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Novel approaches to the analysis of volcanic degassing

Volcanic gases are part of the fundamental geochemical cycles on Earth. They provide informa-
tion on the planet’s interior and influence the climate and the oxidation state of the atmosphere.
However, there remain severe inconsistencies between field observations and models within the field
of volcanic gas analysis. This cumulative thesis aims to improve the understanding of volcanic de-
gassing processes by combining three different but related approaches: (1) A model for the chemical
kinetics within the early turbulent mixing process of hot magmatic gases with atmospheric air is
developed. It questions conventional approaches that assume thermodynamic equilibrium during
the gas emission phase and, hence, has severe implications for current interpretations of volcanic
gas measurements. (2) A high-resolution spectrograph is conceptualised and developed. The resolv-
ing power of ca. 10° exceeds that of conventional field-deployable instruments by more than two
orders of magnitude. Its high light throughput and mobility enables a range of new volcanic mea-
surements, such as the quantification of the hydroxyl radical, which is an important intermediate
species in hot volcanic gases. (3) A novel imaging technique for volcanic trace gases is developed.
It significantly enhances the accuracy of volcanic volatile flux quantification and shows great poten-
tial for spatially resolving the still poorly constrained halogen conversion processes within volcanic
plumes. Prototypes of both instrument developments demonstrate their anticipated performance
in field measurements. The techniques introduced in this thesis also exhibit extensive potential for
further atmospheric remote sensing applications including improved measurements of greenhouse
gases, air pollutants, atmospheric oxidants, or plant fluorescence.

Neue Ansatze zur Untersuchung vulkanischer Gase

Vulkangase sind ein Bestandteil der grundlegenden geochemischen Stoffkreislaufe der Erde. Sie bi-
eten Einblick in das Innere des Planeten und beeinflussen das Klima und den Oxidationszustand
der Atmosphéare. Auf dem Gebiet der Vulkangasanalyse verbleiben jedoch bedeutende Abweichun-
gen zwischen Feldbeobachtungen und Modellrechnungen. Diese kumulative Arbeit hat das Ziel ein
verbessertes Verstandnis von Vulkangasemissionen zu erreichen. Sie umfasst die Ergebnisse von drei
unterschiedlichen aber verwandten Ansétzen: (1) Ein kinetisches Chemiemodell wurde entwickelt,
welches die turbulente Mischung von magmatischen Gasen mit Luft aus der Atmosphére in frithen
Emissionsstadien simuliert. Da es bisherige Ansétze, die von thermodynamischem Gleichgewicht
wéhrend der Gasemission ausgehen, mafigeblich in Frage stellt, hat es weitreichende Folgen fiir
derzeitig gebrauchliche Interpretationen vulkanischer Gasmessungen. (2) Ein hochauflésender Spek-
trograph wurde konzipiert und entwickelt. Das Auflésungsvermdgen von etwa 10° iibertrifft das von
gewohnlichen feldtauglichen Spektrographen um mehr als zwei Gréf8enordnungen. Sein hoher Licht-
durchsatz und seine Mobilitat ermoglichen eine Reihe neuer Messungen an Vulkanen, wie etwa den
Nachweis von Hydroxyl Radikalen, welche eine wichtige Zwischenspezies in der Chemie heifler Vulka-
ngase darstellen. (3) Es wurde eine neuartige bildgebende Messtechnik fiir Vulkangase entwickelt.
Diese verbessert die Genauigkeit vulkanischer Emissionsflussmessungen und kann raumlich aufgeloste
Beobachtungen zur nach wie vor viel diskutierten Halogenchemie in Vulkanfahnen ermdéglichen.
Prototypen beider Instrumentenentwicklungen wurden erfolgreich in Feldmessungen getestet. Die
beiden in dieser Arbeit entwickelten Messtechniken zeigen dariiber hinaus grofies Potenzial fiir an-
dere Anwendungen in Fernerkundungsmessungen in der Atmosphére, etwa verbesserte Messungen
von Treibhausgasen, Luftschadstoffen, atmospharischer Oxidationsmittel oder der Fluoreszenz von
Pflanzen.
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1 Introduction

While the Universe unfolds at the firmament like an open book, Earth’s interior keeps
its secrets more efficiently. Whoever wants to learn about Earth’s interior and its in-
teraction with the atmosphere sooner or later finds her- or himself at a volcano.

Unknown

This is a thesis on the analysis of volcanic degassing processes and on how it may improve
through the development of novel field observation tools and modeling approaches. This
first chapter outlines volcanic degassing and central scientific questions in that field (Sect.
1.1). It introduces state-of-the-art analysis tools (Sect. 1.2) and the concepts that underlie
the here proposed improvements (Sect. 1.3). Then, the four articles that make up the core
part of this cumulative thesis are shortly introduced (Sect. 1.4).

1.1 Volcanic degassing in the Earth system

Volcanism is a fundamental part of the global geochemical cycles on Earth, which include
many processes covering a vast range of time scales. Tectonic movements happen within
many millennia and for instance induce subduction processes that drag parts of the up-
per crust down into greater depths, where they may contribute to the formation of new
magma. Formation processes and rising within the planets interior causes the release of
dissolved volatile magmatic components. Degassing processes, i.e. the release of gases from
the magma into the atmosphere, happen on timescales of minutes to seconds and can pro-
ceed in different ways. For instance, gas bubbles form, coalesce, and either rise within the
melt or carry it upward, before eventually reaching the surface. Atmospheric deposition
processes then return the elements to the crust.

Divergent tectonic movements, in contrast, enable the release of melts from the upper man-
tle, a fundamentally different source. Here, deep formation and rising of magma, as well as
further processing at shallower depths determine the magmatic gas composition.
Typically water (H20) is the most abundant volatile within magmatic melts, followed by
carbon dioxide (COz), sulphur and halogen species, hydrogen, and further trace compo-
nents. The degassing history, e.g. the pressure at the time of degassing as well as the
interaction of gas bubbles with their hosting magma, further influences the proportions of
these magmatic gas constituents before the gas leaves the magma body.

Subsequently, the magmatic gas interacts with some kind of magma-atmosphere interface
that may include vents, fissures, hydrothermal systems, or even the oceans. If directly
emitted into the atmosphere (e.g. at an open lava lake) the hot magmatic gas is subject to
a highly dynamic atmospheric mixing and cooling process.

For comprehensive summaries on volcanic degassing see e.g. Symonds et al. (1994); Giggen-
bach (1996); Oppenheimer et al. (2014).



1.1.1 Messages from the planet’s interior

Volcanic gases can provide an otherwise hard-to-reach insight into the planet’s interior.
Quantitative measurements of the composition of gases emitted by a volcano allow the de-
termination of their magmatic source. Moreover, information on deep magma processing
and mixing can be imprinted to the measured gas composition. From that, and in combi-
nation with other geological observations, basic conclusions on the tectonic setting of the
volcano can be drawn (e.g. Oppenheimer et al., 2014).

Dynamic magmatic processes can influence the gas composition through differences in the
solubility of volatiles in magma. In turn, these dynamics are often closely linked or even
driven by volatile degassing. For instance, degassing can alter the viscosity or density
of magma and thus induce buoyancy driven magma movement (e.g. Giggenbach, 1996).
Magma dynamics is furthermore tied to the inner physical structure of the volcano. The
analysis of (particularly temporally resolved) gas measurements can thus reveal informa-
tion on volcano specific patterns of magma dynamics and shallow inner volcanic structures
(e.g. Burton et al., 2007). Once signatures within the volcanic gas composition are linked
to magma dynamics, gas measurements can be used for volcano monitoring and eruption
forecasting (e.g. Giggenbach, 1996; Aiuppa et al., 2007b).

1.1.2 Volcanic degassing and Earth’s atmosphere

It is very likely that magmatic gas emissions have crucially determined the evolution of
Earth’s atmosphere and still do so. Besides influencing the climate on long timescales
through the release of greenhouse gases (see e.g. Kasting, 1993), volcanic gas emissions
might have significantly contributed to oxidising the early atmosphere (e.g. Holland, 2002;
Halevy et al., 2010; Gaillard et al., 2011), ultimately facilitating life as we know it. Apart
from such long-term influences, explosive volcanic emissions can lead to severe short-term
impacts on Earth’s climate and other atmospheric processes, like for instance stratospheric
ozone destruction and changes in global atmospheric circulation (e.g. Robock, 2000).

In addition to such global phenomena, volcanic degassing affects its local to regional sur-
roundings. The emitted gases substantially alter the atmospheric state as they dilute in air
and move leeward in so-called volcanic plumes. For instance, sulfur amounts are drastically
enhanced and reactive halogen chemistry can lead to local depletion of ozone and reactive
nitrogen (e.g. Gerlach, 2004; Surl et al., 2021) and to the oxidation of elemental mercury,
causing its deposition in the environment (e.g. von Glasow, 2010). Generally, volcanic gases
represent a health hazard for animals and vegetation (e.g. Delmelle et al., 2002).
Explosive degassing and the related large volcanic eruptions have an obvious local impact.
The occurrence and intensity of volcanic eruptions remain difficult to foresee. Thus, the
particularly devastating effects for instance of co-emitted stone fragments (pyroclasts) and
ash, lava flows, or pyroclastic flows can have serious effects on human populations in volcanic
vicinity and are not uncommonly deeply imprinted in their cultural heritage (Oppenheimer
et al., 2018a).

1.1.3 Interfaces between magma and the atmosphere

The interfaces between magma and the atmosphere that the gases have to pass through (or
the gas emission pathways) are manifold and primarily depend on the structure and type
of the volcanic system (Fig. 1.1). These pathways of emission can strongly influence the
gas composition and thereby often encrypt information on deeper processes. Besides sub-
marine emissions or bubbling through crater lakes (Fig. 1.1f), magmatic gases often travel
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Figure 1.1: This collection of photographs illustrates a selection of the manifold types of volcanic de-
gassing. Panel (a) shows an example of explosive degassing in contrast to the so-called quiescent de-
gassing scenarios depicted in panels (b)-(f).



considerable distances underground e.g. in vent systems, fissures or porous ground. There
interaction with the host rock or hydrothermal systems alters the gas composition before
reaching the atmosphere e.g. through vents, fumaroles (Fig. 1.1e) or diffusive degassing
through the soil. These interactions are characterised by a broad range of heterogeneous
processes and mixing with other geochemical (e.g. biogenic) volatile sources. The study of
gas-rock and gas-fluid interactions allows the combined study of degassing pathways and
deep processes from the measurements of e.g. fumarole emissions (e.g. Giggenbach, 1996).
Open vent volcanic systems account for a major part of global volcanic gas emissions (see
Carn et al., 2017). There, for instance at open lava lakes, magmatic gases are emitted
directly into the atmosphere (Fig. 1.1c). The influence of this kind of magma-atmosphere
interface is less obvious and remains hardly studied and often neglected in the discussion of
volcanic gas studies (e.g. Aiuppa et al., 2011; Oppenheimer et al., 2018b; Moussallam et al.,
2019). The dynamic mixing process of hot magmatic gases with atmospheric air and the
associated fast cooling is, however, likely to also significantly alter the volcanic gases from
their initial magmatic composition. This is e.g. supported by the documented observation
of flames related to direct emission of gas from lava (as discussed in e.g. Jaggar, 1917, see
also Fig. 1.1d).

These dynamic high temperature interfaces can also play a central role for conversion pro-
cesses during the later plume evolution (e.g. by the supply of radical species Gerlach, 2004;
von Glasow, 2010; Roberts et al., 2019; Surl et al., 2021; Kuhn et al., 2022a) and thus,
ultimately influence the impact of volcanic gas emissions on the atmosphere.

1.1.4 Secondary species formation in volcanic plumes

This section focuses on processes related to open vent volcanic systems. Secondary volcanic
gas species are here defined as products of chemical conversion of magmatic gases after their
emission from the magma body. They occur within the atmosphere on time scales between
split seconds and weeks. The formation of secondary gas species in volcanic emissions is
known to be an integral part of the atmospheric removal of volcanic gas species, such as
the oxidation of the emitted SO9, which — in atmospheric conditions — happens within
hours to days (e.g. Beirle et al., 2014). In the following, two considerably faster processes
involving secondary species formation in volcanic gases are introduced in more detail. Both
processes are central parts of this thesis’ research: (1) Reactive halogen chemistry can
convert initially emitted bromine halide (HBr) to reactive bromine species within seconds
to minutes. (2) Even earlier, in the hot and still scarcely diluted plume fast and non-linear
chemical processes initiated by the intrusion of atmospheric Os causes fast oxidation of
reduced plume constituents. Both processes are outlined in Fig. 1.2.

Reactive halogen chemistry in volcanic plumes

Fluorine and chlorine are the major halogen species emitted by volcanoes and have been
in use to monitor volcanic activity (e.g. Menyailov, 1975). In the minutes-old plume these
species (mostly in the form of HF of HCI) are rather inert. In contrast, the by a factor of
100-1000 lower, but highly reactive bromine emissions have a major influence on the local to
regional atmospheric oxidation capacity. Furthermore, the remote quantification of reactive
bromine species in the volcanic plumes (e.g. from satellites or autonomous ground-based
platforms) bears a high potential for volcanic gas studies through global and long-term
monitoring (e.g. Hormann et al., 2013; Liibcke et al., 2014; Warnach et al., 2019).

The detection of bromine monoxide (BrO) in volcanic plumes (e.g. Bobrowski et al., 2003;
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DR Congo on Feb. 12, 2020

Figure 1.2: Schematic outline of some chemical conversion processes within the volcanic plume. In the
early and hot emission plume, atmospheric Os initiates fast oxidation of reduced plume components, such
as HyO, Hs, and CO. During cooling, e.g. SO, oxidation converts OH to the more stable HO5, which
influences catalytic halogen oxidation in the cooled plume. Nowadays, only SO5 and BrO are routinely
measured with flexible and mobile UV remote sensing techniques.

Bobrowski and Platt, 2007) shed light on the chemical intricacy of volcanic gases interacting
with Earth’s atmosphere. The observed amounts of BrO (up to some hundred ppt in the
plume) in combination with its high reactivity exclude the possibility of a direct magmatic
emission (e.g. Gerlach, 2004). Instead, BrO continues to exist in catalytic chemical cycles
involving atmospheric oxidants and photo chemistry. The present understanding of the
process (see e.g. Gerlach, 2004; Bobrowski et al., 2007; von Glasow, 2010; Roberts et al.,
2014, 2019; Surl et al., 2021) roughly follows that of reactive halogen observations in other
parts of the troposphere (e.g. in the boundary layer of polar regions and at salt lakes, see
Platt and Honninger, 2003).

Primarily, bromine is emitted as HBr, which partly dissolves in acidified volcanic aerosol.
Smaller amounts of co-emitted bromine atoms (Br, formed at high temperature, e.g. Ger-
lach, 2004) react with atmospheric ozone (O3) to form BrO. Hydroperoxile radicals (HO2)
either of secondary volcanic origin (see below) or from the atmospheric background lead
to the formation of HOBr, which can release gaseous bromine in form of Bry from the vol-
canic aerosol. Its rapid photolysis during daytime, forming two Br atoms, completes the
chain branching step of this auto-catalytic process, often called ’bromine explosion’ (e.g.
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Wennberg, 1999):

Br+ O3 — BrO + Oy (R1)

BrO + HO3 — HOBr + O (RQ)

HOBr + Br;q + H;rq — Bry + HyO (R3)

Bry 2% 2Br (R4)

Br + O3 + HOs + Bry, + Hi, ™% 2 Br + 205 + H20 (R5)

Variations of this cycle include the interplay with chlorine chemistry and reactive nitrogen
species that replace HOg in R2 to accomplish a similar process (see Platt and Honninger,
2003, for details). Chain termination can be invoked through the limited availability of
atmospheric Oz, HOg, or NOg, as well as through BrO self reaction or depletion of Br™ in
the aerosol phase.

Reactive halogen chemistry in volcanic plumes is still subject to scientific debate. Despite
of the development of novel measurement techniques (Gutmann et al., 2018), substantial
uncertainties remain in the processes’ boundary conditions. Models of reactive halogen
chemistry within the volcanic plume are still subject to major uncertainties. They rely on
scarce field observations and show high sensitivities to the plume’s composition at the time
of emission, which remains poorly studied (see e.g. Bobrowski et al., 2007; Roberts et al.,
2014, 2019; Surl et al., 2021, and below).

The further analysis of the long-term volcanic BrO records and their value for volcanic
studies depends on the detailed understanding of the underlying chemical mechanisms.

Formation and impact of OH and HO; in the early and hot volcanic plume

In Earth’s atmosphere, sub-ppt levels of OH radicals substantially determine the oxidation
chemistry (see e.g. Stone et al., 2012, and references therein). The abundance of OH
generally indicates environments characterised by fast chemical conversion, for instance
combustion flames (e.g. Cattolica et al., 1982) or the oxyhydrogen explosion (Willbourn
and Hinshelwood, 1946).

Due to the considerable dwelling times and the high temperatures, gases within the magma
body are assumed to be in thermodynamic equilibrium (TE) (e.g. Gerlach and Nordlie,
1975; Symonds et al., 1994; Oppenheimer et al., 2018b). Thus, considerable amounts of
OH and H (e.g. 1ppm at 1370K, Gerlach, 2004) are formed from the effective decay of
water (Bonhoeffer and Reichardt, 1928) prior to their emission into the atmosphere. The
following chemical mechanism can be exemplary for what happens, when atmospheric Oq
starts to mix with the hot magmatic gas (see Kuhn et al., 2022a, and Fig. 1.2):

Oy +H — OH+ O (R6)
0, + H X HO, (RT7)
H,0 + 0 — 20H (R8)
R+ OH — RO+ H (RY)

OH rapidly oxidises the reduced plume species denoted by R (e.g. Hgz, CO). The pro-
duced H atom subsequently initiates the formation of 3 further OH molecules via the chain
branching steps (R6) and (R8). Thereby, OH levels are further enhanced. Particularly, (R6)
is strongly temperature dependent and initiates chain termination after cooling, which is
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itself mainly driven by mixing with the ambient atmosphere. At lower temperatures (R7)
dominates (R6) and leads to the effective partial conversion of OH to the more stable HOq
radical. Lower temperatures also enable the oxidation of SOy. While not significantly al-
tering the high SOs levels, this process leads to further fast OH to HO9 conversion and to
a certain amount of SO3 that ultimately leads to sulphate in the early plume:

SO, + OH 25 HOSO, (R10)
HOSO; 22 SO + HO, (R11)

This and e.g. the back-reaction of e.g. (R6) or (R8) lead to the quick depletion of OH in
the cooled plume.

The first moments of a volcanic plume that is directly emitted into atmospheric air are thus
outlined as follows: (1) Intrusion of atmospheric Og initiates the quick catalytic oxidation of
reduced magmatic species by OH. (2) Within this process OH levels rise drastically before
after sufficient cooling (3) they are depleted, while partial OH conversion leads to remaining
HO3 in the cooled plume.

These (and other) processes occurring within the first (split) seconds of the evolution of
a plume at an open vent, define an interface between magma and the atmosphere. It can
substantially alter the gas composition and thus, requires similar attention as that of other
degassing pathways (e.g. fumarole degassing, see above) in the context of field observations.
Furthermore, this high temperature interface determines the amount of oxidants (e.g. HO2)
in the cooled plume, which is yet poorly constrained and found to be an essential boundary
condition to reactive halogen chemistry (e.g. Surl et al., 2021).

Nowadays, apart from some exceptions, the scientific debate on volcanic gas geochemistry
is based on TE terminology (e.g. Gerlach and Nordlie, 1975; Giggenbach, 1996; Gerlach,
2004; Holland, 2002; Martin et al., 2006; Gaillard et al., 2011; Oppenheimer et al., 2018b;
Moussallam et al., 2019). However, the above and many more fast kinetic processes can
lead to gas compositions that strongly depend on their mixing history and that are far from
TE. Few studies discuss the restoration of TE states of ’disequilibium’ gas samples by the
iterative modification of certain gas ratios (see Gerlach, 1993; Symonds et al., 1994). These
approaches, however, largely exclude the details of the chemical processes and thus, e.g.
the influence of intermediate reaction products.

It is essential for the field of volcanic gas analysis to improve the understanding of the high
temperature interface between magma and the atmosphere.
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1.2 Analysis of volcanic gases

More than a century ago, T. A. Jaggar studied degassing lava in Hawaii and

[...] found no difficulty whatever in breathing the intensely hot products of small bub-
blings all over these glowing surfaces and percieved almost no sulphur odors; whereas
at greater distance to leeward of a positively flaming grotto or cone, the blueish fume
which condenses is full of intolerable compounds of sulphur with oxygen.

[...] The Selby commision determined that one ten-thousandth part of SOq in air is in-
tolerable to human beings. It hardly seems probable, therefore, that as much as 50 per
cent of the magmatic gas rising directly from fresh lava can be SOs.

Jaggar (1917)

Despite the questionable conclusion of this unconventional volcanic gas sample, the author
already highlights the vital topic of the formation of secondary plume components through
chemical conversion of hot magmatic gases when reaching the atmosphere (see Sect. 1.1.4,
above). Nowadays, this topic remains scarcely discussed and often neglected (e.g. Oppen-
heimer et al., 2018b; Moussallam et al., 2019). So, although a growing range of volcanic
gas sampling techniques have been developed, the sensual experience of the exposure to the
volcanic environment should remain as a (cautiously treated) supplement to volcanic gas
studies.

Eruptive volcanic activity is characterized by extreme dynamics and multi-phase interac-
tions of the eruption products (see e.g. Fig. 1.1a). Typically volatile emission fluxes are
strongly enhanced, and in the most extreme cases, larger amounts of volatiles reach higher
atmospheric altitudes, which can drastically increase their atmospheric residence time. De-
spite the special interest, the direct study of the emitted volcanic gases in such situations is
particularly challenging and often restricted to the volcanic plume further downwind. These
larger eruptions, however, e.g. through melt and volatile inclusions in minerals in their py-
roclastic products, deliver vital information on degassing processes and volatile composition
at greater depth (see e.g. Oppenheimer et al., 2014).

Most volcanic gas measurements are performed at milder volcanic conditions, e.g. in periods
of so-called quiescent degassing (see e.g. Fig. 1.1b). Then, the daredevil volcanologist can
approach the emission source and perform her or his sampling. Still, the classical volcanic
gas measurement techniques in most cases expose oneself to the naturally hazardous vol-
canic environment. Besides the toxic and corroding gases, there is the largely unforeseeable
risk related to volcanic activity. On top of that, many volcanoes are in remote areas and
emit their gases in several thousand metres of altitude in harsh meteorological conditions.
A measurement strategy with the appropriate sampling techniques adapted to the processes
to be studied and the environment of the respective volcano is thereby essential.

This section outlines the range of tools that have been used to study volcanic gas emissions
with - regarding the scope of this work - a focus on spectroscopic remote sensing methods
in the ultraviolet (UV) spectral range.

1.2.1 Brief overview on volcanic gas sampling methods and strategies

For more than a century, samples of volcanic gases are taken at the volcanic source and
analysed in the laboratory. During the last decades technological advances enabled tem-
porally resolved in-situ and remote sensing measurements of volcanic plume constituents.
In general, the methods can be roughly classified by the three categories direct sampling,
plume sampling, and remote sensing (see Fig. 1.3).
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Figure 1.3: Collection of photographs showing applied volcanic gas analysis for a selection of techniques.
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Direct sampling

Direct sampling describes the collection of volcanic gases in a container for later analysis
in the laboratory. Thus, sampling procedures focus on avoiding or minimising mixing with
atmospheric air. For instance, titanium or quartz tubes are inserted directly into the hot
outlets of fumaroles or spatter cones (see Le Guern et al., 1979, and Fig. 1.3a and 1.3Db)
or they are used to sample gas from bubbles or gas streams directly above the lava surface
(see e.g. Gerlach, 1980).

Nowadays, sampling flasks containing a small amount of an alkaline solution and an evacu-
ated head space are used (see e.g. Giggenbach, 1975; Symonds et al., 1994, for details). The
more reactive species are captured in solution, while the more inert species reside in the
head space. These flasks are for instance often sampled in line with condensors to account
for the water emissions. High quality gas samples demand high levels of experience and
manual dexterity of the volcanologist and, not lastly, a calm hand facing the harsh environ-
mental conditions.

The laboratory analysis of such samples (see e.g. Giggenbach et al., 2001; Oppenheimer
et al., 2014, and references therein) can take days to weeks, but allows the quantification of
a high number of gas constituents and isotope ratios. Such detailed information is for in-
stance needed to determine the geological source of the volatiles and to identify and quantify
influences of degassing pathways. Due to the relatively high effort, direct sampling mostly
contributes to volcano monitoring on longer time scales.

Plume sampling

In the first seconds and minutes after emission, the volcanic gases are substantially diluted
in air (typically by factors in the range of 10 to 1000), and generally called a volcanic
plume. Many magmatic gas constituents, even when diluted in volcanic plumes, largely
exceed their atmospheric background levels and thus, can be quantified from higher dis-
tances to the emitting, hazardous source (see Fig. 1.3b). For measurements e.g. performed
at the crater rim of an open vent, this comes at the cost of an increased dependence on
meteorology, particularly on wind conditions. Volcanic plume gas is for instance pumped
through sets of impregnated filters (e.g. Aiuppa et al., 2004) and washing bottles with al-
kaline solution (e.g. Wittmer et al., 2014) for later laboratory analysis.

Furthermore, real-time quantification for some plume species can be provided by combina-
tions of electro-chemical and optical gas sensors in compact devices (e.g. Shinohara, 2005;
Aiuppa et al., 2011; Tirpitz et al., 2019). Such plume sampling methods can be implemented
in stationary autonomous measurement stations that deliver continuous data, enabling mon-
itoring of the plume’s gas composition with high temporal resolution (e.g. Aiuppa et al.,
2007b).

Remote sensing

Characteristic interaction of the volcanic gas molecules with electromagnetic radiation can
be exploited for their detection. Particularly the use of natural light sources, like scattered
or direct sunlight, or the glowing lava, together with a narrow field-of-view (FOV) telescope,
enables a comfortable distance between volcanologist and hazardous source.

The most widely used remote sensing technique for volcanic gas measurements is absorp-
tion spectroscopy in spectral ranges between UV and infrared (IR). In the UV, correlation
spectroscopy (e.g. Moffat and Millan, 1971; Malinconico, 1979) has been largely replaced by
differential optical absorption spectroscopy (DOAS, see e.g. Edner et al., 1994; Bobrowski
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Figure 1.4: Schematic outline of a DOAS measurement. The upper panel shows the spectrum of the
incident skylight radiance (Chance and Kurucz, 2010) of a light beam that traversed the volcanic plume
(and experienced SO, absorption, I) together with a clear-sky measurement Iy. The high resolution
Fraunhofer structures and details of the SO5 absorption (Rufus et al., 2003) are not resolved by a typical
DOAS GS. Vibronic bands of SO5 are, however, resolved and enable their separation from broad-band
extinction and thus, SO, quantification.

et al., 2003; Platt and Stutz, 2008; Galle et al., 2010; Kern and Lyons, 2018). The use of
scattered or reflected sunlight as light source offers superior flexibility for plume measure-
ments of e.g. SOy, BrO and OCIO from many different platforms (ranging from satellites
to autonomous ground-based measurement stations). This and the fact that the in-plume
concentrations of these gases are much higher than in the background atmosphere, enables
their accurate measurement. The next section will further introduce and discuss this tech-
nique.

The quantification of additional gas species (e.g. HCl, HF, CO2, CO, OCS) is provided by
fourier transform spectroscopy (FTS) in the IR. However, the respective instrumentation
is more bulky and delicate and, nowadays, still mostly relies on either, the direct sun (e.g.
Butz et al., 2017) or the lava surface (e.g. Sawyer et al., 2008) as a light source. The major
complication for remote sensing measurements of the main plume constituents, water and
COgq, are their abundances in the atmospheric background (e.g. Kern et al., 2017).

1.2.2 Spectroscopic remote sensing of volcanic gases in the UV and visible
spectral range

Spectroscopy of scattered sunlight (skylight) in the UV and visible spectral range enables
the remote detection of gas species inside the volcanic plume. Although not many volcanic
species can be detected with this technique (nowadays mainly SO2 and BrO are measured
routinely), it raised volcanic gas studies on a new level during the last decades. Among the
key advantages of the technique are:

1. Gas amounts can be quantified from large distances (depending on light path ge-
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ometry and atmospheric scattering processes, typically several km for ground-based
measurements)

2. The measurement schemes typically average over larger spatial scales. Instead of a
point measurement, the average across e.g. an entire plume cross section is quantified.

3. The techniques allow an implementation in compact and robust (mobile) instrumen-
tation

4. Most applications are calibrated intrinsically.

In summary, these listed points enable the technique to be operated in different configu-
rations from many different platforms ranging from satellite-based (e.g. Bluth et al., 1993;
Hormann et al., 2013; Carn et al., 2017) or airborne (General et al., 2014, e.g.) to ground-
based mobile measurements (e.g. Edner et al., 1994; Kern et al., 2020) and the implementa-
tion in autonomous and remote measurement stations (e.g. Galle et al., 2010; Liibcke et al.,
2014). This paved the way for numerous new perspectives to volcanic gas studies through

1. the much more accurate quantification of volcanic SOy emission fluxes through spa-
tially resolving plume cross sections (e.g. with a scanning telescope, see Fig. 1.3¢)

2. near-global and near-real-time measurements of volcanic SO emissions and BrO to
SOs ratios from satellites

3. long time-series of gas measurements that are generally not interrupted by more erup-
tive activity

4. the direct, non-invasive quantification of short-lived gas species and their spatial dis-
tribution within the volcanic plume

The following paragraphs introduce the two nowadays most frequently used UV and visible
volcanic gas remote sensing techniques.

Differential optical absorption spectroscopy (DOAS)

In the UV to near IR spectral range the radiative transfer of sunlight in the atmosphere is
determined by scattering and absorption on molecules and aerosol particles and reflection at
Earth’s surface. Molecular absorption often exhibits a characteristic narrow-band spectral
signature through quantised electronic, vibrational, and rotational transitions. These can
be identified and easily separated from the other light-matter-interaction processes, which
typically alter the more broad-band shape of the spectrum only.

The DOAS technique (e.g. Platt and Stutz, 2008) in its presently common form simplifies
this procedure by exploiting the following circumstances that apply for the UV and visi-
ble spectral range: (1) Trace gas optical densities are mostly weak and (2) show spectral
structures (vibro-electronic bands) that can be resolved with compact grating spectrographs
(GS, around 1 nm spectral resolution) and (3) show negligible dependence on tropospheric
temperature and pressure variation.

The optical density 7 is described by the Beer-Lambert law and depends on the absorption
cross sections o; and the concentration ¢; of the molecule species ¢ along a line of sight L.
In DOAS applications, this line of sight is the light path difference between two radiance
measurements, commonly referred to as a measurement radiance I and a reference radiance
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Iy. Typically I and Iy are recorded at different viewing geometries, where the target gas
(e.g. the volcanic plume) is either present (I) or absent (Iy) in the associated light paths:

T()\):—loglo();\)) /Zal dl+b (1.1)

In this notation, b combines all the effects on the radiance that are broad-band with respect
to the spectral resolution of the observation. When examining UV to visible sunlight in
Earth’s atmosphere the intrinsic spectral resolution of this absorption process (width of
individual rovibronic absorption lines or solar Fraunhofer lines) is on the order of some
picometres. DOAS GSs measure radiance spectra with a spectral resolution of about 1 nm
and thus, undersample the process by at least two orders of magnitude (see Fig. 1.4).
However, the fact that the trace gas optical densities are weak allows the approximation
of their contribution to the extinction 7* measured at low resolution with effective (low
resolution) absorption cross sections o* (see Fig. 1.4):

™\ = — ogIO i / ZU Jei()dl = ZO’ )Si+0b (1.2)

This simplification allows one to numerically fit multiple trace gas absorption cross sections
(o* e.g. high resolution absorption data from the literature, smoothed to instrument reso-
lution) to measured optical density spectra 7*. Thereby, the column densities S = [ ¢(1) d!
(fit parameter) of the individual trace gases within the differential light path L are retrieved.
In this process, a polynomial accounts for all broadband effects b. Further effects e.g. in-
filling of Fraunhofer lines by inelastic scattering processes (so-called Ring effect, Grainger
and Ring, 1962) are corrected by e.g. the introduction of appropriate pseudo-absorbers.
Whenever possible, a measurement spectrum I* is evaluated with a close-in-time reference
spectrum I} recorded with the same instrument. Thereby, disturbing instrumental effects
(e.g. thermally induced misalignment of optical components in the set-up) as well as effects
through changes in the atmospheric setting, such as a changing contribution of stratospheric
trace gas optical densities as the solar elevation changes, are minimised. For further details
see e.g. Platt and Stutz (2008).

If done correctly, differential spectral absorption optical densities on the order of 10~ can
routinely be measured. These, for instance, translate to a detection limit of about 5 ppt
of BrO and 0.4 ppb of SOy for a 500 m light path in the volcanic plume (e.g. Fleischmann
et al., 2004; Rufus et al., 2003).

At volcanoes, measurement spectra are commonly recorded with a telescope spatially scan-
ning the volcanic plume and using a plume-free viewing direction as reference. Scanning
is typically performed by a motorised tiltable telescope (see Fig. 1.3c) or by the operation
from mobile platforms (backpack, car, unmanned areal vehicles, aircraft, satellite). This
provides information on the spatial distribution of reactive species within the plume for
chemistry studies (e.g. Bobrowski et al., 2007; General et al., 2015; Kern and Lyons, 2018)
and allows recording continuous time series of BrO/SOq ratios (Liibcke et al., 2014). Fur-
thermore, SO2 emission fluxes can be accurately quantified by encompassing and averaging
over the entire plume (e.g. Edner et al., 1994; Kern et al., 2020). Besides serving as a mon-
itoring paramter (Malinconico, 1979; Galle et al., 2010) the SOz flux is used to determine
the emission fluxes of other volcanic gases by scaling in-situ plume sampling measurements
(e.g. Carn et al., 2017).
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The SO, camera

The strongly increasing absorption of SOy towards lower wavelength in the UV (see Fig.
1.4 and Fig. 1.5 below) enables its quantification without using dispersive spectroscopy
(i.e. without resolving the whole spectrum with e.g. a GS). A band-pass filter is sufficient
to quantify UV light attenuation at around 310 nm, which at stronger emitting volcanoes
is largely dominated by SOy absorption. The major advantage of this approach is that
the band-pass filter can be placed in front of a UV camera and thereby quantify the SO»
column density distribution within the whole camera’s FOV at once (e.g. Mori and Burton,
2006; Bluth et al., 2007; Kern et al., 2010, see also Fig. 1.3c right panel). Thereby, the
camera FOV should contain a plume-free sky region to serve as an instantaneous refer-
ence measurement. Furthermore, the images are corrected for aerosol extinction with the
plume absorbance recorded with another band-pass filter transmitting at slightly higher
wavelength, where SO absorption is much lower (e.g. 325nm).

