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Abstract

The natural carbon dioxide (CO») degassings at the Starzach site near the Black Forest in
southwestern Germany are recovering from a century of industrial exploitation. CO; of presumably
non-volcanic magmatic origin is released into the atmosphere via a cluster of mofettes of different
sizes or diffusively through the soil, in patterns following a geological fault line running from southwest
to northeast. Since the end of the industrial mining period in 1995, no comprehensive estimation of
the total degassing rate at the site is available. This work presents three independent quantification
approaches for the core Starzach mofette area (20m x 20m) with a focus on cost-effectiveness,
each addressing a specific spatial scale: Degassing quantification of the most active mofette via
volumetric flow rate measurement (465kgd~—!+16%, roughly extrapolated to other mofettes in
the core Starzach mofette area: ~1500kgd™!), near-surface flux-gradient method validated by
eddy covariance (EC) measurements (max. 25mgm~2s~1, areal extrapolation: ~900 kgd—1), and
a custom divergence-theorem based method deriving CO» transport vectors from cross-correlations
between atmospheric point measurements across the site (3266 kg d=1+42 %), which is considered
the most representative of the three due to its spatial coverage. Based on this, it is suggested that
including other visible mofettes and abandoned boreholes within around 100 m distance brings the
total CO, emission of the Starzach site to an order of magnitude of roughly 10td~t. All techniques
utilized low-cost equipment, with CO, sensors priced well below 100 € per piece, and were embedded
in a wireless sensor network that enabled real-time remote monitoring. Low-cost equipment proved to
be sufficiently accurate for emission quantification at the Starzach site. The difference between the
results of the three employed methods demonstrates the importance of a hierarchical measurement
approach covering different spatial scales as suggested by Sauer et al. (2013) because cross-validation

becomes possible.
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Natural CO, Emissions in Starzach — Dissertation, Y. G. Biichau, 2025 ZUSAMMENFASSUNG

Zusammenfassung

Nach einer langen industriellen Forderperiode im letzten Jahrhundert nehmen die natiirlichen
Kohlenstoffdioxid (CO2)-Emissionen an den Starzacher ,Kohlensidurequellen® nahe des Schwarz-
waldes im Siidwesten Deutschlands wieder zu. Das Gas gilt als nichtvulkanisch-magmatischen
Ursprungs und tritt in Starzach durch Mofetten oder diffus durch den Boden entlang einer
linienformigen, siidwestlich-norddstlich verlaufenden, geologischen Stérung an die Oberflache.
Seit dem Ende der industriellen Forderung in 1995 gibt es dort keine umfassende Messung
oder Abschitzung der gesamten COs-AusstoBrate. Diese Arbeit stellt drei unabhingige,
kostengiinstige Quantifizierungsansatze fiir das Starzacher Kernmofettengebiet (20m x 20 m)
vor, die jeweils unterschiedliche Raumskalen abdecken: direkte AusstoBmessung der aktivsten
Mofette durch Volumenflussmessung (465kgd™!+16%, geschitzte Hochrechnung auf die
Mofetten im Kerngebiet: ~1500kgd™!), bodennaher Gradientenansatz validiert mit Eddy-
Kovarianzmessungen (max. 25mgm~2s~! auf Kerngebiet extrapoliert: ~900kgd~!) und
eine neuartige Methode, bei der COs-Transportvektoren aus Kreuzkorrelationen zwischen
atmospharischen Konzentrationsmessungen abgeleitet und mithilfe des GauBschen Integralsatzes
kumuliert werden (3266 kgd=!+42%). Aufgrund der groBeren riumlichen Abdeckung wird die
letzte Methode als die repradsentativste der drei angesehen. Basierend darauf wird der CO5-AusstoB
zusammen mit anderen sichtbaren Mofetten und den iibrigen ehemaligen Forderbrunnen im Abstand
von etwa 100m auf rund 10td~! geschitzt. Fiir alle drei Methoden wurden kostengiinstige
Sensoren (unter 100€ pro Stiick) verwendet und in ein kabelloses Netzwerk integriert, was
Echtzeitiiberwachung ermoglicht. Es konnte gezeigt werden, dass die Prazision kostengiinstiger
Sensorik fiir die CO,-Quantifizierung in Starzach ausreichend ist. Die Unterschiede zwischen
den Ergebnissen der drei Methoden zeigt die Wichtigkeit eines hierarchischen Messansatzes
und der Abdeckung mehrerer rdumlicher Skalen, wie von Sauer u.a. (2013) motiviert, damit

Kreuzvalidierungen moglich werden.
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Glossary

ADE Advection-Diffusion Equation

CCS Carbon Capture and Sequestration

CH; methane

CO, carbon dioxide

DFG German Research Foundation

EC eddy covariance

GHG greenhouse gas

H>O water vapour

I2C Inter-Integrated Circuit

IRGASON Integrated CO,/H>0 Open-Path Gas Analyzer and 3D Sonic Anemometer
MITRAS Microscale Transport and Stream Model

FOSS Free and Open Source Software

MOST Monin-Obukhov Similarity Theory

N>O nitrous oxide

NDIR Non-Dispersive Infrared

PARMESAN Python Atmospheric Research Package for Meteorological and Timeseries Analysis
WPL Webb, Pearman, and Leuning
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Symbols
Symbol Description Value/Units Pages
g acceleration in Earth's gravity ~9.8ms2 29
Dair air density kgm™3 28
PCo2 CO, mass concentration kgm™3 9, 28, 38
pcoz (t,p)  CO2 mass concentration in time and space kgm™3 38
Kco2 vertical exchange coefficient for CO> m2s? 28-30, 34-36
Kuo0 vertical exchange coefficient for H,O m?s~! 34-36
v volumetric flow rate m®s™! 22, 24-26
Fcoz upwards CO, mass flux kgm™2s! 28, 29, 34-36
Fu20o upwards H,O mass flux kgm—2s7! 34
Fooa (t,p) CO transport vector in time and space kgm™2s! 38, 39
u* friction velocity ms? 29-31, 33, 36
R* universal gas constant ~8.3145 Jmolt K™t 22
RH relative humidity % 23, 24
L, latent heat of vaporization ~2500 kJ kg_1 34
D vector pointing to location in space m 9, 38, 39
mco2 mass emission rate of CO» kg st 22, 3841, 45
rCOo2 molar mixing ratio of COz in dry air mol/mol 28
Mair molar mass of dry air ~0.029 kg mol ™! 22, 28
Mcos2 molar mass of CO» ~0.044 kg mol~? 22, 28
Xco2 molar fraction of carbon dioxide (CO>) in air mol mol™! 22-24
10} Monin-Obukhov stability function dimensionless 29, 30, 36
Lymo Obukhov length m 29
D atmospheric pressure Pa 22,23
Riy bulk Richardson number dimensionless 31, 32
dcoz (t,p) CO» movement speed vector in time and space  ms™* 38
S surface area m? 38, 39
T temperature K 22-24
0y virtual potential temperature K 29
t time s 9, 38, 39
\% volume m?* 39
K von Kdrman constant ~0.4 29, 30
w upwards vertical wind speed ms™! 28, 29
z height above ground m 28-31
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2 Introduction

Over two hundred years ago, Fourier (1824) first outlined the warming effect that the Earth's
atmosphere exerts on Earth’s surface: Incoming solar short-wave radiation heats up the surface,
which emits part of the received energy back outwards in the form of long-wave radiation. This
energy is partly absorbed and subsequently radiated back by the atmosphere, effectively keeping
the surface temperature more elevated than it would be without an atmosphere — a process later
compared to ‘the glass of a green-house' by Ekholm (1901). Arrhenius (1896) identified atmospheric
CO, as the driver of a global temperature increase should its release through industrial coal
combustion continue. In the last century, subsequent quantification of the increasing atmospheric
CO; concentration was initiated (Keeling, 1960; Callendar, 1958) and awareness of its anthropogenic
origin rose (Broecker, 1975; Sawyer, 1972). By now, there is a clear consensus among climate
scientists that human activities are the reason for recent global warming (Cook et al., 2016).
In 2015, the Paris Agreement (UNFCCC, 2015) was negotiated by the majority of world countries to
work towards a reduction of anthropogenic greenhouse gas (GHG) emissions and its consequences.
Still, GHG concentrations continue to rise, and with them the atmospheric temperature (Calvin et
al., 2023). Recently, global average temperature first exceeded the pre-industrial levels by 1.5K,
a threshold the Paris agreement had sought to mitigate (Cannon, 2025). In terms of contribution
to the greenhouse effect, the currently most important anthropogenic GHG is CO, due to its high
atmospheric concentration (415 ppm = 0.0415vol% global average in 2021, Calvin et al., 2023),
thereafter following the more effective GHGs methane (CH4) and nitrous oxide (N2O), which are
however less prevalent in the atmosphere (Mar et al., 2022; Etminan et al., 2016; Wallace and Hobbs,
2006).

Anthropogenic CO, emissions (from fossil fuel combustion, cement production, and land-use
change: 36.4 + 1.8 Gta™!, Friedlingstein et al., 2023) are by a large margin the driving source of
atmospheric CO,. Natural geological origins such as subaerial volcanoes, volcanic lakes, mid-ocean
ridges, tectonic, hydrothermal or inactive volcanic areas, are estimated at only 1-2 % of anthropogenic
CO; emissions (~600 Mta~!, Orcutt et al., 2019; Burton et al., 2013; Mdrner and Etiope, 2002).
But the Earth mantle serves as a consistent source of non-anthropogenic CO2: Magmatic fluids in
the upper crust (10-15km depth) often reach vapor-saturation and contain a significant amount of
dissolved CO; (Lowenstern, 2001). Crystallization then causes CO; exsolution (Dasgupta, 2013),
allowing the gas to ascend further to the surface through pathways such as geological faults, and to
eventually enter the atmosphere through volcanoes (Carapezza et al., 2009), via mofettes (Liibben
and Leven, 2018; Rogie et al., 2000), geysers (Glennon and Pfaff, 2005), or similar features. While
reduction of anthropogenic CO; emissions is a matter of policy and technology use (Liu et al., 2025;

Dabla-Norris et al., 2023; Acemoglu et al., 2016; Rosenfeld et al., 2000), natural sources of CO>
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in contrast constitute a mostly invariant, yet rather uncertain baseline that is still not conclusively
understood and needs further quantification (Wong et al., 2019; Burton et al., 2013). To fully assess
the global GHG budget, it is thus important to investigate both anthropogenic and non-anthropogenic
CO», sources.

The last decades have seen the development of a variety of technologies and methods to
quantify CO, emissions into the atmosphere, ranging from large-scale satellite-based inference
over ground-based remote sensing approaches to in-situ techniques for precise local measurements.
An overview is given in the introductions of Biichau et al. (2024a, Appendix B, page 77) and Biichau
and Bange (2025, Appendix D, page 105) and summarized here. A collection of local approaches
with very narrow spatial extents is typically used for bottom-up estimates, where emission rates
from individual known point sources are summed, approximated or extrapolated to deduct a total
areal emission rate. As this requires exact knowledge of the location, mechanism and prominence
of all sources, bottom-up estimates can underestimate significantly (‘factors two or more’, Nisbet
and Weiss, 2010), in certain cases even producing a sign inversion (CO; flux from land-use change
in the Brazilian Amazon anomalously considered a sink via bottom-up approaches, Tejada et al.,
2023). While bottom-up approaches are mostly concerned with individual sources, top-down methods
attempt to derive source information from measurements of the sources' impacts, i.e. in most cases
the local increase of atmospheric CO, concentration (Upton et al., 2024). However, depending on
the spatial scale of interest, the boundary between bottom-up and top-down approaches may be
fluid, as will become evident from this work.

Satellites can provide global CO, concentration data in the atmosphere on the kilometer
scale (Pan et al., 2021) but lack resolution to study point sources in detail, for which ground-
based measurements are necessary as a complement (Streets et al., 2013). In volcanic settings,
remote sensing methods based on absorption spectroscopy are often used to quantify atmospheric
gas concentrations up to a few kilometers distance (Feitz et al., 2018; Williams-Jones et al., 2008;
Horton et al., 2006; Galle et al., 2003). These techniques need a known spectrum as reference such
as a direct line of sight to the sun, the moon, or lava to assess the absorption of the trace gas of
interest in the optical path (Platt et al., 2018; Stremme et al., 2012). This renders it difficult to
apply at non-volcanic locations, around heavy vegetation, or in valleys, where in-situ measurements
are more suitable.

In meteorological studies, the eddy covariance (EC) method is one of the most valued in-situ
measurement techniques to quantify the vertical transport of trace gases (Mauder et al., 2021;
Eugster and Merbold, 2015). Fast (>10Hz) measurements of gas concentration and wind speed
are correlated for a direct measurement of the vertical flux caused by turbulent eddies. The
flux-gradient approach can be used to approximate this turbulent flux from slower measurements

of the vertical concentration gradient (Zhao et al., 2019; Xiao et al., 2014). However, the EC
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method requires several assumptions in its common application, most notably spatially homogeneous
terrain and emissions, a negligible average vertical wind speed, as well as neglecting any advective
transport (Mauder et al., 2021). Furthermore, footprint analysis can become nontrivial (Leclerc,
2014). Eddy covariance results are hence more difficult to interpret in complex terrain such as
mountainous areas, or in areas with highly scattered and heterogeneous emission hotspots.

Point measurements of atmospheric gas concentrations distributed in a region of interest can
be used in a variety of ways to derive areal emissions, for example employing inverse Lagrangian
transport modelling (Pisso et al., 2019; Lin et al., 2003; Draxler and Hess, 1998), numerical
solutions of the Advection-Diffusion Equation (Schaper et al., 2024), its simplified analytical
solutions (Gaussian puff or plume model, Krause et al., 2023; Stockie, 2011), and divergence
theorem-based methods (Ryoo et al., 2019; Karion et al., 2013), in descending order of complexity.
A common application for the latter simpler methods is methane leakage detection in natural gas
infrastructure (Bell et al., 2023). All abovementioned methods typically require knowledge of the
wind vector either from measurements or model output and the assumption that the gas of interest
is indeed transported with it, which is not necessarily the case for dense gases and in complex terrain.

The most direct assessments of gas emissions are provided by measurements at the source
such as soil degassing measurements with accumulation chambers (Carapezza et al., 2009; Lewicki
et al.,, 2009), the dynamic concentration method (Camarda et al., 2019; Gurrieri and Valenza,
1988), or in general by deploying sensors and probing facilities into the ground via Direct Push
Technology (Sauer et al., 2013; Leven et al., 2011). For strong advective fluxes from the subsurface
into the atmosphere, such as from vents or mofettes, measurements of the volumetric flow rate have
proven effective (Libben and Leven, 2022; Rogie et al., 2000).

This diverse arsenal of techniques underscores the challenges involved in measuring gas emissions.
Sauer et al. (2013) suggest utilizing a combination of the above methods in a ‘hierarchical monitoring
approach’ to investigate emissions at a given location and balance their respective strengths and
weaknesses. In this work, this methodical fusion is applied for quantifying the natural CO, degassing

from mofettes at the Starzach site in Germany, which is introduced in the following.

2.1 The Starzach site

The Starzach site is situated at the foot of a northern slope in the upper Neckar valley, east of the
Black Forest in southwestern Germany (Figure 1). It is one of the few sites in and around Germany
where natural (i.e. not-anthropogenic) CO, of geological origin is emitted from the Earth. Other
prominent sites are located in the Volcanic Eifel in western Germany, such as the Andernach geyser, a
cold-water geyser with the globally highest water fountain during an eruption (40-60 m, Glennon and
Pfaff, 2005). During its restoration in 2001 it was measured to emit ~350 kg of CO, per eruption,

which would naturally repeat with a period of 1.5-2h, but has to be regulated due to operational
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Figure 1: Overview of the Starzach site in southwestern Germany, highlighting the spatial distribution of its CO;

degassing activity, the deployed measurement equipment, and relevant emission quantification studies with estimated
CO> emission rates given in kgd™. Figure adapted from Biichau et al. (2022, Appendix A, page 61, kindly provided
by the publisher under a CC-BY-4.0 license), with the following changes: Annotations of the aerial imagery on
the right-hand side (drone photogrammetry from 2019 by Martin Schén) were updated, and the maps on the left-
hand side were replaced with current views from OpenStreetMap.org (‘Tracestrack Topo' layer, 16.10.2025). Map
data (©) OpenStreetMap contributors (OpenStreetMap.org/copyright), SRTM, GEBCO, SONNY's LiDAR DTM,
NASADEM, ESA WorldCover; Maps @ Tracestrack, licensed under CC-BY-4.0.

requirements, so this value can't be directly extrapolated to yearly emissions (Krauthausen, 2025;
Myers et al., 2020). Another notable CO; degassing location in the Volcanic Eifel is the Laacher See
volcanic lake, estimated to emit about 14tkm=2d~1 (Goepel et al., 2015), which extrapolated to
its surface area (3.31km2, Gal et al., 2011) would amount to roughly 17kta=. In the Western
Eger Rift in the Czech Republic, just outside the eastern German border, two mofette fields
were measured to have a soil CO, flux of 30td™! and 23td™!, and a degassing from mofettes
of 3td™! and 0.6td™! respectively (Kampf et al., 2019). It is noticeable that in the published
scientific literature, comprehensive investigations of the total annual emissions of such CO»-emitting
sites are sparse.

The same is the case for the Starzach site. Liibben and Leven (2018) summarize the site's
geological setting and history. They link the CO, degassings to a geological fault zone in the
major tectonic Swabian-Franconian direction, which is evident from the arrangement of degassing
hotspots (yellow dots) along a southwesterly/northeasterly line in Figure 1. In the 1900s, industrial
extraction of the emitted CO5, took place, with extraction rates of individual wells of 1000-4000ta~"!
recorded in the 1980s, but outputs gradually stagnated until mining was terminated entirely in 1995.

The site has been recovering since then, with slowly redeveloping CO, exhaust in the form of
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Figure 2: Examples of CO. degassing at the Starzach site. Figure reproduced from Biichau et al. (2022, Appendix A,
page 62, kindly provided by the publisher under a CC-BY-4.0 license). (a) diffuse degassing, small ascending gas
bubbles (during spring 2020 flooding), (b) mofette with largest diameter, examined in 2015 by Liibben and Leven
(2022), (c) picture by Martin Schén in 2019, groundwater monitor well, turned into the site’s most active mofette

shortly after its deployment in 2014.

mofettes and diffuse degassing through the soil (Figure 2). The emitted gas is a mixture of
mostly COz (over 98 %), nitrogen (about 1%), and trace amounts of helium, argon and methane.
In 2015, Liibben and Leven (2022) measured the sites’'s most active mofette at the time (Figure 2b)
to emit ~75kgd~!. Since then, there were no further quantification attempts at the Starzach site,
except for those presented in this work in the following. Liibben and Leven (2018) also suggest
the Starzach site as a natural analogue and methodical testbed for a leaky Carbon Capture and
Sequestration (CCS) reservoir. CCS is an often proposed (Stefanica et al., 2016; Szulczewski et al.,
2012), actively tested (Bui et al., 2018), though controversial (Lefstad and Rivadeneira, 2025; Braun,
2017; Kriiger, 2017; Stephens, 2015), global warming mitigation technique, where CO; from human
activities is captured, and subsequently compressed into subsurface geological formations instead of
releasing it into the atmosphere. As there are only few operational CCS sites worldwide (Bui et al.,
2018), studying natural analogues such as the Starzach site is a practical opportunity to test several

observational methods as suggested by Sauer et al. (2013).
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2.2 Objectives / Research Questions

The objective of this dissertation is to quantify the natural CO, emissions at the Starzach site, with
a focus on cost-effectiveness, real-time monitoring capability, scalability, and transferability to similar

gas-emitting sites. The following research questions are addressed:
RQ 1: What are the dynamics of atmospheric CO, concentration at the Starzach site?
RQ 2: What is the CO; release rate of the visibly most active mofette at the Starzach site?
RQ 3: What regularities in the degassing of an individual mofette are observable?
RQ 4: At what rate does the core Starzach mofette area (20m x 20m) emit CO; in total?

RQ 5: To what degree are low-cost sensors and approaches capable of this quantification?

These research questions are answered throughout the following text, and a summary is given in the

Conclusion in section 4.
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3 Quantifying CO, Emissions at the Starzach Site

The investigation of the above research questions necessitates multiple approaches. The following
sections describe the respective methods and present and discuss their results. Subsection 3.1
introduces measurements of atmospheric CO, concentrations and meteorological parameters at the
Starzach site. In subsection 3.2, the degassing of the site’s most active mofette is examined with a
custom-built funnel system. Subsection 3.3 relates vertical gradients of CO, concentration close to a
mofette to vertical turbulent fluxes measured with the EC method (flux-gradient approach). Finally,
a network of CO sensors is used to estimate the average total CO» emission rate at the Starzach site,
from cross-correlations between time series and Gauss's divergence theorem, in subsection 3.4. The
meteorological calculations for these investigations were performed with the Python Atmospheric
Research Package for Meteorological and Timeseries Analysis (PARMESAN) described in Biichau
et al. (2024b, Appendix C).

3.1 Dynamics of Atmospheric CO, Concentration at the Starzach Site

The indispensable foundation of in-situ gas emission quantification schemes is a reliable measurement
of atmospheric gas concentrations. Under the premise of keeping costs low for later scalability,
four small, embedded, and commercially available Non-Dispersive Infrared (NDIR) CO; sensors
with unit prices well below 100€ were selected for evaluation: SenseAir LP8, theben CO> module,
Cubic CM1106, and Sensirion SCD30 (Table 2). These sensors only require a low-voltage power
supply (<5V). Most have an Inter-Integrated Circuit (1°C) interface, rendering them easily
connectable to microcontrollers with the Free and Open Source Software (FOSS) Arduino framework,
which is increasingly used for field studies due to its suitability for prototyping (Kim et al., 2020). With
only a few centimeters in size, the selected CO5 sensors are very compact, as their typical application is
indoor air quality monitoring in places such as offices or ventilation systems. Consequently, they target
CO3 concentrations commonly found at workplaces (600-4000 ppm, Franco and Leccese, 2020), and
have an upper detection limit of at most the concentration humans typically exhale (4-5vol%,
Tsoukias et al., 1998). At the time of sensor selection, the market offer for comparable CO, sensors
designed specifically for outdoor use and with a large measurement range was very limited.

Field conditions present much larger extremes in temperature and relative humidity than indoors.
To determine which sensor is best suited for continuous CO> measurements at the Starzach site,
the four sensor candidates were first tested under laboratory conditions in a calibration chamber
to assess their CO, measurement behaviour under a variety of temperature and relative humidity
combinations (Biichau et al., 2022). The results (Figure 3) show that data of all four sensor
models mostly lies within a margin of error of +100 ppm 10 % in their respective output ranges.

However, three of the four sensor models have properties that render application at the Starzach
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site problematic: Despite its excellent overall precision, the SenseAir sensor has a pronounced cross-
sensitivity to humidity, which is a common problem of NDIR CO; sensors (Feng et al., 2024; Martin
et al., 2017; Kondo et al., 2014; Mayrwoger et al., 2010). This is in line with results of Miiller et al.
(2020), who used the same sensor model. While the Cubic sensor is equally precise as the SenseAir
sensor, its limited output range prevents its use in the direct vicinity of mofettes. In contrast,
the theben sensor covers the widest range of CO, concentrations, but its response becomes non-
linear above 10000 ppm (1vol%). Finally, in contrast, the Sensirion SCD30 sensor has a very linear
output, a decent measurement range up to 40000 ppm (4vol%) and a built-in temperature and
relative humidity sensor, making it the best out of the four sensor options for CO, measurements at
the Starzach site. Subsequent field comparisons against an EC station directly above a mofette at
the Starzach site confirm the Sensirion sensor’s suitability under outdoor conditions (Biichau et al.,
2022, Appendix A, page 70).

Continuous measurements with a Sensirion SCD30 sensor at 50 cm height above ground, close to a
dry mofette, together with meteorological parameters from a Gill MaxiMet GMX541 compact weather
station in 2 m height at the site selected due to its ease of use and comprehensive set of measurements,
reveal a pronounced diurnal cycle of the atmospheric CO» concentration (Figure 4, Biichau et al.,
2022): At nighttime, CO; levels are highly elevated and reach concentrations up to the sensor’s
upper limit of 4vol%, a value two orders of magnitude above global average concentration (415 ppm
in 2021, Calvin et al., 2023). The low nightly wind speeds (~0.2 ms™?, blue dashed line in Figure 4)
favor ground-level accumulation of the emitted CO,, which is roughly 50 % denser than air at standard
conditions (Foken et al., 2021) and therefore negatively buoyant. This CO, trapping is enhanced by

atmospheric stability, which increases at night due to radiative cooling of the surface and inhibits

Table 2:  Tabular comparison of four low-cost NDIR CO, sensors evaluated for application at the Starzach site,

reproduced from Biichau et al. (2022, Appendix A, page 65, kindly provided by the publisher under a CC-BY-4.0

license)
Sensirion SCD30 SenseAir LP8 CUBIC CM1106 theben CO2 Module
ey
\
unit price at the time of writing well below 100 €
target CO, range [ppm] 400-10000 0-10000 0-2000 0-5000
output CO, range [ppm] 040000 0-10000 0-2 000 0-N.A.
accuracy (acc. to manufacturer)  +30ppm + 3 %, +2.5 ppm/K +50ppm £3 % +50ppm £ 5 % +50 ppm +3 %"
average power consumption ~ 60 mW ~ 1mW ~ 200 mW =~ 30 mW
shortest output interval [s] 2s 16s Is 15s
behaviour outside target CO, range linear - - non-linear
behaviour outside output CO, range constant constant constant non-linear
humidity cross-sensitivity negligible strong negligible negligible
temperature sensor SHT31 onboard onboard onboard
humidity sensor SHT31 - - -

" increases to up to £100ppm +5 % * for CO, concentrations above 2 000 ppm
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Figure 3:  Calibration of four low-cost CO, sensors (Table 2) in an EdgeTech RH Cal calibration chamber with

LI-COR 840A closed-path infrared gas analyser as reference. Different combinations of temperature and relative

humidity were produced by the calibration chamber while CO» from a pressurised gas bottle was periodically injected
into the measurement chamber. Figure reproduced from Biichau et al. (2022, Appendix A, page 66, kindly provided by
the publisher under a CC-BY-4.0 license). An additional figure with temperature coloration is available in Appendix A,

page 67.

vertical mixing. When wind-induced mixing redevelops at sunrise, the accumulated CO is dispersed
again. This near-surface accumulation of CO; is one answer to Research Question 1. The vertical
turbulent transport of CO5 is quantified in detail in subsection 3.3.

