July. A typical spectrum recorded with these settings is
shown in Fig. 4.

Apart from these default settings, we experimented
with shorter averaging times of approximately 1 min from
23 March until 10 May, as well as with higher resolutions
of approximately 0.11 cm−1 (OPDmax= 9 cm) from 11 un-
til 24 May. Table 1 lists the details of the utilized instrument
settings and the resulting times. All measurements are resam-
pled to a regular 5 min grid to combine the different modes
of operation.

The signal-to-noise ratio (SNR) was determined by taking
noise information from the white noise in the off-band and
using the spectral intensity at around 6300 cm−1 as a mea-
surement for signal to allow for comparison with Griffith et
al. (2018). The SNR was typically between 500 and 700 for
the default mode of operation.

2.3 Spectral analysis and trace gas retrieval

We retrieve the path-integrated column densities (CDs) of the
target gases from the measured spectra with a spectral fit. The
forward model simulates the spectra based on the following
input parameters: assumed gas column density (CD), spec-
tral absorption cross-sections, temperature, and pressure. It
further takes into account the instrument line shape (ILS)
of the FTS, a spectral shift, and a polynomial to represent
the continuum. The radiative transfer in the forward model is
limited to a simple implementation of the Beer–Lambert law.
The forward model and retrieval are implemented in Python.
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Table 1. Summary of the settings for the FTIR instrument.

Setting ID OPDmax Nominal resolution Co-added Measurement Repetition Typical Interferogram type
(cm) (cm−1) scans duration period SNR

(s) (s)

1 1.8 0.55 34 306.7 311.4 690 double-sided
2 1.8 0.55 6 52.7 57.4 240 double-sided
3 9.0 0.11 16 285.6 295.3 130 single-sided

Table 2. Spectral windows and corresponding fitted trace gases. The
main absorbers are highlighted in bold for each window.

Window ID Spectral range Fitted species
(cm−1)

1 4800–4900 CO2, H2O, HDO
2 4910–5030 CO2, H2O, HDO
3 5940–6145 CH4, CO2, H2O, HDO
4 6173–6276 CO2, H2O, HDO
5 6308–6390 CO2, H2O, HDO
6 7770–8010 O2, O2(CIA), H2O

The absorption cross-sections are calculated using the
Voigt implementation of the HITRAN interface HAPI
(Kochanov et al., 2016). We use line-by-line data provided
in the HITRAN2020 database (Gordon et al., 2022). For the
CO2 bands at 5000 cm−1, we use additional line-mixing cor-
rections (Hartmann et al., 2009; Lamouroux et al., 2010). In
the O2 band at 7900 cm−1, we account for collision-induced
absorption (CIA) by fitting a pseudo-absorber. The absorp-
tion cross-sections for this pseudo-absorber are calculated
using a temperature- and pressure-dependent air mass (via
the ideal gas law) and the CIA data currently provided by
HITRAN for O2–air interaction (Karman et al., 2019).

For fitting, the spectra are cut into various spectral win-
dows, which contain the spectral signal of several target
gases. Table 2 lists the windows used here, their spectral
range, and all fitted species. All species are assumed with
the HITRAN2020 standard mixture of isotopologues, except
for H2O and HDO, which we fit separately.

The retrieval uses a Levenberg–Marquardt implemen-
tation for least-squares optimization. The differences be-
tween forward simulated spectra and the measurements are
weighted by a noise estimation taken from the off-band
(3000–4000 cm−1). We optimize the trace gas CD for each
species. If gases need to be considered for several spectral
windows, we fit their CDs separately per window and a pos-
teriori calculate an average CD weighted by the propagated
noise error. Temperature is fitted, while pressure is kept fixed
at the measurement of our weather station. A spectral shift,
as well as a background polynomial of degree 2, is also fitted
in each window. In window 6, this polynomial is of degree 5
due to the width of the window.

The ILS of the instrument is described by a fixed set of
parameters according to the simple model described in Hase
et al. (1999). The parameters are the field of view (FOV) of
the instrument and a single parameter for modulation effi-
ciency and phase error each. We estimate modulation effi-
ciency and phase error using 200 consecutive measurements
taken on 26 February 2023. For each measurement a retrieval
is performed as described above, but with ILS modulation
efficiency and phase error as additional free parameters. The
mean of these results for modulation efficiency and phase er-
ror is taken to simulate the ILS. The FOV is calculated to
4.78 mrad from geometrical parameters of the instrument.