This so-called SOy camera can deliver SO column density distributions with mega pixel
spatial resolution and a temporal resolution of around 1 Hz or better. The turbulent trans-
port process of the plume in the atmosphere is almost fully resolved and volcanic SOq
emission fluxes can be quantified on the time scale of a second and compared to other high
resolution data (e.g. McGonigle et al., 2009; Moussallam et al., 2016). However, besides
the required calibration procedures (see e.g. Liibcke et al., 2013), the technique has further
major drawbacks due to the coarse spectral detection scheme (using only the absorption
in two broader spectral ranges). SOs cameras measurements can only be performed at
strong SOg emitters and at clear-sky conditions, due to the disturbing impact of clouds.
Cross-interference to plume ash, aerosol and other trace gases add another crucial source
of uncertainty (e.g. Kern et al., 2010; Liibcke et al., 2013; Kuhn et al., 2014, see also Sect.
1.3.1 below).
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1.3 Novel approaches to volcanic gas remote sensing using
Fabry-Pérot interferometers (FPIs)

Formulas have been established which express the flux given by a spectrometer as a
function of the effective resolving power and of the dimension of the dispersive system
(area of the base of the prism, or area of the grating, or area of the plates of the etalon).
It is thus possible to compare the luminosities of the three types of instruments with,
i each case, equal resolving power and equal dimension. This comparison reveals a
great superiority of the grating over the prism for all regions of wavelengths, and a great
superiority of the etalon over the grating.

Jacquinot (1954)

Despite of this general conclusion by Jacquinot, during the last decades, volcanic (and at-
mospheric) trace gas remote sensing in the UV and visible spectral range have been almost
exclusively performed with grating-based instruments. A core part of this thesis is the
investigation of the application of Fabry-Pérot interferometers (FPIs, or etalons) in spec-
troscopic remote sensing instrumentation and the potential benefits for volcanic gas studies.
The FPI describes two plane-parallel reflective surfaces. Multiple reflection of an incident
light beam within the FPI causes its splitting into many partial beams with different path
length in between the two surfaces. When leaving the FPI, the partial beams interfere to
cause a comb-shaped transmission spectrum with equidistant spectral transmission peaks
(marking constructive interference). Hence, incident light is only transmitted when its wave-
length is resonant to the physical FPI dimensions (optical distance between the surfaces,
incidence angle). The spectral sharpness of a transmission peak - also called finesse - is
determined by the number of effectively interfering partial beams and thus dependent on
the reflectivity and the quality of the surfaces and their alignment. For further details, see
Kuhn et al. (2019); Fuchs et al. (2021); Kuhn et al. (2021), which are part of this thesis,
and Perot and Fabry (1899); Vaughan (1989); Kuhn et al. (2014); Kuhn (2015).

This section provides a basic motivation for the use of FPIs for volcanic (and generally
atmospheric) gas studies and briefly outlines the two approaches of this thesis.

1.3.1 Limitations of volcanic remote sensing observations: light through-
put, spectral resolution, and mobility

Spectroscopic instrumentation for atmospheric remote sensing requires optimisation with
respect to the intended observation. For volcanic studies, this includes a high mobility of
the instrument (i.e. a compact and robust design, low power consumption, see Kuhn et al.,
2021) for field deployment, sufficiently low detection limits, and adequate spatio-temporal
resolution.
The absorption of a certain amount of a trace gas along a given light path (i.e. a column
density S of this trace gas, see above) can only be detected, when the corresponding optical
density 7 exceeds the noise of the measurement. The detection of an absorber in the
atmosphere typically requires the comparison of at least two spectral regions with different
absorption (e.g. on and besides an absorption band). The amplitude of this difference
determines the sensitivity of the measurement and is given by the absorption cross section
(0)\) as it is seen by the instrument with spectral resolution dA. The measured optical
density is then:

T=0(d\) S (1.3)

In applications with broad-band light sources in the UV and visible, the measurement noise
is in most cases determined by photon statistics. This means that the measurement noise
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can be approximated by the square root of the number N, of photons counted by the
instrument’s detector. The noise A7 of a spectral optical density measurement for small
absorption (7 o %, I =~ Ij) is roughly given by the relative noise of a photon counting

measurement:
AN, 1

AT ~ =
Nph Nph

(1.4)

The number of detected photons is given by the product of the photon flux Jp,, (photons s71)
at the detector, the quantum efficiency (set to unity here) and the detector expo-
sure time o0t. The photon flux is proportional to the incident spectral radiance I
(photonss ™! nm~!mm~2sr~!). The proportionality factor is the product of the spectral
interval JA that is resolved by the instrument and the instrument’s light throughput k(5\),
which itself depends on the spectral resolution:

Ny = Jon 6t = TOAK(5X) 6t (1.5)

Following this consideration, the detection limit for a trace gas column density AS of weak
atmospheric absorbers when using broadband light sources can be approximated:

AS ~ (a(ax) ToNK(ON) (5t> (1.6)

The exposure time determines the temporal resolution of the measurement and should
match the characteristic time scale of the studied process. The radiance of the light source
is in most atmospheric applications also predefined (e.g. the radiance of skylight). Thus,
the instrument light throughput and the spectral resolution basically determine weather
a process (characterized by ¢ and §t) can be studied. Decreasing 6\ (increasing spectral
resolution) in most cases leads to an increasing sensitivity 6 and a decreasing instrument
light throughput k. The dependencies of k and 6 on dA thus, ultimately determine the
detection limit AS of the trace gas remote sensing measurement.

Different approaches to spectrally resolving radiance measurements exist. As discussed
above (Sect. 1.2.2), in atmospheric remote sensing GS measurements have been very suc-
cessful and are widely in use. Mobile and cost-efficient GSs have a spectral resolution that is
sufficient to resolve absorption structures of many atmospheric gases. There are, however,
two basic limitations to GS, particularly with respect to volcanic observations:

1. Parallelised measurements, enabling the implementation in fast imaging schemes, are
difficult to implement with GSs. This imposes limits to the spatio-temporal resolution
of GS observations (see e.g. Platt et al., 2015, 2021).

2. When increasing the spectral resolution of a GS the light throughput decreases par-
ticularly fast (kqs oc 62, kppr o< 6)), while at the same time the GSs’ mobility
advantage is lost (see Kuhn et al., 2021).

The SOy camera principle (see Sect. 1.2.2 above) illustrates the benefits of its customisation
to the intended measurement of high-resolution SOy emission fluxes. While GS (DOAS)
measurements require scanning across the volcanic plume in order to calculate the emission
flux (see Fig. 1.3c, left panel), the SOy camera can record images resolving the SOg column
density distribution within the plume with high temporal resolution (about 1Hz, see Fig.
1.3c, right panel). This allows to capture turbulence features and to use the detailed plume
movement for the flux quantification.

The rather low dependence of 650, on the spectral resolution in the UV (see Fig. 1.4) allows
one to use a band-pass-filter-based detection of SOq (increasing 6\ by about a factor of 10
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compared to DOAS measurements). The thereby drastically enhanced light throughput is
instantly exploited by massive parallelisation of the measurement, which is implemented
straight-forward by placing the band-pass-filter in front of a UV-sensitive imaging device.
Thereby, each pixel of the imaging detector provides a SOy measurement.

The trade-off is a loss of spectral information so that the extinction of other processes
(e.g. scattering at plume aerosol) interfere with the SO2 detection (see last paragraph of
Sect. 1.2.2). The application of band-pass-filter based SO2 cameras is thus limited to
measurement conditions, at which it is a priory known that the SO9 absorption dominates
the extinction of the plume. Influences of aerosol extinction are hard to quantify and spectral
modifications of the background sky through clouds render the recorded data unusable.
Nevertheless, at volcanoes with high SOy emission and on clear-sky days with low plume
aerosol, SO2 cameras deliver data with superior spatio-temporal resolution that provide
important insight into volcanic processes.

On the other hand, there are absorbers with a strong dependence of & on the spectral
resolution of the instrument, for instance when the absorption cross section is composed
of separate rovibronic absorption lines (e.g. OH absorption, see below). These lines are
much narrower than the spectral interval )\ that can be resolved by a compact GS. Thus,
their measured absorption is strongly attenuated and generally not separable from other
atmospheric extinction processes.

In this thesis, two novel spectroscopic techniques for trace gas remote sensing were developed
with the aim to improve the named shortcomings of GSs for volcanic studies. Both technique
rely on the use of a FPI. Imaging FPI correlation spectroscopy (IFPICS, Sect. 1.3.2) exploits
the high light throughput of FPIs to increase spatio-temporal resolution (similar to the SOg
camera) while maintaining high selectivity of the trace gas detection. FPI spectrographs
(Sect. 1.3.3) combine high spectral resolution with high light throughput and preserved
instrument mobility.

1.3.2 Imaging FPI correlation spectroscopy (IFPICS)

The IFPICS technique is described in detail in Kuhn et al. (2014); Kuhn (2015); Fuchs
(2019); Kuhn et al. (2019); Fuchs et al. (2021).

Figure 1.5a and 1.5b outline the detection scheme for SOs in the UV. The periodic FPI
transmission spectrum is matched to — in this case — vibro-electronic SO9 absorption struc-
tures, so that only light with wavelength of the absorption peaks is transmitted (drawn
yellow line in Fig. 1.5b). By slightly tuning a physical FPI parameter (e.g. the light’s
incidence angle by tilting the FPI) the transmission spectrum is slightly shifted, so that the
transmission peaks now coincide with the minima of the absorption cross section (dashed
yellow line in Fig 1.5b). The difference of the optical densities measured with both FPI
configurations is then a measure for the trace gas column density.

The major benefits of this technique are:

1. The FPI can be used — similarly to band-pass-filters — in full frame imaging set-ups.
That is to say, they can be placed within a camera optics and thereby allow for highly
parallelised measurements enabling high spatial resolution and differential evaluation
within the image frame (see Fig. 1.3c right panel).

2. The high light throughput of FPIs enables high temporal resolution of such imaging
measurements. Co-adding of image pixels further allows to trade for instance spatial
resolution against an improved detection limit for a given temporal resolution.
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Figure 1.5: Panels (a) and (b) outline the measurement principle of the IFPICS technique. A FPI matched
to the spectral absorption (here SO2, data from Rufus et al. (2003)) is used to separate the trace gas’
absorption from other extinction effects. This can be applied to many absorbers with periodic vibronic
bands in the UV and visible, e.g. BrO (data from Fleischmann et al., 2004). Panel (c) and (d) illustrate
the benefit of high spectral resolution measurements and how they are achieved by high resolution (high
finesse) FPIs. In panel (d) the transmission spectrum of a FPI (finesse of about 100) is shown as it scans
a short wavelength range to resolve the sharp rovibronic OH absorption peaks (data from Rothman et al.,

2013).
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3. The spectral detection scheme uses much more trace gas specific spectral informa-
tion than that of the band-pass-filter-based SO9 camera. Thus, cross interferences of
aerosol or other trace gases, as well as the influence of clouds in the background sky
are drastically reduced.

4. Through its higher selectivity IFPICS — unlike the case of the filter-based SOo camera
— can be applied to gases that do not dominate the plume’s absorption in a particular
spectral range. Figure 1.5a shows for instance the periodic vibronic structure of BrO.

5. IFPICS can be implemented in mobile instruments.

6. Similarly to DOAS measurements, IFPICS can be calibrated intrinsically with litera-
ture absorption cross sections and an instrument model.

IFPICS has the potential to subtantially improve volcanic gas observations. The combina-
tion of the advantages of SO2 camera (high spatial reolution) and DOAS (high selectivity)
enables drastic enhancement of the accuracy of volcanic SOy flux measurements. Further-
more, imaging measurements of BrO or OCIO can be achieved with the IFPICS technique.
This would allow unprecedented insight into the yet debated conversion processes of
volcanic halogen species in the plume (see Sect. 1.1.4).

1.3.3 FPI spectrographs

FPI spectrographs are described in detail by Kuhn et al. (2021). They rely on the intrinsic
light throughput advantage compared to GSs that becomes relevant for measurements with
high resolving power (e.g. Jacquinot, 1954, 1960).

Figure 1.5¢ shows a part of the spectrum of Fig. 1.5a on a finer wavelength scale. The
specific quantification of for instance OH based on its rovibronic absorption lines requires
to resolve about the spectral width of those lines (i.e. about 2 pm, corresponding to % =
150000). A high resolution FPI (i.e. with a narrow width of an individual transmission
peak) can be tuned to scan a certain spectral range to provide high resolution spectra
(see Fig. 1.5d). A single FPI transmission order is thereby isolated by e.g. a band-pass-
filter. The tuning has been implemented in many different ways during the long history
of FPI spectroscopy (see e.g. Perot and Fabry, 1899; Fabry and Buisson, 1908; Burnett
and Burnett, 1981; Vaughan, 1989). Advances in photo sensor array technology within
the last decades enabled the implementation of FPI spectrographs (i.e. a spectrometer that
records all spectral channels simultaneously, similar to a GS). The slightly different incidence
angles of a collimated light beam traversing the FPI can be mapped onto a detector array.
This allows to instantaneously record full spectra without physical scanning schemes. For
environmental observations, this is an essential advantage, since it avoids disturbing effects
from variable light sources and allows implementation in mobile instrumentation without
moving parts.

The light throughput of a FPI is basically determined by its clear aperture. Nowadays, for
high finesse FPIs the surface sphericity, induced by the reflective coating and decreasing for
increasing clear aperture, limits the finesse. Nevertheless, the light throughput advantage
of high resolution FPI spectrographs over GSs amounts to many orders of magnitude with
nowadays available etalons.

The remote detection of OH and other gas species in hot volcanic emissions could open the
door to directly study the chemistry of early and hot volcanic gas emissions (see Sect. 1.1.4)
and thus, significantly contribute to a better understanding of volcanic degassing processes.
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Furthermore, FPI spectrogaphs might extend the range of gases that can be measured by
skylight remote sensing techniques and through that enable improved and new volcanic
(and atmospheric) studies.
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1.4 Scope of the thesis

This cumulative thesis is composed of 3 peer-reviewed and published scientific articles (P1—
P3, Creative Commons Attribution 4.0 License, see https://creativecommons.org/licenses/
by/4.0/) and one unpublished article manuscript (P4):

P1 Kuhn, J., Platt, U., Bobrowski, N., and Wagner, T.: Towards imaging of atmospheric
trace gases using Fabry—Pérot interferometer correlation spectroscopy in the UV and
visible spectral range, Atmospheric Measurement Techniques, 12, 735-747, 2019.

P2 Fuchs, C., Kuhn, J., Bobrowski, N., and Platt, U.: Quantitative imaging of volcanic
SO2 plumes using Fabry—Pérot interferometer correlation spectroscopy, Atmospheric
Measurement Techniques, 14, 295-307, 2021.

P3 Kuhn, J., Bobrowski, N., Wagner, T., and Platt, U.: Mobile and high-spectral-
resolution Fabry—Pérot interferometer spectrographs for atmospheric remote sensing,
Atmospheric Measurement Techniques, 14, 7873-7892, 2021.

P4 Kuhn, J., Bobrowski, N., and Platt, U.: The interface between magma and Earth’s
atmosphere, unpublished manuscript, 2022.

The articles cover three major topics related to the analysis of volcanic gases. They are
briefly outlined here, together with statements on author contributions.

P1 and P2: A novel trace gas imaging technique for volcanic plumes

P1 summarizes large parts of my work on imaging atmospheric trace gases with FPI cor-
relation spectroscopy, which was also a subject of my undergraduate studies (Kuhn et al.,
2014; Kuhn, 2015). The paper presents calculations on the feasibility of quantifying typical
amounts of different atmospheric trace gases (including volcanic SOy and BrO) with the
IFPICS technique. Moreover, it includes a proof-of-concept field measurement of volcanic
SO2 at Mt. Etna with a one-pixel prototype instrument, which I built.

Christopher Fuchs continued the work on IFPICS in his Master’s thesis under my supervi-
sion (Fuchs, 2019). Together, we figured out how to implement the technique in a field-ready
imaging instrument. Christpher Fuchs built and characterized the imaging prototype and
evaluated the data relying on my earlier model developments. P2 summarizes this work
and presents the first IFPICS measurements of SO9 taken at Mt. Etna.

P3: A mobile high-resolution spectrograph for volcanic gas remote sensing

During the course of my PhD studies, the idea of using FPI properties to achieve atmospheric
observations with high spectral resolution has come up. This idea bases on the manifold
high-resolution applications of FPIs in other scientific fields (e.g. Vaughan, 1989). The
quantification of volcanic OH radicals was thereby the principal motivation, since TE mod-
els predict very high levels (e.g. Gerlach, 2004). After theoretically assessing the feasibility,
I built first field-ready prototype instruments. P3 introduces the concept of FPI spectro-
graphs for atmospheric studies and possible implementations thereof. In the scope of this
study I thoroughly compare GSs with FPI spectrographs, regarding the light throughput
as a function of spectral resolution paired with basic considerations on instrument mobility
(and thereby field-applicability). The results of this study indicate major improvements
of trace gas spectroscopy in the atmosphere in general. For instance it even suggests that
FPI spectrographs can be used to detect the tropospheric OH background (around 0.1ppt)
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via skylight absorption spectroscopy (presently only possible with intricate and immobile
instrumentation, see Stone et al., 2012, and references therein). Appendix A of this thesis,
in extension to P3, describes the first FPI spectrograph measurements of hot gas emissions
at a lava flow, which I performed within the crater of Nyiragongo volcano.

P4: Modeling turbulent mixing of hot magmatic gases with air

The contemplation of hot magmatic gas emissions and their direct visual observation
during field measurements has led to an emerging doubt concerning the treatment of this
process in the recent literature. There, the highly dynamic magma-atmosphere interface is
usually described with TE terminology (e.g. Gerlach and Nordlie, 1975; Martin et al., 2006;
Oppenheimer et al., 2018b; Moussallam et al., 2019). A first kinetic modeling approach
for a time fraction of an eruptive degassing scenario by Roberts et al. (2019) indicated
the potentially crucial role of reaction rates within high temperature gas emissions. I
developed a kinetic chemistry model that allows comprehensive and flexible simulations
of the turbulent atmospheric mixing and associated cooling process in the early and hot
volcanic plume. It encompasses the entire cooling process and allows to cover a large range
of initial conditions with only a few model runs. Studies of the interaction of chemical
kinetics with plume mixing and cooling suggest that volcanic gases, within split seconds
after emission, are far from TE and strongly influenced by intermediate species. This is
crucial for both, the interpretation of volcanic gas measurements and studies that assess
their influence on the atmosphere. P4 describes the model study and discusses its potential
broad consequences for volcanic gas studies.

The co-authors Nicole Bobrowski, Thomas Wagner, and Ulrich Platt shared their experi-
ence and expertise in extensive discussions on the subjects and reviewed and extended the
manuscripts of the articles.

Chapter 2 displays the articles in their originally published or preprint layout. In Chapter

3, the results of the individual studies are further discussed, focusing on their implications
for volcanic gas studies and beyond. The conclusions are summarised in Chapter 4.
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Abstract. Many processes in the lower atmosphere includ-
ing transport, turbulent mixing and chemical conversions
happen on timescales of the order of seconds (e.g. at point
sources). Remote sensing of atmospheric trace gases in the
UV and visible spectral range (UV-Vis) commonly uses
dispersive spectroscopy (e.g. differential optical absorption
spectroscopy, DOAS). The recorded spectra allow for the di-
rect identification, separation and quantification of narrow-
band absorption of trace gases. However, these techniques
are typically limited to a single viewing direction and lim-
ited by the light throughput of the spectrometer set-up. While
two-dimensional imaging is possible by spatial scanning, the
temporal resolution remains poor (often several minutes per
image). Therefore, processes on timescales of seconds can-
not be directly resolved by state-of-the-art dispersive meth-
ods.

We investigate the application of Fabry—Pérot interferom-
eters (FPIs) for the optical remote sensing of atmospheric
trace gases in the UV-Vis spectral range. By choosing a
FPI transmission spectrum, which is optimised to correlate
with narrow-band (ideally periodic) absorption structures of
the target trace gas, column densities of the trace gas can
be determined with a sensitivity and selectivity compara-
ble to dispersive spectroscopy, using only a small number
of spectral channels (FPI tuning settings). Different from
dispersive optical elements, the FPI can be implemented
in full-frame imaging set-ups (cameras), which can reach
high spatio-temporal resolution. In principle, FPI correlation
spectroscopy can be applied for any trace gas with distinct
absorption structures in the UV-Vis range.

We present calculations for the application of FPI correla-
tion spectroscopy to SOz, BrO and NO; for exemplary mea-
surement scenarios. In addition to high sensitivity and se-
lectivity we find that the spatio temporal resolution of FPI
correlation spectroscopy can be more than 2 orders of mag-
nitude higher than state-of-the-art DOAS measurements. As
proof of concept we built a 1-pixel prototype implement-
ing the technique for SO; in the UV. Good agreement with
our calculations and conventional measurement techniques
is demonstrated and no cross sensitivities to other trace gases
are observed.

1 Introduction

Within the last decades, progress in optical remote sensing
of atmospheric trace gases has led to a better understanding
of many important processes including air pollution, ozone,
and halogen chemistry and the evolution of volcanic plumes.
Narrow-band structures in the trace gas molecule’s absorp-
tion spectrum are used to identify and quantify the amount
of a trace gas integrated along a line of sight, i.e. its col-
umn density (CD, typically in units of molecules per cubic
centimetre), and to separate its absorption signal from inter-
fering gas absorptions and scattering processes.

Differential optical absorption spectroscopy (DOAS; see
Platt and Stutz, 2008, for details) has become a well estab-
lished technique for atmospheric trace gas remote sensing in
the UV—Vis with high sensitivity (detection limits within the
parts per billion to parts per trillion range for atmospheric
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light paths of a few kilometres). A spectrometer and a tele-
scope with narrow field of view (FOV) are used to record
spectra [ (1) of scattered sunlight, which are compared to a
reference spectrum Io(A). The Beer—Lambert law describes
the corresponding spectral optical density 7(A) with o; (1)
and ¢; (/) being the absorption cross section and the concen-
tration of trace gas species i along a line of sight L, respec-
tively:

L
10
(M) = —logﬁ =/Za,- Mei(Hdl
0 i

+ scattering at molecules and aerosols. (€))

Atmospheric UV-Vis optical densities are dominated by
trace gas absorption and scattering processes at air molecules
or aerosols. The known absorption cross sections of the trace
gases together with a polynomial, which accounts for the
broad-band absorption and scattering effects, are fitted to the
measured spectral OEtical density. The fit coefficients repre-
sent the CDs S; = ["c; (1)dl, i.e. the integrated trace gas con-
centration along the light path difference of /(i) and the ref-
erence Ip(A). In principle, spatial distributions of trace gases
(images or height profiles) can be recorded by scanning of
viewing angles with a narrow FOV telescope (e.g. multi-
axis DOAS; Honninger et al., 2004). More complicated op-
tical set-ups allow us to record spectra of an entire image
column at once by using a two-dimensional detector array
(e.g. imaging DOAS; Lohberger et al., 2004). Images can
then be recorded by column (push broom) scanning. The ac-
quisition times of these techniques used to be rather large
(often several minutes per image or profile for typical trace
gas CDs), limiting their application to processes that are spa-
tially homogeneous on that timescale or processes with very
high trace gas CDs. Recently, Manago et al. (2018) reported
NO; measurements with a hyperspectral camera based on the
imaging DOAS technique with considerably higher temporal
resolution (~ 0.08 Hz).

Determination of two-dimensional atmospheric trace gas
distributions with high time resolution at timescales of the
order of seconds, i.e. fast imaging, of atmospheric trace gases
is possible with techniques recording all spatial pixels of an
image at once for a low number of spectral channels (see
e.g. Platt et al., 2015). This allows the study of phenomena
which are not accessible to conventional scanning methods.
With fast trace gas imaging techniques, sources and sinks of
trace gases can be identified and quantified on much smaller
spatial and temporal scales than with conventional remote-
sensing techniques. This allows us to, for instance, gain in-
sight into small-scale mixing processes and to distinguish
chemical conversions from transport.

Most of the presently used atmospheric trace gas imaging
schemes use either a set of two band pass filters (BPFs) (e.g.
SO, camera, ~ 1 Hz for volcanic emissions; see e.g. Mori
and Burton, 2006; Bluth et al., 2007; Kern et al., 2010; Platt
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et al., 2018) or a tuneable BPF as a wavelength selective el-
ement (e.g. NO, camera, ~ 3 min per image for stack emis-
sions of power plants; Dekemper et al., 2016). These tech-
niques either involve intricate optical set-ups with low light
throughput or yield a rather coarse spectral resolution, which
might result in strong cross interferences (see e.g. Liibcke
et al., 2013; Kuhn et al., 2014).

Here we study the application of Fabry—Pérot interferom-
eters (FPIs) as wavelength selective elements for trace gas
imaging in the UV-Vis range. The periodic FPI transmis-
sion spectrum is matched to the spectral absorption structures
of trace gases that often show a similar periodicity. Thanks
to the high correlation of the transmission spectrum of the
wavelength selective element and the trace gas absorption
spectrum, a high sensitivity can be reached and cross inter-
ferences with other absorbers are minimised, even if only a
small number of spectral channels (FPI tuning settings) is
used (see Kuhn et al., 2014, and the discussion in Sect. 3.2
below). Air spaced FPI etalons are very robust devices and al-
low for simple optical designs that can easily be implemented
in imaging sensors. We present a model study on the sensi-
tivity and selectivity of FPI correlation spectroscopy applied
to SOy, BrO and NO; (Sect. 3). For exemplary measurement
scenarios, we infer the possible spatio-temporal resolution
of these measurements for a specific instrument implemen-
tation. We find that, for the three gases, imaging with spatio-
temporal resolutions about 2 orders of magnitude higher than
state-of-the-art methods should be possible. In addition, we
present a proof-of-concept study of the technique for vol-
canic sulfur dioxide (SO,), validating the expected high ac-
curacy and sensitivity of the technique with a 1-pixel proto-
type instrument. Further, we show that SO, CDs can be ac-
curately retrieved from the recorded data without calibration
(Sect. 4).

2 Fabry-Pérot interferometer correlation spectroscopy
2.1 Fabry-Pérot interferometer

The FPI is a fundamentally very simple optical device,
known for more than a century (e.g. Perot and Fabry, 1899).
In principle, it consists of two plane parallel surfaces each
with reflectance R, separated by a distance d (see Fig. 1).
The medium between the plates has the index of refraction
n. Incident light (angle of incidence «) is split up in par-
tial beams with different optical path lengths between the
two surfaces. Due to interference of the transmitted partial
beams, the spectral transmission of the FPI is characterised
by periodic transmission peaks, referring to constructive in-
terference. For high enough orders of interference, the free
spectral range (FSR) A, between two transmission peaks in
units of wavelength A is approximately given by

}»2

AN R ——
1 (%) 2nd cosa

@
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Figure 1. (a) FPI schematics indicating the splitting of incident radiation into partial beams that interfere to cause the FPI transmittance
spectrum (b), which is characterised by periodic transmission maxima with a FWHM of §; and a FSR of A,. The BrO absorption cross
section (upper panel) shows approximately periodic structures allowing for a high correlation with spectral FPI transmittance. This leads
to a modulation of the BrO optical density as seen through the FPI with changing surface displacement d (c). The apparent absorbance is
the difference of the optical densities of FPI settings A and B, representing maximum and minimum correlation of FPI transmission and

absorption cross section o.

The finesse F of a FPI represents the ratio of FSR to the full
width half maximum (FWHM) §, of a transmission peak:

F = .
O

3
The finesse is a measure for the number of effectively inter-
fering partial beams and therefore increasing with the surface
reflectance. However, it also depends on the alignment and
quality of the surfaces.

The spectral transmission as a function of A and the FPI’s
instrument parameters is given by

Teor(0) = | 14+ 4R . o 2mdncosa -1 4
FpI(}) = a_gre'm ( . ) . “

Despite its simple design, the challenge in manufacturing FPI
devices lies in creating set-ups keeping d stable to a fraction
of a wavelength across the effective aperture.

2.2 Detection principle

The concept of using FPI correlation to detect atmospheric
trace gases is described in Kuhn et al. (2014). The correla-
tion of periodic absorption structures of atmospheric trace
gases and the FPI transmission is exploited. An apparent ab-
sorbance T; of a trace gas i is calculated from the optical
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densities of an on-band t4 and off-band g channel:

_ I4,0 Ip.o
T, =14 — T =log —log ——
I Ip

=(04,i —0B,i)Si =A0;S;. ©)

S; denotes the CD of a trace gas i. For the on-band channel,
the spectral pattern of the FPI transmittance is chosen to cor-
relate with the absorption band structure of the target trace
gas, while for the off-band channel the FPI is tuned to show
minimum correlation with the target trace gas absorption (see
Fig. 1). The apparent absorbance is — for low trace gas opti-
cal densities — proportional to the CD of the trace gas. The
proportionality is Ao, representing the difference of the ef-
fective absorption cross section seen by channel A and chan-
nel B. The optical densities 7 are calculated from measured
radiances I; transmitted by the FPI in a setting k = A, B:

Iy = /1(?») - Trpr k(1) dA. (6)
AX

Ii. o denotes the reference radiance without the target trace
gas in the light path. In practice, a wavelength range AX
of high correlation of spectral trace gas absorption and FPI
transmission is preselected with a BPF. Within this spectral
range the FPI physical parameters are optimised. Figure 1c

Atmos. Meas. Tech., 12, 735-747, 2019
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Table 1. Differential CDs assumed for the different measurement scenarios. The values represent high values for CD variations within a
typical imaging FOV. The targeted detection limits are indicated in italic.

Differential CD across imaging FOV (molec cm™

2)

SO,: volcanic emission (low)

300-315nm 330-355nm

BrO: volcanic emission (high)

NO,: stack emission
424-445 nm

SO, 1 x 1017 (volcanic)

BrO 1x 104 (volcanic)

NO, 1 x 10'7 (bgr. pollution) 1 x 10'© (bgr. pollution)

03 3 x 1017 (SZA change strat.) 3 x 1017 (SZA change strat.)
HCHO 5 x 1015 (background)

H,O - -

OCIO 5 x 10'3 (volcanic)

Oy -

3x 1018 (volcanic) -
1 x 1014 (volcanic) -

1 x 1016 (stack plume)
3x 1017 (SZA change strat.)

5% 1013 (background) -

1x10% (background)

5x 1013 (volcanic) -
1 x10%3 (O, dimer, moleczcm*S) 1x10% (O, dimer, moleczcmfs)

Typical values based on Roscoe et al. (2010), Glif et al. (2015), Bobrowski and Giuffrida (2012) and Dekemper et al. (2016). Absorption cross sections
are based on Vandaele et al. (2009), Fleischmann et al. (2004), Bogumil et al. (2003), Serdyuchenko et al. (2014), Chance and Orphal (2011), Rothman

et al. (2013), Kromminga et al. (2003) and Thalman and Volkamer (2013).

shows the optical density of BrO seen through an FPI with
varying surface displacement d. The maximum difference
between maximum and minimum optical density determines
the FPI settings A and B. In addition, the finesse is chosen to
maximise the signal-to-noise ratio.

Here we apply FPI correlation spectroscopy for passive
imaging of a trace gas in the atmosphere. This means that
the light source is scattered sky radiation that is measured
within an imaging FOV (e.g. 20° aperture angle). We assume
in the following that a reference Iy (i.e. a part without trace
gas) is always present within the image, so that S denotes the
differential trace gas CD compared to that reference.

The proportionality Ao of apparent absorbance T and
trace gas CD S (see Eq. 5) can be calculated from litera-
ture absorption cross sections of the target trace gas, a back-
ground spectrum /p(A) and a modelled instrument transfer
function (see Sects. 3.1 and 4.2). Alternatively, Ao can be
determined through calibration (see e.g. Liibcke et al., 2013;
Sihler et al., 2017).

3 Model study for SO;, NO; and BrO

FPI correlation spectroscopy can be applied to every trace
gas species that yields sufficiently strong spectral absorption
structures in the regarded wavelength range. In this section
we present exemplary model studies for imaging of SO,
NO; and BrO. For each target trace gas we regard a typi-
cal exemplary measurement scenario (Table 1). For the tar-
get species BrO and SO, we use typical measurement sce-
narios of volcanic emissions in the UV spectral range. For
SO; we assume CDs that are typically measured in vol-
canic plumes of a comparably weak volcanic emitter or an
already highly diluted plume (required detection limit of
1 x 107 moleccm™2; see Table 1). We additionally chose a
high and probably disturbing NO, CD (1 x 10'” moleccm™2)
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in order to make the scenario also applicable to SO, measure-
ments at ship or industrial stack emissions. Existing filter-
based SO, cameras are subject to strong cross interferences
in this CD range (see e.g. Liibcke et al., 2013; Kuhn et al.,
2014). In the scenario for BrO we assume a relatively strong
but not uncommon volcanic emitter, with BrO mixing ratios
of tens to hundreds of parts per trillion within the plume
(required detection limit of 1 x 10" molec cm™2; see Ta-
ble 1) and high SO, CDs (3 x 10'® moleccm™2). Gradients
in the BrO distributions can give insight into in-plume halo-
gen chemistry (see e.g. Bobrowski et al., 2007; von Glasow,
2010; Roberts et al., 2014). The NO, scenario (blue spectral
range) is applicable to measurements of stack emissions at,
for example, a coal power plant (see e.g. Dekemper et al.,
2016) but also to local gradients induced by traffic (required
detection limit of 1 x 10'® molec cm™2; see Table 1).

We calculate the sensitivities and study the cross interfer-
ence of the apparent absorbance with other atmospheric ab-
sorbers for typical differential CDs for the respective mea-
surement scenario. Table 1 lists the assumed differential CDs
of the trace gases absorbing in the same spectral range as the
trace gases under investigation. For these potentially inter-
fering trace gases we chose relatively high values, so that the
indicated cross interferences correspond to upper limits. The
listed CDs represent differential CDs across a typical image
FOV (~ 20°), assuming that within the image a reference re-
gion Iy without the target trace gas is always present.

In a second step, we calculate the corresponding photon
budgets in order to infer the approximate achievable spatial
and temporal resolution of the respective imaging measure-
ment.

3.1 Description of the model

The apparent absorbance is calculated from radiances I (in
photonss~! mm~2 sr~!) of scattered solar radiation transmit-
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ted by the respective spectral channel k = A, B (on-band and
off-band FPI setting):

I = /dk To(\)e™ ZioiMSi Trpr, k(M) Tgpr(A). N

A spectrum recorded on a clear day in Heidelberg with a solar
zenith angle of 73° (160° relative solar azimuth, 89° viewing
zenith angle) was used to approximate the spectral radiance
Io(X). In(X) was scaled with scattered sky radiance measure-
ments from Blumthaler et al. (1996). The radiance measure-
ments were performed in Innsbruck in February 1995 with
a solar zenith angle of 68°. For our calculations we used
the values for a 180° relative solar azimuth and 70° view-
ing zenith angle. S; is the CD of an absorbing gas species
i with spectral absorption cross section o; (). Trpy, ¢ is the
FPI transmittance in configuration & (see Eq. 4) and Tgpr the
transmittance of the BPF isolating the measurement wave-
length range for the respective target trace gas. Tgpr was
modelled with a higher-order Gaussian function:

_ ( MBPFZ—MZ )p
Tgpr(A) = Pe x , ®)

with a FWHM of

1
83, BPF = 2¢v/ 2(log2) 7. ©)

P describes the peak transmission at a central wavelength
ABpPF. An order p = 6 was used to approximate interference
filter transmission profiles.