Another notable observation in Figure 4 is the presence of a distinct diurnal cycle of the wind
direction, which is especially prominent in summer (top plot). The Starzach site is located at the
foot of the northern slope of the upper Neckar valley, which runs in west-east direction with a slightly
meandering shape. Insolation causes warming, and thus abatic upwinds, at the respective irradiated
slopes in the north of the valley, pulling with it the air from inside the valley. Conversely, cooling
air forms catabatic winds flowing down the valley slopes at night. Both results in a predominantly
northwards wind direction at the Starzach site, with a superimposed daily oscillation caused by the

meandering shape of the valley (Bliichau et al., 2022).
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Figure 4: Diurnal cycle of CO, concentration and meteorological parameters at the Starzach site in summer and

autumn 2020. CO> measurements (CO2: mean, CO,: median ) originate from a Sensirion SCD30 sensor 50 cm above

ground, close to a dry mofette (Appendix A, page 70). The meteorological quantities (v: wind speed, dd: wind direction,

T: temperature, R: global solar irradiance) were measured with a Gill MaxiMet GMX541 compact weather station

in 2m height (Appendix A, page 65). Figure reproduced from Biichau et al. (2022, Appendix A, page 71, kindly

provided by the publisher under a CC-BY-4.0 license).
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3.2 Degassing of an Individual Mofette

With an understanding of the average atmospheric CO» concentration dynamics at the Starzach site
from the previous section, a closer investigation of its sources, the mofettes, will help answer Research
Question 2 and 3, and if the observed diurnal CO; pattern in Figure 4 is really only an atmospheric
phenomenon. There are several mofettes of different sizes and activity at the site (Figure 1). For only
one of those, the most active at the time (Figure 2b), there exists a degassing estimate from 2015
by Liibben and Leven (2022), who determined a CO, emission rate of 53-99 kgd~! with a funnel
system. However, as Liibben and Leven (2018) mention, the site is recovering from a century
of industrial mining, having depleted the natural CO, exhaust almost entirely, but which is now
redeveloping. This prior estimate is thus probably outdated and needs to be remade. Channeling the
vented gas through a measurement funnel for quantification is a reasonable approach, and has already
been applied in similar settings (non-volcanic CO, emissions in Italy, Rogie et al., 2000), but care
needs to be taken which sensors are selected. Typically, an anemometer for air, such as a hot-wire
anemometer, is used to measure flow speed in the funnel, which is then multiplied with its cross-
section to calculate the flow rate V [m®s—']. This flow rate can be combined with measurements
of pressure p [Pa], temperature T' [K], and CO, mole fraction Xcoo [mol mol~!] in the funnel to
determine the mass flow rate mhco2 [kgs '] (Biichau et al., 2024a, Appendix B, page 80):

p - Mcoz
RT ()

Mmooz = Xcoz - V-
Mcoz [~0.044 kg mol~!, Foken et al., 2021} is the molar mass of COy, and R* [~8.3145 J mol~1 K1,
Foken et al., 2021] the universal gas constant. A maximum error estimation of this equation reveals
that the respective maximum expected relative errors (in percent) of its input variables sum up to the
maximum expected error of mmco2 (Bilichau et al., 2024a, Appendix B, page 83). This is important
to determine how precise mco2 can be measured, a reflection neither Liibben and Leven (2022) nor
Rogie et al. (2000) have detailed. When quantifying CO» gas flow, the problem with most common
air anemometers, with the notable exception of expensive ultrasonic anemometers, is that they are
medium-dependent. The output of thermal anemometers, such as hot-wire anemometers, depends
on the medium'’s density. The same is true for Pitot-tubes and propeller anemometers (Foken et
al.,, 2021; Pindado et al., 2012). As the molar mass Mcoo of CO; is approximately 50 % higher
than that of dry air My [~0.029 kg mol~!, Foken et al., 2021], gaseous CO; is denser than air
as well, which can introduce an non-negligible error when measuring CO2 flow speed while keeping
the assumption of measuring in air. Luckily, there exists a widely used type of anemometer that is
largely density independent: the cup anemometer. Here, the density-dependent drag forces, acting
on the opposite cups, cancel out under stationary flow (Biichau et al., 2024a, Appendix B, page 81),
rendering it practically independent of the passing medium'’s density. For this reason, a miniature

cup anemometer was chosen to quantify the CO, exhaust from a Starzach mofette.
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C))

Sensirion STC31

Sensmoﬁ SHTC3
(T, RH)

mofette
underneath

M

Figure 5: Gas flow funnel system mounted over the groundwater monitoring well (Figure 1, installed in 2014, which
turned into a mofette shortly after deployment) at the Starzach site in 2022. Figure reproduced from (Blichau et al.,
2024a, Appendix B, page 80, licensed under CC-BY-4.0).

Another critical quantity in Equation 1 is the gas content X¢cgy. CO3 is commonly quantified with
NDIR technology, but as mentioned in the previous subsection 3.1, the market availability of such CO,
sensors, designed for up to 100 % concentration, and withstanding extreme humidities under outdoor
conditions is very limited — even more so in the low-cost segment. The alternative Sensirion STC31
CO, sensor was selected for this purpose. Its measurement principle is based on heat conductivity
of the surrounding gas, which is an indirect method, and thus requires certain information such as
atmospheric pressure p, temperature 1" and relative humidity RH [%] to be communicated digitally
to the sensor for it to complete its measurement. To provide these measurements, a Bosch BME280
sensor and a temperature-sensitive resistor (thermistor) was used. These sensors were connected
to a microcontroller for data recording and wireless transmission, and mounted inside a 3D-printed
segmented, modular chimney that can be mounted on a halved barrel with removable lid to be placed

over a mofette (Figure 5).
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Figure 6: Calibration of cup anemometer rotation frequency in the funnel (Figure 5c) to volumetric flow rate measured
with an LTG 227VM-05 flow meter, with linear fit (gray dashed line). Figure reproduced from (Blichau et al., 2024a,
Appendix B, page 84, licensed under CC-BY-4.0).

All sensors were subsequently calibrated or validated individually (Biichau et al., 2024a). The
cup anemometer’s rotational frequency was directly calibrated to the flow rate V of a reference flow
meter to an accuracy of 0.34Ls~! (Figure 6). The other sensors were validated in a calibration
chamber, where several combinations of 7', RH, and Xcp, were generated, with a LI-COR 840A
closed-path gas analyser as reference. It could be verified that the Sensirion STC31 is accurate
to a precision of £1vol% +3% (Biichau et al., 2024a, Appendix B, page 86), and the thermistor
to £0.1 K (Biichau et al., 2024a, Appendix B, page 87).

With the sensors calibrated, this funnel setup was deployed at the Starzach site in
February 2022 (Figure 5), and mounted over the site’s most active mofette — by that time the
groundwater monitoring well introduced in 2014 (Figure 2c, Biichau et al., 2024a), which apparently
presents an easy path for uprising gas to the surface. As an independent reference measurement of V/,
plastic bags were attached to the funnel and filled sequentially with degassed CO5. The bags’ volumes
were estimated geometrically from measurements of their length and diameter, and each filling was
timed with a stopwatch (Biichau et al., 2024a, Appendix B, page 84). This process is depicted in
detail for a reiterated setup based on differential pressure measurements one year later in Herrmann
(2023, their Figure 12, page 20). The corresponding time series of V (Figure 7) reveals that the flow
rates determined via bag fillings (white boxes) are well in line with the flow rate measured with the
cup anemometer. The measured flow rate from the groundwater monitoring well mofette spreads

between 1-6Ls™! with an average close to 3Ls™!, and a variance of 1.27 L2572, of which 50 %
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can be attributed to a periodic eruption cycle repeating every 3-5s (according to the main peak
in Figure 7, yellow-marked region). This periodicity can be explained with a pressure equilibrium
that is oscillating in height inside the well pipe (Biichau et al., 2024a): The water column inside the
pipe exerts a certain pressure at the bottom, where its wall is perforated and groundwater can seep
in. The uprising CO2 accumulates at this depth, until its pressure is high enough to overcome the
water pressure threshold, enabling the gas to be released to the surface, taking some water with it
in an eruption. Afterwards, groundwater fills the well again, and the cycle repeats. This short-term

periodicity on the scale of a few seconds is one answer to Research Question 3.
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Figure 7:  One hour on the 03.02.2025 (Biichau et al., 2023) of flow rate V data measured by the setup shown
in Figure 5 over the groundwater monitoring well mofette in at the Starzach site. The seven white boxes in the
top plot depict the flow rate determined by filling plastic bags of estimated volume with CO» exhausted through the
funnel (Biichau et al., 2024a, Appendix B, page 84). The bottom plot is a discrete spectrum of the top time series.
Figure reproduced from (Biichau et al., 2024a, Appendix B, page 85, licensed under CC-BY-4.0).
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One week of data was recorded in February 2022 with the setup shown in Figure 5, and is presented
in Figure 8 together with meteorological parameters from a Gill MaxiMet GMX541 compact weather
station in 2 m height at the site. There are several interesting features in these recordings that help
understand mofette degassing at the Starzach site. Most strikingly, there are two events (marked in
gray), where the flow rate abruptly increases by nearly 25 % within minutes, then only slowly decays
back to the baseline of 3Ls™! over the next day. Such behaviour was already observed by Liibben
and Leven (2022) on another mofette, but deemed a measurement anomaly, an assumption that can
hereby be disproved. Instead, these sudden flow rate increases are likely similar to cold-water geyser
mechanics (Biichau et al., 2024a): Rising CO2 continuously enters and dissolves in a water-filled
subsurface cavity until saturation. When no more CO can be dissolved, bubbles of gas start rising,
which displace water and as such reduce pressure, starting a positive exsolution feedback, ending
in an eruption (Han et al., 2013; Glennon and Pfaff, 2005). It can be argued that the observed
flow rate events at the Starzach site are a weaker and slower version of this process (Biichau et
al., 2024a). The low-intensity seismic events recorded in the area seem to have no influence on
their occurrence (second plot in Figure 8), which is expected for the above theory. Excluding these
events, the CO, mass flow baseline averages to 465 kgd~! +16 % (Biichau et al., 2024a, Appendix B,
page 89), which answers Research Question 2. This value is an order of magnitude higher than the
previous measurement of 53-99 kgd=! in 2015 by Liibben and Leven (2022), indicating that the
degassing activity has dramatically increased over the seven years in between the measurements
of Libben and Leven (2022) and Biichau et al. (2024a). Extrapolating this measurement to the
core Starzach mofette area (20m x 20m, Figure 1), based on the amount and activity of the
visible mofettes, a rough estimate of ~1500kgd™! of total CO, emissions (Research Question 4)
can be made (Biichau and Bange, 2025). Otherwise, none of the meteorological parameters —
most notably atmospheric pressure, which is known to have an effect on comparable gas emissions
through ‘atmospheric pumping’ (Forde et al., 2019; Nilson et al., 1991; Rinehart, 1972) — appear to
influence the degassing of the examined mofette. So for Research Question 3 it can be concluded that
there is a short-term eruption cycle every 4s (Figure 7, yellow region), a slower cycle probably on a
scale of several days, but no diurnal cycle or influence from atmospheric parameters (Figure 8).
A slightly elevated eruption frequency (every 3s) and roughly 20% higher V was observed by
student Herrmann (2023) one year later in summer 2023, suggesting a possible seasonal periodicity

based on groundwater level.
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Figure 8: One week of CO» exhaust measurements of the groundwater monitoring well mofette at the Starzach
site in February 2022, with the setup shown in Figure 5, together with meteorological parameters of a Gill MaxiMet
GMX541 compact weather station. Seismic activity data in the second plot was taken from erdbeben.led-bw.de. Figure

reproduced from (Biichau et al., 2024a, Appendix B, page 88, licensed under CC-BY-4.0).
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3.3 Eddy Covariance / Flux-Gradient Method: Vertical Turbulent Flux

The following subsection 3.3 has not appeared in any publication yet and is separate from the works
listed in section 1. From the measured accumulation of CO, at night in Figure 4, the question
arises whether measurements of the vertical CO» concentration gradient with low-cost sensors can
be used to estimate the CO;, emissions at the Starzach site. A technique that relates a vertical
concentration gradient to the resulting vertical turbulent transport is the flux-gradient approach, a
first-order turbulence closure and formulation of Fick's first law of diffusion, but for diffusion by
turbulent eddies (Wichura and Foken, 2021; Leclerc and Foken, 2014; Monson and Baldocchi, 2014;

Pope, 2000; Stull, 1988). Intuitively, one might express it as

Apco
Foo2 = —Kcoz2 pAz 2, (2)

where a CO, mass concentration pcoz [kgm™>] difference in height z [m] (above minus below)
results in a vertical turbulent mass flux Fros [kg m—2 5*1], controlled by an exchange coefficient (or
‘eddy diffusivity') Kcoz [m?s!]. This form is flawed, however, because vertical movements
in the atmosphere cause density changes, which propagate to trace gas concentrations such
as pco2, skewing the estimated gradients. Fluxes calculated based on volume concentrations such
as Equation 2 can either be corrected with the common Webb, Pearman, and Leuning (WPL)
correction or by working with dry molar mixing ratios instead (Mauder et al., 2021; Webb et al., 1980),
because of their invariance to temperature or pressure changes (Gu et al., 2012). For Equation 2,

this results in the slightly more elaborate expression (Zhao et al., 2019; Xiao et al., 2014)

Mco Arco
Feor = —Kcoz — - 2 pair A = (3)
alr

corrected density gradient

where Mcoo and M, are the molar masses of CO» and dry air respectively, p.ir [kg m ] the density
of dry air, and rcoz [mol/mol] the dry molar mixing ratio of CO2, which is the mole ratio of CO;
to dry air, i.e. all other parts in the gas mixture, excluding the fluctuating gases CO, and water
vapour (H20). This parametrisation of the vertical turbulent gas flux in Equation 3 can be used if only
slow averages of gas concentration measurements at different heights are available, which is suitable
for the low-cost approach option discussed in this work. If instead fast measurements of upwards
wind speed w [ms '] (e.g. from an ultrasonic anemometer) and dry molar gas mixing ratios (e.g.
from a fast infrared gas analyser) are available, the vertical turbulent flux can be calculated directly

with the widely used eddy covariance method (Mauder et al., 2021):
Feoz = pair rco2' v’ (4)

Prime notation (e.g. w’) means deviation from the average, so rco2’w’ is the covariance

between rco2 and w, a quantification of how short bursts in upwards wind speed coincide
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with temporary increases in trace gas presence, i.e. its net upward transport. Optical gas
analysers, like the Campbell Scientific Integrated CO2/H20O Open-Path Gas Analyzer and 3D Sonic
Anemometer (IRGASON) deployed at the Starzach site, rely on Bouguer-Lambert-Beer's law to
derive trace gas concentrations (in units of atoms, molecules or mass per unit volume) from
the absorption of light in their measurement volume (Heard et al., 2021; Burba et al., 2012).
As for Equation 2, volumetric gas concentrations are influenced by density fluctuations during vertical
movements or mixing with other gases, so the instrument’'s concentration measurements first need
to be converted to dry molar mixing ratios for Equation 4 (Heard et al., 2021), which can be done
with PARMESAN (Biichau et al., 2024b). If fast EC measurements are available, the exchange
coefficient Kco2 can be determined by an offset-less linear regression of Fcoo from Equation 4
against the corrected density gradient in Equation 3. This exchange coefficient Kcog is the crucial
variable in Equation 3 to estimate vertical turbulent gas transport from gradients. It is not a constant,
but can be expected to depend on atmospheric mixing and stability parameters. In absence of fast
EC measurements, Kcoo needs to be parametrised. The most common parametrisation of Kcoo
is the ‘aerodynamic model' (Zhao et al., 2019; Xiao et al., 2014; Cellier and Brunet, 1992; Stull,
1988):

K u* z

5 (5)

with £ ~ 0.4 being the von Kdrman constant (Stull, 1988), u* [ms '] the friction velocity, z the

Kcoz =

geometric mean of upper and lower measurement heights, and ¢ [dimensionless| the Monin-Obukhov
stability function, an empirical, positive function that equals one under neutral conditions and
increases with atmospheric stability. Over the last decades, several suggestions for parametrisations
of ¢ have been made (Lee et al., 2021; Lee and Buban, 2020; Grachev et al., 2008; Foken, 2006;
Businger et al., 1971; Dyer and Hicks, 1970; Businger et al., 1967), however the initial proposals
for the stable and unstable cases summarised by Dyer (1974) are still used today in flux-gradient

studies (Zhao et al., 2019; Xiao et al., 2014):

1 Z ..
\/1-16 (z/Lno) o Thvo <0 (unstable Cond|t|0ns)

¢=191 for =~ = 0 (neutral conditions) (6)
1+55> for =~ > 0 (stable conditions)

This expression in Equation 6 dominantly depends on the Obukhov length Lyio [m] (Stull, 1988):

u*3 . ev

—_ 7
0,/ w' - g- kK ¢

Lyvio = —

where 6, [K| is the virtual potential temperature, w the upwards vertical wind speed,
and g [~9.8 ms 2, Stull, 1988] the acceleration in Earth's gravity. At this point, a significant problem
becomes apparent: The kinematic heat flux 6,’w’ necessitates fast EC measurements — the very

requirement one seeks to eliminate with the flux-gradient method in Equation 3. A solution to this
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conflict can be approached iteratively (Busch et al., 1976; Delsol et al., 1971), non-iteratively (Louis,
1979), or by only examining neutrally stratified conditions (¢neutrat = 1, Equation 6), which
simplifies Equation 5 to

Kcos =k u* z (8)

Considering that the degassing of an individual mofette does not feature any diurnal pattern, and
is instead rather constant over time (subsection 3.2, first two plots in Figure 8), filtering for only
neutral conditions is not expected to introduce a significant selection bias. The above flux-gradient
and eddy covariance Equations can be formulated analogously for H>O, which is commonly measured

in EC setups.

Application at the Starzach site

To determine how well the eddy covariance and flux-gradient method can be applied to quantify the
CO, emissions at the Starzach site, a small-scale gradient measurement setup was newly deployed
in summer 2023 close to a mofette, with four Sensirion SCD30 sensors each above (at 100cm
height) and below (20 cm) a Campbell Scientific IRGASON EC station (60 cm) as shown in Figure 9.
Operating an EC station this close to the ground and its vegetation is rather unconventional.

Typically, eddy covariance is performed in the constant flux (or ‘inertial’) sublayer, where turbulent

Sensirion|SCD36)
[COz{Sensors}

IRGASON
[ECTstation)

Figure 9: Flux-gradient setup close to the ground, next to the Starzach site’s mofette with the largest diameter (30 cm,
Figure 2b, examined in 2015 by Liibben and Leven, 2022). Four Sensirion SCD30 low-cost CO- sensors each
are mounted 40cm above and below a Campbell Scientific IRGASON eddy covariance station at 60cm height.

Measurements of this setup are shown in Figure 10 and Figure 11.
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fluxes are approximately constant with height and not influenced by individual roughness elements
anymore (Grimmond and Ward, 2021; Stull, 1988). This requires measurement heights that are
significantly higher than any obstacles or trees in the area. Being located at the foot of a valley slope
and surrounded by high trees (Figure 1), this requirement cannot be easily fulfilled at the Starzach
site. It is also a common problem that CO5 fluxes from emission sources such as mofettes might be
too low for detection via EC as they become indistinguishable from background fluxes (Sauer et al.,
2013), especially at elevated measurement heights. In addition, the need for careful footprint analysis
arises with increased measurement height. Footprint analysis determines which parts of the surface
contribute to what degree to the measured fluxes. These footprint estimation routines are often
nontrivial (Kljun et al., 2015; Leclerc, 2014; Vesala et al., 2008; Kormann and Meixner, 2001). With
these above considerations, it was decided to measure close to the surface, next to a CO» source,
a mofette. For this setup, some footprint estimations are explicitly not applicable, for example
because friction velocity u* and measurement height z are too low (Kljun et al., 2004), but a simple
estimation according to Hsieh et al. (2000) yields a horizontal footprint peak distance around 2m, so
a footprint area of roughly 2m?. Sixteen days of measurements in July/August 2023 of gas mixing
ratios, the respective gradients, mixing and stability parameters, eddy covariance fluxes, and derived

and parametrised exchange coefficients for CO; and HO are shown in Figure 10 and Figure 11.

Median Bulk Richardson Number Diurnal Cycle, Starzach, 20.07—05.08.2023, z=60cm
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_
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Figure 10: Median diurnal cycle of bulk Richardson number Riy, [dimensionless] calculated according to Stull (1988)

for the time period of Figure 11 in 2023 at the setup shown in Figure 9. The temperature difference was taken from the

upper and lower Sensirion SCD30 sensors. The horizontal wind speed difference was scaled to their height difference

from wind speed measurements of the IRGASON eddy covariance station in the center and the Gill Maximet GMX541

compact weather station in two meters height still located on site as depicted in Biichau et al. (2022, Appendix A,

page 65, and Figure 1).

Eddy Covariance. All quantities in Figure 10 and Figure 11 show a pronounced diurnal
pattern. At night (18:00-06:00 UTC), shear-driven turbulence generation is inhibited by atmospheric
stability (Ri;, > 1, Figure 10), while around noon (11:00-13:00 UTC), the stratification is
unstable (Ri, ~ —1, Figure 10). In general, atmospheric mixing is very reduced this low above the

1

ground, with an average u* below 0.1 ms™!, a maximum of 0.3ms™!, and a wind speed maximum of

only 1ms~! in the entire measurement period (Figure 11). Water vapour mixing ratio is highest at
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dry molar gas mixing ratios ryas (Sensirion SCD30) all below data was averaged to 3®min intervals
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Figure 11: Sixteen days of 30 min-averaged data recorded with the flux-gradient setup next to a mofette shown
in Figure 9. From the time series of CO> and H>O mass concentration (top row) measured with the slow Sensirion
SCD30 low-cost sensors arranged above (100cm) and below (20cm) the IRGASON eddy covariance station (60cm),
the vertical gradients are derived (second row). Eddy covariance fluxes (third row) and mixing parameters (fourth row)
are calculated from the IRGASON EC station. The slope of an offset-less linear fit of flux over gradient (bottom row)
constitutes the solid lines in the fifth row, in comparison to the common aerodynamic model parametrisation derived
from mixing and stability parameters (Equation 5 and Equation 8, Zhao et al., 2019; Xiao et al., 2014). The time
ranges for noon (11:00-13:00) and night (18:00-06:00) are based on the Richardson number Riy, in Figure 10.
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noon and lowest at night (Figure 11), controlled by insolation-driven evaporation from vegetation and
the wet soil (clayey, 25—-35 % volumetric water content, groundwater depth ~70 cm, Wiisteney, 2023)
at daytime, and the wet mofettes, which emit CO, gas through a water column (subsection 3.2).
The bottom Sensirion SCD30 sensors in 20cm height are close to these sources and therefore
register higher HoO mixing ratios than the upper sensors at daytime, visible in the negative gradient.
The lower temperatures at night lead to a reduced saturation water vapour pressure, and thus
an overall lower amount of HO molecules in the gas phase. Without solar irradiance driving
evaporation, this saturation limit of H,O explains its nightly gradient inversion (now positive),
as the surface temperature drops faster through radiative cooling than the temperature of the
above air layers, allowing those to hold more water vapour. The vertical turbulent HoO flux
is positive (upwards) at daytime as expected, but stays negligible at night, despite this gradient
inversion, as the friction velocity u*, a proxy for atmospheric mixing, approaches zero. With a

2571 the measured near-surface EC fluxes of HoO at the

peak magnitude between 100-200 mgm™
Starzach site are comparable to literature values from studies over grassland, forests, agricultural
fields, and lakes (Table 3).