2.4 Dry-air mole fractions

For comparison to external CO2 and CH4 data, e.g., pro-
vided by in situ measurements or by models, it is convenient
to translate the path-average CDs into path-average dry-air
mole fractions (e.g., in units ppm). In the scope of this study
we calculate dry-air mole fractions xdry by ratioing the mea-
sured CD of the target gas CDtarget with the measured CD of
O2 CDO2 and multiplying with the O2 dry-air mole fraction.

xdry =
CDtarget

CDO2

· 0.20946 (1)

It is also possible to forgo the measured O2 CD and calcu-
late the dry-air mass from information on temperature, pres-
sure, humidity, and pathlength. Since these values can be
measured quite precisely, the results are typically up to an or-
der of magnitude more precise than the measured O2 CD, so
the precision of dry-air mole fractions should only be domi-
nated by the precision of the target gas CDs. Because of this,
Griffith et al. (2018) employed this method.

To compare the two methods, we calculated CDs of dry-
air CDdry as follows: for temperature we use the retrieved
path-averaged temperature T (as described in Sect. 2.3), for
pressure the meteorological pressure p from the weather sta-
tion at the institute, and for pathlength l as measured with
a laser rangefinder. As a measure of humidity, we decided to
directly take the measured CD of H2O vapor CDH2O and sub-
tract it from the calculated wet-air CD. This leaves us with
the following equations (with kB being the Boltzmann con-
stant).

x′dry =
CDtarget

CDdry
, CDdry =

p

kBT
l−CDH2O (2)
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2.5 Precision of time series

To estimate the precision of measured quantities (like tar-
get gas CDtarget, dry mole fractions xdry, or temperature), we
took an empirical approach: we calculated the standard de-
viation among all differences between two consecutive mea-
surements. By dividing the standard deviation by

√
2, we get

the standard deviation for a single measurement. This is our
measure for the mean precision of time series of measured
quantities.

2.6 Bias correction to in situ data

The spectroscopically inferred open-path dry mole fractions
require bias correction to ensure compatibility with other
data sources such as in situ concentration measurements.
This is necessary since the spectroscopic parameters, such
as line strengths and broadening coefficients, tabulated in
HITRAN feeding into the calculation of absorption cross-
sections typically show inconsistencies between absorption
bands, and their calibration has errors (e.g., Birk et al., 2021).
This can easily lead to offsets on the percent scale for spec-
troscopic remote sensing measurements (e.g., Malarich et al.,
2023). In situ instruments are calibrated to known standard
gas mixtures and hence they are highly accurate (Hall et al.,
2021). We operate such in situ measurements at the IUP, and
hence we can bias-correct our open-path data with the in situ
data. However, in situ and open-path instruments, by nature
and intention, measure different bodies of air. Thus, the bias
correction should be performed under atmospheric condi-
tions when the local mole fractions at IUP are representative
of the path-averaged mole fractions across the city, i.e., when
there is no relevant effect from local emissions compared to
the bulk concentration in the boundary layer. To select such
conditions, we examine the histograms of xCO2 and xCH4
measured by the two instruments. Figure 5 shows that the-
ses histograms have a peak at low mole fractions and a long
tail toward high mole fractions. Since our sampling area and
period are dominated by emissions rather than uptake for
both species the tail corresponds to episodes wherein local
emissions influence the concentration measurements signif-
icantly, and thus horizontal gradients are likely. The peak at
lower concentrations corresponds to background conditions
for which local emissions are less important, and thus we
expect smaller gradients. To derive a correction factor, we
visually identify these peaks and select the background mea-
surements by filtering for observations which are coincident
in both peaks. The correction factor is the mean of the ratio
between the open-path and in situ data for all these back-
ground measurements. It amounts to approximately 0.9784
for xCO2 and 0.9887 for xCH4. We performed this analy-
sis once with a subset of the data of about 6 weeks, roughly
in the middle of the time series, to remove the general off-
set. From sensitivity studies, wherein we performed this bias
correction with different subsets of the data, we estimate the

accuracy of this method to about 1 ppm for xCO2 and 10 ppb
for xCH4. In these sensitivity studies we cannot observe a
trend or drift within in the full dataset. Hence, we decided to
perform a single correction of the global offset. These factors
are applied to all discussed open-path mole fractions from
here on.