With Eq. (5) and the intensities ; from Eq. (7), the appar-
ent absorbance 7; can be calculated, allowing us to study the
sensitivity and selectivity of the detection of a trace gas i for
given FPI instrument settings.

In addition, we approximate the respective detection lim-
its based on photon shot noise. In order to calculate the num-
ber of photons that reach the detector of the imaging device,
we need to know the etendue (product of entrance area A
and aperture solid angle €2) of the employed optics. Kuhn
et al. (2014) suggest several optical set-ups for FPI correla-
tion spectroscopy imaging implementations. Here, we chose
the set-up in which, with help of image space telecentric op-
tics (see Fig. 5), the incident radiation from the imaging FOV
is parallelised before traversing the FPI and BPF. In order to
avoid strong blurring of the FPI transmission spectrum due
to different incidence angles, the divergence ® of the light
beams traversing the FPI should not be much larger than
® = 1°. With a lens of focal length f this condition limits
the maximum aperture radius a to

®
a=ftan5. (10)

The FPI clear aperture radius app; determines the imaging
FOV aperture angle:

YFOV =2arctan%. (11)
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The etendue per pixel Epix is determined by the spatial reso-
lution of the recorded image, which can be varied by binning
individual pixels. For npix being the number of pixels along
a column of a square detector array, the approximate etendue
per pixel of the instrument is

Eypix = Apix Qpix ~ a’sin’ (@) . (12)
Npix

The detectors’ quantum efficiency and losses within the op-
tics are considered to be not wavelength dependent in the
regarded spectral ranges and combined in a loss factor 7.
We chose a somewhat lower loss factor for the UV range
(0.25 for SO, and BrO) compared to the visible range (0.5
for NO») due to the higher quantum efficiency of commonly
used detectors. Each FPI channel (on-band and off-band set-
ting) requires one image acquisition. We assume a measure-
ment limited by photoelectron shot noise, where for an expo-
sure time Af the number of counted photoelectrons per pixel
and image is

Nphe, pix = I EpixnAt, (13)

with an uncertainty of ANphe, pix = /Nphe, pix- The uncer-
tainty in the apparent absorbance 7 is then

2
AT & ) 14
Nphe, pix

assuming the intensities [ for the two FPI settings k = A, B
are similar and that the reference intensities /o x have to be
recorded only once.

Note that the used sky radiances, loss factors and dimen-
sions of the optics (see Table 2) represent conservative as-
sumptions. For instance the light throughput could be en-
hanced by more than an order of magnitude by choosing a
different optical set-up (see Kuhn et al., 2014). There, the
FPI is placed in front of the lens using the full clear aper-
ture and the full aperture angle of the FPI and the optics.
Each viewing direction of the FOV, however, will have a dif-
ferent incidence angle onto the FPI and therefore a different
FPI transmission spectrum, which has to be accounted for in
the data analysis. Alternatively, simply a larger FPI could be
used. The results of the following calculations for the image
space telecentric optics, therefore, represent lower limits of
the performance.

3.2 Results of the simulations

The FPI correlation spectroscopy technique allows for nu-
merous different realisations regarding the used spectral win-
dow and FPI instrument parameters that can be chosen ac-
cording to, for example, measurement conditions or avail-
ability of optical components (FPI, BPF). Here, we identi-
fied spectral windows in which the target trace gas absorp-
tion cross sections exhibit approximately periodic structures
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Table 2. Instrument parameters of FPI, BPF and optical set-up used for the simulations. The radiance for the on-band setting /4 at the
detector was approximated based on the instrument parameters and sky radiance values from Blumthaler et al. (1996).

Instrument parameters

SO, BrO NO,
d (um) 21.60 11.52 23.72  FPI surface displacement setting A
dp (um) 21.44 11.62 23.63  FPI surface displacement setting B
R 0.7 0.7 0.7  FPI surface reflectivity
PBpF 0.7 0.7 0.7  BPF peak transmission
ABPF (nm) 308 342 434  BPF central wavelength
83, BPF (nm) 10 20 18 BPFFWHM
f (mm) 50 focal length of imaging optics
O °) 1 required parallelisation
a (mm) 0.44 aperture radius of imaging optics
appr (mm) 7.5 aperture radius of FPI
n 0.25 0.5 loss factor
yrov (°) 17 imaging FOV of camera
Iy (photonss_]mm_zsr_]) 451x10° 148x!11  517x10!!
.. 0.10 7
2 (a) L (b)
3 [
= o005 . 0.12 7
Bl 1 — Bro ie+14 --- Bro le+14 yal
s 0.00 I\ —— 033e+17 --- 033e+17 4
5 0 H  NO2 1e+17 0101 ___ NO2 1e+17 s
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a P —— S02 1e+17 3 — S02 ’
300.0 302.5 305.0 307.5 310.0 3125 315.0 3175 3200 3
1e10 s 0.06
_ 0.8 : : 7 --- Scatt. solar spectrum E
T . III —— Transm. by FPIset A 8 0.04
8+ 06 oy —— Transm. by FPIset B g
o e 1 1 ,'
E € : : ) 0.02
K DA
51 t
§ Eoa 1 0947 0.2 0.4 0.6 0.8
£ S SO3 column density [molec cm™2]  1e18
-------------- AN
%800 302.5 305.0 307.5 310.0 3125 315.0 3175 320.0

Wavelength [nm]

Figure 2. Model results for SO,: (a) the differential optical densities of the assumed differential trace gas CDs are plotted in the upper panel.
The lower panel shows the spectral radiance of the sky (dashed line) and the transmitted spectral radiances of the FPI and BPF (drawn lines,
on-band in black, off-band in grey). Panel (b) shows the calculated calibration curve for SO; only (drawn line) and with different interfering
species included (dashed lines, CDs in molecules per square centimetre; see legend and Table 1).

and appropriate FPI parameters were determined in order to
maximise the correlation of FPI transmission and trace gas
absorption according to the procedures described in Kuhn
et al. (2014). Table 2 lists the parameters for the exemplary
set-ups we use in this work.

The results for SO,, BrO and NO; are summarised in
Figs. 2, 3 and 4, which show the differential optical den-
sities of the target trace gas and the potentially interfer-
ing trace gases for the respective measurement wavelength
ranges (Figs. 2a, 3a, 4a). In the lower panels, the transmit-
ted spectral radiances of the respective FPI spectral channels
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(on-band, off-band) are plotted. The SO, and NO, trace gas
optical densities clearly dominate the total differential optical
density for the targeted detection limits. For BrO the other
trace gases exhibit differential optical depths on the same
order of magnitude as BrO. In Figs. 2b, 3b and 4b, the re-
spective simulated calibration curves are plotted, where the
dashed lines indicate the impact of the individual interfering
gases for the assumed amounts. For all three gases these im-
pacts are well below the targeted detection limit. Especially
for the case of BrO this illustrates how FPI correlation spec-
troscopy can effectively separate the absorption structure of
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Figure 3. Model results for BrO: (a) the differential optical densities of the assumed differential trace gas CDs are plotted in the upper panel.
The lower panel shows the spectral radiance of the sky (dashed line) and the transmitted spectral radiances of the FPI and BPF (drawn lines,
on-band in black, off-band in grey). Panel (b) shows the calculated calibration curve for BrO only (drawn line) and with different interfering
species included (dashed lines, CDs in molecules per square centimetre; see legend and Table 1).
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Figure 4. Model results for NO»: (a) the differential optical densities of the assumed differential trace gas CDs are plotted in the upper panel.
The lower panel shows the spectral radiance of the sky (dashed line) and the transmitted spectral radiances of the FPI and BPF (drawn lines,
on-band in black, off-band in grey). Panel (b) shows the calculated calibration curve for NO; only (drawn line) and with different interfering
species included (dashed lines, CDs in molecules per square centimetre; see legend and Table 1).

a single trace gas from a multitude of trace gas optical densi-
ties of the same order of magnitude. By using more than two
FPI settings, the selectivity can be enhanced even further.
The absorption bands of NO; are not ideally periodic in
the chosen wavelength window. Therefore, at first glance
they appear to be non-ideal for FPI correlation. The apparent
absorbance, however, is still reasonably high with extremely
low cross interferences to water vapour and O4. This demon-
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strates that periodical absorption structures are ideal but not
necessary for FPI correlation spectroscopy. For a different
measurement scenario (here we optimised for stack and ship
emissions; see above) there might also be a better choice for
instrument parameters. For instance for a high-radiance and
low-NO; scenario one might use a single FPI transmission
peak on the NO; absorption band at ~ 435 nm (as setting A)
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Table 3. Simulation results: the spatial resolution of a FPI correlation spectroscopy measurement was calculated for an exposure time of 10s

and the target detection limits, shown in Table 1.
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Simulation results

SO, BrO NO,
AT (cm™2) 15x1071%  6x10718 1.1x10719
Target det. lim. (moleccm_z) 1 x 1017 1 x 104 1 x 1016
Target det. lim T 0.015 0.0006 0.0011
Required Nphe, pix 89x10°  5.6x10° 1.7 x 10°
Required Epix (mm? sr) 79%x1077 1.5x107° 6.6 x 1077
Max. spatial resolution (1pix X npix) 226 x 226 51 x51 252 x 252

Focallengthf  _--["|" |-

OS] SR Cosptiut: I ER B et

Optical axg

Figure 5. Image space telecentric optical set-up for parallelising
light from the imaging FOV before traversing the FPI and BPF.

and at ~ 438 nm (as setting B) in order to increase the sensi-
tivity (see Fig. 4).

Table 3 summarises the results of the photon budget cal-
culations. We calculated the maximum possible spatial reso-
lution of the imaging measurement for a 10s exposure time
and the instrument parameters listed in Table 2. For this, spa-
tial pixels are co-added until the targeted detection limit was
reached. We find that for the targeted detection limits the spa-
tial resolutions of the imaging measurements for the chosen
parameters are 226 by 226 pixels for SO,, 51 by 51 pixels
for BrO and 252 by 252 pixels for NO; for a temporal res-
olution of 10s. The temporal resolution could be enhanced
at the expense of the spatial resolution or vice versa. For in-
stance, cutting the linear spatial resolution in half (e.g. from
226 by 226 to 113 by 113 pixels for SO;), would reduce the
temporal resolution to 5 s for the same detection limit.

When comparing to corresponding DOAS measurements
the increase in spatio-temporal resolution becomes evident.
A state-of-the-art DOAS measurement takes around 1s to
reach a detection limit of 1 x 10'* moleccm=2 BrO for one
spatial pixel. To scan the ca. 2600 pixels of the assumed
BrO image would take 2600s. This is, however, a com-
parison with an instrument that is not optimised for these
kinds of imaging measurements. Manago et al. (2018) re-
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cently recorded NO, images with a hyperspectral camera,
based on imaging DOAS. A detection limit of around 1 x
10'% moleccm =2 NO is reached with a spatial resolution of
480 by 640 pixels and 3 by 3 pixel binning with 12 s frame™!.
This is only a factor of 2.2 slower than our calculation for the
telecentric set-up. By applying the standard optics introduced
in Kuhn et al. (2014), the light throughput is increased by an-
other factor of 32. Therefore, theoretically, the FPI technique
can be a factor of ~ 70 times faster. Of course these values
always depend on the size of the assumed instrument optics.
Our results show that FPI correlation spectroscopy can be
about 2 orders of magnitude faster than conventional DOAS
measurements while maintaining a similar degree of selec-
tivity and interference suppression.

The presented results of the exemplary calculations for
SO,, BrO and NO; suggest that FPI correlation spectroscopy
can also be implemented for other trace gases with similarly
strong and structured absorption, such as, for example, O3z,
HCHO, IO or OCIO.

4 Proof of concept: field measurements of volcanic SO,
4.1 Sensitivity and ozone interference

The above model study on trace gas detection with FPI cor-
relation spectroscopy was validated in a proof-of-concept
field study for volcanic SO;. In a 1-pixel prototype a sin-
gle photodiode was used as a detector. A BPF (Appp ~
310nm, 8, gpr &~ 10nm) was used for the preselection of a
wavelength range, for which the SO, differential absorption
is strong and approximately periodic (see Fig. 2). A FPI (air-
spaced etalon from SLS Optics Ltd.) with a FSR of 2.1 nm
and a finesse of 7 across a clear aperture of 20 mm was tilted
by a servomotor in order to tune it to the on-band and off-
band transmission settings. The individual plates of the FPI
have a finite thickness and two surfaces; the outer surfaces
have an anti-reflective coating and are slightly wedged from
the inner surfaces of the plates, so their influence can be ne-
glected here. The optical set-up behind FPI and BPF consists
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Figure 6. Time series of the apparent absorbance of the 1-pixel FPI
correlation spectroscopy prototype for SO, detection (top trace, left
scale) recorded at Etna, Sicily, on 30 July 2017. A co-aligned tele-
scope was used to simultaneously record spectra for DOAS evalua-
tion of SO, and O3 (centre and bottom traces and right and bottom
left scales, respectively). The apparent absorbance nicely correlates
with the SO, CD (see Fig. 7), while no O3 impact is observable.
The growth of the retrieved O3 differential CD is expected due to
the increasing stratospheric O3 column for increasing solar zenith
angle (see text).

of a fused silica lens (f &~ 50 mm), which projects light from
a narrow FOV (~ 0.8° aperture angle) onto the photodiode.

Radiances for the on-band and off-band channels were
recorded, delivering an apparent absorbance measurement
with 0.42Hz. A telescope (~ 0.5° aperture angle) was
co-aligned with the 1-pixel FPI set-up and connected to
a temperature-stabilised spectrometer (spectral resolution
~ 0.8 nm). The recorded spectra (~ 0.13 Hz) were evaluated
with the DOAS algorithm.

The measurement was performed at the Osservato-
rio Vulcanologico Pizzi Deneri (lat 37.766, long 15.017,
2800ma.s.l.) at Mt Etna on Sicily on 30 July 2017. The
device was pointed towards the volcanic plume of Mt Etna
with a constant viewing angle (8° viewing elevation, azimuth
280° N). A plume-free part of the sky (zenith viewing di-
rection) was used for reference measurements and recorded
prior to the plume measurement. Figure 6 shows the time se-
ries of the apparent absorbance of the FPI correlation spec-
troscopy prototype together with the SO, CD retrieved from
the co-recorded spectra. The apparent absorbance shows high
correlation with the retrieved SO, CD. In Fig. 7 the correla-
tion plot is shown. For high SO, CDs the sensitivity of Tso,
decreases slightly due to saturation effects. The scatter of the
values mainly originates from slight misalignment and the
difference of the two narrow FOVs.

The recorded UV spectra also allow for evaluation of the
O3 absorption. The lower panel of Fig. 6¢ shows the change
of the differential O3 CD during the measurement with re-
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Figure 7. Correlation plot of the recorded FPI correlation spec-
troscopy apparent absorbance and the SO, CD retrieved by DOAS.
A sensitivity of about Ao gp, of 1019 cm? is reached for lower
SO, CDs. For higher CDs a flattening of the curve is observed that
is induced by saturation effects due to the high SO, optical densities
at the absorption peaks.

spect to the reference. The observed increase in the Oz CD
by more than 4 x 10'® molec cm~?2 during the plume measure-
ment is due to the increasing stratospheric light path with in-
creasing solar zenith angle (63.58 to 79.31° during the mea-
surement sequence). Within an imaging FOV (of 17°, for ex-
ample) much lower differential O3 CDs are expected (see Ta-
ble 2), since all pixels are similarly affected by the change in
O3 background. Even with this extreme change in O3 CD
no impact on the recorded SO, apparent absorbances is ob-
served.

The presented data also indicate the potential of using an
additional DOAS measurement for the calibration of the ap-
parent absorbance of an FPI imaging device. The position of
the narrow FOV of a DOAS telescope pointing into the wide
imaging FOV can be retrieved from time series and used for
an in-operation calibration (see e.g. Liibcke et al., 2013; Sih-
ler et al., 2017).

4.2 Calculation of SO, CDs by modelling effective
absorption cross sections

As stated in Sect 2.2 we can also directly calculate the SO,
CDs from the apparent absorbance T by modelling the ef-
fective absorption cross sections and thereby Aoso,. This
requires knowledge about the instrument spectral transmis-
sion, the background scattered light spectrum and the SO,
absorption cross section.

We modelled the instrument transfer function with the
transmission spectrum of the used BPF, the calculated FPI
transmission spectrum (see Sect. 3.1) and the quantum effi-
ciency of the photodiode. The background scattered sunlight
spectrum was modelled using a high-resolution solar atlas
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Figure 8. Correlation plot of the SO, CDs retrieved by modelling
and the SO, CDs retrieved by DOAS. The error bars indicate the
uncertainty of the FPI finesse (£3 %) and the background spectral
radiance in the model (£10 %) and the DOAS retrieval error. A high
correlation is observed and the saturation effect is accounted for by
the model as well.

spectrum according to Chance and Kurucz (2010), scaled by
the wavelength to the fourth power (assuming Rayleigh scat-
tering) and multiplied with the transmission of the total slant
atmospheric ozone column. The ozone column was estimated
t02.5x 10! molec cm~2 using the vertical ozone column (for
the measurement day according to satellite measurements,
TEMIS database; Veefkind et al., 2006) multiplied with a
geometric air mass factor for the average solar zenith angle
during the measurement. The SO, absorption cross section
of Vandaele et al. (2009) was used.

The largest uncertainties are the finesse of the FPI and the
modelled background spectrum, in which Rayleigh scatter-
ing approximation and the assumed ozone column introduce
uncertainties. A finesse of about 7 is reported by the manu-
facturer for perpendicularly incident radiation. For the instru-
ment model we have to calculate the effective finesse for a di-
vergent light ray (~ 0.8° aperture angle) for the two FPI tilt
positions (around 0° for setting B and 5° for setting A, corre-
sponding to a finesse of around 7 and 5, respectively). Since
the divergent light ray reaching the detector is dependent on
focal length, detector area and the alignment of the optical
components and due to the uncertainty in the reflectance of
the FPI, we can determine the finesse only with an uncer-
tainty of £3 %. Further, we estimate an uncertainty in the
background spectrum by £10 % in our calculation, account-
ing for uncertainties in atmospheric radiative transfer and
ozone column.

Figure 8 shows the SO, CDs calculated with the described
FPI model as a function of the SO, CDs retrieved from
the DOAS spectra. We observe an excellent agreement with
a slope of 0.99, an intercept of 7.5 x 10" moleccm™2 and
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R? =0.96. The uncertainties in background spectral radi-
ance and finesse result in a uncertainty in the SO, sensitivity
AG 50, of around 10 % and therefore a relative uncertainty
of £10 % in the retrieved SO, CD. Here, it is important to
highlight the difference between ozone interference with the
apparent absorbance and the influence of an uncertainty in
the total ozone column assumed in the model. The former
seems to be negligible as shown by the measurements (Fig. 6)
and in the model study (Sect. 3.2). The latter influences the
modelled sensitivity of the measurement. This means it intro-
duces a small relative uncertainty to the retrieved CDs, which
has almost no influence on the detection limit. The saturation
effects observed for high CDs in the apparent absorbances
(see Fig. 7), meaning the CD dependency of Aoso,, are
accounted for by the model as well. This is a very promis-
ing result, pointing towards the possibility of calibration-free
measurements, which would be another major advantage of
the FPI correlation spectroscopy compared to, for example,
filter-based SO, cameras.

4.3 Imaging

The 1-pixel FPI correlation spectroscopy prototype, intro-
duced in this study, can be implemented in a full-frame
imaging instrument. This is the major advantage of the tech-
nique compared with the DOAS technique. The imaging im-
plementation can be achieved with, for example, the image
space telecentric optical set-up, used for the above calcula-
tions and shown in Fig. 5. In principle, the single-pixel detec-
tor (photodiode) is replaced by a two-dimensional detector
array (UV sensitive for SO and BrO) and an aperture stop
is added in the focal plane in front of the lens. This would,
however, reduce the light throughput per pixel of the imaging
set-up compared to the 1-pixel prototype. Alternatively, the
FPI could be placed in front of the lens using the full clear
aperture and the full aperture angle of the FPI and the optics,
increasing the light throughput by a factor of 32 (see Kuhn
et al., 2014). This leads to a much higher light throughput;
however, the incidence angle of the incident light onto the
FPI and thereby the FPI transmission spectrum becomes de-
pendent on the pixel (i.e. the viewing direction within the
imaging FOV) and has to be accounted for in the data evalu-
ation.

5 Conclusions

Many locally variable atmospheric processes are difficult to
quantify with state-of-the-art UV-Vis remote-sensing meth-
ods (e.g. DOAS) due to the limited spatio-temporal resolu-
tion. This makes it difficult to, for example, study the emis-
sion of point sources or to separate the effects of transport
and chemical conversion on local scales. Kuhn et al. (2014)
proposed the FPI correlation spectroscopy for SO, in the UV
wavelength range after similar approaches have been stud-

www.atmos-meas-tech.net/12/735/2019/



J. Kuhn et al.: Fabry—Pérot interferometer correlation spectroscopy of atmospheric trace gases 745

ied in infrared wavelength ranges (e.g. Wilson et al., 2007,
Vargas-Rodriguez and Rutt, 2009). The major motivation is
to reduce the number of spectral channels used for the trace
gas detection in order to increase the spatio-temporal resolu-
tion of the measurement while maintaining its selectivity.

In a model study we investigated the sensitivity and de-
termined the photon budget of FPI correlation spectroscopy
for three measurement scenarios for SO,, BrO and NO,. For
SO, we assumed a scenario with rather low volcanic emis-
sions, which is also representative for industrial stack or ship
emissions. For BrO a scenario with stronger volcanic emis-
sions was assumed, with BrO mixing ratios of 10 to 100 ppt
within the volcanic plume and high SO, CDs. The NO;
measurement scenario represents typical stack emissions of
power plants and gradients of local air pollution induced by
traffic, for example.

For all three investigated gases, cross interferences with
other trace gases absorbing in the preselected spectral ranges
were found to be very low, meaning that the selectivity of
FPI correlation spectroscopy can be similar to the selectivity
of conventional techniques (e.g. DOAS). In this study, we
only used two FPI settings. A larger number of FPI settings
could be used to further reduce possible cross interferences.

Using rather conservative assumptions regarding the inten-
sity of the incoming radiation and the size of the instrument
optics, we calculated the highest possible spatio-temporal
resolution of the FPI correlation spectroscopy measurements
for the different scenarios and found that they can be more
than 2 orders of magnitude higher compared to state-of-the-
art DOAS measurements for the same trace gas CD. This
means that in the same time period a conventional dispersive
technique records a single viewing direction (i.e. a single spa-
tial pixel), almost an entire image can be recorded with the
FPI correlation spectroscopy. This strongly indicates that fu-
ture instruments based on FPI correlation spectroscopy can
provide unprecedented insight into short time or small-scale
processes in the atmosphere.

In the second part, we presented a proof-of-concept field
study for FPI correlation spectroscopy applied to volcanic
SO;, which confirms the model simulations by comparing
the measured apparent absorbance to SO, CDs retrieved by
a co-aligned DOAS measurement. One particularly impor-
tant finding is that, as expected from the model study, no O3
cross interference can be observed over a large Oz CD range.
Further, SO, CDs could be directly calculated from the in-
strument model and a very simple radiative transfer model
very accurately and with a ~ 10 % uncertainty of the sensi-
tivity. This indicates that CDs can be retrieved directly from
the FPI radiance data without calibration.

The extension of the 1-pixel prototype to a camera can be
accomplished comparably easily by minor modifications of
the optics and by using a UV-sensitive detector array and
should be the aim of future studies. By replacing the FPI and
the BPF, the instrument is adjusted to measure different trace
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gases, e.g. BrO and NO», according to the model calculations
performed in Sect. 3.

The applications of UV-Vis FPI correlation spectroscopy
mentioned in this work represent only some examples for
trace gases and phenomena that could be studied. Beyond
the volcanological application, FPI imaging can for instance
be used to study SO, in air pollution or BrO in salt pans (see
e.g. Holla et al., 2015). The technique can also be applied to
other trace gases with similarly strong and structured absorp-
tion, such as, for example, Oz, HCHO, IO or OCIO.

Data availability. The data used for the proof-of-concept study can
be obtained from the authors upon request.
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Abstract. We present first measurements with a novel imag-
ing technique for atmospheric trace gases in the UV spec-
tral range. Imaging Fabry—Pérot interferometer correlation
spectroscopy (IFPICS) employs a Fabry—Pérot interferome-
ter (FPI) as the wavelength-selective element. Matching the
FPI's distinct, periodic transmission features to the charac-
teristic differential absorption structures of the investigated
trace gas allows us to measure differential atmospheric col-
umn density (CD) distributions of numerous trace gases
with high spatial and temporal resolution. Here we demon-
strate measurements of sulfur dioxide (SO;), while earlier
model calculations show that bromine monoxide (BrO) and
nitrogen dioxide (NO,) are also possible. The high speci-
ficity in the spectral detection of IFPICS minimises cross-
interferences to other trace gases and aerosol extinction,
allowing precise determination of gas fluxes. Furthermore,
the instrument response can be modelled using absorption
cross sections and a solar atlas spectrum from the literature,
thereby avoiding additional calibration procedures, e.g. using
gas cells. In a field campaign, we recorded the temporal CD
evolution of SO, in the volcanic plume of Mt. Etna, with an
exposure time of 1s and 400 x 400 pixel spatial resolution.
The temporal resolution of the time series was limited by the
available non-ideal prototype hardware to about 5.5s. Nev-
ertheless, a detection limit of 2.1 x 107 moleccm™2 could
be reached, which is comparable to traditional and much less
selective volcanic SO, imaging techniques.

1 Introduction

Ground-based imaging of atmospheric trace gas distributions
has a great potential to give new insights into mixing pro-
cesses and chemical conversion of atmospheric trace gases
by allowing their observation at high spatio-temporal reso-
lution. Whereas present space-borne trace gas imaging pro-
vides daily global coverage with a spatial resolution of a few
kilometres (e.g. Veefkind et al., 2012), ground-based obser-
vation can potentially reach a spatial resolution in the or-
der of metres and a temporal resolution in the single digit
Hz range. Such techniques in particular allow the investiga-
tion of trace gas distributions with strong gradients and short
timescale chemical conversions.

There are several approaches for imaging trace gas distri-
butions using scattered sunlight in the UV-Vis wavelength
range (see, for example, Platt and Stutz, 2008; Platt et al.,
2015): an image can be scanned pixel by pixel with a tele-
scope, and recorded spectra are evaluated to determine the
trace gas column density (whiskbroom approach). Alterna-
tively, with a more complex optics and a two-dimensional
detector, one detector dimension of the spectrograph can be
used for spatially resolving an image column. Column by
column (or pushbroom) scanning then resolves an image.
The high spectral resolution of the spectrograph-based tech-
niques allows the accurate and simultaneous identification of
several trace gases; however, the light throughput and the
scanning process severely limit the temporal resolution. A
third approach applies tunable filters to resolve the trace gas
spectral features, e.g. acousto-optical tunable filters (Dekem-
per et al., 2016), as wavelength-selective elements for an en-
tire image frame. The application of tunable filters can have
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high spectral resolution and hence high trace gas selectivity;
however, due to limited light throughput the temporal resolu-
tion lies in the order of minutes. A fourth imaging technique
uses a small number (typically two) of wavelength channels
selected by static filters, e.g. interference filters (Mori and
Burton, 2006). This approach can be quite fast with a tempo-
ral resolution in the order of seconds; the trace gas selectivity,
however, strongly depends on the correlation of trace gas ab-
sorption with the wavelength-selective elements and usually
is rather marginal.

Fabry—Pérot interferometers (FPIs) exhibit a periodic
spectral transmission pattern which can be matched to pe-
riodic spectral features (typically due to rotational or vibra-
tional structures of electronic transitions) of the trace gas
absorption, thereby yielding very high correlation for some
trace gases. Imaging Fabry—Pérot interferometer correlation
spectroscopy (IFPICS) thus essentially combines the advan-
tage of fast image acquisition with selective spectral identifi-
cation of the target trace gas. IFPICS was proposed by Kuhn
et al. (2014) and discussed in Platt et al. (2015) for volcanic
SO,. Kuhn et al. (2019) demonstrated the feasibility with a
1 pixel prototype for volcanic SO, and evaluated its applica-
bility to other trace gases.

Here we present first imaging measurements (at a resolu-
tion of 400 x 400 pixels, 1s exposure time) performed with
IFPICS and confirm its high selectivity and sensitivity. A pro-
totype instrument for SO, was tested at Mt. Etna volcano,
Italy, showing a noise-equivalent signal between 2.1 x 10'7—
5.5 x 107 molec cm™2 s~ /2, Furthermore, we show that the
instrument response can be modelled and thereby intrinsi-
cally calibrated, using a solar atlas spectrum and literature
trace gas absorption cross sections.

Existing interference-filter-based SO, cameras used, for
example, for the quantification of volcanic trace gas emis-
sion fluxes into the atmosphere (Mori and Burton, 2006;
Bluth et al., 2007; Kern et al., 2015a), exhibit strong cross-
interferences to aerosol scattering extinction and other trace
gases (Liibcke et al., 2013; Kuhn et al., 2014). Further-
more, these techniques require in-field calibration. Besides
the thereby induced systematic errors that propagate into the
emission flux quantification, the detection limit is mostly de-
termined by these cross-interferences. Thus, the applicability
of the technique is limited to strong emitters with respective
plume and weather conditions. The much higher selectivity
of IFPICS largely extends the range of applicable conditions
(e.g. to ship emissions and weaker emitting volcanoes) and
significantly reduces the systematic errors. Furthermore, the
extension of the technique to other trace gases, e.g. bromine
monoxide (BrO), formaldehyde (HCHO), or nitrogen diox-
ide (NO»), can give new important insights into short-scale
chemical conversion processes in the atmosphere.

Atmos. Meas. Tech., 14, 295-307, 2021

2 TImaging Fabry-Pérot interferometer correlation
spectroscopy (IFPICS)

Similarly to the SO, camera principle (e.g. Mori and Bur-
ton, 2006; Bluth et al., 2007), IFPICS uses an apparent ab-
sorbance (AA) T = t4 — 13, i.e. the difference between two
measured optical densities 74 and 75, to quantify the column
density (CD) S = fOLc(l) dl, i.e. the integrated concentration
c of the measured gas along a light path L for each pixel of
the image. The AA is calculated from two (or more) spectral
settings that yield a maximum correlation difference to the
gas absorption spectrum. Ideally the periodicity of the FPI
fringes is matched to periodic spectral absorption features as
shown in Fig. 1 for SO,. For IFPICS we use two spectral set-
tings A and B. Setting A exhibits on-band absorption, where
the FPI transmission maxima coincide with the SO, absorp-
tion maxima and hence correlate with the differential absorp-
tion structures of SO;. Setting B uses an off-band position,
where the FPI transmission maxima anti-correlate with the
differential SO, absorption structures (see Fig. 1). The spec-
tral separation between setting A and B is thereby reduced
by a factor of &~ 30 (in the case of SO) to only &~ 0.5nm
in contrast to ~ 10-15nm for traditional SO, cameras (see
Liibcke et al., 2013; Kern et al., 2015a), which minimises
broadband interferences due to, for example, scattering and
extinction by aerosols or other absorbing gases. This appli-
cation of an FPI is similar to approaches reported by Wilson
et al. (2007) and Vargas-Rodriguez and Rutt (2009), for the
detection of carbon monoxide, carbon dioxide, and methane
in the infrared spectral range.

By measuring the optical density t4 =1In(l4/Ip o) and
3 =In(Ip/Io,p) in both spectral settings A and B respec-
tively, the relation between the AA 7(S) with the CD § is
given by

- Ia Ip
T(S) =14 — 13 = —log— +log—— =k(S)
1o, A lo.B
=Ac(S)-S, 1)

where /4 and Ip denote the radiances with the presence of
the target trace gas in the absorption light path and Iy 4 and
Ip p the radiance without. The absorber-free reference radi-
ances Iy 4 and Ip p can be determined from, for example, a
reference region within the image. The differential weighted
effective trace gas absorption cross section Ag (S) becomes
independent of S for small AAs (7 <« 1). At higher AAs, sat-
uration effects occur due to the non-linearity of Lambert—
Beer’s law; however knowledge of the absorption cross sec-
tions, the background radiation spectrum, and the instrument
transmission allows 7 to be calculated for arbitrary CDs §
using a numerical model.

2.1 Instrument model

The AA 7 is modelled for given target trace gas CDs §
by simulating the incoming radiances /4 and Ip and Ip 4

https://doi.org/10.5194/amt-14-295-2021
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Figure 1. Spectral variation of (a) the SO, absorption cross section oo, (black drawn, left axis, according to Bogumil et al., 2003) and the
scattered skylight radiance I(A) (grey drawn, right axis in relative units), given by Eq. (2). (b) The FPI transmissions in settings A and B
yielding the maximum AA detectable (best correlation/anti-correlation to og0, ) in the spectral range specified by the band pass filter used
(BPF). The BPF transmission 7gpg(A) (black) and the FPI transmission spectrum for a single-beam approach are shown according to Eq. (6)
in on-band Tgpy, 4 (1) (dashed blue, correlation with 050, ) and off-band Tgpy, g (1) setting (dashed orange, anti-correlation with 050y, ). The

effective FPI transmission spectrum including an incident angle distribution is shown according to Eq. (7) in on-band Tglﬁfl 4 () (drawn blue)

and off-band Tlglifl’ g (A) setting (drawn orange).

and Ip . As incident radiation, a high-resolution, top of at-
mosphere (TOA) solar atlas spectrum Ip toa (1) is used ac-
cording to Chance and Kurucz (2010). The TOA spectrum
is scaled by the wavelength A~* approximating a Rayleigh
scattering atmosphere. Since our measurement wavelength
range, of 304-313nm for SO;, overlaps with absorption
of ozone (0O3), the TOA spectrum is corrected for the
stratospheric O3 absorption by multiplying all intensities by
Lambert—Beer’s term e~ )03 where So, denotes the to-
tal atmospheric ozone slant column density, e.g. according
to the TEMIS database (Veefkind et al., 2006), and oo, the
O3 absorption cross section according to Serdyuchenko et al.
(2014). This yields the scattered skylight radiance Ip()A) as
follows:

Io(h) = o oa(R) - e 703505 L (574, 2)

indicated in Fig. 2. Based on Iy()), the radiances measured
by the instrument for the two respective spectral settings are
calculated with the absorption of trace gases and the spec-
tral instrument transfer function Ting(A). The investigated
target trace gas j (in this work SO;) and potentially interfer-
ing trace gas species k (in this work O3) are added according

https://doi.org/10.5194/amt-14-295-2021

to Lambert—Beer’s law. In the following we use the index i,
denoting the FPI settings A and B, respectively. The quan-
tity /o ; thereby denotes the reference radiance excluding the
target trace gas j from the light path (see Fig. 2).