The corresponding measurements for COj, however, show contrasting results (Research
Question 1). Similar to previous measurements (Figure 4), CO, mixing ratios are only moderately
elevated at daytime, but highly increased at night, especially close to the surface, and can reach
similar magnitudes as for HoO (~2%), which is very uncommon at sites without such CO,
sources (c.f. studies in Table 3). One important observation is the pronounced nightly gradient
of COz: While the COy variability 20cm above the surface (solid orange line in the first plot
of Figure 11) is high and exhibiting significant peaks, its mixing ratio in 100cm height (dashed
orange line in the first plot of Figure 11) only reaches a maximum of around 0.3 %, emphasizing
the accumulation of the denser CO, near the surface, especially at night. Carbon dioxide is an
inert gas under typical atmospheric conditions, and its saturation vapour pressure is an order of
magnitude higher (~60bar, Meyers and Van Dusen, 1933) than atmospheric pressure (=1 bar),
so there are no saturation effects for CO, as reasoned for HyO above. In summary, the CO>
gradient is anticorrelated (—50 %) to the HyO gradient and has larger peaks, but is practically
always negative, i.e. there is less CO, in the above air than down at the surface, where the
gas is emitted from mofettes. There are some days where the CO, gradient is very slightly
positive at noon, though. A possible explanation for this could be a footprint effect, where
top and bottom sensors retrieve carbon dioxide from two different sources due to the site's
heterogeneity, or in part also a numerical artifact, because the Sensirion SCD30 sensor’s effective
measurement uncertainty (£100 ppm £10 %, Figure 3) is not much smaller than the involved mixing
ratio differences. The turbulent flux of CO, often parallels the water vapour flux in progression,

with a maximum at noon and some negative values in the morning and evening transitions or
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Table 3: Literature values of peak upwards and downwards CO» and H»O fluxes and exchange coefficients Kco2 and

Kwuzo [m°s™'], from eddy covariance field studies. The numbers were either taken from the respective article texts

or estimated from the available graphics, converted to the target unit, and rounded to sensible precision. If necessary,

water vapour flux Fiazo [kg m™? s~ ] was approximated by dividing latent heat flux (if available) by the latent heat of

water vaporization Ly [~2500kJ kg™, Stull, 1988]. Studies that employed a flux-gradient approach in addition to the

eddy covariance method are marked with (FG).

study location, time and setting

Fooz T

mg m—2s1

CO,
Fcoz 4

mg m—2s1

Fy20 1

mg m—2s1

H,0

Dyer and Maher (1965): over grassland, Kerang
and Hay, Australia, spring and autumn 1964

20-100

Alfieri et al. (2009): over semiarid grassland in
Colorado, USA, spring to autumn 2004 (FG)

0.2

0.2

60

Kulmala et al. (2008): over boreal pine forest
floor in Hyytiala, Finland, summer 2005

0.22

0.044

18-36

Schrier-Uijl et al. (2010): over dairy farm area in
QOukoop, Netherlands, 2006

0.1-0.4

Patel et al. (2011): semiarid subtropical
agricultural site, UttarPradesh, India, 2009

0.15

0.25-1.15

Van Kesteren et al. (2013): over wheat field in
Merken, Germany, summer 2009

0.4

1.5

160

Meredith et al. (2014): over forest canopy in
Massachusetts, USA, summer 2011 (FG)

0.2

130

Shao et al. (2015): over Western Lake Erie,
USA, 2011-2013

0.2-0.4

0.2-0.4

10-60

Chor et al. (2017): over Amazon forest, Brazil,
summer 2013 (FG)

0.5

0.5-1

150

Xiao et al. (2014): over Lake Taihu,
China, 2012-2014 (FG)

0.2

0.1

100

Esters et al. (2021): over ice-covered/ice-free
Lake Erken, Sweden, 2015-2018

0.07-0.13

0.04

Zhao et al. (2019): over small fish ponds in
subtropical climate in China, spring and
autumn 2016 (FG)

0.01-0.1

0.1-0.2

26

Czubaszek and Wysocka-Czubaszek (2023): over
wheat, maize, oilseed rape in Biatystok, Poland,
spring—summer 2016

0.2

1-2

Van Ramshorst et al. (2024): over grassland and
agroforestry in Mariensee, Germany, 2020-2021

0.9

0.9

120-160

Hounshell et al. (2023): over small freshwater

reservoir, Falling Creek Reservoir,
Virginia, USA, 2022-2021

0.9-1.8

0.5-0.9

This dissertation, 60 cm over mofette field,
Starzach, Germany, summer 2023 (Figure 11)

25

5-10

0.005-0.03

100-200

0.008-0.02

34 /121



Natural CO, Emissions in Starzach — Dissertation, Y. G. Biichau, 2025 3 QUANTIFYING CO2, EMISSIONS

at night. Expectedly, compared to the broad selection of eddy covariance studies in Table 3,
which cover a wide range of different ecosystems and environments, the upwards CO; fluxes in
Starzach (~25mgm™2s71) are two orders of magnitude larger. The upwards CO, fluxes in Table 3
typically originate from nighttime plant respiration or emissions from water bodies, and downwards
fluxes from photosynthesis. Based on this, for the Starzach site it can be concluded that these
processes contribute far less to the measured near-surface turbulent CO; fluxes than the degassing
from mofettes.

Extrapolating Fooz over the core Starzach mofette area to estimate the total CO, emissions at the
Starzach site (Research Question 4) is not really possible due to the small footprint area of ~2m? as
estimated above. However, a plausibility check can be performed. It was concluded in subsection 3.2
with a funnel system that the direct degassing of an individual mofette does not vary significantly over
diurnal times scales (Figure 8). This implies that the observed diurnal pattern of Fcoo in Figure 11
is a phenomenon of atmospheric mixing. Consequently, it is reasonable to choose the average

2571 third plot of Figure 11, daytime Fcoz maximum)

measured peak value of Frog (~25mgm™
for further total areal estimation. The examined mofette from subsection 3.2 emits 5.5gs™* of CO»
gas (Figure 8). To reach this rate, the peak Frog value would need to be assumed over an
unrealistically large area of 15m x 15m, indicating that Fcoo is underestimating or neglecting a
large part of gas transport, because in reality there are many more mofettes in such an area around
the EC station. Underestimation is expected for the EC method, because it cannot quantify the
accumulation of COy below its measurement height (60 m) in this setup (‘storage term’, Mauder
et al., 2021), a process that is evidently very important at the Starzach site. Furthermore, Equation 4
explicitly neglects advective transport (Mauder et al., 2021), vertically, but most importantly,
horizontally. This horizontal transport of CO; is quantified in detail in Biichau and Bange (2025),
which is discussed in subsection 3.4 below. Biichau and Bange (2025) calculate an emission rate
of 3266 kgd™! (38gs™!) for the core Starzach mofette area (20m x 20m). Extrapolating Fcoz
from the EC measurements in Figure 11 over this area yields only 864 kgd™! (10gs™!), reinforcing
the supposition of underestimation.

Exchange Coefficients. Figure 11 also shows the exchange coefficients Kco2 and Koo, fitted
from Equation 3 and Equation 4, and parametrised including atmospheric stability (Equation 5) and
for assumed neutral conditions (Equation 8). The fitted K120 shows a consistent pattern over the

measurement period, with a plateau of 0.01-0.02 m?s~1

around noon, a few negative anomalies in
the morning and evening transitions, and diminishing to zero at night. This is expected, as mixing
is inhibited at night (Figure 10), preventing a turbulent flux, regardless of any present gradient.
For CO,, however, the fitted Kco2 is much more variable at daytime, but also reduces to zero
at night. The noon peak is mostly similar in magnitude to Ko0, although often smaller, but is

shorter, and does not feature a plateau. Furthermore, during three days, this peak is actually negative,
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which originates from the anomalous positive daytime CO, gradient discussed above. This difference
in variability of the fitted exchange coefficients Kio0 and Kcos could be an indication of their
respective sources' heterogeneity: While the dominant daytime water vapour sources (vegetation,
wet soil, standing water) are distributed rather homogeneously around the EC setup (Figure 9),
mofettes of different sizes are scattered in the vicinity, making measured fluxes and gradients highly
dependent on wind direction and individual eddies transporting the CO,. Documenting turbulent
exchange coefficients Kgog or Kpgoo measured with the eddy covariance and flux-gradient method
is uncommon in the scientific literature, as can be concluded from Table 3, where only a single
study (Zhao et al., 2019) reports Kco2 ~ 0.1-0.2m?s~ !, though not fitted, but parametrised
via Equation 5 and other approaches. This reference is an order of magnitude larger than the
exchange coefficients determined here. According to Equation 5, the exchange coefficient Kcos can
be expected to scale proportionally with the geometric mean of the gradient measurement heights,
which was five times higher in the setup of Zhao et al. (2019), bridging the gap between their Kcoo
estimate and the values in Figure 11.

So while the fitted, ‘real” exchange coefficients Koo and Koo in Figure 11 appear reasonable,
their parametrisations based on Equation 5 and Equation 8 deviate significantly from them.
At daytime, parametrisations overestimate up to one order of magnitude (note the logarithmic scale
above 0.01 m2s™! in Figure 11), and at night they practically never diminish to zero. The latter is
especially problematic when estimating Foo only from mixing ratio differences at different heights
with Equation 3, as the nightly CO, gradients are very pronounced (Figure 11), resulting in an
extreme overestimation of Fos with the flux-gradient approach. Interestingly, the simpler neutral
parametrisation (Equation 8) is often less biased than the parametrisation including atmospheric
stability (Equation 5), which arguably uses more physical information. Developing a system-specific,
custom stability function ¢ and fitting it as part of Equation 5, instead of fitting the exchange
coefficients as a whole, could improve this, but will probably still not be able to capture the unexpected
behaviour in the first days of Figure 11. As reasoned in the above description of the system in Figure 9,
this setup is rather unconventional due to its proximity to the surface. It is known that in the
roughness sublayer, Monin-Obukhov Similarity Theory (MOST), on which the flux-gradient method
is ultimately based, fails (Chor et al., 2017; Stull, 1988), when wind speeds become calm and u* is
low, as is the case here. Considering this, the agreement of fitted and parametrised Kco2 and Kg20
is acceptable under certain circumstances such as neutral stability, though the exact conditions
would need further site-specific investigation to be reliable with a widespread network of low-cost
CO;, gradient measurements (Research Question 5). While the neutral stability condition prevents
the flux-gradient method from being applied at night at the Starzach site, its suitability under neutral

conditions might complement other independent CO, quantification methods that fail at daytime.
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3.4 Deriving Areal CO, Emissions with a Sensor Network

Both previously described methods for answering Research Question 4, the total CO, emission rate
at the core Starzach mofette area (subsection 3.2: ~1500 kg d~!, subsection 3.3: ~900 kgd—1), were
each ultimately based on averages of one single point measurement. But a location with a spatial
heterogeneity such as the Starzach site necessitates areal measurement coverage. Therefore, a low-
cost sensor network was deployed at the Starzach site (Biichau et al., 2022), and data of eleven
Sensirion SCD30 CO; sensors scattered across the site in 30 cm height in summer 2022 (Figure 12)
is available (Biichau, 2025). From the pronounced vertical CO; gradient in Figure 11 it is evident
that such a low measurement height is necessary, as it comprises the most significant CO2 dynamics,

and measuring above 1 m height is not advisable.
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Figure 12: Eleven CO: sensor stations (white dots) scattered across the core Starzach mofette area in summer 2022.
This figure shows the region within the red dashed rectangle in Figure 1 in detail. Purple stars indicate the most active
mofettes at the time. The mofette near the center is depicted in Figure 2b, the groundwater well mofette near the
lower right-hand corner is shown in Figure 2c. The background picture was taken in 2019 by Martin Schén. Figure

reproduced from Biichau and Bange (2025, Appendix D, page 108, licensed under CC-BY-4.0)
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There exist several top-down methods to derive trace gas emissions from point measurement time
series, most notably transport modelling with Eularian atmospheric models (Badeke et al., 2021;
Maronga et al., 2020; Zangl et al., 2015), inverse Lagrangian transport modelling (Pisso et al.,
2019; Lin et al., 2003; Draxler and Hess, 1998), numerical solutions of the Advection-Diffusion
Equation (ADE) (Schaper et al., 2024), its analytical solutions such as the Gaussian puff or plume
model (Krause et al., 2023; Stockie, 2011), and ‘mass balance’ approaches based on Gauss's
divergence theorem (Ryoo et al., 2019; Karion et al., 2013). Eularian and Lagrangian modelling
approaches require significant computational resources and preparation. Solving the ADE numerically
is possible if there is a manageable amount of peaks (i.e. local maxima) in the time series. The same is
true when applying its analytical solutions. In both cases dispersion coefficients, contaminant release
times and magnitudes, potentially also their locations, and a velocity field need to be fitted iteratively,
depending on the available information and dimensionality. At the Starzach site, the nightly transport
of CO; can be assumed to be horizontal, as no vertical mixing takes place (Figure 11), so it can be
reduced to a two-dimensional problem. Each of the eleven Starzach CO sensor time series features
around 1000 peaks per day (Figure 13, and Appendix D, page 109, Biichau and Bange, 2025),
and while the locations of the most active mofettes are evident, there exist several smaller, dry
mofettes, in addition to invisible ‘diffuse’ degassing at the site (Biichau et al., 2022, Figure 1 and
Figure 2a). Furthermore, typical meteorological wind vector measurements in 2m height seem to be
mostly decoupled from the CO2 movements at the surface (Biichau and Bange, 2025). This renders
ADE-based approaches challenging for the entirety of the Starzach site, however they can be viable
in limited subregions for certain exemplary situations with less degrees of freedom.

The unrepresentativeness of wind measurements from the Gill MaxiMet GMX541 compact
weather station at the site (Biichau et al.,, 2022) for CO» movements at lower heights requires
estimating the CO» movement speed vector iicos (£, p) [ms '] at a given time ¢ [s], and location p'[m]
via other means. One approach is to exploit the similarity between neighbouring stations’ time
series: A high cross-correlation between time series of two stations indicates that the same volume
of gas has passed through both. Dividing the distance vector between those stations by the
corresponding time shift of that correlation maximum (Figure 13) then vyields tdco2 (t,p). The
product of movement speed iicoq (t,p) and CO, concentration pcoz (t,5) [ke m~>] then describes

the CO, transport Foos (¢,7) [kgm2s ]

Fooa (t,§) = dcoz (t,P) - pcoz (t, P) (9)

Carefully-weighted averaging (Biichau and Bange, 2025, Appendix D, page 111) facilitates inter-
and extrapolation of Foog (£,77) onto the entire Starzach core mofette area (Figure 14). There are
now two ways to integrate ﬁcog (t,p) over a region of interest to determine the total mass emission

rate 1mco2 within: integration of the flux along a boundary surface S [m?] or of its divergence in
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Figure 13: CO- time series of station 6 and 26 (Figure 12) at the Starzach site in summer 2022 (top subplots), their

maximum cross-correlation in a 10 min rolling window (center subplots), and the corresponding time shift (bottom

subplots). A positive time shift indicates that the CO_ time series of station 6 needs to be moved forward in time

to match that of station 26. Figures reproduced from Biichau and Bange (2025, Appendix D, page 110, licensed

under CC-BY-4.0)

the enclosed volume V' [m?], both of which are linked via Gauss's divergence theorem (Biichau and

Bange, 2025; Simmonds, 1994):

j = Feos (t,p) dS = V- Fooo (t,p) dV 10
Mco2 /Sco2( p) ' /V coz (t,p) (10)

emission rate

~
mass flow through boundary mass emergence within boundary

For the core Starzach mofette area, the latter integration of the CO, transport’'s divergence over
a volume is preferred, as the data quality at the outer boundary is low due to the extrapolation.
Weights can be applied during this volumetric integration to ensure that extrapolated points have less
influence on the result, as depicted in Figure 14 by the fading opacity of the black F’COQ (t,p) arrows.
Based on the insights from subsection 3.3 and Figure 11 in particular, the integration volume V' is
chosen as the lower 1 m of the atmosphere in the core Starzach mofette area (20 m x 20 m), and
only nightly data is used, where vertical fluxes can be neglected. The above process is explained in

detail in Biichau and Bange (2025, Appendix D, page 109).
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For validation of this cross-correlation and divergence-theorem-based method, it was applied to the
subregion downstream of the groundwater well mofette (white rectangle in Figure 14), of which the
emission rate is known from subsection 3.2 (5.5gs™!, Figure 8), in addition to fitting a series of
Gaussian puffs (Biichau and Bange, 2025, Appendix D, page 116, 4.8 gs™!). These three independent
estimates could be shown in Biichau and Bange (2025, Appendix D, page 116) and the blue line in
Figure 15 (517 kgd™! ~ 6 gs™!) to be well in agreement.

Applied to the core Starzach mofette area, Equation 10 gives a total CO; release rate
of 3266 kg d™! +42 %, averaged over late summer 2022 (orange line in Figure 15), another estimate
for Research Question 4. As only eleven sensor stations were available, the spread of this
result is rather high, but can be expected to decrease with a better spatial coverage of the
site. Compared to the previous estimates of 7ico2 made above (subsection 3.2: ~1500 kgd™?,

subsection 3.3: ~900 kg d™!), this result is also much higher, doubled and tripled, respectively. Even
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Figure 14: Eleven CO; sensor stations (white dots) scattered across the core Starzach mofette area in summer 2022.
Purple stars indicate the most active mofettes at the time. The mofette near the center (between s10 and s12) was
examined by (Liibben and Leven, 2022) in 2015. The black arrows depict the advective transport of CO> derived from
cross-correlations between the stations’ CO, time series. The background picture was taken in 2019 by Martin Schon.

Figure reproduced from Biichau and Bange (2025, Appendix D, page 114, licensed under CC-BY-4.0)
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Figure 15: Total CO;, rate derived with Equation 10 from cross-correlations between CO, point measurement time
series (Figure 13) in summer 2022, for the core Starzach mofette area (Figure 14) and downstream of the mofette
examined in subsection 3.2. Figure reproduced from Biichau and Bange (2025, Appendix D, page 117, licensed
under CC-BY-4.0)

the lowermost values of 7hco2 in Figure 15 are above 1000kgd™!. As Equation 10 includes a
lot more spatial and temporal information than the other estimates, its outputs can be considered
more reliable. An interpretation of this is that diffuse degassing, i.e. not originating from visibly
active mofettes (Figure 2a), is more important than previously thought, and the use of measurement
techniques such as accumulation chambers (e.g. Carapezza et al., 2009; Lewicki et al., 2009) for
their targeted quantification is advisable. Roughly extrapolating this result to include the other
abandoned wells in the area (Libben and Leven, 2018, and Figure 1) could give an order of magnitude

of ~10td~! (Biichau and Bange, 2025).
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4 Conclusion

From the above investigations of mofette CO, emissions at the Starzach site, the following conclusions
for the research questions posed in subsection 2.2 can be drawn:

Research Question 1. The atmospheric CO, concentration in 50cm height above ground
at the Starzach site is generally elevated at daytime (~1000ppm versus typical concentrations
above 400ppm, and highly increased (up to 40000ppm, 4vol%, the used sensor's upper
output limit) at night (Biichau et al.,, 2022). Due to surface accumulation of CO,
concentrations decrease drastically with height, even at night the concentrations in 1 m height
only reach ~2000ppm (Figure 11). This causes strong vertical gradients to develop at night,
when wind-driven atmospheric mixing, and with it the vertical turbulent gas transport, comes
to a halt (subsection 3.3). The spatial distribution of atmospheric CO, near the surface is
highly heterogeneous, as are its sources, and variable with time, as evident from CO; time series
featuring over 1000 daily peaks. Adjacent measurements that are a few meters apart can be highly
correlated (Biichau and Bange, 2025).

Research Question 2. Which mofette is the most active has changed over the last
decade. A previous study from 2015 measured the most visibly active mofette (Figure 2b) to
emit 53-99kgd~! (Liibben and Leven, 2022). Independently, in 2014, a groundwater monitoring
well was installed at the site. A few months later, this well started degassing CO; as the site's most
active mofette, presumably because it presents a less resistive path for uprising CO,, which was
quantified in winter 2022 to emit 465 kgd ™! +16 % of CO, gas (Biichau et al., 2024a).

Research Question 3. The groundwater well mofette degassings have periodicities on several
time scales (Biichau et al., 2024a). On the short term, there is a clear eruption cycle every 3-5s5,
because the uprising gas needs to pass through a water column. There is no diurnal cycle or influence
by meteorological parameters, most notably no ‘atmospheric pumping' effect could be observed.
Instead, separated by a few days, two flow rate anomalies were measured, that abruptly increased
the flow rate by around 25 % (Figure 8), and a subsequent slow decrease back to baseline over the
next day. This behaviour was already seen in 2015 for a different mofette, and is explained here
with dampened cold-water geyser mechanics. A correlation with known seismic events in the broader
region could not be confirmed (Figure 8), however precise on-site seismic measurements (e.g. with
geophones) might prove otherwise, and further the understanding of the subsurface processes at the
Starzach site. Furthermore, a possible seasonal cycle due to varying groundwater levels is suspected,
based on an increased exhaust rate measured in summer compared to winter a year prior (Herrmann,

2023), although this needs further investigation.
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Research Question 4. Three independent approaches for quantification of the total CO,
emission rate at the core Starzach mofette area (20 m x 20 m, Figure 1) were performed: extrapolation
of the degassing of an individual mofette (~1500kgd™!, subsection 3.2), near-surface eddy
covariance and flux-gradient approach (~900kgd~!, subsection 3.3), and a custom method that
applies Gauss's divergence theorem to CO; advection vectors derived from cross-correlations between
time series of a CO, sensor network (3266 kgd~! +£42 %, subsection 3.4), the latter being the most
reliable due to its areal coverage. Together with the other mofettes and abandoned CO; wells in
the area in roughly 100 m distance (Figure 1), this rate might extrapolate to an order of magnitude
of 10td~!. These values are comparable to other measurements of non-volcanic CO, emissions in
Italy (Giammanco et al., 2007) and in the Czech Republic (Kampf et al., 2019). To put it into
perspective: In one day, the Starzach site emits roughly as much CO»-equivalent GHG as an average
European person causes in one year (yearly average per-capita COz-equivalent GHG emissions in
Europe in 2024: 7tCO2eq/a, Crippa et al., 2025). Or conversely: Around 400 average Europeans
emit as much COs-equivalent GHG per day as the Starzach site does. All three applied methods can
be transferred to comparable gas-emitting sites, but might require slight adjustments, such as spatial
and temporal coverage or sensor selection, depending on the target location. Real-time applicability
is possible for all presented methods.

Research Question 5. Low-cost equipment was capable of quantifying atmospheric CO»
concentrations with a conservative accuracy of 4100ppm +10%, which was determined by
comparison with a LI-COR 840A closed-path gas analyser in a calibration chamber, and by in-field
comparison with an IRGASON eddy covariance station above a mofette. The CO; outflow of an
individual mofette could be measured to a precision of 16 %, based on a maximum error estimation
of Equation 1. The best estimate of the total degassing rate of the core Starzach mofette area
was calculated with a divergence-theorem-based approach including eleven near-surface CO, sensor

stations, and has an average spread of +42 % between days in late summer 2022.
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5 Outlook

From the discussions in section 3, several strategies to improve the results for the total CO, degassing
rate at the Starzach site become evident. Most importantly, for all above methods, an increased
spatial and temporal measurement coverage of the Starzach site is expected to reduce the respective
error margins. Aligned with the objectives of the overarching German Research Foundation (DFG)
project that funded it (BA 1988-19-1), this dissertation prioritised the rigorous development and
evaluation of CO, quantification methods and measurement systems over spatial and temporal
measurement coverage. The latter is planned for the project's second phase, for which a proposal is
in progress.

The outgassing of each visible mofette on the site, wet or dry, should be quantified with a funnel
system as described in subsection 3.2 and Biichau et al. (2024a, Appendix B), ideally in parallel and
over a continuous and long period of time, to investigate the suspected seasonal degassing periodicity
and the observed flow rate anomalies in Figure 8. This requires building additional funnel systems,
potentially with customized design elements such as a modified diameter of the 3D-printed funnel
to fit different mofettes and degassing rates.

Complementing the funnel systems with measurements of accumulation chambers is advisable
to punctually quantify the diffuse degassing at the site (Figure 1). A low-cost design for a floating
accumulation chamber is described by Martinsen et al. (2018) and could be adapted for application
at the Starzach site, for example by incorporating one or more Sensirion SCD30 CO; sensors, which
have been shown to be suitable around mofettes (Biichau et al., 2022). One important feature of an
accumulation chamber is the mechanism that regularly replaces the air in the sample volume. This is
typically achieved by opening the chamber or by ventilation with a pump. Both of these methods rely
on mechanical components that might eventually fail under field conditions. In subsection 3.3 it was
concluded that there is practically no vertical turbulent CO, transport at night due to atmospheric
stability, resulting in accumulation of COy at ground level. This nightly lack of vertical transport
could make it possible to instead use a passive, open-top chamber without moving parts (e.g. Messerli
et al., 2015), where the diurnal cycle in atmospheric mixing provides the air replacement mechanism.
Gergely et al. (2025) recently presented a similar approach at a mofette in Romania.

There is a possible synergy for the flux-gradient approach (subsection 3.3), which has been shown
to be only applicable at daytime when there is sufficient atmospheric mixing, and the divergence-
theorem-based sensor network approach (subsection 3.4), which covers the temporal counterpart,
the night, when vertical fluxes can be neglected. If each sensor station is equipped with two or more
vertically arranged sensors, the vertical CO, gradient can be used to parametrise vertical turbulent
fluxes at daytime during neutral atmospheric stability, while the horizontal CO, distribution yields the

divergence-derived CO, emission rate at night. With sufficient spatial sensor density, this could also
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solve the small-footprint problem of near-surface turbulent fluxes. An increased number of stations
can generally be expected to improve the divergence-derived estimate of the emission rate mco2 for
the covered area (Equation 10), because CO, movement patterns can be detected more reliably with
less distance between the stations. In Figure 14, each of the eleven CO, near-surface sensor stations
had a closest neighbour in 1-6 m distance. Reducing these distances (e.g. to 0.5-3m), especially
around mofettes, is therefore advisable.