3 Results

3.1 Quality of spectra and fit

Residuals of the spectral fit are illustrated in Fig. 6 for the
spectral windows (see Table 2). Spectral residuals of individ-
ual 5 min measurements are typical below 1 % of the spectral
intensity and mostly dominated by noise, while averaging
over longer timescales reveals systematic patterns. In win-
dows 1 and 2, the systematic effects are of the same order
of magnitude as the noise. Statistical evaluation of the noise
for the different absorption windows shows Gaussian noise.
The noise also matches the noise estimation in scale from the
off-band, after subtracting the average systematic effects.

Fitting the path-averaged temperature instead of impos-
ing it from the weather station data yields a noticeable im-
provement in fit quality and results in more realistic tem-
perature diurnal cycles. This is especially true in the early
morning hours with substantial temperature gradients along
the path. Most temperature information comes from the 2 µm
windows (windows 1 and 2). The estimated path-averaged
temperature is on average 0.7K lower than the temperature
at the weather station. We find that sensitivity studies neglect-
ing line mixing in the 2 µm windows (windows 1 and 2) re-
sulted in path-averaged temperature estimates that were low-
biased by 2 to 6 K with respect to the weather station records.
This bias is consistent with the findings of Griffith et al.
(2018), who neglected line mixing and found similar low-
biased path-averaged temperature information. Thus, consid-
eration of spectroscopic line-mixing effects is required to ac-
curately represent the actual path-averaged temperature and
to improve on fit quality.

3.2 Precision of target gas CDs and dry-air mole
fractions

Table 3 lists the relative precision for CO2 and CH4 CDs
and their dry-air mole fractions xCO2 (2.5 ppm, 0.58 %) and
xCH4 (18 ppb, 0.89 %) inferred by ratioing the target gas
CDs with the measured O2 CDs. The precisions for dry-air
mole fractions are comparable to those achieved by Griffith
et al. (2018) (1.7 ppm for xCO2 and 23 ppb for xCH4), while
they are substantially less precise than Deutscher et al. (2021)
(0.28 ppm for xCO2 and 2.1 ppb for xCH4; 3 min measure-
ments). Deutscher et al. (2021) mostly achieved this through
a fixed connection of the FTS instrument and telescope, re-
placing the fiber coupling with a mirror and beam-splitter
setup that allows for significantly higher optical throughput
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Figure 5. Histogram of measured dry-air mole fractions for xCO2 (a) and xCH4 (b) from the in situ and open-path instrument. The expected
peak of low concentration when measuring background air is clearly visible for both instruments. For xCO2 (xCH4), there are 33 426 (37 633)
measurements in the selected peak area (blue and orange bar, respectively) for the open-path instrument and 17 064 (22 127) measurements
for the in situ analyzer. A total of 13 633 (16 525) of those are coincident in time. Calculating correction factors for all these measurements
and taking the mean yields a correction factor of 0.9784 (0.9887).

Figure 6. Typical spectra (upper subpanels) and fit residuals (lower subpanels, measured minus simulated) for 5 min averages (blue) overlaid
with residuals averaged over the whole measurement period (orange) for the six retrieval windows (panels) defined in Table 2. Spectra are
scaled to the maximum intensity for each window.

by more than an order of magnitude, substantially improv-
ing the spectral SNR and hence the precision of the retrieved
trace gases. Due to size and weight, this type of configura-
tion is not possible when using the IFS 125 HR FTS. Also,
we only find minor changes in precision for xCO2 and xCH4

for the different settings listed in Table 1, even though the
measurements differ significantly in spectral SNR due to dif-
ferent temporal and spectral resolution. The 1 min measure-
ments show the same precisions for target gases once aver-
aged on the same 5 min timescale, showing that the precision
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Table 3. Relative precisions of measured total CDs and dry-air mole
fractions for retrieved species.

Species CDs (%) Dry mixing ratios (%)

CO2 0.70 0.58
CH4 0.92 0.89
O2 0.77 –
H2O 1.08 –

is not dominated by real fluctuations during the time of a sin-
gle measurement. The high-resolution measurements show
the same target gas precisions as the low-resolution counter-
parts. Since the line depth is mostly dominated by the ILS for
the low-resolution parameters, it increases with higher reso-
lution and compensates for the worse spectral SNR.