I = /dk Io(L) -exp (—a_, ) S;— ZUk *) Sk)
k

. Tinslr,i ()&) (3)

Ioi = / drIp(1) -exp (—Zakm Sk) T () (@)
k

The spectral instrument transfer functions Tipgyr,; (1) for the
two spectral settings,

Tinsiri (V) = Tihy; (1) - Tepe(R) - Q () - n(A), )

consists of the measured band pass filter (BPF) transmission
spectrum Tgpr(A), the spectral (i.e. wavelength-dependent)
quantum efficiency Q(A) of the detector, and a spectral loss
factor n(A) of the employed optical components (e.g. by re-
flections). Considering only a single, parallel beam of light

Atmos. Meas. Tech., 14, 295-307, 2021
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volcanic
plume

FOV

Figure 2. Schematic of the IFPICS measurement geometry, includ-
ing the simulated radiances used in the instrument model. The in-
cident top of atmosphere (TOA) radiation Iy Toa is propagating
through the atmosphere and is potentially scattered into the IFPICS
camera field of view (FOV), yielding the scattered skylight radiance
Ip. The camera records radiation in the respective FPI settings i = A
and B that either traverses the volcanic plume /; or originates from
a plume-free area within the FOV I ;.

traversing the instrument, the FPI transmission spectrum
Trpr; (1) is defined by the Airy function (Perot and Fabry,
1899)

Trpri (A 0,d,n, R)

_|:1+ 4.R ‘,2<2n-d.n.c050{[>i|_1 ©)
= T_R? sin | ——————

with the light beam incidence angle «; for the two spectral
settings onto the FPI, the FPI mirror separation d, the refrac-
tive index n of the medium inside the FPI, and the FPI reflec-
tivity R (see Table 1, Figs. 1 and 3d). The FPI used in this
work is static and air-spaced, meaning d, n, and R are fixed.
Hence, the incidence angle «; is the exclusive free parameter
available to tune the FPIs transmission spectrum Tgpr; be-
tween settings i = A and i = B respectively. The change in
«; is achieved by tilting the FPI optical axis with respect to
the imaging optical axis (see Sect. 2.2).

However, in reality a spectral setting will always impinge
with a range of incidence angles onto the FPI. In this work
we assume cone-shaped light beams, with half cone open-
ing angles w., where the entire cone can be tilted by «; rel-
ative to the normal of the FPI mirrors (see Fig. 3d). From
this assumption, it follows that the incidence angles «; are
distributed over a cone with the incidence angle distribution
y (o, we, ¥, ¢), where ¥ and ¢ are the polar and azimuth an-
gles, respectively. Hence, the single-beam FPI transmission
spectrum Tgpr,; (1) of Eq. (6) is extended by a weighted aver-
age over Trpr;(A; y (@i, wc, D, 9),d,n, R), giving the effec-
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tive FPI transmission spectrum Tlé’lgfl S

1
eff
Oy (@, 00),dn, R) = ——————
Tep e N(y (@i, @c))
¥max Pmax
X/ /TFPI,i()»;V(Oti,wc,ﬂ,go),d,n,R) sin® do de.
0 Ymin

)

Thereby, N (y(¢;, w.)) denotes the weighting function with
N(y(ai,w)) = (p"“‘x f 1;9 "% sin ¥ dv dg given by the integral
in Eq. (7), excludmg the integrand Tgpy,; itself, ¢ the po-
lar angle, and ¢ the azimuth angle of the spherical integra-
tion within boundaries defined by the tilted cone-shaped light
beams. For example, for a non-tilted FPI (o; = 0) the integra-
tion boundaries are ¥ € [0, w.] and ¢ € [0, 27]; for a tilted
FPI, however, the transformation of y («;, wc, ¥, ¢) is more
complex and requires several case analyses.

The incidence angle distribution y (¢;, w.) will affect the
shape of the FPI transmission spectrum by decreasing the
effective finesse F of the FPI, leading to a blurring of the
FPI fringes (see Fig. 1).

2.2 The IFPICS prototype

The IFPICS prototype is a newly developed instrument, de-
signed to function under harsh environmental conditions in
remote locations like, for example, in proximity to volca-
noes. Hence, the prototype is designed to be small, with
dimensions of 200mm x 350 mm x 130 mm, lightweight at
4.8 kg (see Fig. 3a), and a power consumption < 10 W; thus it
can be battery-operated for several hours. A 2D UV-sensitive
CMOS sensor with 2048 x 2048 pixel resolution (SCM2020-
UV provided by EHD imaging) is used to acquire images.
The sensor is operated in 4 x 4 binning mode, yielding a fi-
nal image resolution of 512 x 512 pixels. However, we found
that the software of the SCM2020-UV image sensor does not
allow sufficiently precise triggering. Therefore &~ 0.6 s is lost
in each image acquisition, which severely limits the opera-
tion of the IFPICS camera. Replacement of the sensor by a
scientific-grade UV detector array will solve this problem in
future studies.

The internal camera optics is highly modular and easily
adjustable. The IFPICS prototype employs an image side
telecentric optical setup as proposed in Kuhn et al. (2014,
2019). A photograph and a schematic drawing are shown in
Fig. 3. An aperture and a lens (lens 1) parallelise incoming
light from the imaging field of view (FOV) before it traverses
the FPI and the BPF. A second lens (lens 2) focusses the light
onto the 2D UV-sensitive sensor. Thereby, in good approxi-
mation, all the pixels of the image experience the same spec-
tral instrument transfer function Ting,i (A) for the two wave-
length settings.

The FPI is the central optical element of the IFPICS proto-
type and is implemented as static air-spaced etalon with fixed

https://doi.org/10.5194/amt-14-295-2021
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d, n, and R (provided by SLS Optics Ltd.). The mirrors are
separated using ultra-low expansion glass spacers to main-
tain a constant mirror separation d and parallelism over the
large clear aperture of 20 mm, even in variable environmen-
tal conditions. In order to tune the spectral transmission Tﬁﬁfl
between setting A and B, a variation of the incidence angle
« is applied. The FPI can be tilted within the parallelised
light path using a stepper motor. The stepper motor has a
resolution of 0.9° per step, is equipped with a planetary gear-
box (reduction rate 1/9), and is operated in micro-stepping
mode (1/16), resulting in a resolution of 0.00625° per mo-
tor step. The time required for tilting between our settings A
and B is & 0.15s. We favour the approach of tilting the FPI
over changing internal physical properties like, for example,
the mirror separation d by piezoelectric actuators, as it keeps
simplicity, robustness, and accuracy high for measurements
under non-laboratory conditions. However it needs to be con-
sidered that the tilting of the FPI will generate a linear shift
between the respective images acquired in setting A and B,
requiring an alignment in the evaluation process.

The half cone opening angle w, is determined by the en-
trance aperture a and the focal length f of lens 1 and can be
calculated by w, = arctan(a/2 f). The physical properties of
the optical components and the instrument are listed in Ta-
ble 1 and were mostly chosen according to the dimensioning
assumed in the calculations of Kuhn et al. (2019).

The FPI design with fixed d, n, and R (see Fig. 3c) in par-
ticular is chosen to inherently generate a transmission spec-
trum matching the differential absorption structures of SO,.
This includes the basic idea that the untilted FPI («; = 0°) al-
ready matches the on-band position A. In our case, however,
the manufacturing accuracy of d lies within one free spectral
range (& 2nm for SO,) so that ap = 0° corresponds to an
oft-band (B) position (T;fj‘;’ 5)» and the on-band (A) position
(T,?lﬁfl. 4) is reached by a small tilt of @4 = 4.5°. The basic ad-
vantages of using small incident angles «; are that they keep
the spread of the incidence angle distribution y (¢, w.) (see
Sect. 2.1) low and thereby retain the FPI’s effective finesse
F high (since the reflectivity R of the FPI mirror coating is
somewhat dependent on the angle of incidence so is the fi-
nesse F). This leads to a much weaker blurring of the FPI
fringes in the FPI transmission spectrum ng’i resulting in
a higher sensitivity of the instrument (see Fig. 1). With the
prototype setup, however, we encountered disturbing reflec-
tions for low FPI incidence angles. For that reason we used
the subsequent correlating order of the FPI transmission with
a4 = 8.17° for an on-band and ap = 6.45° for an off-band
setting (see Table 1), thereby making a compromise between
sensitivity and accurate evaluable images.
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3 Proof of concept study
3.1 Measurements at Mt. Etna, Italy

First measurements with the prototype described above were
performed at the Osservatorio Vulcanologico Pizzi Deneri
(lat. 37.766, long. 15.017; 2800 ma.s.1.) at Mt. Etna, on 21
and 22 July 2019. The physical properties of the IFPICS pro-
totype and the FPI tilt angles «; for tuning Tlé’g’i (1) between
on-band i = A and off-band setting i = B were selected ac-
cording to Table 1. The tilt of the FPI generates a linear shift
between the recorded on-band and off-band images on the
detector and accounts for 6 pixels using tilt angles ¢;. This
shift needs to be corrected before cross-evaluating images
recorded in setting A and B. The exposure time was setto 1 s
for all measurements, and 4 x 4 binning (total spatial resolu-
tion of 512 x 512 pixels) was applied for all acquired images.

3.2 Validation of the instrument model

To quantify the accuracy of our model, two SOy gas cells
were measured with the IFPICS prototype and by differential
optical absorption spectroscopy (DOAS; see Platt and Stutz,
2008), on 21 July 2019, 11:10-11:20 CET. The sky was used
as light source with a constant viewing angle (10° elevation,
270° N azimuth) in a plume-free part of the sky. To enhance
the image quality, a flat-field correction is used, compensat-
ing pixel-to-pixel variations in sensitivity. The flat-field cor-
rection requires the acquisition of dark and flat-field images.
The dark images are determined by the arithmetic mean over
five images with no light entering the IFPICS instrument,
and the flat-field images are obtained by the arithmetic mean
over five images acquired in a plume-free sky region. The
flat-field images thereby directly include the reference mea-
surement /o ;, making a later correction for the atmospheric
background unnecessary. In the same viewing direction, /; is
measured for each gas cell and FPI setting i in order to cal-
culate the AA according to Eq. (1). Figure 4 shows the gas
cell measurements (red) including uncertainties (error bars,
lo). The uncertainties directly arise from the errors of the
DOAS measurement and due to variations in optomechani-
cal settings of the IFPICS prototype.

The instrument model (Egs. 2-7) was used to calcu-
late the IFPICS AA 7s0,(Sso,) from a given SO, CD
Sso,. The model parameters are mostly fixed by the IF-
PICS prototype optics, as given in Table 1. The remain-
ing parameter, the atmospheric O3 slant column density
So, (see Eq. 2), is calculated in a geometric approxima-
tion So, = VCDo,/cos(SZA) using the solar zenith angle
(SZA) and vertical O3 column density (VCDg, ), which both
are location-, date-, and time-dependent. They were SZA =
(53 £3)° (according to the solar geometry calculator by
NOAA, 2020) and VCDgo, = (335+£5) DU (according to the
TEMIS database; Veefkind et al., 2006). The VCDo, can be
treated to be approximately constant over the period of a day.
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Figure 3. (a) Photograph of the IFPICS instrument. The physical dimensions are 200 mmx 350 mmx 130 mm (w x/ x k) and 4.8 kg. (b) Sketch
of the image side telecentric optical setup of the IFPICS prototype. Incident radiation is parallelised by an entrance aperture and lens 1 before
traversing the FPI and the band pass filter (BPF). The maximum half cone opening angle . is dependent on the aperture diameter a and the
focal length f of lens 1. The camera field of view is Opgy = 18°. A second lens maps the image onto a 2D UV-sensitive CMOS detector. (c)
Photograph of the static air-spaced etalon (FPI) provided by SLS Optics Ltd. (d) Sketch of the FPI. An incoming single beam (drawn red)
with incidence angle « is reflected multiple times between the FPI mirrors with reflectance R and separation d. Visualisation of an incoming
cone-shaped beam (red dashed—dotted lines), with half cone opening angle w. and incidence angle « of the cone axis.

The output of the instrument model (drawn, black) for
an SZA of 53° is shown in Fig. 4. The model uncertainty
(shaded grey) is determined by a root mean square over the
errors in the output by individually varying the input parame-
ters within their stated uncertainties. The thus calculated cali-
bration function using the instrument model matches the SO,
gas cells’ validation measurement within the range of confi-
dence. The model nicely describes the flattening of the AA—
CD relation for high CDs (up to 2 2.5 x 10'® moleccm™2),
which originates from the CD dependence of Ad (S) (see
Eq. 1).

To show the impacts of the SZA on the instrument model,
the model output is also calculated for three other SZAs
while keeping the other parameters constant. The model out-
put is shown in Fig. 4 for an SZA of 80° (dashed—dotted
black) for early morning and late afternoon conditions, an
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SZA of 70° (dashed black) for morning and afternoon con-
ditions, and an SZA of 25° (dotted black) for noon condi-
tions. High SZAs lead to an increase of stratospheric O3
absorption, which alters the spectral shape of the scattered
skylight radiance Ip(%) (see Eq. 2) which is used in the for-
ward model. In other words, for high O3 absorption, lower
wavelength radiance, where the differential SO, absorption
features are stronger, will contribute less to the integrated ra-
diances 1;, Ip,; (Eqs. 3, 4). The thereby induced SZA depen-
dence of the sensitivity can easily be accounted for in the
model. Note that this influence of strong O3 absorption only
occurs at our chosen wavelength range for the SO, measure-
ment. When applying IFPICS to other trace gases, e.g. BrO
or NO,, at higher wavelength, this effect will be negligible.
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Table 1. Parameters of the optical components installed in the IFPICS prototype and used in the calibration model. The uncertainties of the

model input parameters are shown.

Parameter Value  Uncertainties  Description

d (um) 21.666 4+0.002  FPI plate separation

R 0.65 FPI reflectivity

F 7.15 FPI finesse

n 1.0003 refractive index (air)
ays (®) 8.172 4+0.02  FPI tilt, on-band

ag (°) 6.45% 4+0.02  FPI tilt, off-band
TBPEmax 0.63 BPF peak transmission
ABPF (nm) 308.5 BPF central wavelength
SBpF (nm) 9.0 BPF FWHM

f (mm) 47b +2  lens 1 focal length

a (mm) 1.55 4+0.05 aperture diameter

wc (°) 0.945 half cone opening angle
Orov (°) 18 imaging FOV

@ Used in units of radian in the instrument model (Eqs. 6 and 7).

b Two lenses: f = ffll';'j;;z with f| = f» ~94mm and 1 = 310nm.

HH  gas cells (SZA: 53°)

0201 SZA: 25°
— SzA:53° y
--- SZA:70° il
50,15~ SzA80° -
i
<
<
9 0.101
T
e
0.051
0.001

00 05 10 15 20 25 30

CD Ssp, [molec cm™2] lels
Figure 4. The validation measurement with two SO, gas cells (red,
with 1o error) with the IFPICS prototype and by DOAS on 21 July
2019, 11:10-11:20 CET, with a solar zenith angle (SZA) of 53°.
The instrument forward model (Eqs. 2—7) is used to calculate the IF-
PICS AA 750, for a given CD Ssq, range. The model input param-
eters are shown in Table 1, and (335+5) DU is used as VCDg,. The
calculated model output (black) is shown for four different SZAs
(25°, dotted; 53°, drawn; 70°, dashed and 80°, dashed—dotted). The
model output and the validation measurement are in good agree-
ment if a model SZA of 53° is used, which is equivalent to the SZA
during the measurement time. The model uncertainty is shown by
the grey shading.

3.3 Results of the field measurements

Volcanic plume measurements were performed on 22 July
2019 at 08:50-09:10 CET. The instrument was pointing to-
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wards the plume of Mt. Etna’s South-East Crater with a con-
stant viewing direction (azimuth 204° N, elevation 5°; see
Fig. 5). The wind direction was =~ 5° N, with a velocity of
~6ms™! (wind data from UWYO, 2020). Hence, the plume
was partly covered by the crater flank. The frame rate during
the measurement was 0.2 Hz for a pair (/4 and /p) of images.

The flat-field correction was performed as described in
Sect. 3.2, using the arithmetic mean over 10 dark images and
five flat-field images, obtained in a plume-free sky region. An
exemplary set of volcanic plume SO, images, obtained with
the IFPICS instrument in on-band setting /4 and off-band
setting Ip, are shown in Fig. 6. Further images of /4 and Ip
are shown in Appendix A. The circular shape of the retrieved
image arises from the FPI's circular clear aperture limiting
the imaging FOV.

The IFPICS SO, AA Ts0, is calculated pixel-wise accord-
ing to Eq. (1) from /4 and /. For the conversion into SO,
CD Sso0,, the forward instrument model (Eqs. 2-7) is in-
verted by least-squares fitting of a fourth-order polynomial
to the calculated CD relation Sso,(Ts0,). The model input
parameters of the instrument are shown in Table 1. The SZA
during the time of the measurement is (78 £ 3)° (NOAA,
2020), with a VCDg, of 335£5DU (according to the TEMIS
database; Veefkind et al., 2006). The retrieved calibration
function Sso, (Ts0,) is

4
850, (Ts0,) = in * T30, (8)
0

with x0 =0, x; = 1.8 x 10'%, x; = 1.7 x 10'%, x3 = 1.7 x
1019, and x4 = 6.6 X 10" in units of moleccm™2 respec-
tively, with xo fixed to zero. This approximation yields an
average relative deviation of 0.007 % for Sso, from the mod-
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da etMap contributors 2020. Distributed under a
reative Commons BY-SA License | map style: © OptenTopoMap (CC-BY-AA)

Figure 5. (a) Topographic map of the Mt. Etna summit area: North-East Crater (NE), Voragine (VOR), Bocca Nuova (BN), South-East Crater
(SE), and measurement location at the Osservatorio Vulcanologico Pizzi Deneri (PD) are indicated. The viewing direction on 22 July 2019
is 204° (red drawn) with a FOV of 6rgy = 18° (black drawn) and an elevation of 5°. The FOV is partly covering the plume emanating from
SE crater. The average wind direction is ~ 5° with a speed of ~ 6ms~! (wind data from UWYO, 2020). (b) Visual image of the volcanic
plume on 22 July 2019 with camera field of view (FOV) indicated.
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Figure 6. (a) Flat-field-corrected intensity images (400 x 400 pixels) acquired with the IFPICS prototype in on-band /4 and off-band setting
Ip. The 14 image shows the expected higher SO, absorption in comparison with /g (I4 < I in plume region). The plume is visible in
both images due to the broadband SO, absorption and other extinction in the measurement spectral range. The circular image shape arise
from the FPI’s circular clear aperture. (b) Intensity column 240 (dashed black lines in a) for /4 (blue) and /p (orange). The enhanced
absorption (reduced intensity) is clearly visible in the plume section with /4 < Ip, whereas in the background sky and crater flank sections,
the intensities are equal: /4 = I.

10'8 molec cm 2. The atmospheric background is S50,,bg =
4.3 x 10'® moleccm~2 and was determined by the arithmetic

elled value, with a maximum relative deviation of 0.08 % for
small SO, CDs.

An evaluated image of the volcanic plume SO, CD dis-
tribution corresponding to the intensities shown in Fig. 6 is
shown in Fig. 7. Further evaluated CD distribution images of
the same time series are presented in Appendix A. A time se-
ries of the plume evolution is visualised in a flip-book in the
Supplement.

The volcanic plume of Mt. Etna’s South-East Crater
is clearly visibly and reaches SO, CDs higher than 3 x

Atmos. Meas. Tech., 14, 295-307, 2021

mean over a plume-free area within the evaluated image
(white square, 100 x 100 pixels, in Fig. 7a). Since the Sso,,be
is determined from an evaluated CD distribution image, it ac-
counts for the residual signal in Sso, between the direction
of the volcanic plume and the direction of the flat-field im-
ages used in the evaluation. The Sso,,bg Was subtracted from
the displayed image in the final step of the evaluation. The
similar plume-free area (white square, 100 x 100 pixels, in
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Figure 7. (a) Volcanic plume SO, CD distribution calculated from images acquired with the IFPICS prototype and using the instrument
forward model conversion function Sso, (fs0,) (see Eq. 8). The plume-free area indicated by a white square (100 x 100 pixels) is used to
correct for atmospheric background and to obtain an estimation for the detection limit. (b) Individual SOy CD column 240 (indicated by
dashed white line in a) showing that the background, plume, and crater flank region are clearly distinguishable. High scattering in the crater

flank region is induced by low radiance.

Fig. 7a) is further used to give an estimation for the SO, de-
tection limit of the IFPICS prototype by calculating the 1o
pixel-pixel standard deviation. The obtained detection limit
for an exposure time of 1sis 5.5 x 107 moleccm™2, given
by the noise-equivalent signal. The measurements were per-
formed in the morning with an SZA of 78° and therefore
reduced sensitivity and under relatively low light conditions.
For decreasing SZA, the sensitivity will increase according to
Fig. 4, and the increasing sky radiance will reduce the pho-
ton shot noise. In other words, the gas cell measurements
(taken at SZA of 53°, with approximately twice the sky ra-
diance compared to SZA of 78°) show a detection limit of
2.1 x 10" moleccm™2 for an exposure time of 1s. For ideal
measurement conditions (lowest SZA, highest sky radiance),
the detection limit will be further improved.

After the proof of concept, showing the capability of IF-
PICS to determine SO, CD images, it is possible to de-
termine fluxes from a CD image time series. In particular,
if the series allows us to trace back individual features in
consecutively recorded images, it can be used to directly
determine the plume velocity using the approach of cross-
correlation (e.g. McGonigle et al., 2005; Mori and Burton,
2006; Dekemper et al., 2016) or optical flow algorithms (e.g.
Kern et al., 2015b) and to determine the plume propagation
direction (e.g. Klein et al., 2017). However, the viewing ge-
ometry on the day of our measurement was unfavourable as it
was not possible to reach another measurement location due
to a lack of infrastructure. The plume propagation direction
and central line of sight show an inclination of 19° only, re-
sulting in high pixel contortions, especially for pixels close to
the edges of the FOV. Further, significant parts of the plume
are covered by the crater flank due to its propagation direc-
tion. For the sake of completeness, we would like to give a
rough estimate of the SO, flux obtained from our data.
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The SO» flux ®sp, is determined by integrating the SO,
CD along a transect through the volcanic plume and subse-
quent multiplication by the wind velocity perpendicular to
the FOV direction; however due to the viewing geometry is-
sues, we will use external wind data (direction: 5°; velocity
Vwind ~ 6ms~! data from UWYO, 2020) for the calculation.
As the camera pixel size is finite, the integral is replaced by
a discrete summation over the pixel n:

P50, =VL Y S50, hn ©))
n

including the perpendicular wind velocity v, , the SO, CD
Sso,,n, and the pixel extent /,. The perpendicular wind ve-
locity can directly be calculated from geometric consider-
ations (see Fig. 5a), accounting to v = sin(19°) - vying ~
2ms~!. To determine the pixel extent, the distance between
the volcanic plume and the location of measurement is re-
quired. In the centre of the FOV, this distance is ~ 3500 m,
yielding %, =~ 2.7m. To keep the impact of pixel contortions
low, the plume transect is located centrally in the FOV at col-
umn 250 and ranges from rows n = 230 to 330. Using these
quantities, we retrieve a mean SO, mass flux for the measure-
ment of ®so, = (84+ 11)td~! for the investigated plume
of the South-East Crater, which is comparable to previous
flux measurements of the South-East Crater (Aiuppa et al.,
2008; D'Aleo et al., 2016). Nevertheless, the flux should be
regarded as a lower limit, since the plume was covered by the
crater flank to an unknown extent.

4 Conclusions
By imaging and quantifying the SO, distribution in the vol-

canic plume of Mt. Etna, we successfully demonstrate the
feasibility of the IFPICS technique proposed by Kuhn et al.
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(2014). We were able to unequivocally resolve the dynam-
ical evolution of SO; in a volcanic plume with a high spa-
tial and temporal resolution (400 x 400 pixels, 1s integra-
tion time, 4 x 4 binning). The retrieved detection limit for
the SO, measurement is 5.5 x 10" moleccm™2s~1/2. The
detection limit however varies with the SZA and can reach
values below 2 x 10! moleccm™2s~1/2 under ideal condi-
tions, comparable to traditional SO, imaging techniques (see
Kern et al., 2015a). Also, the imaging technique lends itself
to the determination of gas fluxes, and we obtained an SO,
mass flux of ®so, = (84+ 11)td~! for Mt. Etna’s South-
East Crater plume. However, due to unfavourable conditions
in the viewing geometry, the retrieved flux should be treated
as a lower limit. In general, it is possible to apply optical
flow algorithms on image series acquired under more ideal
viewing geometry conditions (e.g. Kern et al., 2015b). These
allow the plume velocity and angle to be determined between
the observation direction and plume propagation direction in
order to retrieve accurate SO, fluxes (e.g. Klein et al., 2017).
The specific spectral detection scheme of IFPICS allows a
numerical instrument model to be used to directly convert the
measured AA T into CD § distributions. This inherent cali-
bration method makes in-field calibrations methods, e.g. by
gas cells, unnecessary. The accuracy of the instrument model
could be demonstrated using SO, cells with a known CD,
determined by simultaneous DOAS measurements.

Atmos. Meas. Tech., 14, 295-307, 2021

Our IFPICS instrument is still an early stage prototype.
The optics employed is highly modular, allowing easy ad-
justments even outside a laboratory. The physical dimensions
of <10L and < 5kg and the low power consumption of
< 10 W, combined with the fact that no maintenance and in-
field calibration are needed, make it already a close to ideal
field instrument. Furthermore, the temporal resolution of the
instrument can further be increased by replacing the sensor
employed as it does not allow for time-optimised control of
image acquisition.

Compared to traditional SO, cameras, the minimised
cross-interferences to broadband plume extinction increase
the selectivity and thus should allow to apply the IFPICS
technique to much weaker SO, sources. Furthermore, the ex-
pected smaller interference to broadband effects in compar-
ison to traditional SO, imaging techniques should allow the
range of meteorological conditions acceptable for field mea-
surement to be extended (see Kuhn et al., 2014).

The demonstrated IFPICS technique is not limited to the
detection of SO;. In general the technique is applicable to
numerous further trace gases which show a distinct pattern
(ideally periodic) in their absorption spectrum (see Kuhn
et al., 2019). In the case of volcanic emissions, detectable
trace species are, for example, bromine monoxide (BrO) or
chlorine dioxide (OClO). Beyond volcanic applications IF-
PICS could be used to investigate, for example, air pollu-
tion by measuring nitrogen dioxide (NO;) or formaldehyde
(HCHO).
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Appendix A:

Further evaluated images of the time series acquired on
22 July 2019 at 08:50-09:10 CET at Mt. Etna, Italy, are
shown in Fig. Al. The evaluation procedure is analogous to
the routine explained in Sect. 3.3. The time difference be-
tween a set (1-4) of images accounts for ~ 120's and allows
us to trace back plume dynamics.
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Figure Al. Exemplary set of evaluated images (400 x 400 pixels) acquired with the IFPICS prototype on 22 July 2019 at 08:50-09:10 CET
at Mt. Etna, Italy. The time difference between each set of images (1-4) accounts for ~ 120s, allowing us to trace back plume dynamics.
(a) Flat-field-corrected intensity images /4 and Ig. (b) Volcanic plume SO, CD Sg(, distribution calculated with the conversion function
shown in Eq. (8).
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Abstract. Grating spectrographs (GS) are presently widely
in use for atmospheric trace gas remote sensing in the ultravi-
olet (UV) and visible spectral range (e.g. differential optical
absorption spectroscopy, DOAS). For typical DOAS applica-
tions, GSs have a spectral resolution of about 0.5 nm, corre-
sponding to a resolving power R (ratio of operating wave-
length to spectral resolution) of approximately 1000. This is
sufficient to quantify the vibro-electronic spectral structure
of the absorption of many trace gases with good accuracy
and further allows for mobile (i.e. compact and stable) in-
strumentation.

However, a much higher resolving power (R ~ 10°, ie. a
spectral resolution of about the width of an individual rota-
tional absorption line) would facilitate the measurement of
further trace gases (e.g. OH radicals), significantly reduce
cross interferences due to other absorption and scattering
processes, and provide enhanced sensitivity. Despite these
major advantages, only very few atmospheric studies with
high-resolution GSs are reported, mostly because increasing
the resolving power of a GS leads to largely reduced light
throughput and mobility. However, for many environmental
studies, light throughput and mobility of measurement equip-
ment are central limiting factors, for instance when absorp-
tion spectroscopy is applied to quantify reactive trace gases
in remote areas (e.g. volcanoes) or from airborne or space-
borne platforms.

For more than a century, Fabry—Pérot interferometers
(FPIs) have been successfully used for high-resolution spec-
troscopy in many scientific fields where they are known for
their superior light throughput. However, except for a few
studies, FPIs have hardly received any attention in atmo-
spheric trace gas remote sensing, despite their advantages.

We propose different high-resolution FPI spectrograph im-
plementations and compare their light throughput and mobil-
ity to GSs with the same resolving power. We find that nowa-
days mobile high-resolution FPI spectrographs can have a
more than 2 orders of magnitude higher light throughput than
their immobile high-resolution GS counterparts. Compared
with moderate-resolution GSs (as routinely used for DOAS),
an FPI spectrograph reaches a 250 times higher spectral res-
olution while the signal-to-noise ratio (SNR) is reduced by
only a factor of 10. Using a first compact prototype of a high-
resolution FPI spectrograph (R =~ 148000, < 8L, < 5kg),
we demonstrate that these expectations are realistic.

Using mobile and high-resolution FPI spectrographs could
have a large impact on atmospheric near-UV to near-infrared
(NIR) remote sensing. Applications include the enhancement
of the sensitivity and selectivity of absorption measurements
of many atmospheric trace gases and their isotopologues,
the direct quantification of OH radicals in the troposphere,
high-resolution O measurements for radiative transfer and
aerosol studies, and solar-induced chlorophyll fluorescence
quantification using Fraunhofer lines.

1 Introduction

The Fabry—Pérot interferometer (FPI) was introduced at the
end of the 19th century and has since led to tremendous
progress in many areas of spectroscopy (as summarized
in studies such as Vaughan, 1989). For resolving powers
(R= ﬁ) higher than a few thousand, Jacquinot (1954, 1960)
showed that the FPI exhibits a fundamental luminosity (or
light throughput) advantage over gratings, which, in turn,
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outperform prisms in all relevant wavelength ranges. Until
the 1970s, most spectrometers were implemented as a scan-
ning monochromator using a one-pixel detector (e.g. a photo-
multiplier tube). The luminosity advantages were, however,
also found for the — in that time so-called — “photographic
use” of a spectrometer (i.e. a spectrograph), where photo-
graphical plates were used as the focal plane detector.

Nowadays, grating spectrographs (GSs) with one- or two-
dimensional detector arrays (e.g. charge-coupled device,
CCD, or complementary metal oxide semiconductor, CMOS,
detectors) are widely used for atmospheric remote sensing of
trace gases in the near-ultraviolet (near-UV) to near-infrared
(NIR) spectral region (see Platt and Stutz, 2008). Even when
scattered sunlight is used as a light source, they offer suf-
ficient signal-to-noise ratios (SNRs) for moderate resolving
powers (R =~ 1000) as well as compact and stable (i.e. mo-
bile) instrumentation without moving parts.

Despite the substantial benefits of increased spectral reso-
lution for numerous atmospheric remote sensing applications
(see below), the advantages of FPIs are widely ignored, likely
for the following major reasons: (1) many trace gases can
be detected with moderate resolving power due to moderate-
resolution (vibro-electronic) absorption structures in the UV
and visible spectral range; (2) in contrast to FPI spectro-
graphs, GSs are commercially readily available and relatively
affordable; (3) for broadband light sources (as is the case in
many atmospheric measurements) FPIs require further opti-
cal components for order sorting; and (4) as concluded by
Jacquinot (1960), FPIs “will probably always suffer from the
fact that the dispersion is not linear”.

In this work, we show that it is worthwhile considering
the use of FPIs in spectrographs for remote sensing mea-
surements in the atmosphere. Detection limits of many trace
gases can be lowered by orders of magnitude while also
maintaining instrument mobility.

First, we discuss the benefits of high-resolution atmo-
spheric trace gas remote sensing and introduce some past
applications and their limitations (Sect. 1.2). Basic aspects
of mobility are then briefly introduced (Sect. 1.3). In Sect. 2,
we sketch high-resolution FPI spectrograph designs that can
be implemented in mobile and stable instruments. In Sect. 3,
the luminosity and physical size of the proposed FPI spec-
trograph implementations are compared to a GS with the
same resolving power. By scaling the GSs performance, the
SNRs of known moderate-resolution atmospheric measure-
ments are used to anticipate the SNRs for the proposed FPI
spectrographs. Extensive details of those calculations as well
as lists of symbols and abbreviations are presented in the
Appendices. In Sect. 4, we discuss the results regarding the
potential impact of FPI spectrograph technology on atmo-
spheric sciences and, finally, introduce a first prototype of an
FPI spectrograph.
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1.1 Definitions and conventions

Throughout the paper, we use spectroscopic terminology that
might have slightly varying meanings in different fields of
spectroscopy. To avoid confusion, the terms are briefly ex-
plained here.

A spectrograph is a spectrometer where the components
of the spectrum are separated in space and recorded simul-
taneously with a detector array. The instrument line function
(ILF) H describes the response of a spectrograph to an input
of spectrally infinitesimal width (i.e. monochromatic radia-
tion). The ILF determines the spectral interval that can be re-
solved by the spectrograph. In the following, this interval is
called a spectral channel of the spectrograph (not to be con-
fused with the spectral range covered by a pixel of the spec-
trograph’s detector). Its full width at half maximum (FWHM,
denoted by §A) can be used (amongst other and rather sim-
ilar definitions) to quantify the spectral resolution. What we
call high spectral resolution corresponds to a narrow width
of a spectral channel (i.e. a low value of 6)). The spectral
range covered by all spectral channels of the spectrograph
describes its spectral coverage. The resolving power R of the
spectrograph is the ratio of the operating wavelength A to the
spectral resolution §A. Investigating the light throughput of
spectrographs on a spectral channel basis allows the direct
comparison of their noise-limited detection limits for trace
gas absorption (see Sect. 3).

In spectroscopic atmospheric trace gas remote sensing, the
column density S of the gas is directly quantified. The col-
umn density denotes the concentration of the trace gas inte-
grated along the respective measurement light path. Accord-
ing to different experiment designs and applications, the light
path differs and ultimately determines the detection limit in
terms of concentration (see e.g. Platt and Stutz, 2008, for de-
tails).

1.2 Atmospheric trace gas remote sensing with high
spectral resolution

The width of rovibronic absorption lines of atmospheric trace
gas molecules in the near-UV to NIR spectral range as well
as that of many Fraunhofer lines are of the order of some
picometres. In order to observe the corresponding spectral
structures (in particular individual rotational lines), resolving
powers in the range of R ~ 107 are required. This defines
what we refer to in the following as “high spectral resolu-
tion”.