Ultimately, a high-resolution microscale model such as the Microscale Transport and Stream
Model (MITRAS) (Grawe et al., 2013) should be used to simulate the wind field and the intricate
movements of near-surface CO, at the Starzach site, thereby allowing for the further confirmation
of the present assumptions and results. The in-situ measurements from the sensor network could

furthermore be used to validate certain model processes and parametrisations.
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An Autarkic Wireless Sensor Network to Monitor
Atmospheric CO; Concentrations
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Abstract

In this study an autarkic low-cost wireless network infrastructure suitable for areas spanning a couple of
hectares is introduced. Open source hard- and software components make up the infrastructure’s core,
rendering it very scalable in terms of cost and deployment density. The network is designed to operate
continuously throughout the year in a wide range of weather conditions.Four different embedded, low-cost
Sensirion SCD30 non-dispersive infrared (NDIR) CO, sensors are evaluated under laboratory conditions
and tested for cross-sensitivity on water vapour and linear characteristics, of which the Sensirion SCD30
sensor exhibits the best overall performance. An in-field comparison of eleven Sensirion sensors with
an eddy-covariance station verifies its outdoor applicability. The network’s suitability to monitor natural
CO, emissions was tested at a site in the upper Neckar Valley in southwestern Germany. A station with
a single Sensirion sensor observed a strong diurnal cycle of the near-surface CO, concentration over the
course of several months. While only slightly elevated CO, levels above 400 ppm prevailed during the day,
concentrations reached the sensor’s output limit of 40 000 ppm during the night when wind speeds are low.

Keywords: sensor network, low-cost, NDIR CO; sensors, CO, degassing

1 Introduction

The significance of the atmospheric carbon dioxide
(CO;,) concentration for the earth’s greenhouse effect
has been investigated extensively over the last decades
(SAWYER, 1972; HANSEN etal., 1981; FORSTER etal.,
2007; ANDERSON etal.,, 2016) and researchers con-
sent on the relevance of anthropogenic sources for
global warming (Cook etal., 2016). Thus, quantifica-
tion and understanding of both anthropogenic and nat-
ural CO; sources contributing to the atmospheric con-
centration is of great importance.

There exist numerous sites with significant natu-
ral CO; emissions originating from different geological
sources across the globe (ROGIE etal., 2000; KERRICK,
2001; BEAUBIEN etal., 2003; BATTANI etal., 2010).
Some of them are suited as natural analogs for leak-
ing carbon capture and storage (CCS) sites (LEWICKI
etal., 2007; BURNSIDE et al., 2013; LUBBEN and LEVEN,
2018). Advancing systems that are able to continuously
monitor gas leakage at such locations is therefore vital.

Long-term observations of such gas fluxes over flat-
land or water can either be performed with micro-
meteorological equipment employing the eddy-covari-
ance (EC) method (BALDOCCHI et al., 1988; PATEL et al.,
2019) or the accumulation chamber technique (CHIO-
DINI and FrRoNDINI, 2001; ELfo etal., 2012). The EC
method is best suited for flat and homogeneous terrain

*Corresponding author: Yann Georg Biichau, Center for Applied Geo-
science, University of Tiibingen, Germany, e-mail: yann-georg.buechau@
uni-tuebingen.de

DOI 10.1127/metz/2022/1125

and stationary atmospheric conditions, rendering it dif-
ficult to apply at sites with complex orography or heavy
vegetation (BALpOcCCHI, 2003; BELCHER etal., 2012;
ScHoLz etal., 2021). While the accumuluation cham-
ber technique does not share these limitations, it is only
applicable to measure gas microseepage with fluxes typ-
ically in the order of magnitude of 10 gm™2d~! (KLus-
MAN, 2011; EL{o etal., 2012). Due to its design prin-
ciple of collecting the gas of interest in a fixed vol-
ume, accumulation chambers are not usable to quan-
tify strong advective fluxes which are often found at
sites with natural CO, exhalations (ROGIE et al., 2000;
LUBBEN and LEVEN, 2018). Both of these systems are
generally rather expensive and therefore usually only al-
low for very few simultaneous measurements at differ-
ent locations. This is especially limiting at sites with sig-
nificant naturally ocurring CO, emissions, which often
feature highly localized and inhomogeneous gas exha-
lations (ROGIE et al., 2000; LUBBEN and LEVEN, 2018).
To quantify the horizontal and vertical distribution of the
atmospheric gas concentration and its variability at these
sites, a distributed collection of multiple sensors is nec-
essary. Gas fluxes can then be deduced by approaches
like the flux-gradient method (ZHAO et al., 2019).

The Starzach site

Situated in the upper Neckar valley in southwestern Ger-
many between the municipalities of Sulzau, Borstin-
gen and Bierlingen, the Starzach site is a meadow of
about two hectares in area which is known for its natu-
ral degassing of carbon dioxide. During the last century,

© 2022 The authors
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Figure 1: Aerial view of the Starzach site taken in summer 2019 by MARTIN SCHON and map of Germany with part of the Neckar valley
region as orientation. Visible focused CO, exhalation spots are marked as yellow dots, their size loosely indicating the apparent intensity.
Fields of diffuse degassing are indicated as purple areas. Degassing spots appear in SW-NE direction across the site and are discussed by
LUBBEN and LEVEN (2018) to be associated with a geological fault line. Map data © OPENSTREETMAP CONTRIBUTORS (2021).

industrial CO, mining was performed in the broader
region until yields eventually stagnated (LUBBEN and
LEVEN, 2018). The site is bounded by the northern slope
of the Neckar valley to the south and a row of tall trees to
the north, separating it from cropland (Figure 1). Small
trees, tall grass, shrub and reed are the most common
types of vegetation on the meadow. Several relics of
the industrial gas mining period including sheds, sealed
CO, extraction wells and pipes can be found there. In-
terestingly, natural advective CO, exhalation spots, also
commonly called mofettes, have continued to reappear at
the site over the last years. Numerous mofettes of differ-
ent sizes up to 30 cm in diameter are aligned in SW-NE
direction across the site (Figure 1, Figure 2) and are
discussed to be associated with a geological fault line
(LUBBEN and LEVEN, 2018).

The site was intensively investigated recently
(ScHUTZE etal., 2015; LUBBEN and LEVEN, 2018) and
small-diameter monitoring wells were run down some
of these degassing locations to simplify access and mea-
surements (Figure 2¢). LUBBEN and LEVEN (2018) con-
cluded that the predominant portion of the gas is proba-
bly of non-volcanic magmatic origin, rendering it a vir-
tually inexhaustible source. They also estimated the CO,
emission from one of the smaller mofettes on the site to
92 kg over the course of one day (SCHUTZE etal., 2015)
and introduced the Starzach site as a natural analog for
leaking CCS sites. However, neither the total emission
rate across the whole field nor the diurnal or seasonal

variations of the CO, degassing on the site have been
quantified yet.

The site’s CO, gas exhalations can be categorized
as either diffuse or focused. Except for irritation of the
vegetation, diffuse exhalation is neither visible nor audi-
ble. Usually in spring, ongoing precipitation causes the
site to be flooded for several weeks which uncovers the
diffuse exhalations as streams of ascending gas bubbles
(Figure 2a). Most focused degassing spots are covered
permanently with water. The uprising gas thus has to
overcome the hydrostatic pressure of the water column,
resulting in repeated eruptions every few seconds (Fig-
ure 2c). Some focused degassing spots are dry however
and generate a rather continuous audible hissing sound.
Still, the gas is emitted at significant pressure, prevent-
ing the use of accumulation chambers. The site’s heavy
vegetation and orography also complicate the applica-
tion of eddy-covariance method and footprint analysis.

Over the last years, cost-effective gas sensors are in-
creasingly considered for scientific investigations. Re-
search applications include assessments of their general
suitability for scientific air quality measurements (J1AO
etal., 2016; MARTIN etal., 2017; SPINELLE et al., 2017),
gas flux measurements in terrestrial or aquatic environ-
ments (BASTVIKEN et al., 2015; MARTINSEN et al., 2018)
and lately also the quantification of the indoor transmis-
sion risk for COVID-19 (PENG and JIMENEZ, 2021).

Building on this, we developed a low-cost wireless
sensor network infrastructure for long-term monitoring
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Figure 2: Selection of CO, exhalation spots at the Starzach site: (a) time-lapse of diffuse exhalation visible as a stream of ascending gas
bubbles during spring 2020 when the site was flooded, (b) the site’s largest mofette during winter 2019 with a line of icing indicating the
exiting gas’ path and (c) time-lapse of the focused degassing of the mofette with the largest pressure and exhalation velocity. This mofette
developed several months after the installation of a ground-water monitoring well. Pictures in (c) taken in summer 2019 by MARTIN SCHON.

of natural CO, emissions. The establishment of this net-
work is part of an ongoing investigation to quantify the
leakage of natural CO, at the Starzach site. This flexible
infrastructure is based on open-source hard- and soft-
ware components and capable of handling a wide vari-
ety of environmental sensors of both professional and
cost-effective type. It operates self-sufficiently without
a grid power-supply, can be maintained remotely and is
able to withstand a wide range of weather conditions
across all seasons. This versatility enables conducting
various long-term atmospheric measurements related to
gas emissions, of which we present the most vital one —
continuously monitoring the atmospheric gas concentra-
tion — in the following.

2 Sensor network infrastructure

Besides self-sufficiency, our most important require-
ment for the sensor network infrastructure is having un-
restricted control over the data aquisition, transport and
storage. This enables implementing custom real-time
calibrations, calculations and backups and most impor-
tantly a possibility for live monitoring of the measure-

ments. Furthermore, extension by more or different sen-
sors should be simple, while keeping the overall costs
low. These specifications led to a design largely based
on open source hard- and software components supple-
mented by own developments (Figure 3): A single-board
computer acting as the central on-site entity establishes
a wireless network for all network components to con-
nect. Sensor stations consisting of a microcontroller and
one or more sensors connect to this network to commu-
nicate wirelessly with each other and the central station.
The central station is connected to the internet via the
mobile phone network and maintains a permanent con-
nection to an off-site server. This connection can be used
in reverse to get remote maintenance access to the field
equipment from off-site locations at any time. Relevant
network traffic including data of the sensor stations is
logged to a database on the central station and mirrored
over the internet to the off-site server, where a redundant
backup is made. Uploading a selection of low frequency
data from the off-site server to the openSenseMap plat-
form (PFEIL etal., 2015) then allows for live monitor-
ing and presentation of the most vital measurements like
CO; concentration and air temperature at the sensor sta-
tions as well as operational information like power sup-
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Sensor Network

Hardware

sensor station microcontroller

central station computer

off-site server computer

wireless transmission technique

sensor station local data storage

sensor station real-time clock (RTC)

sensor station CO, sensor

sensor station temperature, humidity and pressure sensor

Espressif Systems ESP8266

Raspberry Pi 3 Model B+ single-board computer

Raspberry Pi 4 Model B single-board computer

2.4 GHz Wireless Local Area Network (WLAN)

Secure Digital (SD) Memory Card

Maxim Integrated DS3231

Sensirion SCD30 non-dispersive infrared (NDIR) CO, sensor
Bosch BME280

Software

microcontroller software framework
network protocol

MQTT broker implementation

tunneling between central station and server
sensor station time synchronzation

database type

Arduino Framework

Message Queuing Telemetry Transport (MQTT)
mosquitto (LIGHT, 2017)

Secure Shell (SSH)

via RTC, network time protocol (NTP) or MQTT
SQLite and compressed plain text

openSenseMap
database storage
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Figure 3: Network infrastructure schematic. An on-site single-board
computer acts as a central station and establishes a Wireless Local
Area Network (WLAN) to which all stations connect. Stations store
their sensor data locally and transmit it wirelessly to the central
station, where data is logged to a database. The central station
maintains an internet connection to an off-site server to enable
remote maintenance and live data monitoring. This server mirrors
the on-site network traffic and relays a selection of the measurements
to the openSenseMap platform for data display and live monitoring.

ply voltage. A summary of core hard- and software used
in the network infrastructure is provided in Table 1.

2.1 Sensor stations

Each sensor station is controlled by a microcontroller
in a waterproof enclosure which interfaces one or more
sensors as well as other peripheral devices such as a

real-time clock and a memory card. The real-time clock
provides the time to the microcontroller in case the
network connectivity is lost or the central station fails to
provide the time. Measurement data of the sensor station
is stored locally on the memory card. We designed and
milled custom circuit boards to mount these peripherals
and connect them to the microcontroller (Figure 4).

The atmospheric sensors used with the sensor sta-
tions (Table 1) rely on ventilation and ultimately on dif-
fusion of ambient air into their sample chamber. Con-
sequently, the sensors must be placed in free air. For
protection from precipitation and solar irradiation, the
outdoor sensors are mounted on a custom circuit board
under a simple plastic shield which can be positioned in-
dependently from the microcontroller (Figure 4b and c).
Additionally, to prevent corrosion from ambient hu-
midity, sensitive electronics on the sensor boards were
coated with MG Chemicals silicone modified conformal
coating. The outdoor sensor circuit board is connected to
the microcontroller via a patch cable with RJ45 connec-
tor as commonly used for Ethernet connections which
we chose due to their extensive availability in different
lengths, qualities and shapes.

The microcontrollers are programmed using the Ar-
duino framework, which has proven to be useful in re-
search and education (D’ AusiLIO, 2012; KuBiNovA and
SLEGR, 2015). This greatly simplifies the quick inclu-
sion of arbitrary new components and sensors into the
network. We designed the firmware to allow for wire-
less updates. This implies that every station can be re-
programmed and -configured both with a direct cable
connection to the microcontroller as well as remotely
via the central station and by means of its permanent in-
ternet connection also from off-site locations.

2.2 CO, sensor

The two most common types of compact and low-cost
CO, sensors are non-dispersive infrared (NDIR) sen-
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Figure 4: General design of a sensor station. (a) An ESP8266 microcontroller mounted on a custom circuit board in a weatherproof box
is powered externally via a 12V two-wire cable. (b) A custom circuit board capable of holding up to eight Sensirion SCD30 CO, sensors
mounted below a simple radiation shield is connected to the microcontroller via a patch cable with RJ45 connector. (c) Radiation shield
holding a custom multi-sensor circuit board with Sensirion SCD30 CO, sensor, Bosch BME280 environmental sensor (atmospheric pressure,
temperature, relative humidity), CUBIC CM1106 CO, sensor and theben CO, Sensor Module.

sors and electrochemical sensors. Electrochemical sen-
sors are available for a variety of gases and can reach
parts-per-billion (ppb) precisions (MEAD etal., 2013).
Unfortunately, they typically suffer from strong depen-
dence on environmental conditions (MEAD etal., 2013),
require a very high operating temperature and have re-
sponse times in the magnitude of minutes (STRUZIK
etal., 2018). Miniature NDIR sensors for CO, on the
other hand have response times of seconds and parts-
per-million (ppm) accuracy (HODGKINSON etal., 2013;
MARTIN etal., 2017), which is still reasonable for our
application.

We selected four different models of miniature, low-
cost (i.e. price well below 100 € per unit) NDIR CO,
sensors which have a rated accuracy within our re-
quirement range of =100 ppm + 10 %: CUBIC CM 1106,
theben CO, sensor module, SenseAir LP8 and Sen-
sirion SCD30 (Table 2). The sensors were evaluated in
an EdgeTech RH CAL calibration chamber where vari-
ous combinations of temperature, relative humidity and
CO; concentration were generated. A LI-COR 840A
closed-path infrared gas analyzer served as CO; ref-
erence which was previously zero and span calibrated
using a gas mixing system at concentrations of O ppm,
400 ppm and 9800 ppm CO in synthetic air. The results
are discussed in Subsection 3.1.

2.3 Power

There is no usable power line within a reasonable ra-
dius of the Starzach site. To drive the equipment con-
tinuously with as little maintenance as possible, a self-
sufficient powering approach is thus needed. An initial
decentralized attempt with each individual sensor sta-
tion having an own solar panel, charge controller and

battery proved to be inefficient, expensive and too time-
consuming to optimize and operate. This is a conse-
quence of the site being located at a northern slope,
which is suboptimal for a decentralized solar-powered
approach due to low solar irradiation throughout the
year, especially in winter. So for this specific site we
compromised and opted for a centralized power sup-
ply instead: A collection of monocrystalline silicon solar
panels (Figure 5) provides power to a solar charge con-
troller charging a lead-acid deep-cycle 60 Ah 12V bat-
tery to supply the entire field equipment, which requires
10 to 15 W of continuous baseline power. The bordering
hillside to the south effectively blocks the site from di-
rect sunlight for multiple hours during sunrise and sun-
set. This requires placing the solar panels as far to the
north and away from the slope as possible, resulting in a
supply power line of around 40 m length between battery
and field equipment. This power line is the only physical
connection between the field components, which com-
municate wirelessly with each other. During the winter
months when the solar elevation is decreased dramati-
cally and the battery capacity is reduced due to low tem-
peratures, the energy yield of the photovoltaic panels is
insufficient to power the field equipment continuously —
despite their generous dimensioning. To overcome these
difficulties, a methanol fuel cell is employed in addition,
delivering uninterrupted power on demand in case the
solar charge controller cannot charge the battery suffi-
ciently. We expect that the fuel cell will not be neces-
sary in other locations where there is less shading and
therefore a usual amount of solar irradiation.

2.4 Central station

The central station is located near a hotspot of gas ex-
halations (Figure 1, Figure 6). It provides a Wireless
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Table 2: Specifications of four miniature, low-cost NDIR CO, sensor models evaluated for application in our project.
Sensirion SCD30 SenseAir LP8 CUBIC CM1106 theben CO2 Module

il " il 7

i

unit price at the time of writing

target CO, range [ppm] 400-10000
output CO, range [ppm] 0-40000
accuracy (acc. to manufacturer)  +30 ppm + 3 %, +2.5 ppm/K
average power consumption ~ 60 mW

shortest output interval [s] 2s

behaviour outside target CO, range linear
behaviour outside output CO, range constant
humidity cross-sensitivity negligible
temperature sensor SHT31
humidity sensor SHT31

well below 100 €

0-10000 0-2000 0-5000
0-10000 0-2000 0-N.A.
+50ppm +3 % +50 ppm +5 % +50 ppm +3 %"
~ 1l mW ~ 200 mW ~ 30 mW
16 1s 15s
- — non-linear
constant constant non-linear
strong negligible negligible
onboard onboard onboard

" increases to up to +100 ppm =5 % " for CO, concentrations above 2 000 ppm

Figure 5: Setup providing power to the entire field equipment: A
collection of monocrystalline solar panels mounted on a structure
of aluminium rods charges a 60 Ah lead-acid battery via a solar
charge controller. All field equipment is connected to this battery.
If the battery voltage drops below a threshold, e.g. due to a lack of
input from the solar charge controller, an EFOY Pro methanol fuel
cell continues charging. An under-voltage switch protects the battery
from discharging too deeply by electrically disconnecting all field
equipment in case of total power failure.

Local Area Network (WLAN) for all sensor stations to
connect. On-site tests yielded WLAN connectivity dis-
tances of well above 100 m across the field if at least
one of the communicating devices is equipped with a
2.4 GHz antenna, which is the case for the central sta-
tion. A customary modem and a SIM-card with a data
flatrate plan connect the central station to the internet.
A permanent internet connection to an off-site server is
kept to facilitate remote maintenance of all field com-
ponents as well as data retrieval from off-site locations.

N
Gill MaxiMet/.}-_
GMX541 L

/-Emras

Gill MaxiMet
(' GMX100

: Raspbérry PI

. single-board computerr-'v’ ?
\ o v

Figure 6: Close-up of the central station (left) and during
spring 2020 when the site was flooded (right). A Raspberry Pi 3
Model B+ is equipped with a WLAN antenna and a 3G surfstick
for networking, two outdoor cameras for site surveillance and a Gill
MaxiMet GMX541 compact weather station with a GMX100 optical
rain gauge.

The central station retrieves its clock time over the inter-
net via the Network Time Protocol and regularly broad-
casts it to the sensor stations via the network. As the
central station is the main component of the network its
availability is crucial. To make sure its internet connec-
tion is maintained continuously, the modem is connected
via a software-switchable hub to enable power-cycling it
in case of connection problems. A supercapacitor-based
uninterruptible power supply buffers short power out-
ages and provides enough time for a safe shutdown in
case of complete power failure. Attached to the central
station, a Gill MaxiMet GMX541 compact weather sta-
tion together with periodic pictures of two surveillance
cameras provide a continuous overview of the metero-
logical situation.
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Figure 7: Comparison of four different low-cost miniature CO, sensor models considered for application in our project: (a) SenseAir LP8,
(b) theben CO, Module, (c) Cubic CM1106 and (d) Sensirion SCD30 with median absolute and relative error compared to the LI-COR 840A
closed-path gas analyzer reference according to Equation (3.1) and (3.1). The point colour indicates the relative humidity. Measurements
were taken in an EdgeTech RH CAL calibration chamber where different combinations of temperature (10-43 °C) and relative humidity
(8-100 %) were generated. Varying CO, concentrations were generated by manually injecting CO, from a gas bottle into the calibration
chamber. Obvious outliers attributable to the experimental design have been removed.

CO2 — COp et
COZ ref

3 Results and discussion

MRE = median( ) 3.2)

3.1 CO; sensor lab performance

. The median is preferred over the arithmetic mean
The results of the comparison between the four tested  pere ¢ prevent individual outliers from distorting the av-
CO; sensor models in the calibration chamber (Figure 7 erage. These accuracies largely match our requirement
and 8) reveal that all sensors exhibit a median absolute range of =100 ppm and =10 %.
error (MAE) less than 100 ppm and a median relative ) o )
error (MRE) mostly below 10% to the LI-COR 840A All sensor models have different characteristics: With
gas analyzer across various temperature and relative 2 median absolute error of 24 ppm and a median relative

humidity conditions. MAE and MRE are defined as: error of 4 %, the SenseAir sensor exhibits the highest
precision of the four. It also has by far the the lowest

MAE = median (|CO; — CO» ef]) (3.1) power consumption. But it has a rather low upper out-
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Figure 8: Comparison of four different low-cost miniature CO, sensor models considered for application in our project under the same
conditions as in Figure 7 but with the point colour indicating the femperature instead of relative humdity.

put limit of 10 000 ppm and a strong cross-sensitivity on
water vapour at elevated relative humidity levels. Since
highly increased levels of relative humidity can be ex-
pected at outdoor sites and especially at night, this ren-
ders the SenseAir sensor inappropriate for our use case.
The theben sensor module covers the largest range of
CO; concentration of all four sensor models. But its re-
sponse becomes nonlinear above CO, concentrations of
around 10 000 ppm, requiring an empirical correction in
post-processing. The CUBIC sensor is as accurate as
the SenseAir sensor with a median absolute error be-
low 30 ppm and a median relative error of only 5 %. It is
the only sensor of which 100 % of samples lie within
our required accuracy range of 100 ppm and +10 %
and also the only sensor which is already coated for
outdoor application. But its upper measurement limit

of 2000 ppm is very low. This renders it inappropriate
for measurements close to the surface or in direct prox-
imity to a strong source of CO, where atmospheric CO,
concentrations can easily exceed this limit (SCHUTZE
etal., 2015; LUBBEN and LEVEN, 2018). The Sensirion
sensor performs consistently well from 0 to 20 000 ppm,
which is the specified measurement range of the ref-
erence LI-COR 840A according to the manufacturer.
However, even beyond this threshold the Sensirion sen-
sor agrees very well with the reference up to its own out-
put limit of 40 000 ppm with 95 % of all samples falling
within our requirement range of +100 ppm and +10 %.
Since the Sensirion SCD30 sensor also has a built-in
SHT31 temperature and humidity sensor we concluded
that it meets our requirements best and continued using
it in favor of the other sensors.
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Figure 9: Reference eddy-covariance station (Campbell Scientific
IRGASON, CR6 datalogger) with the sensors of station 4 and sta-
tion 7 arranged alongside over the site’s largest mofette. Background
picture taken by MOSAAB SAJIDI.

3.2 CO; sensor field performance

Having determined the Sensirion SCD30 sensor as suit-
able CO; sensor under laboratory conditions as dis-
cussed above, we tested a collection of SCD30 sensors
under field conditions at the Starzach site. Two sensor
stations, hereafter called station 4 and station 7, were
each equipped with eight SCD30 sensors on a circuit
board as shown in Figure 4b. The sensor shields were ar-
ranged on either side of the measurement volume of an
eddy-covariance station, 50 cm above the site’s largest
mofette (Figure 9). The eddy-covariance station is con-
nected to the central station via WLAN, enabling live
data monitoring and download similar to the sensor sta-
tions in the network. One month of data was obtained in
this setup. Measurements of station 4 and 7 have a tem-
poral resolution of 10 s, the eddy-covariance station data
was logged with 10 Hz resolution.

Due to a connection problem on the circuit board, the
data of three sensors of station 4 couldn’t be recorded.
Two further sensors yielded mostly unusable values,
leaving station 4 with data of three sensors. As only
sensors of station 4 are affected by this and all eight
sensors of station 7 worked fine, we suspect issues with
the circuit board of station 4 to be the cause, not the
sensors themselves.

Positioning the sensors over a strong source of CO,
is necessary to obtain measurements over a large range
of CO; concentrations, but introduces inhomogeneous
conditions across the sensors in case of advection along
their horizontal arrangement axis (Figure 9). The up-
wards gas transport and thus which sensor picks up the
majority of a particular burst of gas from the mofette de-
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pends heavily on the local wind field around the setup.
To address this, only wind directions perpendicular to
the arrangement axis are considered for the comparison
of SCD30 sensor data and eddy-covariance station mea-
surements.

The results show a good in-field agreement between
SCD30 sensor measurements and the eddy-covariance
station data in its calibrated range up to 3000 ppm
when median-averaged to 10-minute intervals (Fig-
ure 10 and 11). Only considering wind directions per-
pendicular to the sensors’ horizontal arrangement axis
reduces the inhomogeneities across the sensors, but only
to a degree. The mofette erupts gas at irregular intervals
every few seconds, causing an inhomogeneous distribu-
tion of CO; in the atmosphere near the surface. The in-
creased scattering of the SCD30 sensor measurements at
elevated CO; concentrations is thus likely caused mostly
by said inhomogeneities in the atmospheric CO, con-
centration above the mofette and not exclusively due to
sensor imprecisions.