Interestingly, our dry-air mole fractions show a slightly
higher level of precision than the respective CDs. We con-
clude that there is a systematic effect, which affects all re-
trieved CDs by a common similar factor. This systematic ef-
fect then at least partially cancels when dividing the target
gas CDs by the measured O2 CDs. A candidate for causing
such an effect could be changes in the refractive index along
the light path during the recording of the interferograms.
These changes induce slight variations of the transmittance
of the optical system with time and effectively function as
a modification to the apodization function, slightly altering
the ILS. Hence, calculating the dry-air mole fractions by di-
viding the target gas CDs by the O2 CDs retrieved from the
same measurement partially compensates for this effect.

As expected, the dry air masses calculated via Eq. (2) way
show significantly higher precision then using measured O2
CDs (0.089 % instead of 0.77 %). But this is reversed if we
look at the precision of the dry-air mole fractions calculated
from these air masses: for example, for CO2, where the to-
tal CD is measured to a precision of 0.70 %, the dry mix-
ing ratios calculated via Eq. (1) show a precision of 0.58 %,
while calculating via Eq. (2) yields 0.73 %. So when divid-
ing with the uncorrelated but highly precise calculated total
air masses, the noise propagates as expected and results in
less precise dry-air mole fractions. This strengthens the ar-
gument that both the CO2 (or CH4) CD and the O2 CD are
affected by systematic noise, which at least partially cancels
out when dividing one by the other.

3.3 Time series of CO2 and CH4

Figure 7 shows the time series of the dry-air mole fractions
xCO2 and xCH4 after bias correction and filtering low signal
measurements (for example due to fog or dense rain). From
6 February until 11 July we achieve data coverage of 78 %
for 10 min intervals. Months in which the instrument could
be fully dedicated to the open-path measurements achieve
even better coverage of up to 92 % in June. We find good
agreement between open-path and in situ data. Both records

reveal a decrease in the background xCO2, especially from
mid-April onwards, as expected from enhanced biospheric
activity in the Northern Hemisphere in spring and summer.
On top of this large-scale trend, the signal is dominated by
the diurnal cycle with regular nighttime enhancements and
by events related to regional and local emissions and trans-
port patterns. The two records also agree well for xCH4, but
the time series show less regular diurnal cycle structures. For
both gases, the open-path data show greater scatter than the
in situ data as expected from the precision estimates.

Figure 8 shows the statistics of the differences between the
open-path and in situ records of xCO2 and xCH4. While the
majority of the differences center around zero with a spread
that corresponds to the precision of the records, the statistics
show a significant tail for xCO2, with the in situ data being
larger than the open-path data.

While the records largely agree, Fig. 9 shows events for
xCO2, and to an extent for xCH4, during which the open-
path and in situ data differ. In the period 17 to 19 March
in situ and open-path data align during the day but differ
by up to 20 ppm in xCO2 during the night, while no notice-
able difference is present in the xCH4 records. Both of these
nights have in common that the predominant wind direction
(as measured at the institute) is from the southeast (135◦).
Figure 10 shows the differences between open-path and in
situ data plotted over wind direction. The distribution indeed
shows a systematic difference in xCO2 for wind directions
around 135◦ with a gentle decline in the differences towards
winds from the east and a relatively sharp transition towards
winds from the south. The city center of Heidelberg at the
mouth of Neckar river valley is located at around 135◦. One
hypothesis is that in this wind situation the residential area
below the open path is flushed with CO2-poor air from the
river valley due to a deflection of air masses when exiting the
Neckar valley, while the in situ station still samples CO2-rich
urban air masses. We found around 10 nights showing this
predominant steady wind situation, all of them in February
and March. All but one show the described enhancement of
in situ over open-path measurements. There are no daytime
observations of this phenomenon, since this wind situation
only occurs at nights, driven by the topography of the wide
and flat Rhine valley and the hills in the east. This invites
further research on whether high-resolution meteorological
models can represent such effects and what the representa-
tiveness of the open-path and in situ records is.