In the UV and visible spectral range many trace gas
molecules show “bands” of absorption lines composed of
many, partially overlapping rotational lines of a vibrational
transition, resulting in structured absorption cross sections,
even when observed with moderate spectral resolution (R ~
1000). These trace gas molecules can be quantified along
light paths inside Earth’s atmosphere by differential opti-
cal absorption spectroscopy (DOAS; see Platt and Stutz,
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2008). Compact moderate-spectral-resolution GSs are used
to record spectra of direct or scattered sunlight or artificial
light sources from ground-based to space-borne platforms
and, thus, allow for spatially and temporally resolved mea-
surements of (also very reactive) trace gases.

However, a higher spectral resolution is desirable in many
cases. There are atmospheric trace gases that are more dif-
ficult or even impossible to measure with moderate resolu-
tion. For instance, hydroxyl radicals (OH) exhibit distinct
and narrow absorption lines (widths of 1-2pm at 308 nm;
see Fig. 1). Due to the low atmospheric concentrations of
this species, its absorption can not be separated from over-
laying effects (e.g. other absorbing gases) with spectral res-
olutions that are much lower than the width of the individual
lines. Tropospheric OH concentrations have been measured
with high-resolution absorption spectroscopy by studies such
as Perner et al. (1976), Platt et al. (1988), and Dorn et al.
(1996) using large GS set-ups (850-1500 mm focal length)
and an intricate broadband laser system as a light source
(as described in Hiibler et al., 1984). Direct sunlight mea-
surements of OH have been performed with Fourier trans-
form spectrometers (FTSs; e.g. Notholt et al., 1997), a high-
resolution GS (1500 mm focal length; Iwagami et al., 1995),
and rather delicate systems employing series of pressure-
tuned FPIs (e.g. Burnett and Burnett, 1981). Furthermore,
high-resolution O, measurements have been performed in
the atmosphere (e.g. Pfeilsticker et al., 1998) using a GS
(1500 mm focal length). The high spectral resolution allows
one to quantify the absorption of individual lines of different
strength and, therefore, to infer, for instance, the light path
length distributions in clouds. The rather complex and im-
mobile hardware of the named measurements limited their
application to a few and locally restricted atmospheric stud-
ies.

Many other atmospheric trace gases show strong and
structured absorption on the picometre scale. Besides sul-
fur dioxide (SO;; e.g. Rufus et al., 2003), formaldehyde
(HCHO; e.g. Ernest et al., 2012), water (Rothman et al.,
2013), and chlorine monoxide (ClO; Barton et al., 1984),
Neuroth et al. (1991) found strong, discrete, and narrow
bromine monoxide (BrO) absorption lines in the UV region.
Using these much more detailed and specific spectral fea-
tures of the trace gases could not only substantially increase
the selectivity but also, in many cases, increase the sensi-
tivity of DOAS measurements. Additionally, the absorption
cross sections of isotopologues of some trace gases could be
distinguished, similarly to the moderate-spectral-resolution
measurements of water vapour isotopologues (e.g. Franken-
berg et al., 2009). Figure 1a illustrates the addressed differ-
ence in spectral resolution by showing the high-resolution
absorption cross section of SO, (Rufus et al., 2003) as well
as a convolution representing the absorption cross section as
seen by a compact GS with a 0.4 nm spectral resolution.

Moderate-resolution scattered sunlight DOAS measure-
ments largely undersample solar Fraunhofer lines (the width
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of which can also be in the picometre range). On the one
hand, this introduces uncertainties in the effective spectral
absorption of the trace gases (see e.g. Lampel et al., 2017); on
the other hand, in most cases, it implies the need for a Fraun-
hofer reference spectrum. High-resolution spectra would al-
low a direct separation of Fraunhofer structures from nar-
row trace gas absorption structures; moreover, absolute at-
mospheric column densities of trace gases could be deter-
mined (rather than the column density relative to a reference
spectrum).

1.3 Instrument mobility

A key point in the success of moderate-spectral-resolution
DOAS measurements in the atmosphere is the use of compact
and stable (i.e. mobile) spectrographs (volume of the order of
1L, a focal length f of about 10 cm, and no moving parts).
As mentioned above, they typically yield a resolving power
of approximately 1000 and a light throughput that allows for
the recording of scattered sunlight spectra in the UV and vis-
ible spectral range with a SNR of several thousand within
less than a minute (e.g. Lauster et al., 2021). This is suffi-
cient to retrieve many of the weakly absorbing atmospheric
trace gases in the UV and visible spectral range (optical den-
sities of ca. 0.01-0.0001) and to study their dynamics and
chemistry.

The mobility of measurement equipment provides sub-
stantial advantages for practical field applications, including
the following: (1) deployment on mobile platforms (e.g. cars,
camels, drones, balloons, aircraft, and miniature satellites);
(2) the significant reduction of costs for field campaigns
due to reduced infrastructure and human resource require-
ments; (3) remote locations (e.g. deserts or volcanic craters)
are made accessible (e.g. with backpack sized instruments);
and (4) instruments can be employed in autonomous, remote,
and low-maintenance measurement networks (see e.g. Galle
et al., 2010; Arellano et al., 2021). In practice, these points
are substantial factors making scientific environmental ob-
servations feasible.

As will be shown below, increasing the resolving power of
a GS also requires a larger instrument size. Thus, the mobility
advantages are largely lost. The use of FPIs in spectrograph
set-ups can yield high resolving power while maintaining a
high instrument mobility.

1.4 Fourier transform spectroscopy

This work focusses on spectrograph set-ups (GSs, FPI spec-
trographs) because of their high stability (no movable parts)
and low sensitivity to fluctuations in light intensity. FTSs
(i.e. Michelson interferometers) do not fulfil these require-
ments. A one-pixel detector records interferograms in a tem-
poral sequence while mechanical changes in the optics (i.e.
the interferometer path length) are conducted. This already
imposes limitations on the mobility of the FTS as well as
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Figure 1. (a) OH absorption cross section (left ordinate axis; Rothman et al., 2013) and SO, absorption cross section (right ordinate axis;
Rufus et al., 2003). The dashed line shows a convolution of the SO, absorption with a Gaussian of 0.4 nm width. (b) An FPI transmission
spectrum (black drawn line) as it is scanning across a short wavelength range (indicated by the grey lines) obtained by tuning an instrument
parameter (here, the incidence angle « is tuned from 0 to 2° in 0.05° steps). The decrease in peak transmission is due to an assumed small
beam divergence (0.005° half opening angle). An order-sorting bandpass is indicated by the dashed line isolating the FPI peak of order m.

its applicability under more dynamical measurement condi-
tions (e.g. cloudy skies). As (in addition to GSs) FTSs are in
broader use in atmospheric remote sensing (mostly towards
longer wavelengths, where the well-established and cost ef-
fective technology of silicon detector arrays can not be used
anymore, i.e. above ca. 1100 nm), they shall nevertheless be
briefly mentioned here.

In contrast to GSs and FPI spectrographs FTSs reach a
large spectral coverage with very high and adjustable spec-
tral resolution. This can be an important advantage for many
atmospheric studies.

Notholt et al. (1997) compared the SNR of high-resolution
(R ~300000) FTS measurements to the SNR of GS mea-
surements with a similar resolving power (Iwagami et al.,
1995) for direct sunlight measurements at around 308 nm. It
was found that the SNRs of the FTS and GS were similar
for clear-sky conditions and worse for the FTS under hazy or
slightly cloudy conditions. Thus, the advantages of FPI spec-
trographs regarding the SNR found below (see Sect. 3.2.3)
are expected to similarly hold for an FPI spectrograph to FTS
comparison. While the spectral coverage for the high resolu-
tion of FTSs is superior, mobility aspects (movable parts and
large focal lengths in FTSs) clearly favour FPI spectrographs.

2 High-resolution spectroscopy with Fabry-Pérot
interferometers

FPIs are very simple optical instruments that have been
known for a long time. However, progress in manufactur-
ing processes has led to largely improved instrument proper-
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ties over the last few decades. An FPI consists of two plane-
parallel reflective surfaces (mirrors; see Fig. 2a). As incident
light is reflected back and fourth between these surfaces, the
interference of transmitted and reflected partial beams leads
to spectral transmission patterns determined by the optical
path length between the two surfaces (see e.g. Perot and
Fabry, 1899, and Vaughan, 1989, for details). This optical
path length and the optical path difference I' is determined
by the physical separation of the reflective surfaces d, the re-
fractive index n of the medium between the surfaces, and the
angle of incidence « of the incoming light:

' =2dn cosa. (D

Thus, the transmission maximum (constructive interference)
with the order m is centred at the wavelength

Am = —. @)

The free spectral range (FSR) AAppr describes the spec-
tral separation of two neighbouring transmission peaks (or
fringes) and is related to a transmission peak’s FWHM 6 Appr
via the finesse F (see Fig. 1b):

52
AMLpp = F SApp & T 3)

Thus, the spectral resolution of an FPI transmission or-
der (i.e. the spectral width of its ILF) is given by SApps.
The isolation of a single FPI peak is desired for broadband
light sources, unless the correlation of the FPI transmission
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spectrum with the trace gas spectrum can be exploited (as
in e.g. Vargas-Rodriguez and Rutt, 2009, and Kuhn et al.,
2014, 2019). An order-sorting bandpass (i.e. the isolation of a
wavelength range containing a single FPI fringe; see Fig. 1b)
can be achieved by a bandpass filter, further FPIs (or a com-
bination of both; see e.g. Mack et al., 1963), or dispersive
elements like a grating or a prism (e.g. Fabry and Buisson,
1908). The order-sorting bandpass needs to be in the range of
the FSR of the FPI. Through Eq. (3), the spectral resolution
SAppy of an FPI spectrograph is thus limited by the FPI instru-
ment’s finesse and the order-sorting bandpass. The finesse of
an FPI indicates the number of interfering partial beams and,
thus, depends on the reflectivity, the alignment, and the qual-
ity of the FPI mirror surfaces across its clear aperture (CA;
e.g. the diameter of usable circular aperture). Therefore, it is
limited by the manufacturing process to a large extent. Nowa-
days, high finesse across larger CAs is reached by static, air-
spaced FPI set-ups (i.e. FPIs with fixed d and low-thermal-
expansion glass spacers). The spectral width of bandpass fil-
ters, which in principle also consist of a sequence of interfer-
ence layers, is limited by manufacturing processes in a simi-
lar way. Thus, the measurement application and the available
optical components determine the appropriate order-sorting
technique.

In order to resolve different wavelengths, the FPI has to be
operated within a range of varied physical parameters (d, n,
or @), resulting in a spectral shift of the FPI transmission (as
indicated in Fig. 1b). This can be implemented in different
ways (see e.g. Vaughan, 1989). For high-finesse FPIs, pres-
sure or temperature tuning (i.e. changing the refractive index
n of the medium between the mirrors) or using the depen-
dence on the incidence angle « is preferred. The variation in
the mirror separation d across the FPI instrument’s CA often
limits the finesse by impacting the parallelism of the mir-
rors. An extremely precise tuning of d would be required.
Pressure tuning requires one, for instance, to ramp the pres-
sure inside the FPI. While this can only be done in a time
sequence, the use of detector arrays allows one to observe
different incidence angles « simultaneously in spectrograph
implementations without moving parts. For the study of dy-
namic processes in the atmosphere, a static spectrograph set-
up is highly preferred.

Generally, a static set-up (i.e. without moving parts) has
a high mechanical stability and low maintenance require-
ments. This is demonstrated by moderate-resolution GS ap-
plications. Spectrographs using FPIs implemented with low-
thermal-expansion glass (linear expansion coefficient y ~
1078k~ spacers further yield superior thermal stability.
From Eqgs. (1) and (2), it follows that dT)‘ ~ ydT. A rather
extreme temperature change of 10K then induces a shift of
the transmission spectrum by 1077 A. Even for a high resolv-
ing power of 10%, the effect on the measurement would be
negligible in most cases. The issue of potentially varying air
density within the etalon impacting the refractive index is
solved by hermetically sealing the etalon. Furthermore, the
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temperature impacts on FPIs, as well as the impact on the
simple optics, can be accounted for in models of the instru-
ment transmission. This is much more difficult for GSs, as
temperature also significantly affects the rather non-linear
imaging of the slit for these instruments. Thus, while GSs of-
ten require active temperature stabilisation (see e.g. Platt and
Stutz, 2008), this might be redundant for most FPI spectro-
graph applications. This further substantially enhances their
mobility through a simpler and smaller set-up with lower
power consumption.

In the following, sample calculations are mostly made for
short wavelengths (=~ 300nm), where FPI manufacturing is
most challenging. For increasing wavelengths, the inferred
performance tends to improve because the absolute finesse-
limiting requirements concerning the roughness, parallelism,
or sphericity of the mirror surfaces (often given as fraction of
wavelength, e.g. A/100) are higher for lower wavelengths.

FPI spectrograph implementation for atmospheric
remote sensing

A simple and compact FPI spectrograph can be implemented
with a static FPI as well as optics that image the different
FPI incidence angles of the traversing light beam to concen-
tric rings of equal FPI transmission on the focal plane (see
Fig. 2a). There, a detector array records the intensities of
the different spectral channels simultaneously. The spectral
shift of the FPI transmission due to a small change in the
small incidence angle « (i.e. a few hundredths of a radian,
a ~ sina &~ tana, cosa & 1) is dependent on the wavelength
Am of the transmission peak of the order m and « itself (see
Egs. 1 and 2):

dr,  2dn d —2dn
— = —cosa =
da m do m

sino & —A, o. “é)

This demonstrates the non-linearity of the dispersion, which,
however, leads to a constant light throughput for all spec-
tral channels (as described in detail below). The wavelength
range A,, covered by a particular transmission order (i.e. the
FPT’s spectral tuning range) is determined by the angle range
covered by the parallelised light beam traversing the FPI:

|ermax |
Ay = —Apy / da . 5)

otmin|

The maximum and minimum incidence angles, omax and
Omin respectively, are determined by the illuminated entrance
aperture B and the focal length of the collimating lens of the
FPI spectrograph’s imaging optics (lens 1; see Fig. 2a). For
the imaging axis centred at the optical axis (omin = 0), the
maximum incidence angle is

B
Omax ~ —— (6)

2f1
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Assuming, for instance, an entrance aperture of B =3 mm
and a focal length f; = 50 mm, the maximum FPI incidence
angle would be amax = 0.03 (or 1.72°) and the spectral cov-
erage would be about 0.135 nm at 300 nm. The practical in-
cidence angle range that can be imaged onto the focal plane
is in the range of a few degrees; therefore, the wavelength
coverage can typically reach some hundreds of picometres in
the near-UV. A moderate-resolution FPI spectrograph (with
R ~ 1000, i.e. a spectral resolution of some hundreds of pi-
cometres at 300 nm) of the proposed implementation would
exhibit a spectral coverage of the order of its spectral res-
olution, which would render it rather useless. This problem
could be solved by tilting the FPI with respect to the imag-
ing optical axis. Moderate-resolution FPI spectrographs are,
however, not addressed in this study. For a resolving power of
about 103, the 0.135nm wavelength range at 300 nm would
be divided into about 45 spectral channels with a 3 pm spec-
tral resolution. This is about the number of spectral channels
used in a typical moderate-resolution DOAS fitting window.

The sampling of the different spectral channels can be
adjusted via the detector pixel size and the focal length of
lens 2. Due to the non-linear dispersion, the sampling needs
to be adjusted to the outermost ring corresponding to the
spectral channel with the lowest wavelength of an FPI or-
der (when assuming equally sized pixels). For the above
example (B =3mm, f; =50mm) and f, = 50 mm, the ra-
dial extension of the outermost spectral channel is about
% Jf> =~ 17um (see Eq. 4). Nowadays, detector pixels with
a 1-5um pitch are common. This would facilitate sufficient
sampling (> 3.4 pixels per spectral channel width) for all
spectral channels. The spectral sampling can further be ad-
justed via the focal length of lens 2. As the intensities of all
pixels with the same wavelength are co-added, this does not
affect the light throughput.

The above-mentioned order-sorting mechanisms (OSMs)
allow two basic FPI spectrograph implementations:

1. Using a grating as the OSM in an FPI spectrograph re-
sults in a superposition of the linear grating dispersion
with the radially symmetrical FPI transmission on the
detector (see Fig. 2c¢). This allows one to record sev-
eral FPI transmission orders at once, thereby increasing
the total spectral coverage of the FPI spectrograph. This
OSM is referred to as a grating OSM in the following.

2. Using a combination of further FPIs and filters as the
OSM leads to an optimised étendue for a wavelength
coverage of a single transmission order but also to a re-
duced total wavelength coverage (only a single FPI or-
der). This OSM is referred to as interferometric OSM in
the following.

As already mentioned above, the choice of the OSM depends
on the measurement application, particularly the radiance of
the light source, the desired SNR, the required spectral cov-
erage, and the manufacturability of optical components.
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An optical fibre and, as the case requires, relay optics di-
rect the light collected by a telescope to the entrance aperture
B (see Fig. 2a). From there, it traverses the imaging optics,
containing the FPI and the OSM (certainly, the OSM can also
be in front or behind the FPI imaging optics, for instance, the
focal plane of an order-sorting GS could be re-imaged).

Both OSM implementations allow for simple, stable, and
mobile set-ups with no moving parts. Therefore, they can
be applied similarly to moderate-resolution compact grating
spectrographs in field measurement campaigns, autonomous
measurement networks in remote areas, and in airborne or
satellite applications.

3 Comparison of the FPI spectrograph and GS

In this section, we compare the FPI spectrograph with the
GS. First, size scaling considerations illustrate intrinsic mo-
bility differences between FPI and grating instruments. Sec-
ond, the light throughput per individual spectral channel is
calculated and compared for different spectrograph imple-
mentations. Finally, from known SNRs of atmospheric mea-
surements with moderate-resolution GSs, the SNRs of the
high-resolution spectrographs are approximated.

3.1 Fundamental differences and size considerations

When examining spectroscopic methods, a basic question is
how a physical parameter changes as a function of the wave-
length A. For spectrographs, this physical parameter is most
often a deflection angle 6()1) of a light beam. The angular
dispersion describes the dependence of the deflection angle
6, (1) on the wavelength for the grating. For the FPI spectro-
graph, the incidence angle dependence of the FPI transmis-
sion spectrum is used to separate the different spectral chan-
nels (see Sect. 2). Therefore, we regard the incidence angle
«a as equivalent to the deflection angle 6, (1) for the FPIL.

For a blazed grating with a given ruling distance ry oper-
ated in the mth order and a Littrow-type spectrograph set-up
(incidence angle and dispersion angle are as equal as possi-
ble), the relation of the wavelength and deflection angle 6,
(which equals the gratings blaze angle in this case) is given
by (see e.g. Jacquinot, 1954)

mh =2rg sinby; (7
consequently,

da 2rg 0 @®)
— = —=co0sbg.

do, m &

A close to ideal choice of the ruling distance of the grating
for a given wavelength is r; & m A. For a typical value of
0, = 30°, a small wavelength shift by the width §A of one
ILF (or one spectral channel) changes 6, by

SA
86y ~ 0.58 o )
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Figure 2. Schematic optical set-up of an FPI spectrograph: (a) light from the atmosphere is directed to the spectrograph entrance via a
telescope, an optical fibre, and, if needed, relay optics. The order-sorting mechanism (OSM), depending on its implementation, can be at
different locations within the optical path. Lens 2 images the different FPI incidence angles onto the image plane; thus, different spectral FPI
transmission spectra (b) are separated on the focal plane detector (c¢). The dashed circles in panel (c) indicate the corresponding FPI incidence
angle « (in degrees). The OSM isolates a single FPI transmission order, either via filters (interferometric) or via a grating (see grating ILF in
c¢). Panel (d) shows the étendue per square FPI aperture for the two OSMs and the instrument parameters in Table 1.

For the FPI, the angle dependence (for a small incidence an-
gles) is given by Eq. (4):
dx

= —ABp. 10
d@fp fp ( )

The same small wavelength shift by one spectral channel §1
changes 6, by

80y~ — —. 11
fp 9fp X ( )

This means that the angular change 86, for a single spec-
tral channel of the GS is approximately given by its inverse
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resolving power, whereas for low FPI incidence angles, the
angular change §6f, for a wavelength change of §A can eas-
ily be 2 orders of magnitude larger than its inverse resolving
power (e.g. factor of 100 for ¢, ~ 0.6°).

In either type of spectrograph, the angular deflection is
translated to a spatial separation dx on a detector array via
the imaging optics with focal length f (see Fig. 3b or f> in
Fig. 2a):

Sx ~ f86. (12)

The desired spatial interval per spectral channel on the de-
tector depends on the pixel size and the spectral sampling.
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Figure 3. (a) Relationship between size (represented by the focal
length) and resolving power of GS and FPI spectrographs for an
ILF spatial dimension of 6x = 50 um. The size of a human hand or
a miniature satellite is about 10 cm (red line); this size determines
the favourable resolving power of the respective GS or FPI spec-
trograph for many applications. (b) Schematic of a spectrograph
illustrating the fundamental aspects that determine the values in
panel (a). The focal length f mainly determines the overall spec-
trograph size.

Assuming that the ILF is sampled by five pixels of 10 um
pitch, this interval would be §x = 50 um. Given that the size
of a spectrograph is of the order of its focal length and its
volume and mass scale with its third power (see e.g. Platt
et al., 2021), the above relations reveal the principal dif-
ference between the GS and FPI spectrograph in terms of
size and resolving power (see Fig. 3a). For instance, one
could argue that easily portable tools for humans have the
size of a human hand (i.e. ca. 10cm), which is about the
size of a CubeSat miniature satellite (see e.g. Poghosyan and
Golkar, 2017). The resolving power of the corresponding GS
is about 1000 and, thus, quite close to that used by moderate-
resolution DOAS measurements. The resolving power of the
corresponding (f = 10cm) FPI spectrograph is in the range
of 10° and, therefore, capable of resolving individual rovi-
bronic absorption lines of trace gases in the UV and visible
spectral range.

These considerations point towards the advantages of
FPIs for high-resolution spectroscopy, where they have been
widely in use for more than a century (see Vaughan, 1989).
Moreover, we have illustrated that the fundamental differ-
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ences between grating and FPI result in different instrument
sizes (or levels of mobility) for a given resolving power.
However, these considerations do not yet include the spec-
trograph’s light throughput and, hence, the maximum achiev-
able SNR, which is also decisive for most atmospheric re-
mote sensing applications.

3.2 Light throughput

In the following, we derive the general relationship be-
tween the sensitivity of a spectroscopic measurement and
the light throughput of a spectroscopic instrument. The
light throughput ky of a spectrograph defines the con-
version of incoming spectral radiance [ (in units of
[photons sT'mm~2sr'nm~!]) to a flux Jph of photons
with energies (or wavelengths) from within a single spectral
channel of the spectrograph (see Eq. 16 below).

The upper limit for the SNR of an atmospheric remote
sensing measurement is often determined by photoelectron
shot noise, i.e. by the number Nph = JpnH - ¢ of photons de-
tected within an exposure time period §¢ (defining the mea-
surement interval). The noise of such a spectrum is given by
/Nph; thus, the photon SNR © of a spectrum can be approx-
imated by

N
O~ \/zsfh = /Tky (525t (13)
ph

This can be translated to the corresponding limits AS for the
detection of trace gas column densities using the effective
differential absorption cross sections o (§1), which, in many
cases, are a function of spectral resolution (compare Fig. 1):

1 1

S EoN6 - FEn TGN (1
Here, the crucial role of the light throughput of the instru-
ment becomes obvious, especially when the radiance of the
light source (e.g. scattered sunlight) and the exposure time
(e.g. time constant of the process to be studied) are fixed.
Moreover, the choice of §A is a compromise between optimal
sensitivity (i.e. o, typically decreasing with increasing §))
and optimal light throughput (typically increasing with in-
creasing §1; see below). Particularly for trace gases with ab-
sorption cross sections consisting of discrete lines (e.g. OH,
water vapour, or O3), the sensitivity increases almost linearly
with the spectral resolution as long as it is much lower than
the line width (see Appendix B).

When broadband light sources are used, a linear depen-
dency of the light throughput on 8 is introduced. For line
emitters where the spectral width of the emitted line is
smaller than ) (e.g. atomic emission lines), this is not the
case (compare e.g. Jacquinot, 1954). Here, we regard light
sources that are broadband compared to §A (scattered or di-
rect sunlight or incoherent artificial light sources); therefore,
we include the factor §A in the light throughput quantifica-
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tion. Furthermore, the light throughput depends on the geo-
metric beam acceptance of the optics (i.e. its étendue Ep),
which often introduces a further 61 dependency (see the fol-
lowing subsections). The spectrograph’s étendue for a given
spectral channel is approximated by the product of surface
area Ay and the solid angle Qp of the corresponding light
beam:

Ey~ Ay - Qy. (15)

Losses at the optical components are accounted for by a fac-
tor w. From these effects, the light throughput can then be
calculated as follows:

J,
ki = ph,H

= X Eq(Sr). (16)

In the following, we compare the light throughput of FPI
spectrographs with that of GSs for a given spectral resolu-
tion 6. The losses at the optical components depend on their
number, type, and quality. We assume that & (accounting for
these losses) is always optimised and that, apart from the
OSM (introducing about a factor of 2 difference), there is
no substantial difference in p for the FPI spectrograph and
GS. Thus, the light throughput is essentially determined by
the étendue Ey of an individual spectral channel.

We derive the étendue Ey of GS and FPI spectrograph
by approximating the surface area on the focal plane detec-
tor that is illuminated by light from a single spectral chan-
nel. The spectrograph’s imaging optics determines the corre-
sponding beam solid angle.

Imaging magnification does not affect the étendue (which
is one of the reasons why the étendue is a universal measure
of a spectrograph’s quality), as it only converts a solid an-
gle into surface area and vice versa. Therefore, for a light
throughput comparison, we can ignore magnification and al-
ways assume ideal 1 : 1 imaging (i.e. collimating and focus-
ing optics with the same focal length).

Investigating the light throughput per wavelength interval
&) allows the comparison of spectrograph set-ups with re-
spect to their photon shot noise-limited SNR.

3.2.1 Etendue of a grating spectrograph

For a simple GS, as typically used for DOAS measurements,
the above definition of Ey might seem a bit artificial, as the
étendue per spectral channel SAgs equals the étendue of the
entrance optics. Assuming ideal 1:1 imaging, the surface
area Ay,Gs on the detector that is illuminated by light from
within §1gs is determined by the illuminated slit area (i.e. by
the illuminated slit height Ag and width wg). The slit width
determines the spectral resolution via the GS’s linear disper-
sion Dgs := g—“)f along the dispersion direction x. Because of
the 1: 1 imaging, Ay s at the detector is given by

An,Gs = ws hs = dAgs Das hs. (17)
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The corresponding imaging beam solid angle Q2 can be cal-
culated from the F number Fgs = % of the GS’s imaging op-
tics, according to the approximation for higher F' numbers:

b4 7 b?

=7 18
4F%s  4f? (%)

Qugs ~

with the imaging optics’ (or the grating’s) circular CA b and
its focal length f. The étendue of a GS is then

b4
Engs ~ Angs - QHGs ~ 152 ws hg
GS
T
= —>5-38Ags Dgs hs. (19)
4 F5g

In the spectral ranges regarded in this study, due to the avail-
ability of appropriate gratings, the GS resolving power is ba-
sically determined by slit imaging. When the grating is opti-
mised to the operating wavelength (i.e. ry &~ m A, see above,
or K rg = m A with k = 1), the GS resolving power is deter-
mined by the slit width and focal length (see Appendix C for
details):

> =K i (20)
SAGs ws

Without exact knowledge of the factor « (which is around
unity and accounts for slight inaccuracies in the assumptions
made) this relation allows one to evaluate how the size and
the étendue of a particular GS change with its slit width
and focal length for constant resolving power (see Fig. 4).
As a measure of the spectrograph’s size scaling, a minimum
“beam volume” Vgs is determined by the light cone con-
strained by the F number and the focal length:

1 1 3
Vos=—m fb>=—m . 1)
12 127 Fgg
While representing the lowest boundary for the absolute size
of the spectrograph’s optical set-up, it describes the scaling
of a GS’s volume and mass with the third power of its focal
length for a constant F number (see also Platt et al., 2021).
The resolving power of such an idealised GS can now be
increased by either increasing the focal length or by narrow-
ing the entrance slit (see Fig. 4). Increasing the focal length
leads to a larger and heavier instrument and is, therefore, lim-
ited by mobility requirements. Narrowing the entrance slit
reduces the étendue of the GS. The theoretical lower bound
is given by diffraction at the entrance slit, i.e.

WS, min ~ 1.22 Fgs A. (22)

In practice, imaging aberrations limit the resolving power for
narrow slit widths. In particular, aberrations will limit the slit
height of the GS, which substantially influences the GS éten-
due (see Eq. 4). Approximating the maximum possible slit
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Figure 4. Combined visualisation of Eqs. (20)—(22) and (24). (a) For three exemplary resolving powers (1500, 15000, and 150 000), the
possible slit-width-to-focal-length ratios are shown. The focal length determines the spectrograph’s size scaling (b), whereas the slit width
determines its étendue (blue line in ¢). The étendue of the FPI spectrograph with the grating OSM (for an incidence angle of 0.5°) and the
total étendue of the FPI (i.e. the FPI spectrograph with an interferometric OSM) with the specifications given in Table 1 are shown in red.

height based on an empirical quantification of the astigma-
tism of GSs by Fastie (1952) leads to the following simple
expression (see Appendix D):

hs ~ ws F(Z}S' (23)
By inserting this relationship into Eq. (19), the expression for
the GS étendue is further simplified to
Eigs ~ % w? o 512 24)
Surprisingly, the F' number cancels, which is because small
F numbers increase the accepted beam solid angle of the GS
while also reducing the allowed slit height through imaging
aberrations (at the same time and by the same amount). In
principle, this introduces a dependence of the GS étendue on
the square of §Ags, which further stresses the problems of
high-resolution GS. This does not mean that the F number
can be chosen arbitrarily. To avoid further distortions, the slit
height must remain much smaller than the CA of the imaging
optics.

Correcting aberrations (like the astigmatism) is possible
but onerous. Large imaging spectrographs can reach large
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slit heights with a low F number, for instance, by using lens
optics to avoid off-axis imaging and, thus, largely reducing
aberration (see e.g. Crisp et al., 2017). This will not be con-
sidered in this study, as we focus on mobile spectrographs.

3.2.2 Ktendue of the FPI spectrographs

In order to assess the étendue of the FPI spectrographs, it is
useful to first regard the étendue of a single FPI order, ignor-
ing the influence of the OSM for the moment. For instance,
an idealised bandpass filter or a FSR much larger than the
spectral band of the light source could be assumed. By as-
sessing the transmission solid angles 2y rpr of an FPI order
(see Appendix E), we find the étendue of the FPI, which is
(for a given resolving power) only dependent on the FPI CA

brpr:

12 b2 SAEPI
5 VFPI T
Consequently, in the focal plane of a lens that is placed
behind the FPI (lens 2 in Fig. 2a), the appearing rings corre-
sponding to a wavelength interval §Appy (Fig. 2c, d) have the
same surface area and the étendue of all spectral channels is

Eypp1 & (25)
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the same. For a given FPI CA and resolving power, Ey ppr
(as given by Eq. 25) states an upper limit for the étendue of
an FPI spectrograph.

For an FPI spectrograph with an interferometric OSM, this
étendue can be reached if the étendue of all of the respective
OSM components is equal or larger than Ey ppr. This should
not be a problem, as the interferometric OSM components
are FPIs or interference filters with similar or lower resolving
powers and, therefore, higher étendue for the same CA (see
Appendix G for details).

For the grating OSM, things are a bit more complicated.
We assume an order-sorting GS (OSGS) with a spectral res-
olution of about the FPI's FSR (i.e. Rpp = Rosgs - F). The
spectrum of the OSGS can, for instance, be re-imaged by the
FPI imaging optics (Fig. 2a). Therefore, the radially symmet-
ric FPI spectral transmission overlaps with the OSGS spec-
trum, resulting in stripes (along the OSGS slit dimension)
that isolate individual FPI transmission orders. Specifically,
this will introduce an FPI incidence angle dependence to the
étendue. The étendue of the FPI spectrograph with a grating
OSM Ey, Fsg can be approximated by the following expres-
sion (see Appendix F):

we J2 OFERL WS
4F2 59 27 Ha

Enpsg ~ En Fpr- (26)
As expected, the étendue equals the étendue of the OSGS
with the slit height replaced by the radial extent of an FPI
transmission ring with the spectral width of §Agpr. Further-
more, it can be expressed as a fraction of the total étendue
(Eq. 25) of the used FPI. The expression approximates only a
part of the total spectrum recorded with such an FPI spectro-
graph (i.e. where grating dispersion and FPI dispersion are
approximately perpendicular). It is, however, representative
for large parts of the spectrum.

The OSGS resolution dApsgs needs to approximately
equal the FSR AAppr of the FPI. This means that the slit
width wg of the OSGS (and, thus, Eyfrsc) can be increased
if the FSR of the FPI is increased. In order to keep the spec-
tral resolution §Arpr constant, the same increase is required
for the finesse. For increasing slit width, FSR, and finesse,
En psc converges to Ey ppy. As less FPI orders are then sam-
pled, the total wavelength coverage decreases. This allows
one, for instance, to adjust the spectral coverage and the éten-
due according to a specific application.

For Eq. (26) to hold, the F numbers of the OSGS and FPI
imaging optics need to be matched. Thus, the focal length
f> is determined by the FPI’s CA and the OSGS’s F' num-
ber. Figure 2¢ and d illustrate the étendue differences of the
interferometric and grating OSM.

3.2.3 Comparison of FPI spectrographs and GSs

With the above evaluation of the étendue, we can compare
the light throughput and SNR of FPI spectrographs with a
GS for a given resolving power. Furthermore, we can relate
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the results to moderate-resolution GSs with a known abso-
lute SNR. This allows one to approximate the absolute SNR
of high-resolution FPI spectrographs for atmospheric remote
sensing applications. Table 1 summarises the results.

In order to reach spectral resolutions of the order of sin-
gle rotational trace gas absorption lines, a resolving power
of 150000 is assumed, which corresponds to a 2 pm spec-
tral resolution at 300 nm. A 100 mm focal length facilitates
the mobility of the spectrograph (Sect. 3.1). As found in
Sect. 3.2.1 (see Fig. 4), the high-resolution GS can not be
implemented with a 100 mm focal length (due to diffraction
at the entrance slit) and, therefore, uses optics with a focal
length of 1 m. We also assume the same F' number of F =4
for all spectrographs. These assumptions mainly determine
the étendue of the spectrographs.

For the FPI spectrograph with an interferometric OSM,
we assume here that the element with the highest resolv-
ing power (i.e. the FPI with R = 150000) limits the étendue
(see Eq. 25 and, for further details, Appendix G). The FPI
spectrograph with a grating OSM requires the FSR of the
FPI to be matched with the OSGS spectral resolution. We
assume an FPI with a finesse of 100 and, therefore, need a
OSGS with R = 1500. A finesse of 100 for the given FPI di-
mensions is challenging but possible to manufacture for the
UV. For larger wavelengths, even higher finesses (i.e. higher
spectrograph light throughputs) can be reached. The étendue
of the FPI spectrograph with a grating OSM was calculated
for a representative FPI incidence angle of « = 0.5°. For the
light throughput comparison, the OSMs are accounted for by
a loss factor of 0.5.