Considering the challenging outdoor conditions (very
humid air at night, dew formation on the sensors, flood-
ing as shown in Figure 6, dirty water droplets ejected
from the mofette below, insects nesting, etc.), the field
performance of the SCD30 sensor is well in line with
the performance under laboratory conditions shown in
Figure 7 and 8 and within our requirement range of
+100 ppm and +10 %. The agreement of each individual
SCD30 sensor with the eddy-covariance station deviates
only marginally from the per-station average, indicating
that single-sensor stations are viable (Figure 10 and 11).
Based on this and the consistent behaviour of the SCD30
sensor in a controlled environment (Figure 7 and 8), we
assume that it performs equally precise in its entire mea-
surement range up to 40 000 ppm under field conditions
as well.

3.3 Diurnal Cycle at the Starzach Site

From April to October 2020, one station, hereafter
called station 5, was positioned roughly 50cm above
ground next to a dry mofette close to the central station
(Figure 1, Figure 12). Station 5 was equipped with one
SCD30 CO; sensor which had previously been offset-
calibrated at fresh air using a LI-COR 840A closed-path
infrared gas analyzer. Except for a ten-day period in
July 2020 where no data is available, station 5 delivered
uninterrupted data at 10 s intervals more than 90 % of the
time. Reasons for data gaps were mostly power supply
problems and maintenance interruptions of the network.

The CO; concentration at station 5 (Figure 13) shows
a clear diurnal cycle with variations across the sensor’s
entire measurment range up to 40 000 ppm (4 vol.%). It
can be assumed that the real maximum concentration ex-
ceeded this range as the gas emitted from the mofettes is
almost 100 vol.% CO, (ScHUTZE etal., 2015; LUBBEN
and LEVEN, 2018). During the day, moderatly increased
CO; concentrations up to 5000 ppm prevail, while at
night the concentrations are highly elevated and hit the
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Figure 10: Comparison of CO, measurements from 15 September to 15 October 2020 of station 4 (s4) with the eddy-covariance
station in the setup shown in Figure 9 over the site’s largest mofette. For each individual sensor, the measurements were resampled into
10-minute averages, using the median for measurements of station 4 to account for temporal outliers and the arithmetic mean for the eddy-
covariance station data. The data was filtered to only include situations with wind directions to and from 175° £10°, i.e. perpendicular to
the horizontal arrangement axis of the sensors to reduce the influence of sideways CO, advection from the mofette below. The median
absolute error (MAE) and median relative error (MRE) indicate the average error between measurements of the sensor stations and the
eddy-covariance station according to Equation (3.1) and (3.1).

Table 3: Correlation coefficient r of meteorological parameters with

diurnal CO, concentration at station 5 (Figure 13).

The deviation between night and daytime can be

explained by the different atmospheric boundary layer

01 Jun-31 Aug 2020

15 Sep-15 Oct 2020

reoss -0.79 -0.86
r@f -0.69 —0.81
r@vﬁ -0.74 -0.84

regimes. At night energy is lost to the atmosphere. This
results in cooling of the lower air masses and the de-

velopment of a stable boundary layer that suppresses
turbulence and prevents vertical mixing (STuLL, 1988),
impeding the upwards transport and removal of near-

sensor’s upper output limit of 40 000 ppm. Wind speed,
temperature and global short-wave radiation exhibit a
strong negative correlation r to the average CO, con-

centration (Table 3).

surface CO, emitted from the natural sources at the site.

Wind speeds close to the surface are typically low, be-

cause the surface roughness generates friction and ob-
structs the flow, further favouring an accumulation of
CO; near the ground which explains the highly elevated

atmospheric CO; concentrations at night.
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Figure 11: Comparison of CO, measurements of station 7 (s7) with the eddy-covariance station in the setup shown in Figure 9. Data was
processed similarly to station 4 as described in Figure 10.

Figure 12: Station 5 equipped with one Sensirion SCD30 CO,
sensor and located near a dry mofette. The on-site positioning is indi-
cated in Figure 1. Measurements of station 5 are shown in Figure 13.

Sensi

rion ==

SCD30 CO,
__sensor

At dawn, the incoming solar irradiation increases
rapidly so that an energy excess occurs at the surface.
The air is heated again, resulting in a raising tempera-
ture and the onset of vertical mixing due to buoyancy.
The wind speed increases, because air parcels with high
momentum from aloft are mixed with air parcels with
low momentum at the surface. Parallel with momentum
and heat, CO, is transported rapidly upwards in the con-
vective, unstable boundary layer and the accumulated
CO; concentration diminishes. Additionally, sunlight al-
lows the plant physiological process that is photosyn-
thesis to become active, which typically depletes CO,
at a rate in the order of magitude of 0.1-1 mgm™2s~
(VAN KESTEREN et al., 2013; ScHrRIER-UnIL et al., 2010;

1

PATEL etal., 2011), contributing to the decrease in at-
mospheric CO, concentration. However, compared to
the emission rate of a single mofette of around 1gs™!
(ScHUTZE etal., 2015) which is orders of magnitude
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Figure 13: Average diurnal cycle at the Starzach site during summer from June to August 2020 (top) and during the comparison period
(same as for Figure 10 and Figure 11) from mid of September to mid of October 2020 (bottom). In the background, a violin plot (HINTZE
and NELSON, 1998) of the diurnal CO, concentration at station 5 (Figure 12) is displayed with the grey areas representing the distribution,
the thin black lines indicating the median and the bold line the arithmetic mean. The meteorological parameters wind speed v, wind vector
direction dd, temperature 7 and global incoming short-wave radiation R were measured by a Gill MaxiMet GMX541 compact weather
station at the central station in two meters height above ground (Figure 6). Obvious outliers were removed. Measurements were aggregated

to 60-minute intervals of a day for averaging.

larger and considering station 5 is located in close prox-
imity to a mofette, the CO, depletion by photosynthesis
presumably plays a minor role in the atmospheric CO,
budget at station 5. These processes continue until in the
afternoon the global incoming radiation decreases and
the available energy input at the surface becomes zero
just after sunset. Now the processes of the stable bound-
ary layer start over again.

Wind speeds at the Starzach site are generally low
with a 30-minute median well below 1 ms~! (Figure 13)
and correlate with the air temperature and the incoming
solar radiation as explained above. Still, the observations
show a distinct diurnal pattern of the wind direction

which could be caused by an orographically induced
wind oscillation: At night, low southern winds prevail
consistently as katabatic winds flow down the border-
ing slope to the south of the site (StuLL, 1988). An
overview of the site’s complex terrain is provided in Fig-
ure 1. At dawn, the wind direction abruptly changes to
south-south-east, gradually turning to south-south-west
over the day. A possible explanation for this could be
that the opposite southern slope of the Neckar valley is
heated up by the sun which induces northwards air mass
movement into that direction, following the upslope an-
abatic winds. Due to its jigsaw shape, different parts of
the southern slope are heated over the course of the day.
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This could explain why the direction of this air mass
movement tracks the direction of the sun rays hitting the
southern slope.

4 Conclusions and outlook

We developed and introduced an autarkic, flexible wire-
less sensor network infrastructure suitable for densely
monitoring the atmospheric CO;, concentration with-
out grid power access. The network was tested at the
Starzach site in southwestern Germany, a site with natu-
rally occurring CO, emissions and proved to work reli-
ably under challenging environmental conditions such
as high relative humidity and limited solar radiation.
Four different models of low-cost CO, sensors were
evaluated under laboratory conditions for precision and
cross-sensitivity on humidity and temperature, of which
the Sensirion SCD30 sensor performed best. It was
shown that the Sensirion SCD30 CO,; sensor is capable
of picturing the diurnal variations in atmospheric CO;
concentration under outdoor conditions reliably to a rea-
sonable accuracy. Under calm and stable conditions, e.g.
at night, the near-surface atmospheric CO, concentra-
tion at the Starzach site increases drastically, especially
around mofettes, up to 40 000 ppm — a concentration two
orders of magnitude larger than usual in the lower atmo-
sphere which averages at about 400 ppm. The wireless
and autarkic sensor network design allows for easy ap-
plication at various remote locations, including monitor-
ing of carbon capture and storage (CCS) sites or could
easily be adapted for other trace gas measurements such
as nitrogen oxide or methane. This network lays the
foundation for further research at the site in order to
quantify the total emission of CO,. Future research at
the site will include horizontal and vertical profiles of
atmospheric CO, concentration and meteorological pa-
rameters to quantify the accumulation of CO; in more
detail in relation to atmospheric stability. Furthermore,
vertical profiles of CO; in conjunction with the refer-
ence eddy-covariance station will facilitate the applica-
tion of the flux-gradient method to deduce CO; fluxes.
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Abstract In this study, we introduce a portable low-
cost device for in situ gas emission measurement from
focused point sources of CO3, such as mofettes. We
assess the individual sensors’ precision with calibra-
tion experiments and perform an independent verifica-
tion of the system’s ability to measure gas flow rates
in the range of liters per second. The results from
one week of continuous CO; flow observation from
a wet mofette at the Starzach site is presented and
correlated with the ambient meteorological dynam-
ics. In the observed period, the gas flow rate of the
examined mofette exhibits a dominant cycle of around
four seconds that is linked to the gas rising upwards
through a water column. We find the examined mofette
to have a daily emission of 465kg £16 %. Further-
more, two events were observed that increased the flow
rate abruptly by around 25 % within only a few min-
utes and a decaying period of 24 hours. These types of
events were previously observed by others at the same
site but dismissed as measurement errors. We discuss
these events as a hydrogeological phenomenon simi-
lar to cold-water geyser eruptions. For meteorological
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events like the passages of high pressure fronts with
steep changes in atmospheric pressure, we do not see
a significant correlation between atmospheric param-
eters and the rate of gas exhalation in our one-week
time frame, suggesting that on short timescales the
atmospheric pumping effect plays a minor role for wet
mofettes at the Starzach site.

Keywords CO, - Degassing - Earth mantle - Low-
cost - Monitoring

1 Introduction

Due to its increasing atmospheric concentration, car-
bon dioxide (CO») currently has the largest bulk impact
on total effective radiative forcing and is therefore the
most relevant greenhouse gas (GHG) today (Forster
et al., 2021), followed by methane (CH4) and nitrous
oxide (N2O), which are more potent but less abundant
greenhouse gases (Wallace & Hobbs, 2006). Under
the globally adopted Paris Agreement (UNFCCC,
2015), countries are obliged to report annually on up-
to-date GHG emission inventories to accepted stan-
dards (IPCC, 2006). The establishment of these inven-
tories requires an array of methods, techniques and
instruments to quantify gas fluxes over a variety of spa-
tial scales. These range from in-situ point source esti-
mation (Carapezza & Granieri, 2004, Chiodini et al.,
1998, Liibben & Leven, 2022) to satellite remote
sensing (Chevallier et al., 2005, Pan et al., 2021)

@ Springer
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and (global) inverse gas transport modelling for emis-
sion source back-tracing and budgeting (Gaubert et al.,
2019, Pickett-Heaps et al., 2011). Ongoing GHG emis-
sions and their consequences make it increasingly clear
that negative emissions, e.g. in form of Carbon Capture
and Sequestration (CCS), are needed to counter global
warming (Gasser et al., 2015). Monitoring of CCS
sites is important to ensure the security of CO» storage
(Flohr et al., 2021, Holloway, Pearce, Hards, Ohsumi,
and Gale, 2007), and surface monitoring techniques
should be as mobile as possible (Jones et al., 2014). In
general, uncertainty quantification is also desired and
necessary for GHG emission estimations (Jonas et al.,
2019).

In addition to anthropogenic causes, the earth man-
tle is another and permanent source of CO; due to its
degassing of the magma during crystallization (Lowen-
stern, 2001). The solubility of CO; in the mag-
matic fluid decreases during crystallization (Dasgupta,
2013), resulting in magmatic CO; exsolution which is
then eventually capable of rising to the surface. CO;
may enter the lower atmosphere e.g., through active
or dormant subaerial volcanos, fumaroles, mofettes,
at mid-ocean ridges, geothermal systems and gey-
sers (Glennon & Pfaff, 2005; Kerrick, 2001; Werner
& Cardellini, 2006; Werner et al., 2019). Although
these non-anthropogenic CO, emissions are estimated
to be two orders of magnitude smaller than anthro-
pogenic emissions (Burton et al., 2013), they remain
an integral baseline of the earth’s GHG budget. Past
research has shown repeatedly that estimates for the
total volcanic CO, emissions vary greatly and better
quantification is needed (Burton et al., 2013, Chio-
dini et al., 2004, Kerrick, 2001). Furthermore, such
degassing can impact crop or forest growth (Far-
rar et al., 1995) and be hazardous to lifestock or
humans (Beaubien et al., 2003). Temporal degassing
anomalies around volcanos also show promising poten-
tial as precursors of volcanic eruptions (Inguaggiato,
Vita, Cangemi, and Calderone, 2020, Pérez et al.,
2022), and could improve the still insufficient early-
warning systems (Winson et al., 2014). Therefore,
the advancement of quantification methods for natural
degassing from the solid earth remains an important
task.

There exist several in-situ and remote sensing meth-
ods to quantify degassing from the solid earth, each
suitable for one specific use case. While approaches to
estimate gas flux (amount per area and time) vary, the

@ Springer

vast majority of methods use spectrometry to quantify
the gas concentration.

Satellite data provides coarse global gas concentra-
tion data (Chevallier et al., 2005, Pan et al., 2021).
One-dimensional column measurements of sulfur diox-
ide (SO2) on scales up to several kilometers are per-
formed with remote sensing spectrometry that use the
solar spectrum as a reference, such as correlation spec-
troscopy (COSPEC) (Williams-Jones et al., 2008) and
its more compact iterations FlySPEC (Horton et al.,
2006) and mini-DOAS (Galle et al., 2003, McGonigle
et al., 2002), which give comparable results (Elias
et al., 2006). Given further assumptions and bound-
ary conditions such as the wind speed, these measure-
ments can be translated into a gas flux or be used
as proxy for other gases such as CO; if not directly
measured (Williams-Jones et al., 2008). However, the
equipment for these techniques is rather expensive
and requires careful operation and frequent calibra-
tion. Furthermore, a direct line of sight to sunlight
is required, preventing its use during the night or in
constrained locations. This also makes it less suit-
able for small, focused degassing point sources or
weak diffuse degassing. There exist also similar laser
or Fourier-Transform Infrared Spectroscopy (FTIR)-
based approaches (Feitz et al., 2018) and local mod-
elling techniques to merge and unify data from different
sources (Feitz et al., 2022).

For diffuse degassing from soil or cropland, in-situ
measurements are typically employed. A versatile tech-
nique suitable for homogeneous, flat terrain with a hor-
izontal footprint up to hundreds of meters is the eddy-
covariance method for directly measuring the turbulent
vertical gas exchange (Mauder et al., 2021). While the
eddy-covariance method can deliver high-frequency
flux data (up to 20Hz), it is unsuitable for complex
terrain or very heterogeneous surface emissions (Bal-
docchi, 2003, Scholz et al., 2021). To a degree, the
high-frequency data availability can be traded for lower
cost by employing the flux-gradient approach, where
the vertical gradient of slower gas concentration mea-
surements is parameterised to yield an average flux,
though losing precision. However, this method requires
knowledge, calibration or approximation of the eddy
diffusivity K and its dependence on atmospheric con-
ditions (Zhao et al., 2019).

Another in-situ method for diffuse soil gas flux
quantification is the dynamic concentration method
(Camardaetal., 2019, Gurrieri & Valenza, 1988). Here,

77 /121




Natural CO, Emissions in Starzach — Dissertation, Y. G. Biichau, 2025

APPENDIX B: Biichau et al. (2024a)

Environ Monit Assess (2024) 196:138

Page 3 0f 19 138

gas is pumped from the soil with increasing intensity
until a constant gas concentration is sampled, signal-
ing an equilibrium between pump flow and soil gas
flux. While comparably simple to execute, this method
is prone to overestimation and very dependant on
soil permeability according to Carapezza and Granieri
(2004). Instead, the accumulation chamber technique
has proven to be a powerful alternative (Chiodini et al.,
1998, Haro et al., 2019) by deriving a flux from the rate
of concentration increase in a closed volume above the
soil of interest.

However, the above-mentioned methods have been
developed to investigate mainly diffuse degassing and
so none of them is capable of directly quantifying
advective gas fluxes of intense gas exhalations such
as fumaroles or mofettes as the flow rates are either
too high or the exhalations too focused. For strong
advective degassing from vents, a robust method is
to channel the exhaled gas and measure its velocity
and concentration to determine the mass flow (Liibben
& Leven, 2022, Rogie et al., 2000). However, to our
knowledge, no such design has been published that
focuses on continuous, unattended operation, high tem-
poral resolution, low-cost components and adaptability
to different magnitudes of degassing. In this study, we
present a system with such potential. We assess the
suitability of each individual component and demon-
strate it by short-term application to a mofette at the
Starzach site in Germany (Liibben & Leven, 2018).
The degassing behaviour of the investigated mofette
is discussed and a first, preliminary look is taken at
the effects of meteorological parameters such as atmo-
spheric pumping (Forde et al., 2019, Nilson et al.,
1991).

2 Geological setting of the test site

The Starzach site (Fig. 1) is located in Southwest Ger-
many in the Upper Neckar valley, approximately 30 km
southwest of Tiibingen. In this region, the River Neckar
cuts deep into the competent limestone of the Middle
Triassic (“Muschelkalk”) forming a valley with rela-
tively steep hillslopes formed by hillside depris cover-
ing the rock faces of the Middle Triassic. The site itself
is located at the bottom of the Neckar valley, and is
known for its natural CO, degassing from mofettes and
springs. In the region, CO, was mined industrially over
the last century until yields eventually declined, and

stricter environmental regulations rendered the min-
ing uneconomical. After a recovery period, degassing
activity has increased again in the last decades, moti-
vating current research activities in the area, for which
Liibben and Leven (2018) introduced the Starzach site
as a natural analog for leaking CCS sites. Their inves-
tigations show that the active gas exhalations are most
likely linked to a fault zone following the major tectonic
Swabian-Franconian direction, and that the emitted gas
is most likely of non-volcanic magmatic origin con-
sisting of a mixture of CO» (>98 %), nitrogen (~1 %),
oxygen (~0.2 %) and smaller amounts of helium, argon
and methane. A detailed description of the site and its
geological setting is given in Liibben and Leven (2018).

A groundwater well was installed in May 2014 at a
location without natural CO, degassing for access to
groundwater (Figs. 1c and 2a). The 2”-well (DN50)
targets the transition of the Quaternary aquifer to the
Triassic bedrock unit (“Middle Muschelkalk”, Middle
Triassic, Upper Anisium) and reaches a depth of 9.4 m,
while the lowermost 3m of the well are screened to
access the groundwater. The undisturbed water level in
the well after its completion was approx. 1.7m below
ground surface. At the time of installation, the well did
not emit any noticeable amount of gas, but turned into
a mofette approximately six months after, and the gas
exhalation increased over the years through the well.
Simultaneously, an adjacent smaller mofette in a dis-
tance of approx. 2m disappeared over the years, and
likewise the exhalation activity declined visibly at the
larger mofette “R” (Liibben & Leven, 2018). This indi-
cates a small-scale shift in the underground gas flow, a
change contributing to the temporal and spatial hetero-
geneity of atmospheric CO, concentration at the site.
Liibben and Leven (2022) presented a custom funnel
flow meter with which they determined flow rate mag-
nitudes in the order of a few liters per second from
specific mofettes such as mofette “R” at the site in
2015.

Recently, Biichau et al. (2022) deployed a wire-
less sensor network at the site to monitor atmospheric
CO; concentration and meteorological parameters and
to provide infrastructure for further measurements. A
strong diurnal cycle in atmospheric CO;, concentra-
tion was observed with typical, low baseline concen-
trations of range 400 ppm to 500 ppm during the day
and strongly elevated concentrations up to 40 000 ppm
during the night, caused by a lack of wind.
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Fig. 1 Overview of the Starzach site. (a) geographic location in
Germany. (b) local map of the Neckar valley (OpenStreetMap
contributors, 2023). (c¢) well log of a groundwater monitoring

3 Methods
3.1 Chimney design

Chimney-based designs to measure advective gas
fluxes from mofettes were already introduced by Rogie
et al. (2000) and Liibben and Leven (2022). However,
those setups are not suitable for prolonged continu-
ous monitoring. Both applied a hot-wire anemometer
to measure flow velocity and expensive infrared gas
analysers for the gas concentration. Liibben and Leven
(2022) found that the exact placement of their hot-wire
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well at the Starzach site (Fig. 2a) with lithological description.
The first ~6.4 m of the well pipe are unscreened, while the lower
~3 m are screened to access the groundwater

anemometer inside the chimney had a strong impact on
the estimated gas flux. Furthermore it was susceptible
to measurement errors due to water deposition on the
weakly heated element.

The design we present here addresses these prob-
lems: We focus on reduced cost, continuous operation,
low power consumption and the ability to record data
with high temporal resolution (At < 1s) to study the
flow dynamics of the gas source.

With a chimney-based funnel design, given the vol-
umetric gas flow rate V [m3s™!], the volumetric
concentration of the gas of interest Xg,s [ratio] (in
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Fig. 2 The chimney-based design to measure advective CO»
fluxes from mofettes. (a) Assembled hood deployed at the
Starzach site over an erupting mofette as shown in the small inset
and in Figure 2c of Biichau et al. (2022). Note: This is a different
mofette than the one examined by Liibben and Leven (2022).

this case for CO,: Xco, [ratio]), the temperature
T [K] and pressure p [Pa] in the chimney, the mass
flux rirco, [kgs™'] can be calculated with

p - Mco,

T (1

mco, = Xco, V-

Sensirion STC31
(CO,)

""Sensirion SHTC3

(T, RH) Bosch BME280

" Cup Anemometer 4
(f/V) Thermistor

e (T)

(b) Gas sensor unit mounted laterally in the chimney consisting
of Sensirion STC31 CO; sensor, Sensirion SHTC3 temperature
and humidity sensor and Bosch BME280 absolute atmospheric
pressure sensor. (¢) View from below through the chimney with
the fitted cup anemometer and thermistor visible

where R* ~ 8.314JK~! mol~! denotes the universal
gas constant and Mco, ~ 0.044kgmol~! the molar
mass of CO».

To quantify the CO2 mass flux nico,, the volumetric
flow rate V, the volumetric CO; concentration Xco2,
gas pressure p and temperature 7" need to be measured.
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In the following we detail the respective sensors we
employ and the calibration procedures we performed
to validate those.

3.2 Flow rate V measurement

Anemometry techniques to measure air flow velocity
have evolved to a variety of choices for different appli-
cations and environments, from simpler working prin-
ciples like pitot tubes, vane and cup anemometers, to
sophisticated techniques such as hot-wire, ultrasonic
or laser-Doppler anemometry (Camuffo, 2019, Foken,
2021). For our application of measuring the gas flow
velocity of advective gas emissions, a small anemome-
ter fitting into a tube with a diameter of a couple of cen-
timeters is desirable. Anemometers that measure the
flow velocity independently of the medium’s compo-
sition are especially favorable for the case of gas mix-
tures. In addition, robustness against water droplets,
dew and elevated water vapour concentration in gen-
eral is necessary to withstand the extremely humid con-
ditions in the gas exhaled from a wet mofette. This
rules out hot-wire anemometers as they are delicate
devices mostly suitable for lab environments. Differ-
ential pressure sensors needed for Pitot tubes or other
pressure-based flow rate measurement approaches are
often designed for dry conditions only. Pitot tubes
and vane anemometers must be calibrated or cor-
rected for density (Foken, 2021). While ultrasonic and
laser-Doppler anemometers are fundamentally inde-
pendent of the medium by their physical design prin-
ciples (Foken, 2021), commercially available devices
are expensive and often large. A good balance between
cost and medium-independence is the cup anemometer:
In the simplified model of a two-cup anemometer, as
it reaches a constant rotation frequency f in a station-
ary flow of velocity v, the opposing drag forces Fy
and F¢, acting on the convex and concave cup side,
respectively, are at an equilibrium:

Fox = Foy
1 2 1 2
E Apcwexr Qufr+v) ZE Apcwe Qrfr—uv)
(2

where the medium density p and the cups’ cross-
sectional area A cancel out. This leaves the rotation
frequency f a sole function of the flow velocity v
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and the design parameters (the cup sides’ drag coef-
ficents cy ¢y and cy ¢y and the cup centers’ distance r
from the rotation axis). The intrinsic difference in drag
between the shells, however, causes faster accelera-
tion than deceleration and thus a hysteresis in rota-
tion frequency in unsteady flows due to inertia, often
referred to as overspeeding (Busch and Kristensen,
1976, Papadopoulos et al.,2001). Still, a cup anemome-
ter can be a cost-effective way of measuring the gas
flow rate inside a pipe independently of the gas com-
position as the influence of the overspeeding effect can
be controlled for by comparison with reference mea-
surements.

Small-sized cup anemometers are less common and
mostly available as handheld devices which are unsuit-
able for automated continuous data logging. So we
detached the protective cage containing the rotating
cups from a commercially available handheld device.
As is common for miniature cup anemometers, our
model (Fig. 2¢) has an axle with pointed ends sitting
in metal sockets. This minimizes the amount of mov-
ing parts and friction contacts in comparison with e.g.
a needle bearing, thus reducing the chance of failure
under condensing conditions. We added an infrared
light-emitting diode (LED) and a photodiode to act
as light barrier for detecting the rotation frequency
of the cups. The inverse of the pulse time divided by
the amount of cups (four in this case) is then the cup
anemometer’s rotation frequency. A microcontroller
finds the pulse edges and records the time in between.
As a consequence, the data rate for the cup anemome-
ter’s rotation frequency is not constant as it depends on
the rotation frequency itself.