For xCH4, the picture is less clear. For most wind direc-
tions, the in situ instrument measures slightly higher xCH4
concentrations than the open-path instrument. The most no-
table feature is a peak of relatively higher open-path concen-
trations for winds from the east and northeast. All of this,
however, is barely significant. In time series, differences in
xCH4 typically show up in the form of sharp emission spikes
which are covered by both instruments to a different extent,
most likely due to a local source location. The largest sources
of CH4 in the area are leakages from the natural gas distribu-
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Figure 7. Comparison between open-path (blue) and in situ (orange) measurements for dry mole fractions of CO2 (a) and CH4 (b). The
open-path data shown cover the period from 6 February until 11 July, including gaps of a few days. In situ measurements were available until
26 June.

Figure 8. Difference between the two instruments (open-path minus in situ) for xCO2 (a) and xCH4 (b). A clear central peak around 0 is
visible for both gases. For xCO2, measurements where the two instruments significantly deviate from each other tend to bias towards lower
values, so lower concentrations were measured by the open-path system and higher concentrations were measured by the in situ system. For
xCH4, there is no significant bias.

tion system and emissions from the sewer system (Wietzel,
2021). It seems reasonable that the open-path system, with
its larger area footprint, would see such emissions on a more
regular basis than the in situ instrument and, if the in situ in-
strument is located within such an emission plume, that the
total enhancement is more diluted in the total CD measured

by the open-path system. A detailed assessment of such dif-
ferences, however, requires local modeling of air mass trans-
port.

Figure 11 shows the diurnal cycles for xCO2 for week-
ends and weekdays averaged over the entire reported period.
There is a clear difference between weekends and weekdays
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Figure 9. Events of interest from 16 to 20 March 2023. On 17 March, shortly after sunrise, xCH4 (b) increases by several hundred parts per
billion in a sharp spike for the in situ measurement (orange), but only by a fraction of that for the open-path (blue). Further, during the two
subsequent nights the in situ records show a significant enhancement over the open-path instrument for the measured xCO2 (a). For both of
these latter events, the wind direction (c, blue) is quite steady at around 135± 15◦ (green horizontal band). The wind speed (c, orange) does
not show any remarkable features during this time.

Figure 10. Difference between the two instruments (open-path minus in situ) for xCO2 (a) and xCH4 (b) depending on wind direction.
Plotted differences are averages over all measurements which have wind directions within a ± 15◦ arc and a wind speed above 1 ms−1. The
blue band gives the 1-sigma percentile of the distribution. The red line indicates the viewing direction of the open-path system. An obvious
feature for the wind direction from approximately 135◦ is visible for xCO2, but not for xCH4. The open-path system measures significantly
lower values on average for xCO2 than the in situ system for wind coming from the southeast.
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Figure 11. Diurnal cycle of xCO2 for weekdays (solid lines) and
weekends (dashed lines). Open-path (blue) and in situ (orange) cy-
cles are in good accordance on weekends. Shaded areas give a sta-
tistical 1-sigma confidence level of the mean. On weekdays, the in
situ instrument systematically measures 1 to 2 ppm greater values
than the open-path instrument.

for the morning hours, which is related to CO2 exhaust from
traffic being emitted into a shallow morning boundary layer
during weekdays but not during weekends. The enhance-
ment in the morning amounts to roughly 5 ppm, while the
afternoon rush hour results in smaller enhancements since
boundary layer mixing processes are more effective in the
afternoon than in the morning. Comparing the in situ and
open-path data, the agreement is excellent for the weekends
with average differences of less than 1 ppm during the day
and slightly larger differences during night. On the week-
days, however, the in situ data rather systematically indicate
1 to 2 ppm greater xCO2 than the open-path data. This might
point to a local signal that contributes more to the in situ sam-
ples which is not represented on the 1.5 km averaging scale
of the open-path experiment. While such representativeness
issues might appear small, they become important when aim-
ing at quantification and verification of local emissions with
atmospheric models.