In practice, a moderate-resolution DOAS GS with f =
75mm typically has a resolving power of 600 (i.e. a spec-
tral resolution of 0.5 nm at 300 nm), and a 100 ym wide slit
is used with, for instance, a 400 um optical fibre, determin-
ing the illuminated slit height (see e.g. Platt and Stutz, 2008).
Such set-ups are able to record spectra of scattered sky light
with SNRs of several thousand in the UV spectral range
within about a 1 min integration time (see e.g. Lauster et al.,
2021). In addition, we determined the light throughput of
an (with respect to our formalism) optimised GS with the
same moderate resolving power and a 100 mm focal length.
Its light throughput is about an order of magnitude higher
than that of moderate-resolution GSs presently in use.

Compared with compact moderate-resolution GSs that are
in use for DOAS measurements, the FPI spectrograph with
an interferometric OSM exhibits light throughput that is a
factor of 100 lower with a 250 times higher spectral reso-
Iution. Consequently, for a given integration time, the pho-
ton SNR of the high-resolution spectrum of the FPI spectro-
graph is only about 10 times lower than that of a compact
moderate-resolution GS. For the spectrum of a grating OSM
FPI spectrograph, the corresponding SNR is 100 times lower
for the same gain in spectral resolution. However, a consid-
erably larger wavelength range is covered compared with the
interferometric OSM version.
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Table 1. Comparison of an FPI spectrograph and a GS. All spectrographs have an F number of 4 and, to ensure mobility, a focal length
of 100 mm, except for the high-resolution GS (see Sect. 3.2.1 for details). The light throughput and SNR are calculated relative to that of a
moderate-resolution GS, commonly used for DOAS measurements and, thus, with a known SNR.

Quantity Symbol Unit FPI spectrograph ‘ Grating spectrograph
Interferometric Grating OSM High Moderate resolution
OSM resolution
0SGS | Optimised  Common DOAS
a=05 |

Resolving power R 150000 150000 1500 150000 600 ca. 600
Spectral resolution at 300nm  §Xx nm 0.002 0.002 0.2 0.002 0.5 ca. 0.5
Principal focal length f mm 100 100 100 1000 100 75
F number F 4 4 4 4 4 4
Slit width ws um - - 67 6.7 167 100
Slit height hs um - - 268 26.8 668 400
Grating/FPI CA b mm 25 25 25 250 25 18.75
Etendue En mm?sr 2.06x 1072 2.51x 1074 3.54% 1070 2.19x 1072 1.96 x 1073
Relative loss % 0.5 0.5 1 1 1
Relative light throughput ,(’;—HO 1.05 x 1072 1.28 x 1074 3.61 x 1073 11.15 1
Relative SNR o 1.02x 1071 1L13x1072 | 6.00x 1073 3.34 1
Relative volume and mass VLU 1-2 1-2 1000 1 1
Relative resolving power N 7685-15370 849-1697 1 2003 600
Jlight throughput Y
product per instrument
volume

The high-resolution GS, despite its volume that is already
about 1000 times the volume of the other spectrographs,
yields even only about half the SNR of the grating OSM FPI
spectrograph.

Extending the FPI’'s CA to 250 mm would yield a 250-
fold increase in spectral resolution with the same SNR as a
compact moderate-resolution DOAS spectrograph. If such an
FPI could be manufactured, the corresponding spectrograph
would have a focal length of about 1 m. The corresponding
high-resolution GS with the same SNR would need a focal
length of about 15 m.

4 Implications for atmospheric remote sensing, and the
FPI spectrograph prototype developed in this study

4.1 Implications for atmospheric remote sensing

FPI spectrographs offer a way to reach large resolving pow-
ers with a largely reduced impact on the SNR (compared with
GSs) while maintaining a mobile instrument set-up. This
might allow substantially lower detection limits for trace gas
measurements in the near-UV to NIR spectral range or may
increase the measurements’ spatial or temporal resolution.
When regarding noise-limited trace gas detection limits
(as introduced in Eq. 14), we find that the effective dif-
ferential absorption cross section (and, thus, the sensitiv-
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ity of the measurement) increases with spectral resolution
for many gases in the near-UV to NIR regions. For ab-
sorbers with discrete lines (e.g. OH, water vapour, or Oy),
the sensitivity increase will be almost linear to the increase
in spectral resolution (see Appendix B, i.e. for our exam-
ple a factor of ca. 250). For such gases, this effect out-
weighs the effect of reduced light throughput (0.01 com-
pared with moderate-resolution GSs; Table 1), and the cor-
responding noise-limited detection limits of the FPI spectro-
graph with interferometric OSM will be reduced by a factor
of (250-4/0.01)~! = 0.04 (0.4 for a grating OSM) compared
with that of common, moderate-spectral-resolution DOAS
measurements. By reducing the temporal resolution of FPI
spectrograph measurements by a factor of 100 (i.e. increas-
ing the exposure time, e.g. from 30s to 50 min), the same
photon SNR as that of moderate-resolution DOAS measure-
ments (with 30 s exposure time) can be reached, reducing the
detection limits by another order of magnitude.

In addition, the increase in sensitivity comes with a mas-
sive increase in selectivity for the following reason: on the
one hand, the high spectral resolution allows one to use much
more specific absorption structures for gas detection; on the
other hand, the high spectral resolution reduces or removes
the influence of undersampled Fraunhofer lines for sunlight
measurements. Thus, detection limits can further be signifi-
cantly lowered with respect to moderate-resolution measure-
ments, which are, in many cases, also limited by cross in-
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terferences (see e.g. Vogel et al., 2013). Consequently, line
broadening effects could also add valuable information to re-
trievals of vertical atmospheric trace gas distributions, and
the feasibility of distinguishing trace gas isotopologues is
strongly improved. Besides improving water vapour isotopo-
logue quantification (see e.g. Frankenberg et al., 2009), the
separation of 3*SO; in volcanic emissions could also be pos-
sible using the differences in the absorption cross section,
which are on a sub-nanometre scale (e.g. Danielache et al.,
2008) and, thus, impossible to resolve with moderate spectral
resolution.

Similar advantages are expected for the passive quantifica-
tion of solar-induced fluorescence of chlorophyll by in-filling
of narrow solar Fraunhofer lines with increased spectral reso-
lution (see e.g. Plascyk and Gabriel, 1975; Grossmann et al.,
2018).

The following simple example outlines the impact that FPI
spectrographs might have on atmospheric sciences. Accord-
ing to the above assessment, a high-resolution FPI spectro-
graph records a spectrum with a SNR © of 3333 with about
a 1 hintegration time. For scattered sunlight measurements in
the UV, the tropospheric light path L can reach about 10 km.
The absorption cross section of OH ooy at around 308 nm
reaches about 1.5 x 1076 cm? per molecule (see Rothman
et al., 2013). The detection limit of OH concentrations Acoy
(see Eq. 14) would then be

ASoH _ 1

=——=2x 10° molec.cm ™. 27)
L ®oog L

Acoy ~

This is already in the range of tropospheric background OH
concentrations (see e.g. Stone et al., 2012). This detection
limit can be lowered further by using active light sources like
light-emitting diodes (LEDs) or Xe lamps instead of scat-
tered sunlight or by using larger FPIs or arrays of parallel
FPI spectrographs.

Furthermore, as assessed in Sect. 1.4, FPI spectrographs
are expected to have similar advantages over FTS and GS
measurements in the NIR. Thus, FPI spectrographs could
also substantially improve remote sensing measurements of
greenhouse gases (e.g. CO, or CHy) or CO in Earth’s at-
mosphere. Instead of the large spectral coverage with high
resolution reached by FTS, several FPI spectrographs could
record spectra in different spectral windows that are relevant
for the trace gas retrieval (e.g. an additional spectral window
for O light path information; see e.g. Crisp et al., 2017).

An important aspect with respect to the named and quan-
tified benefits of FPI spectrographs is that the low level
of complexity and the high mobility of presently used
moderate-resolution GS measurements is maintained.

4.2 FPI spectrograph prototype

As a proof of concept, we built a prototype of an FPI spec-
trograph with a grating OSM at the Institute of Environmen-
tal Physics in Heidelberg (see Fig. 5a). It operates at around
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308 nm. An FPI with high finesse (ca. 95) across a CA of
5 mm and a resolving power of ca. 148 000 (supplied by SLS
Optics Ltd) was used with a compact OSGS. We recorded
a spectrum of light from a UV LED that traversed a burner
flame (see Fig. 5a) containing large amounts of OH (typi-
cally several thousand parts per million; see e.g. Cattolica
et al., 1982). For a light path of about 1 cm, this leads to op-
tical densities > 1 for many OH lines (see the OH absorption
spectrum in Fig. 1, which is slightly altered due to the high
temperature; see Rothman et al., 2013). Figure 5b shows the
corresponding spectrum recorded by the FPI spectrograph
prototype. The bright vertical stripes originate from a slight
overlap of the individual FPI orders and, thus, also indicate
their boundaries (compare Fig. 2b and c). The dark spots cor-
respond to individual OH absorption lines. This is verified
by calculating the intensity distribution using an instrument
model and OH absorption data from Rothman et al. (2013).
The orange box in Fig. 5b shows the region of the spectrum
that is modelled in Fig. 5c. The locations of the individual
OH absorption lines (dark spots) are clearly reproduced by
the model, confirming the high resolving power.

Compared with the FPI spectrograph assumed in
Sect. 3.2.3, the light throughput of this prototype instrument
is reduced due to its smaller CA (i.e. by a factor of about
25; see Eq. 25). The mobility advantages of FPI spectro-
graphs as derived in Sect. 3.1 are already demonstrated by
this still rudimentary prototype. Its volume is below 8L, and
it weighs less than 5kg. The FPI can be replaced by an FPI
with a larger CA without significantly impacting the instru-
ment size.

A comprehensive description of this and further prototype
instruments as well as the instrument models would go be-
yond the scope of this work and will be the topic of future
publications.

5 Conclusions

We compared the performance of high-resolution spectro-
graphs using gratings or FPIs. Increasing the spectral reso-
Iution of a GS results in the loss of its mobility and light
throughput advantages and, thus, its applicability to many
atmospheric studies. In contrast, the implementation of mo-
bile FPI spectrographs with high resolving power is possi-
ble (as shown by the presented prototype) and can yield a
much larger light throughput than a GS with the same (high)
resolving power. Compared with moderate-resolution GSs
(as used in conventional DOAS measurements), FPI spectro-
graphs with the currently available optical components and
a 250-fold spectral resolution (e.g. 2 pm instead of 0.5 nm at
300 nm) yield a light throughput that is only a factor of 100
smaller for an instrument of the same size. In contrast, the
corresponding high-resolution GS, which can only be im-
plemented with about a 1000-fold volume, yields only ap-
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Figure 5. Prototype of an FPI spectrograph with a grating OSM recording an absorption spectrum of OH in a burner flame. Panel (a) outlines
the instrument and experimental set-up: light from a UV LED traverses a burner flame (containing a high amount of hot OH) before being
directed to the FPI spectrograph via a telescope and a fibre. The FPI imaging optics re-image the moderate-resolution spectrum of the OSGS
(compare Fig. 2). Panel (b) shows the recorded spectrum image: the vertical bright stripes arise from slight overlapping of FPI orders, dark
spots indicate the individual OH absorption lines, and the dashed blue lines indicate rings of equal FPI incidence angle «. (¢) Modelled
intensities (using high-temperature OH absorption data from Rothman et al., 2013) for a part of the measured spectrum (orange box) with an

instrument model show excellent agreement.

proximately 4 x 107 of the moderate-resolution GS’s light
throughput.

Similarly to the resolving power luminosity product used
by studies such as Jacquinot (1954) to generally compare
FPIs to gratings, we can define a figure to quantify the ap-
plicability of spectroscopic instruments to atmospheric re-
mote sensing studies with enhanced mobility requirements
(e.g. measurements in remote areas or satellite instruments).
This would then be the product of the resolving power and
the square root of the light throughput (proportional to the in-
verse trace gas detection limits) per instrument volume. For a
resolving power of 150000, this figure is at least 3—4 orders
of magnitude larger for FPI spectrographs compared with the
GS.

On the one hand, the employment of mobile high-
resolution FPI spectrographs would substantially increase the
SNR of high-resolution measurements in the atmosphere; on
the other hand, it would substantially increase the mobil-
ity of measurement instrumentation. These above-mentioned
advantages basically come at the cost of spectral coverage of
the spectrograph; however, for many applications, this should
not be a problem.

Atmos. Meas. Tech., 14, 7873-7892, 2021

The impact on atmospheric remote sensing measurements
may be outlined with the following examples:

1. More trace gases (such as tropospheric OH) could be
detectable using relatively simple passive or active ab-
sorption measurements.

2. In many cases, the detection limits of trace gases (e.g.
SO, H,0, HCHO, CIO, and BrO) routinely quantified
by moderate-spectral-resolution DOAS measurements
could be significantly lowered via the enhancement of
sensitivity and selectivity due to the high spectral reso-
lution.

3. Alternatively, the temporal or spatial resolution of such
measurements could be enhanced.

4. From passive measurements using sunlight, absolute
(rather than differential) column density measurements
of trace gases absorbing in the UV and visible wave-
length range could become possible (e.g. evaluation be-
tween Fraunhofer lines).
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. Due to the increase in the spectral resolution, the ca-

pability to separate trace gas isotopologue absorption is
enhanced.

Line broadening could be quantified to add valuable in-
formation to the retrievals of vertical trace gas distribu-
tions.

Radiative transfer in haze or clouds can be studied with
high-resolution measurements of O, rotational lines.

Increased spectral resolution also enhances the sensi-
tivity of chlorophyll fluorescence quantification through
in-filling of Fraunhofer lines and similar studies.

FPI spectrographs are expected to similarly improve
trace gas measurements in the NIR, as presently per-
formed with FTS (e.g. quantification of green house
gases in the atmosphere).

All in all, the results of this study suggest that high-resolution
spectroscopy with mobile FPI spectrographs has the potential

to su

bstantially advance atmospheric trace gas remote sens-

ing, thereby opening the door to many new insights into pro-
cesses in Earth’s atmosphere.

Appendix A
Al List of abbreviations
CA Clear aperture
DOAS  Differential optical absorption spectroscopy
FPI Fabry—Pérot interferometer
FSG FPI spectrograph with a grating order-sorting mechanism
FSR Free spectral range
FTS Fourier transform spectroscopy
FWHM  Full width at half maximum
GS Grating spectrograph
ILF Instrument line function
NIR Near-infrared
OSGS Order-sorting grating spectrograph
OSM Order-sorting mechanism
SNR Signal-to-noise ratio
uv Ultraviolet
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A2 List of symbols

A Wavelength

SA Spectral resolution, spectral ILF FWHM

R Resolving power

r Optical path difference of the FPI

d FPI mirror separation

n Refractive index of the FPI medium

o Incidence angle of light onto the FPI

m Order of the FPI fringe or grating dispersion
Am Wavelength at the FPI fringe with order m
Aippr  FSR of the FPI

F Finesse of the FPI

y Linear thermal expansion coefficient

H ILF

A Wavelength coverage

B Diameter of the circular entrance aperture

f Focal length

0 General dispersion deflection angle

860 Small, linearised change in 6

Ty Ruling distance of a grating

8x Spatial separation in the focal plane through 66
kn Light throughput per spectral channel

1 Radiance

Jonu  Photon flux per spectral channel

Nph Number of photons

® SNR

St Measurement interval, exposure time

AS Detection limit for a trace gas (column density)
o Effective absorption cross section of a trace gas
En Etendue per spectral channel

Qu Beam solid angle per spectral channel

Al Surface area of beam cross section per spectral channel
n Factor accounting for losses at optical components
ws Slit width

hs Slit height

Dgs Linear dispersion of a GS

F F number

b CA

K Uncertainty factor around unity

\4 Minimum beam volume of a spectrograph
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Appendix B: Relation between sensitivity and spectral
resolution

Here, we wish to demonstrate that the sensitivity of an ab-
sorption measurement with a spectrograph is, in most cases,
strongly dependent on the spectral resolution. The sensitivity
can be approximately quantified by the peak effective absorp-
tion cross section ¢ of a gas measured by an instrument with
an ILF H:

IhyQ H

-_ Bl
& Ipexp(—o S)® H (BL)

_ T —1
o= 5= S™ lo
where o denotes the high-resolution absorption cross section,
7 is the optical density, S is the column density of the gas, and
the operator ® represents the spectral convolution. The ab-
sorption of an isolated and sharp absorption line (see e.g. OH
absorption cross section in Fig. 1) is diluted within the ILF
of a spectrograph as long as its spectral resolution is lower
than the width of the absorption line. In this case, increasing
the spectral resolution results in a close to linear increase in
sensitivity. This is illustrated by a simple example in Fig. B1,
where we assume a 3 pm wide, Voigt-shaped absorption line
and ILFs of different width modelled by sixth-order Gaussian
curves.

Appendix C: The GS resolving power is mainly limited
by slit imaging

The resolving power of the grating is limited by the number
of illuminated grating rules N, (i.e. ﬁ = Ng). This requires

f
Fgs rg )
is almost always fulfilled by commonly used GS implemen-

tations. For an ideal choice of the grating, its effective rul-
ing distance reff = rg cosfy m~! (see Eqs. 7 and 8) should be
in the range of the measured wavelength. Gratings with that
specification are available for all spectral ranges of interest
for this study. Thus, one can conclude that the GS resolving
power is generally limited by slit imaging. Here, we assume
that refr = % with « being close to unity and accounting for
any uncertainties in the assumptions. With the linear disper-
sion Dgs = f re_ff1 , we then find the following relation:

to be larger than the intended resolving power, which

SA SA A i
as _as oo 2 Ly
Teff A SAGs ws

ws = drgs Dgs =

Appendix D: Aberration-limited slit height of a compact
GS

We will approximate the maximum possible slit height based
on an empirical quantification of the astigmatism of GSs by
Fastie (1952). The astigmatism is the deviation A f of the fo-
cal length in the along- and across-slit directions, introduced
by off-axis imaging with e.g. spherical mirrors. It is found
to be proportional to the focal length and to the square of
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the angular distance ¢ of the slit to the normal of the fo-
cussing/collimating mirror. The entrance slit and the focal
plane of the GS are separated by at least the grating’s diam-
eter b; hence, the lower limit of ¢ is given by % = 2Fas
With that, the empirical astigmatism quantification of Fastie
(1952) can be expressed using the focal length and F number
of the GS:

i
Fgs

Af =04 f¢*>=0.1 (D1)
The spread AL of an imaged point within the slit area along
the defocussed astigmatism direction on the GS focal plane
is then

_Af

AL = .
Fgs

(D2)
As sharp imaging is only important in the dispersion direc-
tion for a GS, its optics are always focussed to the focal
length in the across-slit direction. The astigmatism spread is
then directed in the along-slit direction and is, therefore, neg-
ligible for the spectral imaging. However, due to the radial
symmetry of the imaging mirrors, the across-slit component
of the astigmatism increases with the distance from the slit
centre (assuming the slit is centred at the imaging plane). For
the ends of the slit, this component is given by the ratio of
the slit height &g to the separation of the entrance slit and slit
image, which equals at least the grating’s CA b. This means
that at the slit ends the slit image is widened by

hs hs
WS ast = AL ? =0.1 — - (D3)
FGS

When allowing for a slit widening by a 10th of the width of
the slit image, we find the slit height to be limited to

hs = ws Fig. (D4)

Appendix E: The étendue of an FPI

If the FPI CA bgpy is illuminated with a divergent light beam,
only light with a wavelength between )»21 = 2}% (A, for
a =0)and k?n —&Appr will be transmitted in the central beam
part (limited by the incidence angle inducing a spectral shift
of the FPI spectrum by Appr; see Fig. 2). Each wavelength
interval corresponds to an incidence angle interval limiting
the solid angle of the respective transmitted beam. Using
Egs. (1) and (2) and a cosine approximation, the incidence
angle o corresponding to the transmission peak wavelength
Am 1s determined as follows:

A A 2 A
cosa = mmeI——mwl—a—éa% 2(1—)%); (E1)

2dn ~ AD 2 o

thus, for A,,;, = A% —€,

ale) ~ /2%0. (E2)
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Figure B1. The absorption of a sharp line is diluted throughout the ILF of the observing spectrograph. For ILF widths §A that are much
larger than the width of the absorption line, the measured absorption signal (peak optical density, i.e. peak effective absorption cross section
o) increases approximately linearly with spectral resolution. For this visualisation, the ILF was modelled with a sixth-order Gaussian, and a

Voigt profile was assumed for the absorption line.

Here, € denotes the spectral displacement of 1,, with respect
to k& (see Fig. 2b). The solid angle Qy ppy of a transmit-
ted light beam with a wavelength between A%, — p §Agpr and
10 — (p+ 1) 8xppr (p being a positive real number) is then
approximated by

SAFPI
)\()

m

Quppr ~ 1 (@((p + 1) SApp)* — a(p Srpp1)?) = 27 (E3)

This means that the transmission solid angle of an FPI for
a wavelength interval éAppy is independent of the incidence
angle, and the étendue Ey ppr for a beam with a wavelength
within dAppy traversing the FPI CA (An rp1 = % b%PI) is

712 2 5)»Fp[N712 2 5)\.FPI
—b 2y FPIT'

— E4
2 P50 2 (E4)

Eypp1 &

Appendix F: Etendue of an FPI spectrograph with a
grating OSM

We can assume that the focal plane of an GS (i.e. its spec-
trum) is re-imaged with the FPI imaging optics (as that
shown in Fig. 2a) with a matched F number. Furthermore,
the spectral resolution of this order-sorting GS (OSGS) is
matched to the FPI’s FSR. The OSGS will cut out slices from
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the FPI ring system on the detector, where single FPI trans-
mission orders are isolated (see Fig. 2d). The widths of these
slices are given by the OSGS’s ILF (i.e. its slit width). The
result is a variable étendue across the FPI spectrograph’s fo-
cal plane, generally decreasing with increasing distance to
the centre of the ring system (i.e. increasing incidence an-
gle «). In the following, an approximate quantification of the
étendue Ey psg of the FPI spectrograph with a grating OSM
is derived. We thereby regard the area on the detector, where
the rings of equal FPI transmission are approximately paral-
lel to the grating dispersion dimension (e.g. a bit above the
centre of the FPI ring system). There, the grating dispersion
and the FPI dispersion are approximately perpendicular (see
Fig. 2d). Light from within a wavelength interval §Agpy cov-
ers the area Ay rsg on the detector. For 1 : 1 imaging, its hor-
izontal extent (in the grating dispersion direction) is given by
the OSGS slit width ws.

The vertical extent of Ay rsG can again be approximated
by the radial change in the detector location upon a shift of
the transmission peak at A,, by SAppr. Thus, Ay rsg becomes
a function of the imaging focal length f> = f; and the an-
gle range A« required for tuning the FPI by dAppr. Again,
linearising Eq. (4) yields

__ OAppr

Ao .
—Am o

(FI)
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This approximation should be fine for o > 2% (see

Eq. E2), where the FPI angular dispersion does not giverge.
The product of A« and the imaging focal length f> is then
the vertical extent of Ay Fsg:

 J2 rrpr
AHFSG N ws — .
o Apy

(F2)

The solid angle of a light beam reaching a detector spot is
again given by the imaging optics’ F number (which should
be matched to the OSGS’s F number):

QHFsG ~ (F3)

4F%
Finally, we obtain the étendue of the FPI spectrograph with
a grating OSM:

EupsG ~ AHFSG - QHFSG

T w Q SAFPI W ws bI%PI SAFPI
4F2°° 0 am  4FH o m
ws
~—F . F4
37 fra H,FPI (F4)

Appendix G: On the implementation of the
interferometric OSM

In principle, the FPI can be used with a bandpass filter with
a transmission FWHM of the FSR of the FPI. For an FPI
with resolving power of R = 150000 and a finesse of F =
100, the bandpass FWHM should be around 0.2 nm in the UV
at around 300 nm. Such filters with a transmission of about
25 %35 % are available (see e.g. Klanner et al., 2021).

Alternatively, an additional FPI with lower resolving
power can be used to increase the effective FSR and, thus,
the required FWHM of the interference filter bandpass (as
e.g. in Mack et al., 1963). The étendue will then still be lim-
ited by the FPI with the highest resolving power (see Eq. 25).

The resulting ring-shaped raw spectra are translated into
linear spectra by co-adding the intensity of all of the pixels
with the same distance to the centre of the ring system. Al-
ternatively, a hardware-based circle-to-line converter (as e.g.
proposed in Hays, 1990) can be used.

Data availability. The spectrum shown in Fig. 5b can be obtained
from the authors upon request.
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Abstract Volatiles released from magma form bubbles that can leave the magma body to eventually
mix with atmospheric air. The composition of those volatiles, as derived from measurements after
their emission, is used to draw conclusions on processes in the Earth’s interior or their influences on
Earth’s atmosphere. It is commonly assumed that the volcanic gas composition describes a state of
thermodynamic equilibrium (TE) followed by passive dilution once released to the atmosphere. We
show that the latter approach is frequently not justified. By modeling the combined effects of reaction
kinetics, turbulent mixing, and associated cooling during the first moments after gas release we find
that gas compositions can differ by many orders of magnitude from TE states. Moreover, the fast
oxidation of reduced magmatic species can lead to considerable net heating of the plume. Our results
have major implications for volcanic gas studies, particularly for (1) the present understanding of auto-
catalytic conversion of volcanic halogen species in the atmosphere and (2) redox state determination from
volcanic gas measurements. Also, (3) it calls for due care, when deriving the volcanic gas composition
from melt equilibria, as done for instance in studies of Earth’s early atmosphere.

Volcanic gases crucially influence Earth’s atmosphere, on long time scales by gradually altering
the atmospheric redox state (Kasting, 1993; Gaillard et al., 2011), as well as on short time scales
when large amounts are emitted instantaneously during large eruptions (Robock, 2000). Volcanic
gas measurements, besides monitoring purposes, reveal information about Earth’s interior, and
the chemistry within the cooled and diluted volcanic plume. In that context, the interface
between the magmatic gases and the atmosphere and its influence on the gas composition requires
consideration. Gas-rock and gas-fluid interactions of fumarole emissions have become a central
part of volcanic gas analysis (Giggenbach, 1996; Henley and Fischer, 2021). In contrast to
that, high temperature volcanic emission processes remain largely inaccessible for present-day
measurement techniques and thus, poorly understood. Volcanic gases are commonly described by
thermodynamic equilibrium (TE, i.e. the Gibbs free energy is always minimised — by fast reaction
rates — prior to macroscopic changes of the system). While this is likely to hold for instance for
hot gases within bubbles in the magma, we show that — in contrast to usual assumptions (Gerlach
and Nordlie, 1975; Martin et al., 2006; Gaillard et al., 2011; Moussallam et al., 2019) — TE is not
suited to describe magmatic gases after being directly emitted into atmospheric air. Chemical
reactions, cooling, and mixing usually take place on comparable time scales leading to complex
interaction of these processes ultimately determining the gas composition, which then can greatly
deviate from TE.

OH radicals in a high temperature mixture of water and oxygen

Numerous approaches to modeling hot volcanic gases found considerable amounts of OH (up to
tens of ppm for higher temperatures, e.g. Gerlach, 2004; Bobrowski et al., 2007; von Glasow,
2010; Martin et al., 2012; Roberts et al., 2014, 2019, summarised in Fig. 3 below) and drew the
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attention to volcanic HOx (OH + HO2). However, these studies remain without a comprehensive
assessment of its origin and impacts since relying on TE models or using a kinetic approach to
only a fraction of one individual eruptive emission scenario.

The OH radical is extremely reactive and substantially influences atmospheric processes even
when present in amounts as small as 0.1 ppt (Levy, 1971; Crutzen, 1974). Generally, the abun-
dance of OH as an intermediate species is linked to high rates of chemical conversion. For
instance, large amounts of OH are present in combustion flames (e.g. Cattolica et al., 1982) and
the oxyhydrogen gas explosion (see Willbourn and Hinshelwood, 1946).

The following mechanism illustrates a plausible HOx formation process in volcanic gases, its
strong dependence on mixing dynamics, and its impact on the plume’s composition. Simpli-
fied, the emission of hot magmatic gases into the atmosphere, can be thought of as hot water
vapour rapidly mixing with Oy (see Fig. 1). Before leaving the magma body, magmatic gases
are assumed to be in TE because of the high temperatures and considerable dwelling times of
gas bubbles within magma (Giggenbach, 1996; Oppenheimer et al., 2018). Thus, within a hot
gas bubble, a certain amount of OH and H is formed from water decomposition (Bonhoeffer and
Reichardt, 1928; Gerlach, 2004, Fig. 1c). Immediately after the emission of the hot gas from the
magma, mixing with ambient air introduces O, which, together with the emitted OH and H,
provide the initiation of chain branching mechanisms that lead to further enhanced OH levels.

Oz, +H—-OH+O (R1)
0, +H ™ HO, (R2)
Hx0| ., +0 —20H (R3)
R|,., +OH = RO +H (R4)

This mechanism (rate constants in Fig. 1b) oxidises reduced plume components (e.g. Ho or

CO, denoted by R) in fast catalytic cycles. Mixing with atmospheric air also causes rapid plume
cooling, which slows down (R3) and changes branching between (R1) and (R2), ultimately leading
to the formation of the more stable HO5.
This is only a small fraction of the kinetic processes accounted for in this work (see below).
However, it outlines the large extend to which the amount of OH (and other short-lived species)
affects the chemical composition of volcanic gases with a strong dependence on mixing and
cooling time scales. The widespread assumption that ’the ambient air will simply quench and
dilute the magmatic gas’ (Gerlach and Nordlie, 1975; Martin et al., 2006) is therefore likely to
be an oversimplification of a decisive process in volcanic degassing. The observations of flames
occurring related to volcanic gas emissions (see e.g. Jaggar, 1917, and Fig. A2) supports these
considerations, though they may represent extreme examples of the processes examined in this
study.

Rapid atmospheric mixing and cooling of magmatic gas

We use a C-H-O-S chemical mechanism of Zeng et al. (2021) and model the first seconds after
the magmatic gas is emitted into the atmosphere with a parametrisation of the turbulent mixing
process that introduces atmsopheric Oy to the plume and dominantly drives plume cooling
(Methods). The entire cooling process is covered. In this study we initialise the model based
on measurements at Nyiragongo lava lake (DR Congo, Tazieff, 1984; Sawyer et al., 2008). The
degassing scheme of open lava lakes represents an extreme (end-member-like) case of open vent
volcanism, which accounts for a major part of volcanic gas emissions to Earth’s atmosphere
(Carn et al., 2017). We vary the emission temperature, and allow the gas mixture to attain TE
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before emission (Fig. A3). The intensity of turbulent mixing is approximated based on viscous
energy dissipation in the boundary layer (Dinger et al., 2018) and Richardson-Obukhov constant
quantification by Franzese and Cassiani (2007). The examined three mixing scenarios (MSs, Fig.
A1) correspond to circular sources (or bubbles) with radii from 0.075m (MS III) to 7.5m (MS I)
that also allow a coarse assessment of heterogeneity throughout the plume. While MS T (slower
mixing) represents the core part of larger plumes, MS III (fast mixing) accounts for the situation
at the very edge of that same plume. Tab. 1 summarises key processes according to reaction
rate analysis (Supplementary Fig. 1-16).

Figure 2a shows the modeled temporal evolution of the mixing ratios of key radicals and other
plume constituents (SO indicates dilution, see Fig. A4da for more gases or MSs). For an initial
temperature of 1370 K, OH amounts are already in the ppm range at the time of emission. Upon
mixing with air, the OH levels further increase (to about 100 ppm) before decaying rapidly. In
accordance with the processes sketched above (Fig. 1) the OH peak coincides with the maximum
CO conversion rate. The time scale of the respective MS determines the oxidised CO amount.
In Fig. 2b the temporal evolution of the mixing ratios of OH, HO2, CO, and SOj3 from the kinetic
model run is compared to their corresponding TE mixing ratios (MS II and IIT in Fig. A4b).
TE concentrations quickly change due to the rising Os amounts and the dropping temperature
in the plume. The OH equilibrium levels are generally lower but follow the kinetic model rather
closely, indicating that the involved reactions are fast with respect to the mixing time scales. In
contrast, while TE mixing ratios of CO and HO; are much lower than the kinetic values, those of
SOj3 are strongly enhanced. The time scales of formation or destruction of those species exceed
the mixing time scale and lead to a composition of the cooled plume that depends on its early
mixing history.

The rapid and mostly exothermic oxidation processes also cause considerable net heating of the
plume (more than 50 K, Fig. 2b), which further influences the chemistry and in part explains the
remaining deviation of kinetic OH levels from TE. Effects of plume heating through exothermic
reactions was supposed before (Jaggar, 1917; Le Guern et al., 1979) but rarely discussed within
the scope of volcanic gas measurements.

Gas composition changes and emission temperature

The temperature of the volcanic gas at the time of its emission to the atmosphere is among the
major unknowns of the emission process. It depends on the lava temperature, which varies with
magma type and activity and remains challenging to measure (Li et al., 2021). Moreover, it is
influenced by cooling through adiabatic expansion of bubbles within the magma (Daly, 1911;
Oppenheimer et al., 2018). The temperature evolution in the atmosphere is determined by fast
mixing, thermal radiation, interaction with volcanic ash and aerosol, and the heat released by
enthalpy changes through chemical conversions.

As shown above, the kinetic OH levels are fairly well represented by TE. They also are in ac-
cordance with TE calculations of mixtures of magmatic and atmospheric gas assumed in earlier
studies (example for 0.5s plume age, MS I in Fig. 3). The considerable range of typically ob-
served magmatic gas compositions covered by these studies only weakly influences the OH levels,
i.e. they are mainly determined by temperature. For lower temperature HOx levels are domi-
nated by HO; (Fig. Adc, A4d) and start to become more sensitive to the abundance of reduced
plume species. Hence, the emission temperature decisively determines the chemical regime of
the gas emission process.

The case of CO (Fig. 4a) demonstrates that the plume composition is substantially altered al-
ready a tenths of a second after emission. While reduced at high temperature through oxidation
by OH, the CO to COs ratio increases at lower temperatures with respect to the initial TE
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value. This is due to the dominance of the fast conversion of OCS to CO (Zeng et al., 2021)
and demonstrates the drastic relevance of intermediate species. Consequently, any derived redox
parameter (e.g. the oxygen fugacity fo,, Fig. 4b, Oppenheimer et al., 2018; Moussallam et al.,
2019) can be either biased high (CO oxidation) or low (CO formation from OCS).

Figure 4¢ and 4d show the ratios of different emitted gases (HyS, OCS, and Hs) or secondary
plume constituents (HO5, HoO2, SO3) to SO, (dilution tracer) after the plume cooled to 400 K.
The large deviations of the gas ratios to their TE state at emission are induced by kinetic processes
and their changes along the cooling trajectory (processes listed in Tab. 1 are indicated in Fig. 4).