Instead of parameterising the flow rate V as the
product of cross-sectional area A and flow veloc-
ity v (V = A-v, cf. Liibben and Leven (2022); Rogie et
al. (2000)), we calibrated our system as a whole to trans-
late the rotational frequency f of the cup anemometer
directly to the flow rate V. This avoids that the effec-
tive cross-sectional area might be unknown due to the
geometry of the chimney and flow obstructions such as
the anemometer itself. Furthermore, friction causes the
flow velocity to diminish near the walls of the chimney,
resulting in a lateral velocity profile instead of a con-
stant value across the cross-section, which is an implicit
assumption for the parametrisation V = A - v. This
effect is increased with smaller Reynolds numbers as
the velocity peak in the center of the chimney becomes
more prominent (Etling, 2008, §tigler, 2012). The
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Reynolds number for a setup like ours (55 mm inner
chimney diameter, CO,, 1 m g1 velocity) ranges from
4500 to 10 000, taking into account variations in tem-
perature, pressure (Foken, 2021, Schifer et al., 2015),
flow velocity and dimensional uncertainties. Consider-
ing that the flow through the chimney is obstructed by
sensors and a protective water shield at the inlet and
outlet (Fig. 2), it is reasonable to assume the chimney
flow will not be laminar but weakly turbulent, unifying
the velocity throughout the cross-section.

We carried out two experiments to ensure our flow
rate measurement is valid. First, to determine the rela-
tionship between f and V we connected our chim-
ney to an LTG 227VM-05 volumetric flow sensor that
is part of our research facility’s building ventilation
system and recorded the cup anemometer’s rotational
frequency f while varying the flow rate by gradually
closing the shutt-off valve of the ventilation. Second,
in the field we repeatedly took the time it takes to fill up
plastic bags of known volume with gas from a mofette
and compared this to the estimate derived from the lab
results. These results are discussed in Section 4.1.

3.3 CO, measurement Xco,

A CO; sensor for measuring advective CO, fluxes from
mofettes needs to fulfil several criteria: First, it needs
to be able to measure high CO, concentrations close
to 100 % (Biichau et al., 2022, Liibben & Leven, 2018,
2022). It also has to be small enough for fitting into a
chimney next to the other sensors. A reasonably high
measuring frequency (> 1Hz) is necessary if dynam-
ics of flow rate and gas concentration are to be anal-
ysed. Finally, extremely humid environments should
neither harm the sensor nor influence the measure-
ment too strongly. This combination of requirements
is rather unusual and the market offer of the gas sensor
industry is quite limited in this regard. Many embed-
ded non-dispersive infrared (NDIR) CO» sensors suf-
fer from the cross-sensitivity on water vapour, have
slow response times and can only measure low CO,
levels (Biichau et al., 2022, Miiller et al., 2020). Initial
tests with a GSS ExplorIR-M NDIR CO, sensor which
can measure up to 100 % CO, were unsuccessful under
very humid conditions.

Another approach to measure gas concentrations is
using a proxy quantity that is strongly influenced by
the gas mixture (e.g. sonic speed or heat conductiv-

ity) and deducing a concentration given assumptions
and further information about the gas composition. The
Sensirion STC31 CO; sensor is such a model which
derives a CO; concentration from the heat conductiv-
ity. Compared to other embedded CO; sensors such as
those evaluated in Biichau et al. (2022), the STC31 sen-
sor is an order of magnitude smaller with a size of
only 3mm x 3.5mm x 1 mm (Fig. 2b). Furthermore,
the STC31 sensor covers the entire CO, concentration
range from 0% to 100 % — a capability most compa-
rable NDIR-based CO; sensors lack (Biichau et al.,
2022).

The STC31 sensor needs to have the temperature,
pressure and relative humidity communicated to it
before it performs a measurement, then internally cal-
culates and reports a CO, concentration. We employ
an evaluation kit where a Sensirion SHTC3 tempera-
ture and humidity sensor is mounted directly next to
the STC31 CO; sensor (Fig. 2b). Readings of the for-
mer sensor are communicated to the STC31 CO; sen-
sor. The pressure measurement is performed by a
Bosch BME280 environmental sensor, a common
miniature low-cost absolute atmospheric pressure sen-
sor with a rated absolute accuracy of around +1.5hPa
(Fig. 2b). During operation we disable the STC31 sen-
sor’s automatic self-calibration to prevent it from
wrongly interpreting the high CO; concentration as an
implicit baseline.

To assess the STC31 sensor’s suitability we exposed
it to various combinations of temperature, relative
humidity and CO; concentration inside an EdgeTech
RH CAL relative humidity calibration chamber together
with the intake of a LI-COR 840A closed-path infrared
gas analyser. An automated gas injection system
flooded the calibration chamber periodically with CO»
about every 30minutes after each successful transi-
tion to the next temperature/relative humidity level.
The LI-COR sensor’s calibration range only reaches up
to 20000 ppm (2 vol%). However, its maximum data
output limit is as high as 200000 ppm (20vol%). So
for comparison with the LI-COR sensor, we capped
the CO, concentration during flooding of the cali-
bration chamber at this level to reduce the idle time
where no overlapping data within its calibration range
is available. LI-COR measurements beyond 2 vol% are
expected to have a larger error, but are nevertheless
included here for reference.

To account for high CO; concentrations, the same
temperature and relative humidity profile was repeated
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but with periodic CO; injections without an upper con-
centration limit. Furthermore, a separate setup with
the STC31 sensor in the gas volume at the top of a
bottle with carbonated water was performed to simu-
late saturated humidity and CO; conditions similar to
the situation in the field. The results are discussed in
Section 4.2.

3.4 Temperature 7" and humidity R H measurement

Two temperature measurements are installed in the
chimney device; one measurement close to the CO; sen-
sor laterally in the chimney (small SHTC3 temperature
and humidity sensor as described above, Fig. 2b) and
one measurement right in the center of the chimney to
record the actual temperature of the emitted gas without
outside influence. For the latter measurement we use a
positive temperature coefficient (PTC) thermistor in a
metal housing for durability. Both sensors were cali-
brated in our RH CAL calibration chamber. The results
are discussed in Section 4.3.

3.5 Field measurements

Having calibrated the individual sensors, field tests
were carried out at the Starzach site (Section 2). The
mofette that developed from a groundwater monitor-
ing well (Fig. 1c) was chosen for the measurements
described here (Fig. 2a, same mofette as Figure 2c
in Biichau et al. 2022).

A wireless sensor network is presently deployed at
the Starzach site (Biichau et al., 2022). Sensor stations
send data via a Wireless Local Area Network (WLAN)
established by a central single-board computer with
cellular internet access. Data is stored on puSD-cards
on each sensor station as well as the central station
and an off-site server where data is relayed to. Cur-
rently, all devices are powered from one 12V lead-
acid battery charged by a series of solar panels and a
methanol fuel cell for backup, but every station could be
powered independently to increase mobility. The chim-
ney device itself has an average power consumption of
around 0.5W and was integrated into this network as
a sensor station for one week of continuous operation.
Data of a Gill MaxiMet GM X541 compact weather sta-
tion located at the central station is available as mete-
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orological reference. The obtained measurements are
discussed in Section 4.4.

4 Results and discussion

As a measure of similarity between two quanti-
ties x and y we employ the Mean Absolute Error (MAE):

MAE (x, y) = mean (|x — y|) 3)

For conservative sensitivity analysis, the maxi-
mum absolute error Aymax and maximum relative
error Aymaxrel [%] of a quantity y derived from input
quantities x, ..., xy can be calculated via

Z dy
Aymax(xl’ R} xn) = ax‘ ) A')Cimax
— i
= @)
Ay
AYmax,rel = ; =

where Ax; . 1is the maximum expected absolute error
of quantity x; and y the mean of y.

4.1 Flow rate V calibration

Comparing the rotational frequency of the cup anemo-
meter installed in the chimney (Fig. 2¢) to the volumet-
ric flow rate obtained from an LTG 227VM-05 volu-
metric flow sensor under laboratory conditions, we find
alinear relationship (coefficient of determination R? =
99.4 %) with an average error of 0.34 Ls~! (Fig. 3). As
expected of cup anemometers due to the initial fric-
tion in the mechanical bearing (Alfonso-Corcueraetal.,
2021), flow rates below 3Ls~! are slightly underesti-
mated in our setup.

With this relationship determined, we took the device
to the field and installed it on a mofette (Fig. 2a). We
removed the top chimney roof segment and repeatedly
attached plastic bags with nominal volumes of 60L,
120L and 240L to the exhaust of the chimney to fill
them up with gas exiting from the mofette. The mea-
sured time At it takes to fill up a bag of volume V was
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Fig. 3 Calibration of cup anemometer rotational frequency
inside chimney against flow rate of LTG 227VM-05 volumet-
ric flow sensor

then used to calculate the average flow rate during the
filling time period:

14

V= (5)

When inflated, the plastic bags had non-trivial
shapes, so we estimated their volume very conser-
vatively from dimensional measurements assuming a
cylindrical shape as approximation. Applying Eq. 4 to
Eq. 5 then also yields a propagated error estimation for
the average flow rate. Data of the individual bag fills is
listed in Table 1.

During the bag fills we recorded flow rate data
deduced from the cup anemometer’s rotational fre-

Table 1 Bag calibration data visualised in Fig. 4

quency at an average data rate of 3 Hz. This time series
together with the flow rate estimation from the bag
fills is plotted in Fig. 4. The observed flow rate varies
between 1Ls™!' and 6Ls~! with an average slightly
below 3Ls .

When bags are attached to the chimney, the flow rate
initially plummets and is then slowly restored during
inflation. The drop in flow rate is especially promi-
nent for the smaller bags 1 and 2. On initial contact
between bag and chimney, the introduced orifice at
the interface is limiting the flow. Furthermore, during
inflation the bag foil needs to straighten from its wrin-
kled state, providing resistance for incoming gas. Both
effects decrease in intensity the more the bag is inflated,
allowing the flow rate to recover.

Due to the shorter filling times and uneven shapes of
the smaller bags 1, 2 and 7, their flow rate uncertainties
are the largest. Still, the flow rate deduced from the cup
anemometer generally lies within the flow rate range
estimated from the respective bag fill. This indicates
that our lab calibration is correct and also applicable
under field conditions.

A dominant cycle is present in the flow rate sig-
nal with a period of 4 seconds, responsible for more
than half (57 %) of the total signal variance (Fig. 4,
bottom). This 4 s-cycle corresponds to the observable
bubbling that is characteristic for wet mofettes at the
site and is visible in Fig. 2a and in c of Biichau et al.
(2022). Our understanding of this 4 s-cycle is that it
is caused by a periodically shifting pressure equilib-
rium within the well pipe shown in Fig. lc. The gas
ascends up to the point where the pipe perforation
ends in 6.4m depth. At this point, the water column
maintains a hydrostatic pressure of ~63kPa when the
well pipe is filled to the top. As more gas accumu-

Nr Bag volume V [L] duration At [s] Flow rate V[Ls‘l]
1 50 +£20 27.6+ 1.0 1.4+0.8
2 100 £ 30 26.7+ 1.0 41+13
3 240 + 50 783+ 1.0 3.1£0.7
4 240 £+ 50 81.8+ 1.0 294+0.6
5 240 + 50 75.0£1.0 3.24+0.7
6 240 + 50 75.1£1.0 3.24+0.7
7 60 £+ 20 222+ 1.0 2.7£1.0

The uncertainties of bag volume and duration were estimated very conservatively from on-site dimensional and timing measurements
and video footage of the experiments using Eq. 4, then translated into the flow rate uncertainty by applying Eqs. 4 to 5

@ Springer

84 / 121




Natural CO, Emissions in Starzach — Dissertation, Y. G. Biichau, 2025

APPENDIX B: Biichau et al. (2024a)

138 Page 10 of 19

Environ Monit Assess (2024) 196:138

flow rate [I/s]
N
T

flow-rate (resampled to At = 333ms, 02 = 1.27 1/s?) —— 6®s median

7
wad $aw

Voo 050
Lo
Cane 2.0y

O bag experiments

51 ‘.
1 ) Ve * 9 e N5, 8 T
- DCIN oS o - PLAR VAL P 2
) I 1 1 6 7
12:00:00 12:10:00 12:20:00 12:30:00 12:40:00 12:50:00
time HH:MM:SS [UTC]
i 08186 57 % of variance
i 0.0075 |- 1 flow-rate discrete variance spectrum  » =1.27 1?/s?)
S 0.0050
>
£ 0.0025 |
(8]
@
* 1
o 9.09000 St

period [s]

Fig. 4 Time series of measured volumetric flow rate from the examined mofette (Fig. 2a) with a temporal resolution resampled to 3
Hz. Each outlined box indicates a bag fill detailed in Table 1. Botfom: Variance spectrum of the volumetric flow rate time series

lates from below, this pressure is eventually overcome
so that an eruption happens, releasing the built-up gas
pressure. Measurements with a closed chimney exhaust
showed maximum differences to atmospheric pressure
of ~100kPa (1bar), which supports this explanation.
Surrounding ground water constantly enters the well
pipe through the perforation, refilling the water col-
umn. This cycle apparently repeats with a period of 4s.

4.2 CO, Measurement Xco, Verification

In the calibration chamber setup detailed in Section
3.3, the temperature ranged from 11 °C to 40 °C. Due
to the periodically injected dry CO; gas, the calibration
chamber struggled generating very humid conditions,
resulting in a range of generated relative humidity from
6% to 74 %. Under these conditions, both CO, sen-
sors (STC31 and LI-COR 840A) agree very well over

@ Springer

the entire LI-COR output range up to 20 vol% with a
mean absolute error of 0.3 vol%, even beyond the LI-
COR sensor’s calibrated range where the relationship
becomes non-linear (Fig. 5). The non-linear relation-
ship above 2 vol% can not be explained with a mismatch
in response times of the two sensors - filtering either
sensor with an optimized exponentially-weighted mov-
ing average (EMWA) did not result in any signifi-
cant linearization. Still, the deviation between both
sensors lies within the STC31 sensor’s specifications
and is only weakly correlated with chamber tempera-
ture (21 %) and relative humidity (-18 %). These two
sensors have fundamentally different measuring prin-
ciples (LI-COR: infrared absorption vs. STC31: heat
conductivity) and it is unlikely that both are biased
identically. As a consequence, the good aggreement
between the two indicates that the LI-COR sensor’s
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Fig. 5 Comparison of LI-COR840A closed-path infrared gas
analyser and STC31 heat conductivity CO, sensor measurements
in an EdgeTech RH CAL calibration chamber for various com-
binations of relative humidity and temperature

measurements can still be relied upon beyond its cali-
brated range, though with a larger margin of error.

During the 23 periodic full CO; floodings of the
calibration chamber the CO; concentration peaks mea-
sured by the STC31 sensor had an average magnitude
of 97.6vol% and a maximum of 99vol%. A slightly
lower result than full CO; saturation is expected as the
calibration chamber constantly feeds outside air into
the volume for purposes of mixing the humid air, thus
diluting the introduced CO;. This result proves that the
STC31 sensor can reliably measure high CO, levels
under dry conditions.

A matching measurement of 99.4 vol% was obtained
in the gaseous volume of the carbonated water bot-
tle. We allowed the gas phase to reach an equilib-
rium for three hours, approaching full saturation of the
mixture of water vapour and CO»; similar conditions
to what we expect to find in the field. From SHTC3
and BME280 measurements (7 = 20°C, RH =
83%, p = 978hPa) it can be estimated that water
vapour should take up ~2vol% of the mixture, leav-
ing ~98vol% for CO,. For simplicity of this esti-
mation, we ignore the quite complex effects of dis-
solved CO; on saturation water vapour pressure (Pri-

vat & Jaubert, 2014) here. The obtained CO; con-
centration of 99.4vol% still lies within the STC31
sensor’s uncertainty of £1vol% %3 %. Thus, in con-
trast to infrared CO, sensors which can have a
strong cross-sensitivity on water vapour (Biichau et al.,
2022), the STC31 sensor is also suitable for humid con-
ditions.
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Fig. 6  Verification measurements of SHTC3 sensor

inside RHCAL calibration chamber for temperature (top) and
humidity (bottom). The data was obtained in the same setup as
in Fig. 5

@ Springer

86 / 121




Natural CO, Emissions in Starzach — Dissertation, Y. G. Biichau, 2025

APPENDIX B: Biichau et al. (2024a)

138 Page 12 of 19

Environ Monit Assess (2024) 196:138

4.3 Temperature T and humidity R H calibration

During the same calibration experiment as described
above, the SHTC3 temperature and humidity sen-
sor (Fig. 2b) was present to feed its data to the
STC31 CO; sensor. Comparing its data to the cal-
ibration chamber measurements (Fig. 6), an average
accuracy of 0.6K for temperature and 1.6 pp (percent
points) for relative humidity is asserted across the entire
experiment time series including the CO; floodings.

In another independent setup, the thermistor
(Fig. 2c) was calibrated in the calibration chamber.
In addition to a temperature profile from the calibra-
tion chamber, one data point in ice water was added to
increase the reference range. A polynomial fit of third
degree describes the thermistor’s temperature depen-
dency to an accuracy of 0.1 K (Fig. 7).

4.4 Field measurements discussion

An under-sampling analysis in the post-processing
of the flow rate validation discussed in Section 4.1
showed that a 10s sampling interval for the cup ane-
mometer frequency measurement introduces an error of
just =1 % for the average flow rate compared to a sam-
pling rate of 3 Hz. To keep network traffic low, we thus

60 F
50 |
40
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20
10 7
/
/
-
10 4 ®

— — fit (MAE = 8.1K, R2 = 99.997%)

_2@ 1 1 1 1 1
1600 1800 2000 2200 2400

thermistor resistance [Q]

RHCAL temperature [°C]

measurements

Fig. 7 Thermistor calibration in reference to RH CAL calibra-
tion chamber with a polynomial fit of 3rd degree
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chose a data interval of 10 s for the continuous measure-
ments. One week of data was recorded with the device
mounted on the mofette shown in Fig. 2a. This data
together with meteorological measurements from a Gill
MaxiMet GMX541 compact weather station is shown
in Fig. 8. Except for an 8 h data gap due to intermittent
transmission problems in the night of the 05.02.2022,
the instrument delivered data continuously.

Meteorological situation

The observation period took place in the late win-
ter of 2022, from February 3" to 10%. Temperatures
at 2m height above ground regularly dropped below
0°C during night time and reached up to 11°C dur-
ing the day. As the site is being situated at a northern
slope of the river valley, incoming solar radiation is
further reduced in the morning and evening (Biichau
et al., 2022). Consequently, relative humidity was
constantly elevated with a minimum of 60%. Two
cold air front passages with precipitation events were
observed within the monitoring period, a weaker first
front right before midnight between 04. and 05.02.2022
and a very distinct second front at midnight between
06. and 07.02.2022. Both fronts caused a significant
temperature drop (~3 K within 30 min), an intermit-
tent increase in wind speed and a sudden increase in
atmospheric pressure. The air mass trailing the second
front raised the atmospheric pressure by nearly 30 hPa
over the next day.

Measurement artifacts

There is a clear and opposite relationship between
STC31 CO, readings and all temperature measure-
ments. The strongest correlation is -86 % with the
thermistor temperature. Such a significant temperature
dependence was not observed under laboratory condi-
tions (Section 4.2, Fig. 5). An explanation for a pos-
itive correlation could have been that each eruption
brings a new volume of COj-rich gas which is also
warmer than the atmosphere surrounding the chimney.
The observed behaviour, by contrast, rather indicates
an inadequacy of the thermal model implemented in
the STC31 CO; sensor for the gas mixture emitted
by the mofette. The STC31 sensor must be config-
ured to assume the remaining non-CO; gas as either
nitrogen (N») or air (our setting). Other than CO,, the
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events. In the first hours of the 05.02.2022 there was a data
gap due to intermittent transmission problems. Seismic activity
data was obtained from https://erdbeben.led-bw.de (Landeserd-
bebendienst, Landesamt fiir Geologie, Rohstoffe und Berg-
bau, Regierungsprasidium Freiburg, Baden-Wiirttemberg, Ger-
many) on 29.09.2023
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gas mixture emitted from the Starzach mofettes con-
sists of nitrogen (~1 %), oxygen (~0.2 %) and smaller
amounts of helium, argon and methane (Liibben &
Leven, 2018). Furthermore, ~1 % of water vapour is
reasonable to assume with full saturation at 10°C, sim-
ilar to our estimation for the carbonated water bottle
experiment in Section 4.2. In total, these remaining
gases sum up to ~2vol%, leaving ~98 vol% for CO;.
Even with the fluctuations introduced by the appar-
ent temperature dependency, the CO, readings remain
within the sensor’s rated accuracy of 1vol% =£3 %.
Readings of the BME280 atmospheric pressure sen-
sor mounted laterally in the chimney (Fig. 2b) exhibit
some artifacts starting at noon on 07.02.2022. We
assume these to be caused by condensation on the sen-
sor as it is not rated for extremely humid conditions.
Other models such as the BMP384 or BMP585 could
be promising alternatives with a protective layer of gel.

CO; exhaust

Over the course of the observation period, our instru-
ment measured an average baseline CO; exhaust from
the single mofette of 5.4 gs~! which extrapolates to
465kgd~! (excluding the anomalies discussed below).
Applying Eq. 4 to Eq. 1 yields that the maximum rela-
tive error of the mass flux A#imax rel can be estimated as
the sum of relative errors of its independent variables:

A77.'lmax,rel = ATmax,re] + AVmax,rel
+AXC02,max,rel + Apmax,rel (6)

Inserting values determined above, this maximum
relative error sums up to Animaxrel ~ £16%, to
which our mass flow estimates are accurate with high
confidence. At their examined mofette (the visually
most prominent one at that time in 2015), Liibben &
Leven (2022) determined average mass flow rates of
around 75kgd ™!, which is significantly smaller. Still,
our notably larger estimate for the visually most strik-
ing mofette today could signify a general increase
in degassing activity at the site — a trend that has
been going on since industrial mining of the gas has
stopped (Liibben & Leven, 2018).

Flow rate V anomalies

As highlighted in Fig. 8, two events were observed
where the flow rate rapidly increased by ~25 % within a
few minutes and then gradually declined over ~24h to
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settle back to baseline. The first event happened around
midnight between 04. and 05.02.2022 and a second one
60h later at noon on the 06.02.2022. Excluding these
events from averaging results in a 3 % underestimation
of exhaled mass, motivating a continuous monitoring
solution for wet mofettes with comparable dynamics.
Similar anomalies were observed by Liibben & Leven
(2022) at a different mofette “R” at the site (Liibben
& Leven, 2018), but dismissed as measurement error,
as the event was only monitored once in their time-
series. The reproducibility of these measurements with
a completely different system as ours suggests there
is an underlying process causing these events. Tim-
ing and magnitude of seismic activity in the wider
region appear to be largely unrelated to the occurrence
of flow anomalies during the period observed. Though
no record of groundwater levels is present for the site,
the flow anomalies can be assumed to be unrelated to
groundwater levels of the Quaternary aquifer, as they
are mainly controlled by the water level changes in
the adjacent River Neckar, and there are no other dis-
turbances of the aquifer in the closer vicinity, such as
water supply wells. Besides the leap in flow rate, sev-
eral other anomalies were measured during such an
event: Most prominently, both events coincided with a
very short (<1 min) but significant temperature drop of
nearly 2 K measured by the thermistor mounted in the
center of the chimney (Fig. 2¢). Furthermore, right at
the beginning of each event, one single measurement of
a greatly reduced flow rate was recorded. A very brief
and dramatic reduction in CO» concentration to around
50 % (not visible in Fig. 8) is also noticeable at this time.
A drop this large is unlikely to be a consequence of the
sensor’s temperature dependence discussed above.
These observations suggest that the advective CO;
degassing at the Starzach site obeys cold-water geyser
mechanics (Han et al., 2013), albeit less effectively.
Only a few cold-water geysers are known globally, with
the world’s most prominent CO,-driven cold-water
geyser being located in Andernach, Germany (Glennon
& Pfaff, 2005). The periodic eruptions of a cold water
geyser originate from the saturation of a water-filled
cavity, which is constantly being supplied with gas from
below. Oversaturation of the dissolved gas eventually
leads to exsolution and uprising of gas bubbles. This
reduces the pressure exerted by the overlying water
column and initiates a positive feedback as the reduced
pressure favours even more exsolution, resulting in an
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eruption (Glennon & Pfaff, 2005, Han et al., 2013).
Eruption intervals and durations of known cold-water
geysers vary between minutes and hours (Glennon &
Pfaff, 2005). Jung et al. (2015) found eruption inter-
vals and durations to be roughly proportional for the
Crystal Geyser (Utah, USA) while the factor changes
over time. The flow rate anomalies we observed would
accordingly correspond to eruptions with an interval of
several days and a duration of one day. Han et al. (2013)
found steep temperature drops during eruptions of the
Crystal Geyser and explain those with Joule-Thomson
cooling and endothermic CO; exsolution. However, the
temperature drops we saw here are intermittent. This,
together with the brief dips in flow rate, suggest a dif-
ferent cause. The cup anemometer we utilize for flow
measurement is inherently independent of flow direc-
tion (Section 3.2). However, both a complete temporary
flow stop as well as a flow change to the opposite direc-
tion will cause its rotation to decrease — albeit briefly.
The latter seems to be the case here: As the mofette
changes from exhaling to inhaling, cold surrounding
air is transported inside the chimney to the thermistor,
explaining both its measured temperature drop and the
decrease in CO; concentration. Apparently, this flow
direction change happens over a short time period of
5s to 15s, as for both events only exactly one of the
10s-spaced measurements captures it.