4 Conclusions

We report on the successful development, setup, and per-
formance evaluation of an open-path greenhouse gas obser-
vatory in the city of Heidelberg, Germany. The system is
based on the IFS 125HR FTS manufactured by Bruker Op-
tics, which makes our setup highly versatile regarding spec-
tral resolution, as well as regarding detector options and
hence spectral coverage. However, this choice of instrument
does not provide the portability demonstrated by the setup
of Deutscher et al. (2021). Our system mainly operates at a
standard spectral resolution of 0.55 cm−1, with experiments

run at 0.11 cm−1. The spacious and modular design of the
FTS enables modulating the light beam coming from a halo-
gen light source first, before the light beam travels across
the 1.5 km path (one-way) above the city. Sending the in-
terferograms instead of the unmodulated light beam along
the absorption path enables measurements during day and
night without the need to correct for scattered sunlight. Con-
tinuously operating since 8 February 2023, the observatory
achieves precisions of 2.7 ppm (0.58 %) for xCO2 and 18 ppb
(0.89 %) for xCH4 in 5 min measurements, which is compa-
rable to the pilot study by Griffith et al. (2018) but less pre-
cise than the beam-splitter coupled setup by Deutscher et al.
(2021). Over the whole period, we achieved data coverage
of 78 % and even up to 92 % for months in which the FTS
instrument could be fully dedicated to the open-path mea-
surements. We found that it is important to consider spectro-
scopic line-mixing effects of CO2 in the 2 µm band to retrieve
accurate path-average temperatures and that calculating the
dry-air mole fractions xCO2 and xCH4 using co-measured
O2 CDs partially compensates for systematic errors.

For the period from 8 February to 26 June 2023, we com-
pared the open-path xCO2 and xCH4 abundances to in situ
data measured at one end of the open-path arrangement at the
IUP. First, we found an overall bias correction factor for the
open-path data by scaling to the in situ data collected under
background conditions. After bias correction, both records
are in good agreement, both showing a similar interannual
trend as well as diurnal cycles. Then, we focused on showing
differences between the in situ and open-path records that
most likely stem from the two methods being representa-
tive of different horizontal averaging scales. We found dif-
ferences of up to 20 ppm in xCO2 under southeasterly wind
directions, which suggests that the in situ data are more sen-
sitive to localized source patterns than the open-path data.
For xCH4, we detected a weak correlation of the differences
with easterly winds, which remains unexplained so far. Ex-
amining the xCO2 diurnal cycles on weekends and week-
days, both the open-path and in situ methods show a clear
signal from traffic emissions during the morning rush hour,
but the in situ instrument reports slightly but systematically
greater xCO2 mole fractions during weekdays. These are all
indications that local emission and transport processes alter
the difference between in situ and open-path measurements,
which questions the representativeness of in situ data. Thus,
we recommend evaluating our measurements against atmo-
spheric models that operate at various horizontal resolutions.
This can provide insights on how representative the in situ
and open-path data are on grid scales inherent to the models
used for quantifying and verifying urban emissions.

Building on the basic observatory setup discussed here and
on the versatility of the IFS 125HR FTS, we will aim to refine
and expand the technique in the future. Measuring species
such as CO and NO2 together with CO2 might help attribute
xCO2 patterns to specific combustion sources. CO observa-
tions are currently hindered by the weak transmittance of our
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cube-corner reflectors in the 2.3 µm range. Thus, replacing
the cube corners will have priority. NO2 has absorption struc-
tures in the visible spectral range (0.40 to 0.48 µm), which
is within the range of the silicon detector of our FTS. Pre-
vious studies have employed DOAS spectrometers to mea-
sure NO2 with a similar open-path arrangement as used here.
We will also examine whether operating the FTS at higher
spectral resolution improves the performance, for example
by better separating the target spectral signatures from in-
terfering absorption structures or by reducing systematic er-
rors, e.g., due to ILS uncertainties. Open-path measurements
might further prove an interesting tool to check and validate
spectral line parameters by providing long absorption paths
in a real but less complex atmosphere than direct-sun occul-
tation measurements, which are typically used for these vali-
dations. Such checks might include the relative and absolute
intensity of different absorption bands, but also temperature
dependencies of line strengths and differences in pressure
broadening by dry and wet air. Especially when analyzing
such line-broadening effects, high-resolution measurements,
which fully resolve the spectral line, should provide a clear
advantage over lower-resolution measurements. For check-
ing absolute intensity parameters, it might be necessary to
look for more accurate ways to evaluate the bias compared to
an in situ system. Long, continuous time series by our obser-
vatory provide a solid database for such validations. When
it comes to improving on specificity for local emission at-
tribution, we will consider expanding the observatory with
additional absorption paths across the city such that the com-
bination of paths yields some primitive horizontal mapping
information.
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