Implications for volcanic gas studies

Our modelling of the reaction kinetics of hot volcanic gas emissions reveals fundamental incon-
sistencies between state-of-the-art chemical knowledge (i.e. reaction rates) and many interpre-
tations of volcanic degassing processes based on TE considerations. Examples include:

1. HsS, Ha, and CO are observed in seconds-to-minutes-old volcanic plumes (Aiuppa et al.,
2007, 2011; Schumann et al., 2011). However, their abundance is not compatible with TE
considerations. So far, these inconsistencies are accounted for by the exclusion of specific
species from TE calculations (Martin et al., 2009; Aiuppa et al., 2011), which appears
inappropriate. These studies furthermore explain elevated amounts of reduced gases in
volcanic plumes by their hot and direct emission to the atmosphere. In contrast, our
results show that the direct intrusion of Og into such hot magmatic gas emissions strongly
supports the destruction of reduced species. Through site-specific adaptions of the emission
scenarios of our model (e.g. lowered O levels in vent systems) the presence of reduced
plume species (and also that of sulphate, Roberts et al., 2019) can be explained in a more
comprehensive manner.

2. Volcanic gas measurements are thought to be representative for the magmatic gas redox
state, which, in turn, is assumed to equal the redox state of their formerly hosting magmas
(Giggenbach, 1996). Thus, the compositions of so-called ’disequilibrium’ gas samples were
modified to resemble TE states in 'restoration’ procedures (Gerlach, 1980, 1993; Symonds
et al., 1994). Intermediate species and other details of reaction kinetics remained excluded
from those considerations. These data on the volcanic gas composition is used in inter-
pretations of the evolution of the early Earth’s atmosphere, which furthermore assume the
emission of unaltered TE magmatic gas compositions into the atmosphere (e.g. Holland,
2002; Gaillard et al., 2011). Our findings suggest that a comprehensive treatment of the
hot magma-atmosphere interface might improve the related interpretations.

3. We find a strong influence of reaction kinetics on the redox state of volcanic gas samples (e.g.
fo, as measured in a 0.1s old plume, Fig. 4b), which, besides its temperature dependence,
is also strongly influenced by the degassing style (MSs are related to bubble sizes). This,
provides an additional explanation for the discrepancies between observed gas redox states
and that of the hosting melts, which was formerly solely attributed to thermal decoupling
of gas bubbles from the surrounding magma (Oppenheimer et al., 2018; Moussallam et al.,
2019).

4. Models of reactive halogen chemistry in the minutes-to-hours-old plume strongly depend
on the exact amount of HO5 in the assumed initial plume composition (Surl et al., 2021).
Previous reactive halogen studies always used high temperature TE calculations to initiate
the plume model, typically resulting in HO4 levels in the ppm range. With the considerably
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lower HOq levels (ppb range) resulting from our kinetic model in the cooled plume, reactive
halogen plume models can no longer reproduce the observed BrO levels in the plume.
Including halogens into the chemical mechanism of our model enables a straight-forward
and entirely kinetic treatment of reactive halogen chemistry in volcanic plumes.

In order to resolve the listed shortcomings and inconsistencies, dedicated studies of magma de-
gassing at open vents should employ refined and volcano-specific models combining mixing dy-
namics with reaction kinetics in addition to improved field observations (e.g. OH measurements,
Kuhn et al., 2021).
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Figure 1: (a) Reaction scheme of an exemplary fast oxidation process when hot magmatic gases (in TE)
mix with atmospheric O2; (b) Respective reaction rate constants as a function of temperature (pressure
dependent reactions for 670 hPa); OH and H are formed from the decay of HoO within magmatic gas
bubbles and initiate the oxidation processes. (c) shows the initial amounts of OH and H (in TE) as a function
of emission temperature (670 hPa pressure).
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Figure 2: (a) Temporal evolution of the mixing ratios of key radicals and other plume constituents, plume
temperature and mixing state (bottom panel) as given by the kinetic model for the three MSs (colours indicate
MS I-MS 1lI) and an initial temperature of 1370 K. In (b) the result of the kinetic simulation (thick lines)
for OH, HO2, CO, and SO3 are shown together with the results of respective TE calculations (thin blue
lines), where the composition determined by mixing was brought to TE at each time instance. High OH
amounts drive gradual CO oxidation. HO32, CO, and SO3 show extreme deviation from the TE state. See
supplementary Fig. A4 for a plot with lower initial temperature and for further gases and MSs.
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Figure 3: The modeled OH and HO2 mixing ratio in the plume, 0.5s after emission, plotted against its
instantaneous temperature for model runs with different initial temperature for MS |. Alongside, modeled
OH amounts reported in the literature are plotted. In a large temperature range (>1000K) OH levels are
consistent with other studies that assume at least about 2 % atmospheric air content, without a considerable
impact of the assumed initial magmatic gas composition. HO> levels dominate at lower temperatures. The
dashed lines show the results of model runs initialised with a TE of only HoO and COx. In this case, lower
levels of reduced gases reduce HOx levels at lower temperatures.
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Figure 4: Panel (a) shows volcanic CO/COxz as a function of gas emission temperature for different MSs and
at different plume age. The influence of atmospheric CO and COx is excluded. At high temperatures CO
oxidation by OH causes reduced CO/CO2 with respect to TE. At lower temperatures CO/CO- is enhanced
by CO production from OCS. (b) Logarithmic oxygen fugacity fo, calculated from the CO/CO3 values in (a)
according to Moussallam et al. (2019) for the respective gas emission temperature. An inversion of the effect
of high temperature reaction kinetics is found at temperatures between 1100 and 1200 K. (c) Modeled SOs3,
HsS, and OCS amount normalised to SO2 after cooling of the plume to 400 K, starting from different model
emission temperatures and assuming different MSs. Within the plots links to the relevant kinetic processes
in Tab. 1 are provided. The SO3/SO- ratios represent measured sulphate/SO ratios (Roberts et al., 2019),
while OCS and H.S are depleted at high temperature. (d) Same as (c) for HO2, H2O2, and Hz. While Ho
is significantly oxidised at higher temperature, HO2 and H2O2 survive plume cooling in amounts exceeding
atmospheric background and TE levels.
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Table 1: Selection of key net chemical conversions within the first moments of a volcanic plume as identified
by reaction rate analysis of the kinetic model calculations (see Supplementary Fig. 1-16).

reference reaction comment

I. O production from in-mixed Os at high T

Ia SO + 03 —+ S0+ 0O SO, H from magm. TE
Ib H+0;—-0H+O

II. OH production from O produced by Ia and Ib

ITa H,O0+0 —20H

ITI. OH conversion of plume constituents

Ia OH+CO — COy + H
IIb OH+H, — HyO + H
Illc OH 4 S0, 222,60, + HO,  OH + S0, X HOSO,

HOSO, 22 SO5 + HO,

IV. HO5 production from in-mixed Os at lower T

IVa H+ 0, 25 HO,

Vb HOSO + O3 — HO5 + SOs (e.g. SO, +H 4 HOSO)
V. HO5 conversion

Va HOs +SO2 — SO35 + OH

Vb HO, + HOy — Hy05 + O (e.g. Hy0, 25 20H)

VI. Further relevant processes without direct HOx impact
Via HyS + COy — COS + HO
VIb COS + O3 — CO + S04
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Methods

A model for the assessment of early-stage volcanic gas emissions

We introduce a model that covers large ranges of turbulent mixing scenarios by a simple but
comprehensive parametrisation and combines it with a kinetic treatment of the relevant chemical
mechanisms. The model allows to identify the driving chemical processes inside the plume during
the entire cooling process and to study their sensitivity on parameters such as the gas emission
temperature for different turbulent mixing scenarios.

We use a 1-box approach to calculate the plume’s chemical composition ¢, (concentrations in
molec cm™3) and temperature Tp, (in K) as a function of time t. A stationary emission plume
with circular cross section is assumed with advection determining the transport along the plume
axis and neglecting mixing in that direction. The process is then basically governed by lateral
mixing with the atmosphere and chemistry, so that for a given set of initial values (€p1,0, Tp1,0)
the progression of plume composition and temperature can be inferred numerically through
integration of the two derivatives:

ATy _ dTy AT}, Q)
de de mix de chem

Az, da e, &)
dt dt mix dt chem

Mixing

The plume box expands with time and at any time includes all the emitted gas molecules (von
Glasow et al., 2003). Turbulence will cause an absolute dispersion of the plume, consisting of
both meandering and relative dispersion with respect to its center of mass. The relative plume
dispersion is driven by in-mixing of the surrounding air. In young plumes, the increase of plume
size leads to an increase of (larger) turbulence elements (eddies) contributing to mixing instead of
meandering, thereby causing an accelerated plume growth with time (Batchelor, 1952). With the
assumption of isotropic turbulence and characteristic plume sizes within the so-called ’inertial
subrange’ (i.e. some mm up to hundreds of m in the atmosphere, MacCready, 1962), the mean
squared displacement of a plume element from its center of mass ‘7;2>1,re1 can be approximated by

(Franzese and Cassiani, 2007):
Uﬁl,rel = Cﬁ(t + tS)3 (3)

C is the Richardson-Obukhov constant accounting for the turbulence scenario and € denotes the
viscous energy dissipation. The emission source’s size, i.e. the non-zero plume size at ¢t = 0 is
accounted for by the translation ts of the time origin with respect to the point source emission case
(i.e. ts = 0). That is to say that the emission plume of a source with given size is approximated
by a point source plume after the time ¢s that it takes to reach the source size. In order to reach
an average displacement according to the effective initial emission radius rg, ts is given by

ty = (r2/Ce)'/? (4)

(which is obtained by setting opirel = 70 in Eq. (3)). Franzese and Cassiani (2007) found that
this approximation describes finite source effects reasonably well.

The situation, for instance at a gas emitting lava lake is certainly more complex. Turbulence
might not be isotropic and the turbulence scenario, as well as the viscous energy dissipation
are difficult to quantify. Nevertheless and because slightly accelerated plume growth fits many
observations in nature, we will use Eq. 3 to quantify the expansion of the plume box in our
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model. We combine Ce to a parameter «, which has the dimension of an energy dissipation
(m?s73) and parameterises the strength of turbulent mixing. Together with the effective initial

source radius rg the plume geometry (plume radius r) is described by:

r(t) = V(ts +1)° (5)

From geometrical considerations and assuming the atmosphere to be a static reservoir for atmo-
spheric gases, temperature, and pressure, the mixing terms in Egs. 1 and 2 can be derived as
(see Supplementary Note 1):

d1;

2| =507 BT~ Ty) ©
dg, .

| =BT @ -G (7)

Ta and Ca represent the temperature and composition of the atmospheric reservoir. The factor
[ contains the ratio of specific heat per unit volume of the atmosphere to that of the plume.
The mixing process is described by a single parameter that is the temporal translation of the
point source case tg, which depends on the ratio of ro and v (see Eq. (4)). Thereby, within a
specific model mixing scenario (MS, determined by the choice of t4) uncertainties in the turbulent
mixing process are absorbed by a slight variation of the bubble radius. Or, one MS describes the
situation for the range of bubble radii linked (via ;) to realistic turbulence scenarios (see Tab.
A1 for examples).
In this mixing scheme, there remains a slight imbalance between the expansion of the in-mixed
and quickly heated atmospheric air and the contraction of the slightly cooled plume gas. This
effect (details in Supplementary Note 2) will lead to a slight plume expansion (< 25% in the
more extreme cases used in this study) and thus, to a deviation of the real plume volume to
the that determined by Eq. (5). The associated inaccuracy is minor regarding the high level
of simplification of the model and has a negligible effect on the results as these only rely on
intensive quantities.
The state of mixing is commonly given by the ratio M of the volume of atmospheric gas that is
mixed into the plume V4 to that of the initial gas emission (magmatic gas) Vs (see e.g. Gerlach,
2004). For the assumptions made here it can be calculated as:

Va(t) _ r(t)?

M(t):W: 2 1 (8)

The hot lava impacts atmospheric temperature right above its surface and close to the location
of gas emission. This is accounted for by a fast exponential decay (time constant 7 = 0.1s) of Ta
from magmatic gas temperature to the atmospheric temperature T o far from the lava surface
(see Fig. Alc and Fig. 2):

t
Ta =Ta 0o+ (Tp1 — Ta,00) €XP (—;) (9)

This process is implemented as a static boundary condition to the model. Figure Al illustrates
the mixing process of the MS used in this study.

Chemistry

Chemical conversion rates as well as thermodynamic data of the gas species can be found in
numerous literature reaction mechanism compilations. Reaction mechanisms in volcanic gas
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emissions are - to some extent - similar to processes in combustion chemistry, which are well
studied due to their importance in many branches of engineering. In this study, we use a C-H-O-
S combustion mechanism of Zeng et al. (2021), which is based on former work of e.g. Glarborg
et al. (2014). The mechanism includes major volcanic plume constituents (HoO, CO4, SO2, CO),
while it does not include e.g. halogens or reactive nitrogen species. We removed a HyO-SO4 van
der Waals complex from the mechanism of Zeng et al. (2021) since it has negligible influence on
the chemistry and due to the respective fast reaction rates and the large amounts of HoO and
SO, it disturbed the analysis of the conversion rates during the cooling process.

The reaction mechanism is compiled with the open-source software package Cantera (Goodwin
et al., 2021). The chemical conversion rates (second term on the right hand side in Eq. 2) are
calculated from all the reactions in the mechanism for the instantaneous plume state. At the
same time the temperature influence through chemistry (second term on the right hand side in
Eq. 1) is calculated according to

Ty,

1 dep
hi —2=
dt

= i
chem  Sp,pl Ppl 7 dt

(10)

chem

from the molar enthalpies h (in Jmolec™!) and the conversion rates of all species i, the density
pp1 (in molec cm™?), and specific heat capacity sp 1 (in J K ™! molec™!) of the plume.

For given initial conditions and mixing parameters the model is solved by an ordinary differen-
tial equation solver. We used a backward differentiation formula method (see e.g. Curtiss and
Hirschfelder, 1952) implemented in the SciPy package (Virtanen et al., 2020) in Python. De-
pending on the chemical mechanism used, a single run modeling the first plume seconds (covering
the entire cooling process) takes on the order of a second on a personal computer from the year
2012 (1.9 GHz).

Besides kinetic studies, the Cantera software also enables the calculation of TE in gas mixtures
e.g. for a given temperature and pressure. This is used to compare TE with kinetic results.

Limitations of volcanic gas emission models

The simplifications made by the model enable a comprehensive study and reasonable quantitative
approximation of the volcanic gas emission process. On the other hand, they call for due care,
when interpreting the results. However, the analysis of uncertainties has to encompass both, the
simplifications made by the model and the major uncertainties and unknowns concerning the
initial conditions. The latter are significant due to the coarsely studied and hardly approachable
processes of the degassing interface of hot magma and the atmosphere.

The major simplifications made by the model are:

1. The 1-box implementation of the model assumes spatial homogeneity across the plume cross
section for each MS. In reality large (concentration and temperature) gradients across the
plume might severely influence the chemistry in the early plume. Evaluating different MSs
enables to approximate spatial in-homogeneity to some extent.

2. The plume temperature is likely to be influenced by processes other than mixing and
chemistry (as assumed in the model, see Eq. (1)), for instance thermal radiation effects or
interactions with ash and aerosol particles.

3. The chemistry mechanism used in this model study only includes gas-phase C-H-O-S
species. Halogens and reactive nitrogen chemistry, as well as heterogeneous chemistry
is not considered.
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The basic uncertainties concerning the involved processes - and thereby the initial conditions or
boundary conditions - include:

1. The degassing temperature of the gas is very challenging to quantify, as it might be influ-
enced by e.g. thermal radiation and adiabatic expansion. Direct measurements of absolute
lava temperature are scarce and recently Li et al. (2021) found that they are bound to large
uncertainties (exceeding 100 K) when relying on the thermal emissivity.

2. The initial composition of magmatic gases used in the model could be a further factor of
uncertainty. Only a few plume species can be quantified reliably with today’s sampling
techniques. Furthermore, depending on the sampling technique, the measured gas com-
position could have been substantially altered between emission and the time of sampling
(through the processes discussed in this study). Regarding the fact that bubble evolution
can also be highly dynamic (Oppenheimer et al., 2018), it can even be questioned whether,
prior to emission, the magmatic gas is in TE at all.

3. The rate constants of many reactions used in the chemical mechanism are subject to consid-
erable uncertainties, particularly for high temperature (see e.g. Zeng et al., 2021; Glarborg
et al., 2014; Roberts et al., 2019). And, the impact of possible heterogeneous reactions on
the surface of volcanic ash and aerosol particles on high temperature chemistry is largely
unknown.

The listed uncertainties in the degassing processes justify the simplifications made in our model to
a large extent. Improving the model, e.g. with respect to its spatial resolution or its temperature
dependencies, would not significantly reduce the overall uncertainties of the results, since they
are substantially determined by unknown boundary and initial conditions. Nevertheless, since
our model includes the major plume species and flexibly parametrises turbulent mixing, it it will
also encompass the major chemical processes.
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Extended Data
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Figure Al: A parametrised increase of the radius of the assumed circular plume box drives mixing in the
model. This is schematically illustrated in panel (a). Plume radius (b), temperature (c) and mixing (d) are

shown for the three MSs assumed in this study.

Table Al: MS used for the model calculations with exemplary effective source radius (ro) - turbulent mixing

strength () pairs, combining to the mixing parameter tg (see Eq. 4)

mixing scenario

MS I MS II MS 111

te [s] 17.8 3.8 0.8
ro [m] 75 24 075 24 0075 024
001 0001 001 01 001 01

7y [m?s77]



Kuhn et al., 2022: The interface between magma and Earth’s atmosphere 19

Figure A2: Flames related to high temperature gas emissions at Nyamulagira volcano in the Democratic
Republic of Congo, 03.02.2020

initial gas composition ¢y, o
. TE based on measurements of Sawyer et al. (2008)
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Figure A3: Initial gas composition assumed in the modeling study. They are oriented towards the measure-
ments of Sawyer et al., 2008 who measured H2O, CO2, SOz, CO, and OCS (red crosses) and determined
the emission temperature to be 1370K (red vertical line) in accordance to temperature measurements of
Tazieff (1984). We used the Cantera software package to calculate TE from this reported composition for
the reported temperature (with a slight deviation of CO and OCS levels) and for the given range of assumed
intial temperatures used in the study.
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Figure A4: (a), (b): Same as Fig. 2, increased number of plotted gases and MSs. (c), (d): same as (a), (b),
initial plume temperature reduced to 1070 K.
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Supplementary Information
Supplementary Note 1: Dilution of magmatic gas in atmospheric air

We derive the mixing term for the temporal gradient of the concentration of a single gas species
(Eq. (7), Methods) for the expanding plume box and assume independent mixing of all species.
The concentration of a gas in the plume ¢, = N V~L, with N particles in the plume volume V'
chances according to:

del dcpl dN N CA dv CpldV _ dVv

dey = S5 g av=_ gy e ™
W=y Wty V=g md =Ty p = leaze) g 4D

The first (left) of the two terms in the expression describes the influx of atmospheric particles
driven by the increase of volume (AN = cs dV'). The right therm accounts for the dilution of
the concentration of the gas in the growing plume volume. With Eq. (5) (Methods) we get for
a circular plume:

dep 1 dV 2 dr 3 3(ca —cp)
SR (ep —epl) = — = (A — cp1) = — = (ca —cp1) = V/Alts + 1) = 2BV (g9
gr (ca — cp) T (ca — cp1) Fd (ca — cp) , 7( ) (ot 1) (12)

For the temperature we find a similar expression by regarding the density of free energy in
the plume up) = npicp,pi Tp1 with the plume’s particle density np and the plume’s specific heat
capacity at constant pressure sp;. Here, the mixing influence on the plume temperature is -
analogous to concentration mixing - determined on the one hand by the influx of atmospheric
particles with the free energy density ua = na sa Ta and the dilution of up, by the increase dV'
of the plume box volume. In analogy to Eq. (11) we find:

dv
dup = (ua — “p1)7 (13)
For any time instance d7p,; = ,,i?‘;;l, so that the analogy to Eq. (12) leads to:
d(q;pl _ 3 (ua —up) _ 3 <nASATA*Tpl) _ 3(BTa —Tp) (14)
t (ts + t) Tpl Spl (ts -+ t) Tpl Spl (ts + t)
with 8 = 245A heing calculated for each time instance from thermodynamic data by the Cantera

Npl Spl
software package.

Supplemtary Note 2: The impact of temperature on turbulent mixing

The mixing scheme of the model assumes a plume growth based on turbulence considerations.
These do not include the large temperature difference between magmatic and atmospheric gas.
This results in a deviation of the plume volume in the isobaric plume model due to the imbalance
of:

e the expansion of air with atmospheric temperature, introduced to the plume box and
instantaneously heated to about plume temperature, and

e the deflation of the plume gas due to the cooling, introduced by intruding atmospheric air.

We want to assess the impact on the representativity of our model. At a given time instance, the
volume of the plume is V},; and contains plume gas with the temperature T},. After a time step
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the plume volume grows by the amount of dV4,, which contains atmospheric gas with temperature
Ta. After that time step the plume temperature will differ by (see Supplementary Note 1):
dVi,
Vol

AT, = BAT (15)
The temperature difference between atmosphere and plume is denoted by AT = T — T}, For
an ideal gas at constant pressure, the temperature changes the volume according to:

v
0V = 0T (16)

The volume of the in-mixed atmospheric gas is dV}, its initial temperature is T, and its temper-
ature changes by about —AT. Per time step the deviation in volume change through in-mixed
atmospheric air §V* is given by:

AT
=7

The volume of the plume is V}, its temperature is about T},; and changes by d7},1. Per time step
the deviation in volume change through the contraction of the cooling of plume gas §V1 is given
by:

SV AV, (17)

Vol BAT
oVt = 2dr, = E——d 1
Vi= g =g mdv (18)

The absolute deviation of the plume’s volume change in the model dV is then:

_ 1
AV = 6V* +6VT = (Tﬁl - TA) AT dVp = £ dVp (19)
p

Since /3 quickly approaches unity for T,; — T, the factor & is positive (AT is negative) through-
out the cooling processes regarded. This corresponds to a slight expansion of the plume. At
Ty = 1500K and Th = 300K, x is about 2. Such values can be reached for a short time
in slower mixing scenarios (e.g. MS I). The atmospheric temperature gradient assumed in the
model study dampens this effect and the highest deviation from the assumed plume volume is
about 25% for MS I and 1600 K initial plume temperature. This effect only leads to a deviation
of the actual plume volume from that assumed in the mixing scheme. In other words, the plume
grows faster, but that faster growth does not contribute to mixing. Since basically relying only
on intensive quantities (temperature and concentrations) the model results will not be affected.
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Figure S1: Reaction paths for O-species, MS Il, t=0.001s, T=1370K. The arrow size indicates the respective
rate. The arrow labels contain the exact rate (relative to the 'scale’ value at the bottom in kmolm ™ s~!) and
specify the relative contribution of individual reaction paths in forward ('fwd’) and reverse ('rev') direction.
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Figure S2: Reaction paths for O-species, MS II, t=0.01s, T=1370K. The arrow size indicates the respective
rate. The arrow labels contain the exact rate (relative to the 'scale’ value at the bottom in kmolm~®s~') and
specify the relative contribution of individual reaction paths in forward ('fwd’) and reverse (‘rev’) direction.
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Figure S3: Reaction paths for O-species, MS Il, t=0.1s, T=1379K. The arrow size indicates the respective
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Figure S4: Reaction paths for O-species, MS Il, t=0.3s, T=1168K. The arrow size indicates the respective
rate. The arrow labels contain the exact rate (relative to the 'scale’ value at the bottom in kmolm~®s~') and
specify the relative contribution of individual reaction paths in forward ('fwd’) and reverse ('rev’) direction.
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Figure S5: Reaction paths for H-species, MS |1, t=0.001s, T=1370K. The arrow size indicates the respective
rate. The arrow labels contain the exact rate (relative to the 'scale’ value at the bottom in kmolm3s™*) and
specify the relative contribution of individual reaction paths in forward ('fwd’) and reverse (‘rev’) direction.
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Figure S8: Reaction paths for H-species, MS Il, t=0.3s, T=1168K. The arrow size indicates the respective
rate. The arrow labels contain the exact rate (relative to the 'scale’ value at the bottom in kmolm~®s~') and
specify the relative contribution of individual reaction paths in forward ('fwd’) and reverse (‘rev’) direction.
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Figure S9: Reaction paths for O-species, MS Il, t=0.001s, T=1070K. The arrow size indicates the respective
rate. The arrow labels contain the exact rate (relative to the 'scale’ value at the bottom in kmolm ™ s™!) and
specify the relative contribution of individual reaction paths in forward ('fwd’) and reverse ('rev’) direction.
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Figure S12: Reaction paths for O-species, MS Il, t=0.3s, T=928K. The arrow size indicates the respective
rate. The arrow labels contain the exact rate (relative to the 'scale’ value at the bottom in kmolm~®s~') and
specify the relative contribution of individual reaction paths in forward ('fwd’) and reverse (‘rev’) direction.
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Figure S15: Reaction paths for H-species, MS II, t=0.1s, T=1063K. The arrow size indicates the respective
rate. The arrow labels contain the exact rate (relative to the 'scale’ value at the bottom in kmolm=®s~!) and
specify the relative contribution of individual reaction paths in forward ('fwd’) and reverse (‘rev’) direction.
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Figure S16: Reaction paths for H-species, MS Il, t=0.3s, T=928K. The arrow size indicates the respective
rate. The arrow labels contain the exact rate (relative to the 'scale’ value at the bottom in kmolm~®s~') and

specify the relative contribution of individual reaction paths in forward ('fwd’) and reverse (‘rev’) direction.






3 Discussion

The results of this thesis have major implications for volcanic gas measurements and their
interpretation. Beyond that, each study exhibits a considerable relevance for other scientific
fields, particularly for atmospheric sciences.

3.1 Imaging trace gases in the atmosphere with FPI corre-
lation spectroscopy

Kuhn et al. (2019) and Fuchs et al. (2021) document the development of IFPICS, a novel
trace gas imaging technique in the UV spectral range (proposed by Kuhn et al., 2014). It
largely combines the advantages of DOAS and SOy cameras (see Tab. 3.1), the two tech-
niques that are mainly used for volcanic trace gas remote sensing in these days. Accurate
and sensitive trace gas detection is provided through matching the spectral transmission
structure of a FPI to the absorption spectra of the target trace gas. The high light through-
put of the FPI and its image-conserving properties enable straight-forward parallelisation
of the measurement and thus, high spatio-temporal resolution.

Within the scope of this thesis, IFPICS instruments were implemented from scratch and
successful first SO, measurements were performed at Mt. Etna. The SOs detection limit
determined in the field measurements (Fuchs et al., 2021) is in excellent accordance with the
theoretical predictions by Kuhn et al. (2019). Moreover, it is demonstrated that simplis-
tic instrument models enable an inherent calibration of the technique, i.e. using trace gas
absorption data from the literature (similar to the DOAS technique). Subsequent studies
extending the technique to BrO measurements are in progress with promising results (see
Nies, 2021).

3.1.1 Significance for volcanic gas studies
Volcanic volatile fluxes

The measurement of the emission flux of volcanic gases is important for volatile budgets
to constrain global chemical cycles. Furthermore, temporally resolved volatile flux analysis
provides information on shallow magmatic processes and is used as a volcanic monitoring
parameter. Volcanic SO9 flux measurements are preferred due to the high contrast between
plume abundance and the low atmospheric background, and the availability of mobile re-
mote sensing devices. These fluxes are typically used to determine the emission flux of other
plume constituents by scaling in-plume point measurements (e.g. Aiuppa et al., 2011; Carn
et al., 2017).

For more than a decade, volcanic SO9 fluxes are measured routinely with the DOAS tech-
nique. The volcanic emission plume is either traversed, for instance by car with an upward-
looking telescope (e.g. Kern et al., 2020), or scanned spatially by a motorized tiltable tele-
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Table 3.1: Summarised comparison of IFPICS (theoretical study and proof-of-concept field measurements)
with conventional UV remote sensing techniques used at volcanoes

detection spatio-temp. resolution

technique gases accuracy (10'7 molec cm=2 SO,)

scheme

former studies

SOz, BrO, full spectrum

. . ‘_1
DOAS OCIO. .. A~ lnm high ca. 1 pixels
SO, camera SOs two wavelength low ca. 10° pixels—!
0A ~ 10nm

this study: IFPICS (Kuhn et al., 2019; Fuchs, 2019)
SOs, BrO, matched FPI

theoretical 0CIO S\~ 1 high ca. 5-10* pixels™!
- ~ lnm

proof-of-concept  SOs gr;\atchled FPT high ca. 4 -10* pixels™!
~ Inm

scope (e.g. Galle et al., 2010). Geometrical considerations allow a straight-forward deter-
mination of the SO9 emission flux. These measurements, however, typically require at least
several minutes for a full spatial coverage of the plume. Changing atmospheric conditions
(e.g. wind direction) or variations in the volcanic SO on that time scale can substantially
distort the measured emission rates. The major uncertainty, however, is in most cases re-
lated to the absolute wind (or plume propagation) speed, required for the flux calculation.
The SO2 camera to a certain extent overcomes these complications by drastically increasing
the spatio-temporal resolution, literally recording videos of the plume’s SO, distribution.
The flux determination becomes much more accurate by retrieving the plume’s propagation
speed from the resolved turbulent transport features. The drawback, however, is the coarse
spectral detection scheme (based on the use of two band-pass-filters). The applicability of
SO, cameras is thereby limited to strong SO2 emitters with low aerosol in the plume and
require frequent calibration (e.g. Liibcke et al., 2013). Moreover, their limitation to clear-
sky conditions renders them useless at volcanic sites with nearly permanent cloud cover
(e.g. close to the equator).

The IFPICS technique largely resolves the issues of DOAS and SOy cameras regarding
volcanic emission flux determination by providing both fast and accurate measurements.
High-temporal-resolution volcanic gas emission fluxes can be determined also at weaker
emitters and in an vastly extended range of atmospheric conditions.

Gradients of reactive plume constituents

Despite being a secondary plume species, BrO can be representative for the emitted amount
of volcanic bromine. Remote sensing of volcanic BrO from space and ground-based plat-
forms provides unique, continuous, and global gas data records with a high potential for
volcanic emission studies, including monitoring, global distributions, and many more. How-
ever, the underlying processes of BrO formation need to be reasonably constrained in order
to separate volcanic signals from those induced by chemistry.

Reactive bromine chemistry within volcanic plumes remains a debated topic. In particular,
decisive processes within the first minutes of the plume’s evolution are not well under-
stood. These include the initiation of the chemical cycles and the building up of BrO levels
until a more or less stable steady-state plateau is reached (e.g. Bobrowski and Giuffrida,
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2012; Roberts et al., 2014). Besides in-situ measurements of the bromine speciation (e.g.
Ridiger et al., 2018; Gutmann et al., 2018), the measurement of BrO gradients within the
early plume with high spatio-temporal resolution could deliver vital boundary conditions for
the yet poorly constrained models. Former approaches using line-scanning imaging DOAS
schemes (e.g. Louban et al., 2009) were limited by the GS’s light throughput and thus, poor
temporal resolution.

The IFPICS technique has the potential to measure BrO gradients within volcanic plumes
with high spatio-temporal resolution. Thereby it may significantly contribute to the further
understanding of reactive halogen chemistry in volcanic plumes and the profound interpre-
tation of volcanic BrO records.

3.1.2 Significance for other fields

In principle, the IFPICS technique can be adapted to many trace gases that absorb in
the UV and visible spectral range and allows the quantification of smaller scale gradients
thereof. The application of IFPICS to the detection of BrO, OCIO or IO gradients may
help to constrain reactive halogen chemistry within other tropospheric environments, such
as polar regions or salt deserts (Platt and Honninger, 2003). The application to NOq
was assessed in Kuhn et al. (2019) and showed that IFPICS can be used to image NOq
stack emissions with high resolution and to study the related chemical processes. Thereby,
IFPICS could again offer a compromise between existing techniques, which are either
accurate or fast (see e.g. Dekemper et al., 2016; Manago et al., 2018; Kuhn et al., 2022b).
During the adaption of the IFPICS technique to BrO it turned out useful to exploit partial
spectral correlation of the BrO and formaldehyde (HCHO) absorption cross sections.
In contrast to the highly reactive BrO, HCHO can easily be filled into glass cells for
characterisation measurements in the laboratory (Fuchs, 2019; Nies, 2021). The study of
highly resolved gradients of HCHO for instance within biomass burning emission plumes
(e.g. Holzinger et al., 1999) is one among many examples where a drastic increase of
spatio-temporal resolution of conventional atmospheric observations may be beneficial.

3.2 Mobile FPI spectrographs with high spectral resolution
and high light throughput

Kuhn et al. (2021) investigate the use of FPI spectrographs in atmospheric remote sensing.
The results show that with nowadays available technology, FPI spectrographs can outper-
form GSs by orders of magnitude in many respects with high relevance for atmospheric
research. It is known for a long time that FPIs have much higher light throughput than
GSs for high resolving powers (e.g. Jacquinot, 1954). The light throughput fundamentally
limits a large range of atmospheric remote sensing observations, particularly passive mea-
surements (i.e. with scattered or reflected sunlight as light source, see e.g. Platt et al., 2021).
FPI spectrographs combine high spectral resolution with high light throughput and high
mobility, which are key properties determining the feasibility of a volcanic (or atmospheric)
observation with a passive remote sensing technique. In principle, they allow spectral detec-
tion schemes with the intrinsic spectral resolution of molecular absorption at atmospheric
conditions, that is about the width of a single rovibronic absorption line (some picometres
in the UV). Compared to e.g. DOAS measurements in the UV and visible spectral range,
this leads to enhanced sensitivity and selectivity of the detection, and might render the need
for a reference spectrum unnecessary. On top of that, the amount of routinely measurable
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Table 3.2: Selection of high resolution atmospheric observations in the UV and visible

reference measurement instr. light source ﬁ mobility
selection of former studies

Dorn et al. (1996) trop. OH GS broad-band laser 1.8-10° low
Burnett and Burnett (1981) tot. colunm OH FPI  direct sun 1.5-10° low
Pfeilsticker et al. (1998) 02 GS  clouds 3.9-10* low
Notholt et al. (1997) tot. colunm OH FTS direct sun 3-10°  low

this study

gﬁzgre;iala;uggm) trop. OH FPI LED /sky light 3-10°  high
proof-of-concept (App. A)  volc. OH FPI LED 3-10°  high

species may increase and enable the study of so far inaccessible processes.

Table 3.2 shows a selection of former studies that performed high spectral resolution re-
mote sensing measurements in the atmosphere. They share the common feature of very
low mobility, i.e. the instrumentation is either bulky and heavy (e.g. GS with 1.5m focal
length in Dorn et al., 1996; Pfeilsticker et al., 1998), touchy (Burnett and Burnett, 1981)
or involves mechanical scanning schemes (Notholt et al., 1997). This in combination with
their low light throughput (relying on bright light sources) restricted their application to
few, stationary, and cost-intensive studies at particular atmospheric conditions.