Liibben & Leven (2018) present a conceptual geo-
logic model in which the claystone of the Rot Formation
at the top of the Upper Buntsandstein in approx. 50 m
depth acts as an impermeable barrier and therefore as
a capstone for the uprising gas. Below, CO, ascends
through the water-saturated sandstones of the Middle
and Lower Buntsandstein, which presents a potential
reservoir for gas accumulation. Tectonic faults through
the Rot Formation and the Lower Muschelkalk act
as relatively undisturbed pathways to the surface and
eventually to our examined well (Fig. 1¢). We assume
the oversaturation of water with CO, happens initially
below the Rot Formation in the reservoir. However,
longer time series and further research is needed to
further quantify this process.

Influence of meteorological parameters

The data obtained during our observation week does
not suggest any significant connection between mete-

orological parameters and the degassing behaviour.
The two flow rate anomalies described above do not
coicide with any change in temperature, atmospheric
pressure, precipitation or other atmospheric variables
we recorded. In general, pressure inside the chimney
closely follows atmospheric pressure measured at the
central station. This is expected for a chimney diam-
eter this large as no significant pressure is built up.
Atmospheric pressure is known to influence diffuse
degassing via the “atmospheric pumping” effect (Forde
etal., 2019, Nilson et al., 1991) or change geyser erup-
tion activity (Rinehart, 1972). Nevertheless, neither of
the two cold air front passages resulted in an imme-
diately noticeable variation in exhaled gas amount.
However, when comparing the settling times it took
to return to baseline flow after an event, a slightly
faster decline can be observed after the second event,
immediately after the second front has passed. This
is a plausible connection given that the final 30 hPa
pressure increase the second front introduced should
correspond to an additional virtual ~30cm water col-
umn the ascending gas needs to overcome for an erup-
tion, effectively reducing the flow rate. But the short
time series we recorded here is insufficient to quan-
tify this. Longer measurement periods spanning mul-
tiple seasons are needed to further investigate this
effect.

5 Conclusion and outlook

Chimney-based designs are well suited to continuously
monitor degassing from vents. We introduced a low-
cost, portable chimney device for continuously moni-
toring advective degassing from a mofette. An exam-
ined mofette was found to exhale 465 kg £16 % of CO;
per day, a result that is in line with previous measure-
ments at the site (Liibben & Leven, 2022). During a
short observation period of one week, meteorological
parameters such as atmospheric pressure were found to
have no immediate effect on the degassing behaviour,
even during significant events as cold-front passages
with steep atmospheric pressure changes.

Contrary to existing designs, our volumetric flow
rate measurement is density-independent and can thus
be used for a variety of other gases and gas mixtures.
Being developed for continuous operation, this instru-
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ment is suitable to monitor long-term changes such
as the observed shift of degassing intensity from one
mofette to another or geyser-like eruptions happening
on different time scales. Finding a correlation to earth-
quake activity is another reasonable application (Han
et al., 2013, Rinehart, 1972, Woith et al., 2023). This
could be especially interesting for the Starzach site
where small-magnitude earthquakes happen occasion-
ally in the region.

For degassing of greatly different output magni-
tudes, the 3D-printed chimney can be easily reprinted
with an appropriate diameter, followed by a recalibra-
tion of the flow rate according to the procedure we
described here. The adapter from chimney to vent (a
50 cm-diameter cut-open plastic barrel in Fig. 2a) can
also be chosen freely, for example by 3D-printing a
custom cup or even employing flexible material such
as used by Rogie et al. (2000).

An improvement of the temporal resolution could
be achieved by introducing a pinhole disk in the chim-
ney and deriving the flow rate from the difference
in pressure before and after the constriction (Bent-
ley, 2005). The density-dependence of this approach
needs to be accounted for, though. Another possibil-
ity is to integrate a custom 1D-ultrasonic anemometer
into the chimney, which can measure the flow veloc-
ity independently of the gas by design. In general,
utilization of waterproof pressure sensors such as the
Bosch BMP384 or BMPS585 is preferrable. Further-
more, local on-device storage of the data on a mem-
ory card can be implemented if offline operation is
desired. For future flow rate calibrations using a simi-
lar bag-filling technique as demonstrated in this paper,
we suggest using foil-balloons of a more quantifiable
geometric shape (e.g. a sphere) with a large diameter
(e.g. >50cm) to decrease the volumetric uncertainty.
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Summary

PARMESAN (the Python Atmospheric Research Package for MEteorological TimeSeries and
Turbulence ANalysis) is a Python package providing common functionality for atmospheric
scientists doing time series or turbulence analysis. Several meteorological quantities such
as potential temperature, various humidity measures, gas concentrations, wind speed and
direction, turbulence and stability parameters can be calculated. Furthermore, signal processing
functionality such as properly normed variance spectra for frequency analysis is available. In
contrast to existing packages with similar goals, its routines for physical quantities are derived
from symbolic mathematical expressions, enabling inspection, automatic rearrangement, reuse
and recombination of the underlying equations. Building on this, PARMESAN's functions as
well as their comprehensive parameter documentation are mostly auto-generated, minimizing
human error and effort. In addition, sensitivity/error propagation analysis is possible as
mathematical operations like derivations can be applied to the underlying equations. Physical
consistency in terms of units and value domains are transparently ensured for PARMESAN
functions. PARMESAN's approach can be reused to simplify implementation of robust routines
in other fields of physics.

Statement of need

The need to assert properly balanced physical units right from within running programs and
models has been recognised for a long time now (Chizeck et al., 2009; Cooper & McKeever,
2008). Unit conversion errors in science and engineering have caused costly system failures
such as the NASA Mars Climate Orbiter crash in 1999 (NASA, 1999).

Nowadays, the Python ecosystem comprises many packages that ease specific tasks when
performing physical calculations: numpy (Harris et al., 2020) and scipy (Virtanen et al.,
2020) provide efficient numerical routines, pandas (The pandas development team, 2023) and
xarray (Hoyer & Hamman, 2017) provide structures to read, write and aggregate data, pint
(Grecco & Chéron, 2023) handles physical units and the uncertainties package (Lebigot,
2023) simplifies linear error propagation. Partly based on those, collections of routines for
atmospheric science exist such as metpy (May et al., 2022), iris (Met Office, 2010 - 2023)
and aoslib/PyAOS (PyAOS, 2023). However these focus more on gridded, spatial data
which is common in modelling and remote sensing and have little functionality for turbulence
analysis. Turbulence plays an important role in atmospheric exchange processes, especially in
the planetary boundary layer (Stull, 1988). It is a statistical process and thus mostly quantified
through high-resolution in-situ measurement techniques (Foken, 2021). metpy and irtis can
both handle units and require the user to explicitly specify them. Their physical quantities are
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calculated using hard-coded expressions. In contrast, the atmos package (McGibbon, 2023)
has implemented an equation solving system for more flexible reusability and less hard-coding
of relationships between quantities. Its development seems to have stalled since 2020, though.
None of the above packages have a mechanism for transparently checking that input and
output values are within reasonable physical bounds.

PARMESAN addresses the aforementioned gaps by providing functions for meteorological
quantities that are backed by symbolic mathematical expressions employing SymPy (Meurer
et al., 2017), a powerful computer algebra system written purely in Python. Inputs and
outputs are checked for and potentially converted to correct units while asserting that the
physical domains are not exceeded. It can rearrange its equations and thus flexibly increase
the number of available functions. PARMESAN has already been used successfully in Biichau
et al. (2022), Biichau et al. (2023), Wiisteney (2023) and Herrmann (2023) for data analysis
of meteorological measurements.

Structure

Functions for physical quantities in PARMESAN are based on symbolic mathematical equa-
tions created using SymPy (Meurer et al., 2017). PARMESAN defines a descriptive list of
symbols (i.e. variables and constants, Figure 1) and relates them to form the common laws of
thermodynamics, parametrisations and definitions used in atmospheric science.

Specific Isobaric Heat Capacity Of Dry Air

Crume | g | = 10050 Gl

heat capacity of dry air per unit mass under constant pressure

aliases: c_p_dry , c_p_dryair , specific_isobaric_heat_capacity dry_air

Covariance Of Horizonal Wind Speed And Upward Wind Component

E— 2

aliases: cov_uh_ w , covariance_horizontal wind_vertical wind , covariance_vertical wind_horizontal wind

Figure 1: Excerpt of auto-generated symbol list in parmesan.symbols. Symbols have metadata such as
descriptions, units and default values attached. For readability, they can be referred to with different
variable names, which are also available as parameter aliases when calling functions in PARMESAN.

This approach has many advantages over the traditional method of hard-coding mathematical
operations between function inputs using language-specific constructs. First of all, information
about the mathematical relationship between quantities is not lost, but can instead be
queried and reused. SymPy equations can be rearranged and recombined to generate new
expressions, enabling the generation of many specific functions from a set of base equations.
Additionally, SymPy expressions are translatable into code for numerous programming languages.
PARMESAN uses this mechanism to turn its equations into executable Python functions that use
the efficient numpy package internally (Harris et al., 2020), so no runtime overhead is introduced
and array inputs and outputs are supported. Symbolic expressions are automatically simplified
and terms cancelled accordingly, revealing the set of input parameters an equation really
depends on. This information is then used to automatically generate extensive documentation
for each individual function (Figure 2) - a great benefit for consistency and minimisation of
human effort and oversight in the documentation.
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Creating new functions in or from PARMESAN thus often requires only very few lines of code.
Here is a compacted version of PARMESAN's function for potential temperature specifically
for dry air:

from parmesan.symbols import *  # Import all of PARMESAN's symbols
@from_sympy() # decorator turning SymPy expression into code and documentation
def potential_temperature(): # no arguments necessary, added automatically
return T * (p_ref / p) ** (R_dryair / c_p_dryair)
# SymPy expression - practically equal to typical Python code

In this case, the resulting quantity is derived from the function’'s name, documentation is
generated (Figure 2) and the equation is immediately checked for units consistency employing
the pint package (Grecco & Chéron, 2023). Each symbol has metadata attached, such as
a physical unit and a domain (Figure 1). These are available to the resulting function for
assertion, so a PARMESAN function will check and auto-convert input and output units and
issue a warning when unphysical values arise such as negative absolute temperatures:

# Implicit Units
potential_temperature(T=300, p=100000) # K and Pa assumed
# 300.0 K

# Explicit Units

from parmesan.units import units # PARMESAN's predefined units
potential_temperature(T=units.Quantity(20,"°C"), p=950 * units.hPa)
# 297.477188635086 K

# Parameter/Symbol Aliases
potential_temperature(temperature=300, pressure=100000)
# 300.0 K

# Arrays

import numpy as np

potential_temperature(T=300, p=np.array([950,980,1010]) * units.hPa)
# Magnitude: [304.42830151978785 301.7364178157801 299.14844787358106 ]
# Units: K

# Bounds check

potential_temperature(T=-10, p=1010*units.hPa) # temperature out of bounds
# OutOfBoundsWarning: 1 of 1 input values to potential_temperature for

# argument 'T' are out of bounds defined by 'positive': [-10] at indices [0]
# -9.971614929119369 K

# Units check

potential_temperature(T=300, p=1010*units.degrees) # wrong unit -> error
# DimensionalityError: potential_temperature():

# p=<Quantity(1010, 'degree')> could not be converted to pascal:

# Cannot convert from 'degree' (dimensionless) to 'pascal'

# ([mass] / [length] / [time] ** 2)
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parmesan.gas.temperature.potential_temperature(T, p, R_s=<Quantity(287.10161, joule / kelvin /
kilogram')>, c_p=<Quantity(1005.0, ‘joule / kelvin / kilogram')>, p_ref=<Quantity(1000, 'hectopascal’)>)

Rs

0=T- <pref) @
p

Parameters:: T (T’ [K] , positive) - (or temperature ) temperature

Args:

p (p [Pa] , positive) - (or pressure ) pressure
R_s (Rs = 287.10160974286043 (Kt]—kg) , positive , optional) - (or
specific_gas_constant , gas_constant_specific ) specific gas constant

cple= 1005.0 m , positive , optional) - (or specific_isobaric_heat_capacity )

specific isobaric heat capacity. heat capacity per unit mass under constant pressure

p_ref (prer = 1000 hPa , positive , optional) - (or reference pressure ) reference
pressure

Returns:: [ [K] - potential temperature. defined as the temperature a volume of gas has after
adiabatically changing its pressure to a reference pressure (typically 1000 hPa)

Figure 2: Auto-generated comprehensive parameter documentation and LaTeX-formatted equation for
PARMESAN's potential_temperature() function to calculate potential temperature from atmospheric
pressure and temperature. Parameter aliases, units, defaults and bounds are taken from PARMESAN's
symbol library (Figure 1) and used coherently across functions in PARMESAN.

Another benefit of having the underlying symbolic expression for an equation available is
the possibility to do sensitivity analysis. PARMESAN can derive the maximum relative error
AY,axrel (Equation 1) for its symbolic functions (Figure 3):

n
dy
AYan(ZTqy ey z,) = - Az,
(1)
AYmax
Aymax,rel = :(—/ 2

The maximum relative error is a conservative estimation method for the propagation of errors
of input quantities =, to effective error in the output quantity y, assuming the most severe
combination of input quantity deviations Amimx. Custom sensitivity analyses can also be
implemented based on PARMESAN's equations.
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v & Click here to show maximum error estimation equation

Generated with maximum_error_equation ( relative=True )

You can access this equation via potential temperature.maximum_error.equation and the executable

Python function via potential_temperature.maximum_error .
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P

Figure 3: Auto-generated maximum relative error equation (Equation 1) for PARMESAN's
potential_temperature() function (Figure 2). Symbolic PARMESAN functions automatically have a
sensitivity analysis attached to quantify how a change in input parameters affects the output. In this
case, the maximum expected relative error of potential temperature [%)] is the sum of the maximum
relative errors of temperature and pressure [%], with the pressure term scaled by a factor.

PARMESAN can also rearrange its existing equations (Figure 4) for a quantity of interest by
its provided get_function() function:

from parmesan.symbols import *

# get (or rearrange) functions that calculate mixing ratio
mixing_ratio_functions = list(get_function(result=mixing_ratio)

# get (or rearrange) functions that calculate mixing ratio

# from at least temperature and pressure

mixing_ratio_functions = list(get_function(result=mixing_ratio, inputs=(T, p))

The functions found can be called as usual or their underlying equations can be examined
by accessing their .equation attribute. In a Jupyter notebook (Kluyver et al., 2016) the
equations appear as formatted markup similar to what is depicted in Figure 4.

. Ew
absolute_humidity from_water_vapour_pressure — 0. — R
h20°
- ; B s _ Pw
mixing ratio_via densities — T =
P~ Pw
- o o o me‘
mixing_ratio_via_masses 71 = ———
Mtot — My
Mhao-ew

mixing_ratio_via_pressures 7 — ———
9 P Mdry N ( —€w +p)

Bmagnusy, (T*TC(]) Bmagnusw - (7TCO+Td)

. -y . . T.e Cmagnusy+T-2Tc .o Cmagnusy —2Tco+7Tg
relative _humidity via dewpoint —> RH =
Ta

Figure 4: Excerpt of auto-generated humidity equation list in PARMESAN's humidity module. As the
underlying equations in PARMESAN's functions are available as symbolic expressions, it can provide
overviews of all related equations.

Besides physical equations, PARMESAN provides tools often needed when analysing timeseries
such as calculating second-order moments, variance spectrum (Figure 5), autocorrelation,
structure function (variogram) and running covariance, e.g. for calculating eddy fluxes (Foken,
2021), backed by the scipy package (Virtanen et al., 2020) for efficient numerics and
matplotlib (Hunter, 2007) for visualisation. PARMESAN integrates with the common pandas
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data analysis framework (The pandas development team, 2023) by adding a .parmesan accessor
to DataFrame and Series objects to apply PARMESAN functions such as a variance spectrum
or autocorrelation directly to them.

3 g
10 — wind speed discrete spectral variance power-law [0.0365734 f ~ (-5/3)]
1 wind speed discrete spectral variance, Z=54.6 m2/s?, timeseries 02=54.6 m2/s?
10? 1 \
k) \
s \\
(9] NN
Q
N& 101
—
[7]
=
[0}
€
1073
1073 —
1071 100 10!

frequency [1/s]

Figure 5: PARMESAN discrete variance_spectrum() of an artificial wind timeseries (random walk
overlayed with 2Hz and 3Hz sine waves). Note how Parseval’s Theorem (Stull, 1988) is correctly fulfilled
as the timeseries variance equals the sum of discrete spectral variances. A Kolmogorov power-law fit
(Ortiz-Suslow & Wang, 2019) was optionally added by PARMESAN.
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Abstract

We present a top-down method to derive CO, emissions from mofettes, using only
point measurement time series at irregular locations. Notably, no wind vector infor-
mation is needed, as gas transport is derived from cross-correlations between sen-
sor stations and subsequently integrated using Gauss’ divergence theorem. The
method is applied to an existing low-cost sensor network at the Starzach site near
the Black Forest in Germany, for which no comprehensive estimate of the total emis-
sions exists yet. For validation, we use previous bottom-up measurements of indi-
vidual mofette degassing and a Gaussian puff approach. Over a period of one and
a half months around August 2022, we determine an average CO, emission rate
of 3266 kgd—"+42% over a 400 m? area. This result is larger than expected and
suggests that diffuse degassing plays a more important role at site than previously
assumed. The method could also be applied for real-time monitoring of leaky CCS
sites, for which the Starzach site is a natural analog.

Introduction

The greenhouse gases (GHGs) CO,, methane (CH,4) and nitrous oxide (N,O) are
maijor drivers of global warming [1,2], with CO, having the strongest effect due to
its increasingly high concentration in the Earth’s atmosphere. Location and quan-
tification of GHG emission sources is thus a vital step in identifying hotspots and
verification of reduction methods. Both are tasks the countries under the Paris
Agreement [3] have committed to, by keeping up-to-date emission inventories.

In Germany for example, the Integrated Greenhouse Gas Monitoring System for
Germany (ITMS) is a project working towards these tasks [4—6].

There is no single best method for such GHG emission quantification, as every
approach fits a certain spatial and temporal scale of interest and requires specific
data to exist, mostly atmospheric GHG concentrations and the wind field. While
bottom-up approaches sum or extrapolate direct or indirect emission measurements
at known sources, top-down methods use amospheric measurements to estimate the
total emitted amount over an area [7,8]. Bottom-up and top-down estimates can differ
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significantly, with bottom-up being known for yielding lower total emissions because
not all sources are known or their emissions being underreported [9,10]. If however
the sources are known precisely, bottom-up estimates directly at their locations are
more accurate, although their temporal resolution and long-term consistency are
often lacking [11].

There exist several top-down trace gas emission quantification methods. As the
transport of a trace gas in the atmosphere is governed by the equation of continu-
ity, Fick’s laws of diffusion, and ultimately the Navier-Stokes equations, common
approaches for GHG emission quantification and source location are based on these
physical laws, combinations or simplifications of them. Solving these equations
numerically is done with Eularian atmospheric models such as ICON [12], PALM [13],
MITRAS [14,15] and many others depending on the scale and complexity of interest.
Provided initial and boundary conditions, preparatory work and significant computa-
tional resources, these eventually yield continuous fields of wind vector and poten-
tially also trace gas concentrations for the simulated domain. This presents a versa-
tile base for a variety of emission quantification schemes, most prominently inverse
modelling by either solving a linear relationship between sources in the model and
observations [16] or by simulating backwards transport of (an ensemble of) particles
from observation points back to the sources. Examples of the latter are the inverse
Lagrangian transport models HYSPLIT [17], STILT [18] and FLEXPART [19], which
differ for example in their stochastic representation of turbulence.

In case no continuous Eularian model output is available, relying exclusively on
measurements is possible for example by solving the Advection-Diffusion Equa-
tion (ADE) [20]. If numerical solving is unviable, common simplified analytical solu-
tions of the ADE are the Gaussian plume or puff equation [20], which allow for quick
simulation of concentration profiles or time series given meteorological conditions
such as wind and atmospheric stability. Fitting a Gaussian plume or puff to concen-
tration measurements with large, distinct peaks from emission events then give an
estimate on the emitted mass of gas.

An even more rudimentary approach (often referred to as “mass balance
approach”) is based on the divergence theorem, where fluxes through a boundary
around an emission hotspot are parametrised through wind and concentration mea-
surements and then integrated to estimate the mass flow at the hotspot [21], poten-
tially in combination with a Gaussian puff model [22]. A particular in-situ measure-
ment type that provides both wind, concentrations, and gas flux data is the eddy
covariance (EC) method, where fast measurements of the wind vector are corre-
lated with fast trace gas concentration fluctuations to measure the turbulent trans-
port by eddies directly [23]. While the quality of EC measurements is high, equip-
ment is expensive, and the theory is difficult to apply in complex terrain or for inho-
mogeneous emissions [24] as the footprint of this single-point measurement depends
heavily on the atmospheric conditions, raising representativeness concerns [25].
Furthermore, the standard EC method aims to quantify vertical turbulent gas trans-
port resulting from the interplay of concentration and wind fluctuations and specifi-
cally neglects horizontal or advective fluxes with the mean wind, which might be very
relevant depending on the site.
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All of the above methods require knowledge of the wind vector, either by simulation, measurements, or assumptions. Fur-
thermore, it is implicitly assumed that the trace gas of interest is transported directly with this wind vector. If for a GHG
emitting site the prerequisites for the none above methods are satisfyingly fulfilled, custom solutions need to be devel-
oped. This can be the case for emission sites well in the meteorological microscale (spatial scale below 1 km) with het-
erogeneous emissions, and/or in complex terrain with intricate slope flows, heavy vegetation or small-scale features that
reduce representativeness of wind measurements. The Starzach site, a site near the eastern slope of the Black Forest
with natural, non-volcanic, magmatic CO, emissions from mofettes [26], falls into this category.

In the following, we present a top-down method for quantifying the CO, emissions at the Starzach site, based solely
on CO, point measurement time series at irregular locations with no wind vector required. We cross-correlate sensor time
series to reconstruct the near-surface CO, movement vector field, then apply the divergence theorem during situations of
low vertical mixing to integrate the total emitted CO, flux over the area. The results are compared to previous bottom-up
estimates and a Gaussian puff model approach.

Materials and methods
The Starzach site

The upper Neckar river valley east of the Black Forest in southern Germany is known for its natural CO, emissions of
non-volcanic, magmatic origin [26]. During the 20th century, CO, gas was mined industrially in the area until yields even-
tually declined drastically, so that after around 100 years, practically no CO, exhaust was observable anymore [26]. In

the 1980s, at the peak of active industrial extraction, individual wells in the Neckar valley, for which data exists, typically
extracted 1000—4000tyr=—"! (2800-11,000kgd~") of CO,, mostly by actively lowering the groundwater level with pumps

to ease gas uprise [26]. The Starzach site is one of these extraction sites, located at a northern slope in the Neckar val-
ley, with orographic structures, vegetation and trees far smaller than the resolution of common global circulation mod-

els (GCMs) or reanalyses datasets. To the authors’ knowledge, no tailored wind field simulations exist for this region.
Focused points of CO, exhalation (mofettes) with diameters up to 30 cm are scattered across the site, primarily along a
north-westerly line, where a geological fault is suspected [26,27]. The main mofette area of interest in this analysis (Fig 1)
has an extent of 20 m x 20 m. Over the 20 years after the termination of CO, mining, mofette activity gradually returned.
In 2015, the mofette that was most prominent at the time was measured to emit around 75kgd~" [29]. A three meter deep
groundwater well that was added in 2014 has since transformed into the site’s most active mofette, for which direct mea-
surements yielded average emission rates of 465kgd=" in winter 2022 [28], and roughly 520kgd~" in summer 2023 [30].
All these post-mining bottom-up measurements were performed by direct quantification of CO, exhaust with gas funnel-
ing systems, but different equipment. They suggest an overall trend of increasing CO, emissions at the site over the years
and a possible seasonal cycle due to variable groundwater levels. Judging from the previous measurements, the amount
and visual activity of the mofettes in the core Starzach mofette area (Fig 1), a rough estimate of 1500kgd~" of total emis-
sions exclusively from individually identified mofettes can be made.

As CO, gas is nearly twice as dense as air under standard atmospheric conditions, it tends to flow or settle at the
ground. This is visually evident for example in Plate 4 of [31] from a smoke bomb plume following the terrain together with
CO, from a gas vent in Italy, and an ice trail emerging from a Starzach mofette during winter in Fig 2b of [27]. Conse-
quently, quantification efforts of the CO, emissions in Starzach must take this low-level horizontal gas flow into account
by measuring close to the ground. Notably, the typical meteorological wind measurements in 2 m height above ground can
not be used as a reliable proxy for near-surface CO, movements. Furthermore, classic eddy covariance measurements of
the vertical turbulent CO, flux would be expected to dramatically underestimate the total emissions.