In order to validate the mostly theoretical considerations of Kuhn et al. (2021), Appendix
A describes measurements of a first FPI spectrograph prototype performed in Feb. 2020
within the crater of Nyiragongo volcano in the Democratic Republic of Congo. The data
confirms the high spectral resolution and high stability and shows excellent agreement be-
tween measured spectra and an instrument model. The whole instrumental set-up can be
carried by one person descending and ascending the, at that time, 300 m high inner crater
walls of Nyiragongo. The following subsections list a selection of potentially influential
applications of FPI spectrographs.

3.2.1 Significance for volcanic gas studies
Study of the magma-atmosphere interface at open lava lakes

The high spectral resolution reached by FPI spectrographs enables the detection of the
strong and distinct OH absorption lines at around 310nm (see also Fig. 1.5¢). The high
light throughput and mobility of the set-up allows their use at volcanic sites (as shown
in Appendix A). Models of the high temperature interface between magma and the atmo-
sphere predict very high OH levels (up to several 10 ppm, e.g. Gerlach, 2004; Martin et al.,
2012). Furthermore, this thesis shows that the presence of OH within hot magmatic gases
that mix with the atmosphere is tightly linked to significant chemical conversion of many
plume constituents within split seconds (Kuhn et al., 2022a). A detailed understanding of
these high temperature processes is vital for many volcanic gas studies can only be gained
by further constraining the boundary conditions of model calculations by improved field
observations. The detection and quantification of OH in hot volcanic gases would be a
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Table 3.3: Transferring the findings of Kuhn et al. (2021) towards the IR: Example for CO5 detection at
1600 nm with a precision of 400~ = 2.5- 1073 , that is about 1 ppm enhancement with respect to the
atmospheric background and required for volcanic plume COs measurements (e.g. Butz et al., 2017).
The brightness of the sky is assumed to drop according to Rayleigh scattering efficiency (A\~%). It is
assumed that skylight radiance enhancement by aerosol scattering roughly balances the relatively lower
sunlight radiance at 1600 nm. DOAS RMS according to Lauster et al. (2021); §t: exposure time.

wavelength instrument 3ot 08 A O e
400 nm GS 600 (DOAS) 30s 1074 10%

1600 nm GS 600 30s 2.1073 4-10°

1600 nm FPI 150000 30s 2.1072 4-103

1600 nm FPI 150000 1200s 2.5-1073 1.6 -10°

great step in that direction.

Besides its detection, the high resolution measurement of the OH absorption and the tem-
perature sensitivity of the absorption cross section might provide direct information of the
gas temperature at emission. This temperature is still only coarsely known, although being
a central component of many studies (e.g. Oppenheimer et al., 2018b).

Besides the detection of OH, FPI spectrographs may also allow the detection of other gases
within high temperature gas mixtures. For instance, models also predict high amounts of
the sulfanyl radical SH (hundreds of ppb, see Kuhn et al., 2022a), which, just as OH, ex-
hibits narrow and strong absorption lines in the UV (Lewis and White, 1939; Porter, 1950).
In order to approach the high temperature degassing processes, FPI spectrographs can
be operated with light emitting diodes (LEDs) and respective optical setups (see Appendix
A). Moreover, when further optimised with respect to light throughput, even measurements
with sunlight reflected at the lava surface could be possible.

Remote sensing of isotopologues within the volcanic plume

A more detailed spectral analysis of volcanic SO in the plume is possible with higher
spectral resolution. FPI spectrographs may not only increase the sensitivity and accuracy
of SO, measurements, but also allow for the separation of the heavier 34SO5 isotopologue of
SOs. The absorption cross sections differ mainly by a sub-nm shift (Danielache et al., 2008).
34304 can make up about 1% of the SOy amount (e.g. Oppenheimer et al., 2014), however
it is likely to be influenced by fractionation processes during sampling with conventional
techniques (Mather et al., 2008). Remote sensing excludes such fractionation processes and
could deliver valuable records for the further understanding of sulphur (or other) isotopes
in the context of volcanic degassing.

Remote sensing of further plume constituents at longer wavelengths

Table 3.3 shows a brief calculation that extrapolates the findings of Kuhn et al. (2021)
towards IR wavelengths. It aims at inferring the feasibility of high resolution measure-
ments of CO2 at 1600nm (Rothman et al., 2013) using scattered sunlight. The basis of
this approximation is the conservative assumption that the brightness of the sky decreases
according to the efficiency of Rayleigh scattering (i.e. proportional to A=% Strutt, 1871).
In reality the sky brightness in the near IR is governed by the atmospheric aerosol levels.
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Here, in this coarse assessment it is assumed that the radiance gain induced by aerosol
compared to the clear-sky (Rayleigh) case at least balances the — with respect to 400 nm
— reduced incoming sunlight radiance at 1600 nm (by factor of ca. 7). Starting from the
noise of typical miniature GS DOAS measurements at around 400 nm (see Lauster et al.,
2021) the formalism introduced in Kuhn et al. (2021) is used to infer a photon budget for
the IR application of FPI spectrographs. Remote sensing of COs in Earth’s atmosphere is
challenging due to the high atmospheric background levels of about 400 ppm. In order to
quantify the amount of COy within the plume of a stronger volcanic emitter an effective
enhancement of about 1 ppm on top of the background needs to be resolved (see Butz et al.,
2017). For an appropriate choice of CO2 absorption lines with the right strengths (e.g.
7 ~ 0.5), the relative noise of the spectrum needs to be as small as 400~ = 2.5-1073. This
is achieved by a high resolution (R = 150000) FPI spectrograph within 20 minutes exposure
time. While this is already acceptable, the exposure time is likely to be much shorter for
higher atmospheric aerosol levels or cloudy skies.

Measurements of other plume species, such as HF, HCI, or CO at similar wavelengths are
much easier, because they show strong absorption (typ. HF optical densities of volcanic
plumes are in the range of some 1072, Rothman et al., 2013; Butz et al., 2017) and a low
atmospheric background. In addition to the high value of the remote quantification of e.g.
volcanic HF to HCI ratios, halogen halides can serve as plume tracers for the more chal-
lenging CO4y quantification.

Besides providing a much higher flexibility through using skylight (instead of direct sun-
light) as a light source, FPI spectrographs are far more compact, stable, and cost-efficient
than FTS instruments and yield about the 10-fold spectral resolution (compare e.g. Butz
et al., 2017). Continuous records of in-plume gas ratios are highly relevant for volcanic
monitoring and the study of of shallow processes within the volcanic interior (e.g. Aiuppa
et al., 2007b; Liibcke et al., 2014). Remote sensing may simplify the monitoring by reduc-
ing infrastructure and maintenance requirements and extend the records to include eruptive
volcanic phases, which are typically not captured by in-situ plume sampling methods.

3.2.2 Significance for other fields
Quantification of tropospheric OH levels

Besides its relevance for volcanic gas studies, OH initiates the atmospheric removal of many
trace gases, including air pollutants and important greenhouse gases like methane (e.g.
Crutzen, 1974). Its high reactivity leads to very low atmospheric OH concentrations, which
remain challenging to measure, even with the most intricate detection schemes (see Stone
et al., 2012, and references therein). Nowadays, OH levels are also inferred from secondary
observations (e.g. HCHO, see Wolfe et al., 2019), which, however, already presumes pro-
found process understanding.

Kuhn et al. (2021) show that FPI spectrographs in principle enable scattered sunlight mea-
surements of tropospheric OH. Alternatively, active setups composed of an LED and a FPI
spectrograph (similar to that introduced in Appendix A) can be used similarly to former
studies with large laser systems and bulky and heavy GSs (e.g. Dorn et al., 1996).

Improved remote sensing of greenhouse gases

Generally, FPI spectrographs can replace FTS instruments in the commonly used direct
sunlight measurements of greenhouse gases (e.g. Butz et al., 2017; Knapp et al., 2021). The
major issue of FTS is that the spectrum is recorded in a temporal sequence of mechanically
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tuning the optical set-up. Each more abrupt variation of the incident radiance leads to
distortions of the recorded spectrum. Thus, the measurements are mostly not limited by
photon statistics, which makes a direct comparison of the instrument’s performance difficult
(e.g. Notholt et al., 1997). The above calculations (Tab. 3.3) indicating that remote sensing
of COy with skylight might be possible with FPI spectrographs that yield a 10-fold spectral
resolution than commonly used FTS direct sunlight schemes (typ. resolving power of ca.
12000, e.g. Butz et al., 2017; Knapp et al., 2021) indicate a considerable light throughput
advantage of FPI spectrographs over FTS (see also Kuhn et al., 2021). However, FPI
spectrographs have a much lower spectral coverage as FT'S instruments. Since they are much
more compact and cost-efficient, several FPI spectrographs covering relevant wavelength
windows can be operated in parallel without increasing cost or instrument size. Thus, the
use of FPI spectrographs may considerably enhance the data quality of state-of-the-art
greenhouse gas measurements and furthermore drastically extend the range of greenhouse
gas measurements by the scattered sunlight applications.

Improved remote sensing of solar induced fluorescence of plants

The photosynthesis activity of plants is linked to their ability to fluoresce in the far red
spectral range. This modifies the structured spectra of sunlight (in-filling of Fraunhofer
lines), which is reflected from plants and thus, enables remote sensing of plant activity (e.g.
Plascyk and Gabriel, 1975; Grossmann et al., 2018) and thereby the global-scale assessment
of the terrestrial carbon cycle (e.g. Frankenberg et al., 2011). The sensitivity and the accu-
racy of such measurements decrease when the spectral resolution is much coarser than the
width of the targeted Fraunhofer lines (on the order of 10 pm). The high light throughput
of high spectral resolution FPI spectrographs may significantly improve the signal-to-noise
ratio of such observations.

Radiative transfer in Earth’s atmosphere

Due to the known atmospheric abundance and distribution of Os, spectroscopic measure-
ments of atmospheric Oy column densities provide information on atmospheric light paths.
High resolution spectroscopy of individual absorption lines of atmospheric Os for instance
allows the study of light path distributions within clouds (see e.g. Pfeilsticker et al., 1998)
and could generally improve the quality of radiative transfer observations in the atmosphere.
The combination of atmospheric high resolution Os measurements with the routinely per-
formed O4 (Og collision complex) quantification by DOAS might significantly improve at-
mospheric aerosol and cloud retrievals (e.g. Wagner et al., 2007). Furthermore, it could
help resolving the persistent inconsistency between modeled and measured Oy in scattered
sunlight measurements (e.g. Wagner et al., 2019).

General improvement of DOAS measurements

Increasing the spectral resolution can significantly improve the quality of DOAS measure-
ments in the UV and visible spectral range. A much more specific spectral detection is
provided and a higher sensitivity is expected for trace gases with more discrete absorption
lines (e.g. H2O and BrO, Rothman et al., 2013; Neuroth et al., 1991). Moreover, abso-
lute (instead of differential) column densities could be retrieved from measurement spectra
without the need for a reference measurement. This is because the Fraunhofer lines are
resolved on their intrinsic spectral scale and could for instance be avoided in the spectral
trace gas retrieval.
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3.3 Novel modeling approaches for high temperature inter-
faces of volcanic gas emissions

The discussion of the influence of reaction kinetics within the scope of volcanic gas emissions
has been avoided for a long time. Instead, almost exclusively TE terminology is used in the
analysis of volcanic gas measurements.

TE calculations of mixtures of magmatic and atmospheric gases predict largely depleted
HsS or Hs in volcanic plumes (see. e.g. Martin et al., 2006, 2012). The observation of larger
amounts of these gases within volcanic plumes (e.g. Aiuppa et al., 2007a, 2011) is explained
by the mere statement of their ’kinetic stability’ (Martin et al., 2009). This is unsatisfac-
tory, particularly because it is known, that at high temperature, reactions involving Hy and
O3 are fast (e.g. Willbourn and Hinshelwood, 1946).

Roberts et al. (2019) introduce an approach to modeling the high temperature kinetic pro-
cesses in early volcanic emissions. Despite analysing only a fraction of the cooling process
within one specific eruptive emission scenario, they find substantial influence of reaction ki-
netics on the plume composition and draw respective conclusions concerning the relevance
for volcanic gas measurements. However, these conclusions rely on a single model run with-
out a more detailed analysis of the chemical processes involved.

This thesis presents a kinetic chemistry model for the first seconds after magmatic gas emis-
sion into the atmosphere. It covers the entire plume cooling process and parametrises the
turbulent mixing process in a comprehensive and flexible manner. The model architecture
is based on an adaptive plume cell that encompasses the processes on their relevant length
scale at each time instance. Thus the model is fast and allows to investigate huge ranges
of boundary conditions at once, which is vital for volcanic gas studies, since the boundary
conditions are not well-constrained.

Kuhn et al. (2022a) presents a model study for an open lava lake degassing scenario. The
significance of reaction kinetics is found for a large range of initial conditions (e.g. emission
temperature, gas bubble size, turbulence scenario, magmatic gas composition). Moreover,
effects on the plume after cooling are analysed and the resulting alterations of the gas com-
position are linked to the respective key chemical processes.

The result implicates major relevance for volcanic gas studies, despite the remaining uncer-
tainties and the simplifications made by the model. For instance, a hypothetical uncertainty
of two orders of magnitude (as induced e.g. by poorly constrained high temperature reac-
tion rates for some of the involved processes) would not much alter the central conclusions
of the study.

3.3.1 Significance for volcanic gas studies

The model study shows substantial alteration of the plume composition within split seconds
after the emission of gas bubbles from their hosting magma. Non-linear reactive cycles
quickly can drive the volcanic gas composition far from TE states, which are characterized
by high amounts of intermediate species. The alterations are largely determined by the
reaction rates and the timescale of plume cooling (determined e.g. by turbulence or gas
bubble size). The initial emission temperature basically determines, which key chemical
processes are dominant.
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Volcanic gas measurements

The degassing interface at open vent volcanic systems needs to enter the discussion and
interpretation of the respective gas measurements. Air contamination of samples of hot
volcanic gas emissions could have a more intricate influence on the gas composition than
previously assumed (e.g. by Gerlach, 1993). For instance, CO levels can be lowered by its
oxidation but also enhanced by OCS oxidation (see Kuhn et al., 2022a). Furthermore, FTS
measurements of the degassing lava surface encompass plume parts of different age and
temperature and are likely to be significantly influenced by fast chemical conversions. The
assumption that these measurements represent the unaltered magmatic gas composition
(e.g. Sawyer et al., 2008; Oppenheimer et al., 2018b; Moussallam et al., 2019) requires
revision.

Influence of volcanic gases on the early atmosphere

The redox state of the emitted gases has been frequently linked to that of their formerly
hosting magma (e.g. Giggenbach, 1996). Vice versa, the volcanic gas composition in studies
of the early Earth is inferred from melt redox states (e.g. Holland, 2002). TE between gas
bubbles and their hosting magma is the central presupposition of those studies. This has
recently been questioned by indications for the thermodynamic decoupling of gas bubbles
from the magma through adiabatic cooling upon bubble growth (e.g. Oppenheimer et al.,
2018b). Also the findings of this thesis suggest that the links between the redox state
of magmas and that of the emitted gas might be much more intricate than previously
assumed. Non-linear chemical conversions and also temperature influences through reaction
kinetics can lead to large differences between emitted magmatic gas and the plume gas
that reaches, and gradually influences the atmosphere.

Reactive halogen chemistry in volcanic plumes

The observation of e.g. BrO in volcanic plumes is assessed by models that simulate reac-
tive halogen chemistry in diluted plumes at atmospheric conditions (e.g. Bobrowski et al.,
2007; von Glasow, 2010; Surl et al., 2021). These models are typically initialised with a
high temperature TE gas composition as calculated from a mixture of magmatic and at-
mospheric gas. Such mixtures contain high levels of OH. Within the kinetic mechanism of
the low temperature reactive halogen model, OH is almost completely converted to HOa,
which represents a key oxidant in the auto-catalytic cycles related to HBr oxidation and
BrO formation. Surl et al. (2021) found that the modeled BrO evolution strongly depends
on the initial OH amount and that changes thereof by a factor of 4 can lead to results that
largely differ from field observations.

In Kuhn et al. (2022a) kinetic chemistry modeling encompasses the entire plume cooling
phase and thereby allows inferring the remaining oxidant amounts. OH is abundant at high
tempearture, as expected from TE calculations. During plume cooling, however, only a
small fraction of the OH radicals are effectively converted into HOg (e.g. via SO9 oxida-
tion). Most of the OH molecules at lower temperatures eventually form water. As a result,
kinetic modeling of the plume chemistry during its entire cooling phase results in in-plume
HOs, levels that are 2-3 orders of magnitude lower than the values typically assumed in order
to explain reactive halogen chemistry in volcanic plumes. Slower plume cooling rates, e.g.
induced by the emission dynamics in vent systems would further reduce the plume’s HOy
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levels. This calls for a major revision of the BrO formation processes in volcanic plumes.
Most of the reactive halogen plume models calculate the plume evolution and spatial gradi-
ents based on a regular grid (e.g. von Glasow, 2010; Surl et al., 2021) and are initialised with
a single TE calculation. The extention of the here introduced model can provide the com-
prehensive simulation of volcanic plume chemistry from the first moment after magmatic
gas emissions to hours-old diluted plumes in the atmosphere. Spatial gradients of gases can
be accounted for by formulating the transport equations between concentric radial plume
boxes, basically refining the adaptive 1-box approach of this study. With this, accurate and
fast approximations of volcanic plume processes can be made, integrating all relevant length
scales of the process (i.e. cm at high temperature emission to km at large scale atmospheric
mixing).

3.3.2 Significance for other fields

The introduced model is simple, flexible and yet includes a fundamental treatment of tur-
bulent mixing. In principle, it can be applied to any atmospheric emission point source
that involves faster chemical conversions during the emission phase (e.g. stacks, fires, etc.).
On one hand, since it is fast, it can be used to invert emission measurements, on the other
hand it can serve as a processor of chemical conversion for specific atmospheric emissions
in larger scale models.
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4 Conclusion

The analysis of volcanic degassing improves the understanding of our planet and its long-
term evolution. Processes in the interior of the Earth are made tangible and ultimately
provide links between degassing and volcanic activity, which serve as tools for volcanic
monitoring and eruption forecasting. Moreover, processing of volcanic gases in the atmo-
sphere closes global geochemical cycles, while decisively altering the atmospheric state on
local to global, and minute to millennia scales.

In the last decades the analysis of volcanic degassing has made tremendous progress. Novel
and refined measurement techniques and models have been developed and lead to more
consolidated theories of volcanic degassing processes. In particular, optical remote sensing
techniques for volcanic plumes have been established. Their averaged, non-invasive, real-
time, long-term and global records of volcanic gas emissions significantly contributed to this
success.

However nowadays continuous remote sensing observations are only possible for few gas
species, basically SO, and BrO. Moreover, processes that are central to the field of vol-
canic degassing remain poorly studied and often neglected in the scientific discourse. For
instance, the chemical kinetics in high-temperature magmatic gas that rapidly mixes with
atmospheric air is known to be potentially significant. The limited ability to constrain such
processes in nature with state-of-the-art measurement techniques as well as the absence of
appropriate modeling approaches prevented detailed studies and thus, also their inclusion
in the interpretation of volcanic gas measurements.

This thesis combines three novel approaches to volcanic gas analysis (summarised in Tab.
4.1). A novel trace gas imaging technique with optimised spectral trace gas detection scheme
(IFPICS, Kuhn et al., 2019; Fuchs et al., 2021) enables a drastic enhancement of the spatio-
temporal resolution and the accuracy of volcanic gas measurements. This significantly
improves the reliability of volcanic gas emission flux measurements and the quantification
of spatial gradients of reactive plume constituents.

Furthermore, this thesis introduces mobile high-resolution FPI spectrographs (Kuhn et al.,
2021). Their superior light throughput is likely to enable a range of new volcanic gas obser-
vations. The detection of so far unmeasurable species (e.g. OH) is made possible and the
range of volcanic gas species that can be quantified by means of simple and robust remote
sensing schemes can be extended (e.g. by HF, HCI and COs»).

Both techniques are implemented in field-tested prototypes that demonstrate their antic-
ipated potential. And, most notably, the here introduced instrument developments are
similar or less cost-intensive and complex than the instrumentation of conventional mea-
surements.

In addition, a kinetic chemistry model for the first seconds of the volcanic plume is devel-
oped within this thesis (Kuhn et al., 2022a). For the first time, chemical conversion within
the turbulent mixing process of hot magmatic gases with the atmosphere is examined in
detail. The results challenge the wide-spread TE assumptions prevailing in interpretations
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and discussions of volcanic gas measurements and demand the inclusion of high-temperature
reaction kinetics into the scope of volcanic gas studies.

The individual studies of this thesis — and their combination — allow a much more com-
prehensive investigation of the important early degassing processes and their inclusion in
interpretations of field observations. Furthermore, besides improving the performance of
current measurement approaches, they open the door for whole new volcanic gas studies,
for instance:

1. Improved remote sensing schemes can extend the range of routinely measured and
continuously monitored volcanic gases (e.g. CO2, HF, HCI). Based on that, degassing
models and volcano-specific theories can be refined and broadened, ultimately leading
to improved links between gas emission measurements and volcanic activity.

2. The kinetic models of the magma-atmosphere interface can be extended to simulate
the further plume evolution including state-of-the-art reactive halogen schemes. Rad-
ical measurements within the hot plume part and the high-resolution measurements
of spatial BrO gradients within the cooled volcanic plume would crucially constrain
such models and lead to largely improved understanding of volcanic plume chemistry.

3. Kinetic volcanic gas emission models may allow to draw conclusions on the dynamics
of volcanic degassing processes when they are linked to (temporally resolved) mea-
surements of reduced plume constituents. These could be provided for instance by
novel high-spectral-resolution CO remote sensing schemes.

Moreover, the concepts of the measurement techniques established within this thesis exhibit
broad applicability beyond the field of volcanic gas analysis. These include the substantial
improvement of environmental observations of atmospheric radiative transfer, greenhouse
gases, air pollutants, atmospheric oxidants and the activity of plants. Human activities
have lead to severe impacts on Earth’s atmosphere (nowadays exceeding that of volcanoes)
with a potentially drastic and in large parts unforeseeable future development. Improved
monitoring of the atmosphere can be a vital tool to identify, better understand, and respond
to these developments.

All in all, this thesis outlines a promising — and at the same time inexpensive — perspective
for future studies of volcanic gases and atmospheric phenomena.
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Table 4.1: Brief overview on the contributions of this thesis

state-of-the-art

contribution of this thesis

significance

Kuhn et al. (2019); Fuchs et al. (2021)

UV  remote sensing of
volcanic trace gases with
either, high  accuracy
(DOAS) or high spatial
resolution filter-based SO
cameras

Kuhn et al. (2021)

UV remote sensing of vol-
canic trace gases with mod-
erate resolving power (% ~
103, DOAS)

Kuhn et al. (2022a)
High temperature magma-

atmosphere interface de-
scribed by TE calculations

Combination of high accu-
racy with high spatial reso-
lution of volcanic trace gas
measurements by the novel
IFPICS technique; Proof-
of-concept in field measure-
ments

Novel mobile FPI spectro-
graphs with high resolving
power (ﬁ ~ 10°) and high
light throughput; Proof-of-
concept in field measure-
ments (Appendix A)

Comprehensive and flexi-
ble model of the turbulent
magmatic gas release into
the atmosphere encompass-
ing the entire cooling phase
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More accurate determina-
tion of volatile fluxes; spa-
tial gradients of reactive
halogen species within the
volcanic plume; broad ap-
plicability to other atmo-
spheric studies

Study of the hot degassing
interface by measurements
of OH and other gases pre-
viously not measurable at
volcanoes; broad applica-
bility to other atmospheric
studies

Better accordance to field
observations; Disproof of
common TE assumptions;
Broad implications for vol-
canic gas measurements
and their interpretation;
Detailed studies of magma-
atmosphere interfaces re-
quired at open vent volca-
noes
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A FPI spectrograph measurements at Nyiragongo volcano

A.1 Introduction

The FPI spectrograph prototype (as introduced in Kuhn et al., 2021) was tested during a
field campaign at Nyiragongo volcano in the Democratic Republic of Congo in February
2020. The objective of this measurement was the assessment of the feasibility of quantifica-
tion of the high OH amounts in hot volcanic emissions predicted by chemistry models (e.g.
Gerlach, 2004) and hence, the verification of the impact of high temperature chemistry on
magmatic gases after their release from the magma (Kuhn et al., 2022a). For many years,
Nyiragongo hosts an active lava lake and occasional lava flows inside its crater (see Fig.
A.la and A.1b). The crater floor at that time was about 300 m below the altitude of the
rim, which is at about 3470 m a.s.l. It is accessible via a steep descent with three terraces
(see Fig. A.1b). Here, mobile instrumentation is vital.

A compact telescope (76 mm diameter, f=300 mm) and a y-shaped quartz fibre bundle were
used to send the light of a UV LED (305nm centre wavelength, ca. 10 nm width) across
the gas emission of a lava flow (less than 0.5 m above the lava surface, site I, see Fig. A.lc).
A retro reflector (see Fig. A.1d) on the opposite side sent the light back to the telescope,
where it is again coupled into a fibre leading to the high-resolution FPI spectrograph (see
Fig. A.lc, A.1f and Merten et al., 2011, for details). The whole instrument setup including
spectrograph, telescope, light source, retro reflector, fibre, batteries and computer weighs
ca. 20kg and fits into a backpack.

After that measurement and after climbing back up, a further measurement was performed
at the crater rim inside a small shelter (site II, see Fig. A.le). There, for calibration pur-
poses an absorption spectrum of the flame of a camping stove (with high OH levels) was
recorded.

Hereafter, an instrument model for the FPI spectrograph is introduced (Sect. A.2) and
then used for preliminary evaluation fo the spectra recorded in the field (Sect. A.3).

A.2 FPI spectrograph instrument model

The principle of FPI spectrographs is described in detail in Kuhn et al. (2021). Here
we describe an instrument forward model for the evaluation of spectra recorded with FPI
spectrographs. This model mainly refers to the grating order sorting mechanism (OSM)
implementation of an FPI spectrograph (as implemented in the used prototype), it can
similarly be used for interferometric OSM approach. The grating OSM implementation of
an FPI spectrograph uses an order sorting grating spectrograph (OSGS) in line with the
FPI imaging unit.

The spectral characteristics of the optical components in use are well-known and enable
accurate modeling of the spectral instrument transfer function Ti,s(A; 4, 7), which converts
a spectral radiance into measured intensities at each detector pixel (i,7). The relative
amount of light received by a pixel (with respect to its neighbouring pixels) is determined
by the overlay of the OSGS’s spectral transmission H(A;i,5) and the FPI transmission
spectrum Tgpr(A;i, 7). Broadband spectral contributions (e.g. through lens transmission,
grating efficiency, etc.) are not considered here because they are negligible on the regarded
spectral scale. The spectral instrument transfer function is then:

ﬂnst(A; Z,]) = H()\,’L,]) : TFPI()‘; Za]) (41)

130



Nyiragongo volcano - crater area

@ @

v light
lake path

&
!

2
2
2
®
®
-

Terrace 3

Terrace 2

Terrace 1

retro reflector

FPI spectrometer

= SR
%5,

FPI . . gas emission
spectrograp

Kuhn et al., from lava flow
2021

SO,
it .

retro reflector
telescope

Figure A.1: (a) Schematic map of Nyiragongo crater indicating the site of the lava flow measurement
(1) and that of the OH calibration measurement (II); (b) Photograph of the crater showing the lava lake
and the crater walls. (c) Measurement set-up at the lava flow with retro reflectors on the other side
(d); (e) shows the calibration set-up inside a shelter at the crater rim (site 1) (f) Schematic set-up of

the measurement, using a fibre bundle to send the light of an LED across the hot lava emission and to
receive it after it is sent back into the telescope by the retro reflector.
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The instrument line function of the OSGS and thus its spectral transmission can be ap-
proximated with a higher order Gaussian (e.g. Beirle et al., 2017):

H(Asi,j) = exp <W>p (4.2)

2¢2

with a full width at half maximum oy = 2¢y\/2(log 2)% and the order p. The centre wave-
length A of the instrument line function depends on the pixel location ¢ on the detector
in grating dispersion direction and determined via the linear dispersion of the OSGS and a
reference wavelength.

The full FPI transmission spectrum is given for a single light beam (index sb) by the Airy
function (e.g. Perot and Fabry, 1899):

4 F2 2nd -
Tovna (Vi) = |1+ 2y sin? (24 cos (i, 1)) (1.3
For the FPI spectrograph d and F are fixed and n-1 is assumed to be proportional to the

outside pressure since the used etalon is not sealed. The incidence angle «(i, j) is dependent
on the location on the detector, i.e. on the individual pixel (4, j):

afis ) = ¢ (o) g (Ui 44

f2 fo

with the pixel size dpix, the focal length fo of the imaging lens (lens 2 in Fig. 2a in Kuhn
et al., 2021) and the pixel (ioa, joa), Where the FPI surface normal (generally the optical
axis) intersects the image plane (i.e. the detector surface).

Furthermore, the spatial extent of the detector pixels needs to be accounted for. It imposes
a slight divergence of the beams reaching an individual pixel, which can be approximated
by a cone geometry delimited by the pixel size and the focal length of the imaging lens.
Integrating the FPI transmission spectra along the cone’s dimensions yields the effective
FPI transmission spectrum (see also Kuhn, 2015; Fuchs et al., 2021) for each pixel:

d .
a+tan 2=
+ 2f2

TFPI()\; Oé(l,j)) ~ 2T / 0 TFPIsb ()\; 0) sin 6d6 (4.5)

Pl
a—tan
2f2

Here it is assumed that the angle range delimited by a pixel is independent of the pixel’s
location. Accounting for finite pixel size leads to a slight blurring of the FPI transmission
spectra at pixels that correspond to higher FPI incidence angles « (see Fig. 1.5d and Fig.
1b in Kuhn et al., 2021).

The instrument transfer function can now be used to convert literature spectra to detector
images. This simple model is sufficient to fit trace gas spectra to measured photon flux
distributions on the detector, at least for parts of the spectrum.

A.3 Preliminary Analysis and Results

The spectra are corrected for dark current contributions and variations in pixel sensitivities
(flat field correction). Then, within a region of interest (ROI) on the detector, the narrow
band contribution of the spectral optical density is extracted. A polynomial (here 7th order)
is fitted to the intensity of each pixel column within the ROI (which are oriented roughly in
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Figure A.2: (a) Intensity distribution on the detector of the FPI spectrograph for the measurement with
the camping stove at the crater rim (site I, see Fig. A.1). The region of interest (ROI) for the spectral
evaluation is indicated; (b) intensity distribution within the ROI, Individual OH rovibronic absorption
lines are visible; (c) a vertical polynomial (here 7th order) is fitted to each column of (b), which reduces
differences between measurement and model for slow intensity variations. (d) logarithm of the ratio
of (b) and (c) showing the narrow-band OH optical density with a picometre resolution. (e) modeled
spectrum; (f) residuum spectrum (d)-(e).

the direction of FPI dispersion). This accounts for broadband intensity differences between
model and measurement. Panels a—c of Figs. A.2 and A.3 document this process for
the measurements at both sites. The logarithm of the ratio between measured radiance
and the respective polynomial is then used to approximate the narrow-band optical density
component of the spectrum (see panel d of the respective figures). Now, the above described
instrument model is used to reproduce the optical density distribution on the detector.
Based on the knowledge of the optics and the spectral absorption of the gases the column
amounts of the gases along the measurement light path can be retrieved.

Calibration measurement at the crater rim

An off-the-shelf camping stove is used for calibration measurements by directing the light
of the LED through its flame, which contains high OH levels. The strong and sharp OH
absorption lines are represented by dark dots in the intensity image (Fig. A.2b). The
alignment of these dots in Fig. A.2a indicates the radial symmetry of the spectral FPI
transmission. A slight overlay of the FPI orders separated by the OSGS induces bright
vertical stripes within the spectrum images. Due to their mostly vertical alignment they
are removed by the polynomial fit procedure (Fig. A.2c).

Figure A.2e shows the resulting model output for the measurement at site II after a fit
with the OH amount and temperature as free parameters (see Tab. A.l for a list of all
model parameters). It accurately reproduces the OH absorption lines in the measured
spectrum and thereby confirms the instrument model and also provides a wavelength
to pixel mapping of the spectrograph. The retrieved OH column amount of about
8 - 10" molec cm ™2 corresponds to a mixing ratio of ca. 1072 at 1760 K. The amount is
realistic (Cattolica et al., 1982), however the temperature might be slightly over-estimated
and rather represent an effective temperature across gradients within the flame.
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Figure A.3: Same as Fig. A.2 for the measurement at the lava flow inside the crater (site |, see Fig. A.1)

Measurement at a lava flow within Nyiragongo’s crater

Hot volcanic gases remain difficult to approach even when using mobile instrumentation.
Many factors, like wind, rain, visibility, volcanic activity, presence of inconvenient gases,
limited time and battery, and many more impact the feasibility measurements. Ultimately,
it was possible to set up a measurement light path about 0.5 m above a lava flow.

Figure A.3 shows the evaluation of a recorded spectrum at that site. The high resolution
SOy absorption features of the measurement (Fig. A.3d) can nicely be reproduced by
the model (Fig. A.3e). The retrieved SOz column of 5 - 10'" moleccm™2 (Tab. A.1)
corresponds to 2.5 ppm of SOs averaged over the light path of about 100m. It confirms
the low gas emission expected at such lava flows. Figure A.4 indicates the pixel to
wavelength mapping for this measurement. It confirms that strong OH lines are covered
by the spectrum ROI and allows to infer an approximate OH detection limit. The root
means square noise of the residuum (Fig. A.3f) for each column is about 0.01. Based
on strengths of OH absorption lines within the spectrum, the noise equivalent column
amount of OH can be determined to be about 10'*moleccm™2. This corresponds to a
mixing ratio of about 10ppb when assuming a 5m light path within a potentially hot
plume part. This is quite low compared to the OH levels expected in high temperature
volcanic gases. However, at this site and since at the height of our light path the gases were
already substantially cooled, the detection of OH was not possible. While this first attempt
generated important knowledge on the operation of spectroscopic instruments in such
extreme volcanic environments, similar studies in the future with improved instruments
(e.g. interferometric OSM implementation Kuhn et al., 2021) could provide volcanic OH
measurements, which are so vitally needed.
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Figure A.4: The colour code in the left panel shows the major FPI transmission order contributing to
the respective detector pixel within the ROI for the evaluation of the spectrum from site I, see Fig. A.3.
The right panel shows the spectral coverage (due the range of FPI incidence angles, see also Fig. 1.5d)
of the individual FPI transmission orders (grey surfaces). In addition, the optical densities of SO2 and
OH are shown for the approximate amounts measured at site | and II.

Table A.1: Model parameters for measurement at site | and Il, see Fig. A.3e and A.2e.

parameter unit Site I Site II

(lava flow) (burner shelter)

FPI

d pm 239.854

F 95.2

Nair (1013 hPa) 1.0002916
pressure hPa 660 645
OSGS

Ac nm 308.96 309.15
OH nm 0.2065

p 2.42

Dgs nm pix ! 0.2065
optics

fa mm 70.75

dpix mm 0.013

toa pix 493.6

Joa pix 280.3
spectral

Ss0, moleccm™2  5.21 - 107 -
SoH molec cm ™2 - 7.94 .10
Ton K - 1760
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