Starting in 2018, a low-cost near-surface CO, sensor network (Sensirion SCD30) and other meteorological equipment
has been gradually deployed there for testing of different configurations and sensors [27], revealing a distinct diurnal pat-
tern of wind direction due to the valley orography and very low wind speeds at night. This inhibits mixing and removal
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Fig 1. The Starzach site’s main mofette area. Axes are in Universal Transverse Mercator (UTM) coordinates, offset from a value indicated at the
upper end of each axis to keep numbers concise. Background picture taken by Martin Schén through aerial imaging in 2019. Purple stars indicate the
visibly most active mofettes. Smaller mofettes and diffuse degassing area are not shown. The labels S6 through S26 indicate the positions of individual
CO, monitoring stations. For a broader overview of the site and measurement system we refer to our previous publications [27,28].

https://doi.org/10.1371/journal.pcim.0000741.g001

of CO, and thus causes a significant diurnal cycle of near-surface atmospheric CO, concentrations up to 40,000 ppm

(4 vol%, a 100-fold increase over the average atmospheric concentration) at night [27]. Fig 2 shows a typical diurnal near-
surface CO, time series at 30 cm above ground with peak analysis. Stations are equipped with Sensirion SCD30 CO,
sensors queried with the fastest measurement interval of two seconds. The stations usually observe around 1000 CO,
concentration peaks (i.e. local maxima) per day, recurring in intervals of ten seconds up to a few minutes, and shorter
peak durations of a few seconds up to a few minutes. During the day, peaks are slightly more frequent and shorter

than during nighttime, while peak magnitude is mostly independent of time. Previous studies have shown, that the CO,
degassing of an individual Starzach mofette does not exhibit any diurnal pattern [28,29], so this temporal difference

can be explained with increased atmospheric mixing at daytime. Peak duration and intervals have a similar magnitude,
which often causes significant overlap between peak flanks. Together with the high number of individual peaks, this com-
plicates their isolation for fitting of Gaussian puffs or solving the ADE directly. Other gas emission quantification stud-

ies, like detection of industrial methane leaks or ship emissions with comparable release rates as the Starzach site at
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Fig 2. Typical 24 hour time series of a near-surface CO, station 6 at the Starzach site’s main mofette area with global average CO,

concentration reference of 415 ppm [2] (top), and peak duration and time between peaks (bottom).

https://doi.org/10.1371/journal.pcim.0000741.g002

an order of magnitude of 1000kgd—" ~ 40kgh~", typically fit Gaussian puffs or plumes to time series with 1-100 daily
peaks (or “events”) [32—34]. This is a lot less than in the present Starzach data (Fig 2) and consequently results in much
reduced or no peak overlap — often a requirement for peak detection above a certain baseline and subsequent fitting. In
fact, Gaussian puffs are generally used to quantify individual and separate release events, not a mostly continuous stream

of gas emissions with only intermittent interruptions as found at the Starzach site.

CO, movement tracking

With no representative near-surface wind vector field available to parametrise CO, movement, we opted for a statistical
approach as a proxy. The CO, concentration time series exhibit a large amount of local maxima (Fig 2), of which distinct
patterns are often recognisable between neighbouring stations A and B at positions pa[m] and pg[m] respectively. The
time shift Atyg[s] between these matching peak patterns is a function of time f[s] and a proxy for the duration it takes a
packet of CO, to move from station A to station B. With the distance vector aAB[m] = Pg — P pointing from station A to

station B, an estimate for the CO, movement speed vector tag[m s~'] can be derived:

dps
Atpg (1)

Upg () =

(1)

To calculate At\g, we apply a 10 min-rolling window to each station combination pair. In this window, we determine
the best-matching time shift from the maximum of the cross-correlation function of the two stations’ CO, concentration
time series. Each station in the sensor network delivers CO, concentration data roughly every two seconds, which is the
sensor’s fastest measurement rate. We resampled and interpolated all individual station data to one-second intervals for
a common time resolution, so this rolling cross-correlation yields best-matching time shifts Afyg and the respective cor-
relation values Rpg[1] at a rate of 1 Hz, which are shown in Figs 3 and 4 for an exemplary day (31.07.2022) and station
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Fig 3. Time series of CO, concentration, best cross-correlation and shift of two stations at the Starzach site. Time series of station 6 and
station 26 (top) are cross-correlated in a 10 min rolling window to determine the shift between them (bottom) from the highest cross-correlation

value (center). In the lowest panel, the y-axis has a symmetric logarithmic scale, but the region —10 to 10s is scaled linearly. See Fig 4 for a zoomed
view.

https://doi.org/10.1371/journal.pclm.0000741.g003
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Fig 4. Zoomed view of Fig 3. A positive shift in the lowest panel means that the time series of of station s6 needs to be moved forward in time (into
the future) to match the time series of station s26.

https://doi.org/10.1371/journal.pcim.0000741.g004

pair (stations 6 and 26). The window size of 10 min was chosen, so enough surrounding peaks provide context for the
cross-correlation to be meaningful. In other setups, this window size might need adjustment.

The magnitude of correlation between two stations varies significantly and covers the entire range from 0-100% (Figs 2
and 5). For this examined day, the stations closest to the central mofette have the highest correlations with each other,
while stations from opposites sides of the area expectedly correlate poorly. The raw values of Afyg can jump erratically
when there is a change in peak patterns that causes the cross-correlation to be numerically larger for a shift of opposite
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Fig 5. Boxplots of the best cross-correlation Ryg between CO, time series during one day (31.07.2022).

https://doi.org/10.1371/journal.pcim.0000741.g005

sign (Fig 3). When the overall level of correlation is high, this happens less or not at all (Fig 4). To extract a more robust
estimate of time shift Afyg between stations, another 10 min rolling average was applied, weighted with the best cross-
correlation R,g raised to a power of six to filter out low correlation values.

Applying Eq (1), this rolling cross-correlation now contains CO, movement speed information on any line connecting
a pair of stations. To map this irregularly distributed g data onto a regular grid, we perform a weighted average, so the
final CO, movement speed estimate UCO2[m s7']in a grid cell center at location p[m] is an average of all available g
estimates:

ZAB WaB (t, .B) - Upg (D)

lco, (t,P) — @)
COy, speed estimate EAB Was (t’ P)
weighted average of all speed estimates
with the following weight wug [1]:
2 3 sdfag (P) |dAB|
WaB (t’ p) = (Ras (t))_ - eXp <_T - exp T (3)
CO, speed weight ~ best correlation

distance to both stations  gistance between stations

where sdfag (B)[m] is the closest distance of point p to the line segment connecting station A and B, also known as the
signed distance function [35]. The weight wg ensures that highly-correlated, close neighbours, in the near vicinity are pri-
oritised. The arbitrary normalisations of the individual factors of Eq (3) were chosen in accordance with the extents of its
input variables and might need adjustments in a different setup. The product of CO, movement speed and mass concen-
tration Cco,[kg m™] then yields the CO, mass transport or flux I%:CO2 [kg m2s7"]:

Foo, (t:B) = lico, (tB) - Cco, (¢ B) )

Similar to 3(;02, for Cco, we average all concentration measurements weighted with the exponentially decaying
distance to the respective station and a decay length of 1 m to inter- or extrapolate it to any location p.

This presented cross-correlation method of estimating gas transports is inherently independent of spatial dimen-
sionality, so it can be applied in one, two or three dimensions. In our case, we only have CO, data available in 30 cm
height above ground, so we use a two-dimensional grid. In theory, 7:002 can now be integrated over an arbitrarily-chosen
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boundary of interest (“mass balance approach”) to determine the total flow of CO, o, kg s~'] out of the region. How-
ever, unless this boundary is placed between stations, which dramatically restricts the total possible area and is thus
wasteful, the representativeness of l%:CO2 at the exact boundary can be doubted. Furthermore, all other arguably more rep-
resentative data inside the volume of interest is ignored. So instead, we employ Gauss’ divergence theorem [36], which
allows to substitute the surface-integral over the boundary S[m?] with a volume-integral over the divergence:

Mo, = /Fcoz (tp)ds = /V - Feo, (t.B)aV (5)
S v
mass flow through boundary ~ mass emergence within boundary

—
emission rate

This emission rate rico, can then be integrated over a time frame of interest, such as one day, to calculate the total
emitted mass of CO,.

Verification with Gaussian Puff model

To verify the CO, emission rate fco, derived with Eq (5), we use the well-established Gaussian puff method to simu-
late CO, transport from a mofette to a sensor station. This requires selecting one of the many available Gaussian puff
equations and parametrisations, which is physically sensible and appropriate for fitting to observed Starzach CO, time
series. We start with the Gaussian puff equation for the concentration C[kg m*3] with reflection at the ground and no wind
shear [20,37]:

Ctxy,2)=— +e

4n2040,0,

Vam (e_(z;%)z _(zzczr%)z) e_zy@zT%_(_tZu:;Z (6)
where m|kg]| is the instantaneously emitted mass, {[s| the time since the emission event, x|m| the downwind dis-
tance, y|m| the crosswind distance, z|m| the height above flat ground, zy|m| the height of the emission source and
gy, 0y, 0,[m| the puff spreads in the respective spatial directions. In this form, with constant puff spreads o;, an emitted
packet of CO, moves with invariable speed and shape. While this Eq (6) is a physical solution of the advection-diffusion
equation, constant puff spreads o; are unrealistic - a puff’s extent does change gradually after its release [38]. It is thus
common to parametrise the spreads o; with monotonic functions such as a power-law or a function that can be approxi-
mated by a power-law, either in terms of time ¢ [38—41]:

oi(D=at® (units: [o;] =m, [t]=s, [a] =ms~?, [b]=1) (7)
or in terms of downwind distance x [34,42—44]:
o;(x)=ax” (units: [o;]=m, [a]=m, [x]=m, [b]=1) (8)

Despite the original parametrisation being in terms of time { when the Gaussian puff model was introduced nearly
a century ago [45], parametrisation in terms of downwind distance x have been more widely established - presumably
because x is easier to quantify than travel time {. Therefore, several empirical tabular and graphical charts for parametri-
sations of puff spreads in terms of downwind distance x exist [46,47]. Due to the occurrences of the o; in Eq (6), these two
parametrisations result in drastic differences in the simulated puff shape in space and time, and for the fulfilment of mass
conservation. These differences are summarised in Table 1.

Mass conservation: Integrating the concentration over the entire spatial domain of a Gaussian puff yields the total dis-
tributed mass myy[kg|, which should amount to the initially emitted mass m if mass conservation is fulfilled. In the case
of Eq (6), this reads:
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Table 1. Qualitative comparison of Gaussian puff spread o; parametrisations in terms of time or distance, based on with realistic (i.e.
physically sensible or for Starzach data well-matching) and unphysical properties marked with color.

Parametr. — with time: o; (f) = ;% with distance: o; (x) = a;x%i

mass fulfilled fulfilled for b, < %

conservation initial overestimation” for % <by<1
not fulfilled for by, > 1

peak shape symmetric, Gaussian asymmetric, “backward-leaning”

in distance x (steep increase, shallow decrease)

peak shape asymmetric, “backward-leaning” symmetric, Gaussian

in time ¢ (quick increase, slow decrease)

peak with speed u, everywhere variable speed and mostly # I

movement artifacts with backwards-moving peak when off-axis (|y| > 0)
and b; > %

peak different everywhere and mostly # X with speed u, theak = -

arrival time artifacts where peak can arrive earlier downstream than i.e. peak arrives as “wall” everywhere

upstream when off-axis (|y| > 0) with b; > %

“only x> 0 can be considered in Eq (9) here, so there is an initial phase where 50% < % < 100%, because diffusion in the backwards direction causes
matter to be present at x < 0, thus not contributing to my;.

https://doi.org/10.1371/journal.pcim.0000741.t001

0 0 o0 mass

consell'vation
mtotszfC(t,x,y,z) dxdydz = m (9)

0 —0 -

For time-based o; parametrisation, the emitted puff mass is always conserved. Distance-based o; parametrisation on
the other hand only eventually (f - oo0) conserves mass for moderate mixing along the direction of flow (b, < 1), but linear
or superlinear longitudinal spreading (b, > 1) violates mass conservation, as it is too far from the actual physical solution,
which is b; = 0 or g; = const.

Peak shape: Whether f or x is present in the demoninator of Eq (6) controls the peak shape in space and time. Eq
(6) does not include wind shear, a process that influences mixing and thus puff shape. Taking wind shear into account
results in a slightly “forward-leaning” concentration profile along the wind shear direction [48]. Due to an accumulation of
the trace gas at the front of the puff, this can be considered more realistic than plain symmetric Gaussian or asymmetric
“backwards-leaning” (steep increase, shallow decrease) peak shapes as predicted by the respective o; parametrisation
of Eq (6). Wind speeds at the Starzach site are already very low (section The Starzach site) and we do not have vertical
wind profile information, so we neglect the numerically probably small wind shear for simulating Gaussian puffs.

Peak movement: Where the two o; parametrisations differ significantly is peak movement speed and arrival time, two
important quantities in our CO, movement tracking method described in section CO, Movement Tracking. The down-
wind peak position X,¢,[ M| can be determined from the concentration maximum in x of Eq (6) analytically, i.e. solving
iC(t, x,y,z) = 0 for x. Analogously, peak arrival time t,..[s] is found by solving a%C(t, X, y,z) =0 for t. Counterintuitively,
due to the nature of the chosen empirical parametrisations, these do not exclusively turn out as simple functions of the
wind speed u, especially in the early phase of emission: Having the puff spread g; (x) depend on distance results in vari-
able peak speed and introduces artifacts where off-axis peaks can even move backwards temporarily when b, > % In

addition, peaks arrive after time t,q, = 5 regardless of lateral position y, which is unrealistic. On the other hand, with o; (f)
parametrisation, the CO, peaks move at a constant speed u regardless of location and peak arrival time increases with
lateral distance y. Still, similar artifacts exist when b, > % So in conclusion, to minimize unphysical puff behaviour and for

simplicity, we continue with o; (f) parametrisation, b; = % y =0, and z; = 0, because the mofettes emit at ground level:
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2m _ 22 _(—(u+x)2
\i 2 2
qurt—simple (tx,z2)= — 3¢ 2agt  2at (10)

2r2a.a a,tz

Puffs expanding proportionally to the square root of elapsed time is also supported by [38,39], especially in the early
phase after emission, which we are interested in here. To estimate a CO, mass emission rate mCO2 with Eq (10), we
choose a station in a time frame where it is evidently in line with the general movement direction of CO, emerging from a
specific mofette and fit a summed series of Gaussian puffs to the concentration time series. Setting y = 0 is thus reason-
able, and without information about lateral diffusion, we furthermore assume it equals longitudinal diffusion: a, = a,. The
total of the fitted Gaussian puff masses >, m divided by the time frame is then an estimate of ric, and can be compared
to the results from Eq (5).

Results

For consistency, most figures in this paper depict data from the 31.07.2022, which we use as a demonstration day
for our methods. The data we used is available at [49]. Fig 6 shows a time snapshot of the CO, transport vector F<:02

time = 2022-07-31T18:14:30
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Fig 6. Snapshot of CO, transport vector field at the Starzach site in July 2022, derived from cross-correlations between concentration time
series according to Eq (5) on a horizontal grid with 1 m resolution. To emphasize real data availability, the black CO, transport arrows’ opacity is
scaled with the smallest sdfag (/3), i.e. the closest distance to any station-connecting line segment. The purple stars indicate the visibly most prominent
mofettes as in Fig 1. The white rectangle indicates the region used for the top graph in Fig 7 and as a reference in Fig 9.

https://doi.org/10.1371/journal.pcim.0000741.g006
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calculated from Eq (4) in the early evening. At this time, sun is already blocked from reaching the site due to the hills-
lope in the south, leaving mostly very slow downslope northwards winds [27], in this case a practically negligible 2 m wind
speed below 0.2 ms~'. The emitted CO, is thus not advected with the wind, but can instead flow along the terrain due to
its higher density [31]. This is particularly evident in the white marked rectangle in Fig 6, where 73002 resulting from CO,
exhaust of the groundwater well clearly follows the general direction of the terrain gradient (Fig 1).

The lack of vertically resolved information requires an assumption of integration height in the volume integral of Eq (5),
for which we choose one meter. The mofettes emit nearly 100 vol% CO, [26,28,29], which under calm conditions mostly
accumulates near the surface. At 30 cm height, where our sensors are mounted, the highest recorded concentrations are
around 4 vol%, so it should be safe to assume that the CO, concentration at 1 m height becomes negligible for Eq (5).

As can be seen from the black 7:002 arrows in Fig 6, positive divergence (i.e. acceleration or radially pointing away
from a specific location) is not exclusively the predominant pattern - negative divergence (i.e. convergence, deceleration
or arrows pointing towards each other) does also occur. Positive divergence results from introduction of CO, from the
site’s sources into our chosen boundary, negative divergence from removal. The contribution of the vegetation through
photosynthesis can be neglected, as it is three orders of magnitude smaller than the mofettes’ exhaust [27]. Instead, we
attribute the presence of negative divergence to the fact that we only have horizontal information in the plane 30 cm above
ground, and CO, can escape out of this plane by moving vertically. The argument can be made that once a packet of CO,
has moved downwards, it will most likely stay close to the ground due to its higher density. Conversely, if vertical mixing
by eddies causes CO, to be moved upwards, this individual packet of CO, will probably not re-enter our horizontal mea-
surement plane either as it is mixed away. So to handle this, we do not categorically ignore immediate negative diver-
gence, but instead clip negative values of the integrated mass rate r'nco2 to zero, to filter out situations with significant
vertical movements out of our horizontal plane, which we would falsely count negatively towards the emission rate.

Fig 7 shows a time series of the estimated CO, mass rate rico, integrated from the CO, transport divergence in Eq
(5) with all previously motivated assumptions. From the very low estimated rates at daytime (06:00-18:00 UTC) it is
evident that the aforementioned vertical mixing (by convection and turbulence) is too significant in this time frame for
our two-dimensional method to be reliable. However, at night (18:00-06:00 UTC) the average rate downstream of
the groundwater well mofette matches its exhaust rate measured directly with a funnel system very well (414.7 kgd™~"
vs. 465kgd—") [28]. Another independent validation of this result comes from fitting a series of Gaussian puffs to the time
series of station 6 (Fig 8), giving a result of 4.8 gs~! that is equally well in line with the direct bottom-up measurement
of 5.5gs~"1[28]. The CO, flux in the white rectangle of Fig 6 averages to 2gm~2s~", which also comes close to this result
when assuming a reference area sized 1 m (our integration height as argued above) by 2.5 m, roughly corresponding
to the width of the rectangle. Expanding the temporal scale to one and a half months, a standard deviation of 40% (Fig
9) is introduced. But the average of 517 kgd~"! matches the most recently measured groundwater well CO, exhaust of
roughly 520 kg d~" in summer 2023 very well [30]. Applied to the entire core Starzach mofette area as defined by Fig 1,
the average total CO, emission is estimated to be 3266 kg d~'+42%. This range is comparable to available gas extraction
data from a well one kilometer east of the Starzach site during industrial mining in the 1980s [26].

Discussion

The above results agree well with previous measurements and confirm that our design choices and assumptions
are justified and sufficiently work around the method’s limitations, which we discuss below. Interestingly, the result
of 3266 kg d—1+42% is twice as high as the rough estimate of mofette-only emissions with 1500 kg d=! made in section
The Starzach site. This suggests that non-mofette, invisible diffuse degassing plays a larger role than previously
assumed.

Under calm conditions and on flat terrain, the ADE dictates that CO, emitted from a mofette diffuses radially outwards.
Stations at comparable distances to a mofette such as station 12 and 22 thus experience similar fluctuations in their CO,
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Fig 7. Time series of total CO, mass emission rate at the Starzach site, calculated from integrated CO, transport divergence according to Eq
(5) for the white rectangle downstream fo the groundwater well mofette in Fig 6 (top) and the entire core Starzach mofette area (bottom). The
mass rate averages m in the legends are calculated for all data, daytime (06:00—18:00 UTC) and nighttime (18:00-06:00 UTC).
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Fig 8. A series of Gaussian CO, puffs fitted to station 6 data based on Eq (10). Time and location match the white rectangle in Fig 6. Each
individual simulated CO, puff of mass m (orange bars) contributes one peak (blue dotted lines) to the summed simulated time series (blue dashed line).
Time shifts and masses for each puff and the parameters u, ay(=a,) and a, of Eq (10) were optimized iteratively with methods available in SciPy [50] to
best match the measured CO, time series of station 6 (blue solid line).

https://doi.org/10.1371/journal.pcim.0000741.g008

concentration time series, resulting in a high cross-correlation at only a small time shift between them (Fig 5). Our cross-

correlation method based on Eq (2) then falsely interprets this as a fast movement between these stations. While this arti-
fact does occur, it is apparently canceled out to a large degree when averaging long enough (Fig 9). A mitigation strategy
could be to place stations around mofettes in at least two outer ring formations, so the radial movements can be observed

PLOS Climate | https://doi.org/10.1371/journal.pclm.0000741 November 25, 2025 12/ 17

116 / 121




Natural CO, Emissions in Starzach — Dissertation, Y. G. Biichau, 2025 APPENDIX D: Biichau and Bange (2025)

PLO\S\- Climate

=—e-: at groundwater well, mean: 517 + 209 kg/d (40%) 111111 groundwater well mofette in Aug. 2023 (Herrmann, 2023)
Starzach mofette area, mean: 3266 + 1361 kg/d (42%) v . industr. well #21in 19880s, 1 km East (Libben&Leven, 2018)
194 4 L==i groundwater well mofette in Feb. 2022 (Biichau et al, 2024)
g g
~N
=2 25 1 S PP PSSP RSN A SN S S A S
=
[}
2
o
e i e e B R T2 L R
.2
@
0 3 4
€ 19 ]
9]
N
(@)
(8]

Y

-

v \ /;
Y

102 T T T T ] T T T
2022-07-18 2022-07-25 2022-08-01 2022-08-08 2022-08-15 2022-08-22  2022-08-29  2022-09-05

Fig 9. Average daily CO, emission rates at the Starzach site over 47 days. The blue and lines consist of the respective average CO,
emission rates rico, derived with Eq (5) in the night between 18:00 and 06:00 UTC as motivated by Fig 7.

https://doi.org/10.1371/journal.pcim.0000741.g009

properly. We thus attribute the rather high standard deviation of 40% for mc02 in Fig 9 mostly to a lack of spatial mea-
surement density, and expect this spread to decrease when more sensor stations are used and especially the vertical
distribution and movement of CO, is quantified.

An alternative gas movement tracking approach more robust against these artifacts would be to assume that an
observed peak of CO, always originates from a radial movement away from a certain center point. A “dispersion circle”
can then be fitted to three or more station’s peak arrival times, directly yielding dispersion speed and origin. The ensemble
of fitted circles would then also give a source location probability map to pinpoint emission hotspots. But this would intro-
duce possibly non-deterministic iterative fitting as commonly done for Gaussian puff-based approaches [22,34], which our
current method does not require.

Another noticeable observation is the discrepancy between mofette degassing periodicity (roughly every four sec-
onds for the groundwater well [28]) and the significantly slower peak frequency (over one minute on average for sta-
tion 6, Fig 2) in the sensor stations’ CO, time series, and the simulated Gaussian puffs (Fig 8). While it is to be expected
that downstream peak frequency reduces slightly with traveled distance due to mixing [51], an order of magnitude dif-
ference over such a short distance of a few meters can not be explained in this way. The time series patterns in Fig 4
might suggest a small-scale vertical atmospheric oscillation as the reason, periodically bringing CO,-saturated air from
below, then fresh air from above to the sensor. For a Brunt-Vaisala buoyancy frequency [52] ranging in the typical CO,
peak recurrence time of 60-200s (Fig 2), a very stable vertical potential temperature gradient of 0.03—0.3 Km~" very
close to the ground/directly at the surface is required. This is reasonable, considering that the emitted CO, has a tem-
perature between 8-14 °C [28,30], which in this case is colder than the surrounding air, enhancing atmospheric sta-
bility. Another possibility is that emitted CO, first accumulates around the source, its movement initially inhibited by
vegetation and small-scale terrain features, until a threshold is overcome and a larger idealised packet of CO, begins
flowing at once. This theory could also explain the significantly less frequent time series peaks. It is furthermore sup-
ported by the good agreement of the peak shapes in time (Fig 8, quick increase, slower decrease) with the Gaussian
puff solution (Eq (10), Table 1), suggesting the movement of a connected mass of CO,. Interestingly, the fitted Gaus-
sian puff speed u (4.3cms™1, Fig 8) is much smaller than the more realistic correlation-based speed (22.5cms~",
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Fig 6). We ascribe this to our negligence of wind shear in Eq (10), causing the Gaussian puff to be transported with a
constant speed even directly at the surface, resulting in a lower fitted virtual transport speed u to match model to real-
ity. In any case, simulation of the wind field and CO, movements at the Starzach site with a Eularian model could clar-
ify the interdependence of mofette degassing periodicity and the slower measured fluctuations in atmospheric CO,
concentration.

Conclusion

A top-down method was presented to derive CO, mass emission rates over an area, based solely on arbitrarily-positioned
atmospheric concentration time series. No wind vector information is required as it is derived from cross-correlations
between sensors. The method only requires iteration in form of rolling operations, which are deterministic, predictable in
runtime and can be reduced in resolution to adjust performance, rendering it real-time applicable. As it only requires a
mostly unstructured array of spatial gas concentration measurements, it presents a viable monitoring strategy for envi-
ronments such as CCS sites, for which the Starzach site in south-western Germany has been proposed as a natural ana-
log [26]. The method was validated with a low-cost sensor network at the Starzach site, a location featuring naturally
occurring CO, emissions from mofettes, with previous individual bottom-up measurements and a Gaussian puff approach.
An average total CO, emission rate of 3266 kg d~"+42% was calculated over one and half months in late summer 2022
for the core Starzach mofette area, for which no such estimate has been available in the known literature until now. This
result suggests that invisible, diffuse degassing at the site, which does not originate from visible mofettes, might be more
significant than previously expected, and should be investigated further, for example with accumulation chambers. Fur-
thermore, it demonstrates the viability of using low-cost sensors for gas emission quantification schemes: Data of only
eleven commercially-available CO, sensors costing much less than 100 Euro each was used, together with an equally
cost-effective infrastructure and automatic data collection strategy, which dramatically simplifies upscaling of spatial cov-
erage. To reduce the result’s uncertainty, the experiment should be repeated with a longer time frame and a higher spe-
cial measurement density, notably with vertically resolved concentration measurements. Finally, the method should be
compared to a Eularian model finely resolving the wind field and gas movements to confirm assumptions and results.
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