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High-spectral-resolution
Fabry-Pérot interferometers
overcome fundamental
limitations of present volcanic
gas remote sensing techniques

Jonas Kuhn'#*, Nicole Bobrowski®*, Guillaume Boudoire*,
Sergio Calabrese®®, Giovanni Giuffrida®, Marco Liuzzo>,
Katcho Karume’, Dario Tedesco®®, Thomas Wagner? and
Ulrich Platt*?

YInstitut fir Umweltphysik, Universitat Heidelberg, Heidelberg, Germany, 2Max Planck Institut fur
Chemie, Mainz, Germany, *Instituto Nazionale di Geofisica e Vulcanologia—Osservatorio Etneo,
Catania, Italy, “Laboratoire Magmas et Volcans, OPGC, CNRS, IRD, UCA, Aubiére, France, *Instituto
Nazionale di Geofisica e Vulcanologia, Palermo, Italy, °DiSTeM, Universita Degli Studi di Palermo,
Palermo, Italy, ’Observatoire Volcanologique de Goma, Goma, Democratic Republic of Congo,
SDISTABIF, Universita Degli Studi Della Campania Luigi Vanvitelli, Caserta, Italy, °Instituto Nazionale di
Geofisica e Vulcanologia—Osservatorio Vesuviano, Napoli, Italy

Remote sensing (RS) of volcanic gases has become a central tool for studying
volcanic activity. For instance, ultraviolet (UV) skylight spectroscopy with
grating spectrographs (GS) enables SO, (and, under favourable conditions,
BrO) quantification in volcanic plumes from autonomous platforms at safe
distances. These measurements can serve volcanic monitoring and they
cover all stages of volcanic activity in long measurement time series, which
substantially contributes to the refinement of theories on volcanic degassing.
Infrared (IR) remote sensing techniques are able to measure further volcanic
gases (e.g.,, HF, HCl, CO,, CO). However, the employed Fourier transform
spectrometers (FTSs) are intrinsically intricate and, due to limited resolving power
or light throughput, mostly rely on either lamps, direct sun, or hot lava as
light source, usually limiting measurements to individual field campaigns. We
show that many limitations of grating spectrographs and Fourier transform
spectrometer measurements can be overcome by Fabry-Perot interferometer
(FPI) based spectrograph implementations. Compared to grating spectrographs
and Fourier transform spectrometers, Fabry-Perot interferometer spectrographs
reach a 1-3 orders of magnitude higher spectral resolution and superior
light throughput with compact and stable set-ups. This leads to 1) enhanced
sensitivity and selectivity of the spectral trace gas detection, 2) enables
the measurement of so far undetected volcanic plume constituents [e.g.,
hydroxyl (OH) or sulfanyl (SH)], and 3) extends the range of gases that can
be measured continuously using the sky as light source. Here, we present
measurements with a shoe-box-size Fabry-Perot interferometer spectrograph

Abbreviations: RS, remote sensing; FPI, Fabry-Pérot interferometer; UV, ultraviolet; GS, grating
spectrograph; IR, infrared; FTS, Fourier transform spectroscopy; SWIR, short wave infrared;
DOAS, differential optical absorption spectroscopy; LED, light emitting diode; OSM, order sorting
mechanism; OSGS, order sorting grating spectrograph; ROI, region of interest.
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(resolving power of ca. 150000), performed in the crater of Nyiragongo volcano.
By analysing the light of a ultraviolet light emitting diode that is sent through
the hot gas emission of an active lava flow, we reach an OH detection limit
of about 20 ppb, which is orders of magnitude lower than the mixing ratios
predicted by high-temperature chemical models. Furthermore, we introduce
example calculations that demonstrate the feasibility of skylight-based remote
sensing of HF and HClin the short-wave infrared with Fabry-Perot interferometer
spectrographs, which opens the path to continuous monitoring and data
acquisition during all stages of volcanic activity. This is only one among many
further potential applications of remote sensing of volcanic gases with high

spectral resolution.

KEYWORDS

Fabry-Pérot interferometer, remote sensing, volcanic gases, spectroscopy, hydroxyl

radical, halogens

1 Introduction

Volcanic gas geochemistry and studies of the chemical evolution
of volcanic plumes have made significant progress in the recent
decades, essentially driven by developments in remote sensing (RS)
techniques (see, e.g., Platt et al., 2018). However, many studies still
rely on few and infrequent observations, which in most cases only
poorly constrain degassing models. Present RS techniques remain
fundamentally limited by either intricate instrumentation with poor
field-applicability or by low spectral resolution.

Several recent RS approaches rely on reduced spectral resolution
in order to increase the spatial and/or temporal resolution of
passive remote sensing instruments (see e.g., Mori and Burton,
2006; Prata and Bernardo, 2014; Platt etal., 2015; Varon et al.,
2021). In principle, this approach mostly represents a matching of
the observing geometry of the RS measurement to the temporal
and spatial scales of the observed process. Under particular
atmospheric conditions enhanced spatio-temporal resolution
improves measurements of trace gas fluxes of localized sources (e.g.,
volcanoes). However, these techniques remain limited to (in most
cases extraordinarily) high trace gas fluxes. While the approach
has led to substantial achievements, cross interference (with e.g.,
aerosol extinction or gases absorbing in the same spectral region)
eventually preclude the quantification of lower fluxes, weaker
absorbers or spectrally overlapping absorption of several gases with
similar strength. For this reason, we will not further discuss low-
spectral-resolution (i.e., resolving power R = L <100, with the
operational wavelength A and the width of the resolved spectral

interval A ,_,,) approaches in this work.

meas

Fundamental light throughput advantages of Fabry-Pérot
interferometers (FPIs, see Jacquinot, 1954; Jacquinot, 1960) can,
on the one hand, be used to increase the spatio-temporal resolution
of volcanic gas RS measurements without reducing the spectral
resolution’ (e.g.Kuhn et al,, 2014; Kuhn etal,, 2019; Fuchs etal,

2021). On the other hand, FPIs enable the implementation of

1 Nies, A, Heimann, J., Fuchs, C., Kuhn, J., Bobrowski, N., and Platt, U.
(2022). Volcanic BrO and SO, imaging using Fabry-Perot interferometer
correlation spectroscopy.
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compact high resolution spectrographs with high light throughput
(Kuhn et al., 2021). Here, we advocate the use of high resolution
FPI spectrographs by demonstrating that they enable novel and
improved volcanic gas measurements to fill substantial gaps in field
observations. We frequently refer to the work of Kuhn et al. (2021),
which describes the technique in more detail.

Spectroscopic RS measurements of volcanic plume gases in
the atmosphere are routinely performed for SO, in the ultraviolet
(UV) and, for higher SO, amounts, also in the thermal infrared
(IR) spectral range. Autonomous ground- and satellite-based
measurements provide global, long-term, and close-to-real-time
data, also during eruptive periods (e.g., Prata and Bernardo,
2007; Galle et al., 2010; Carn et al., 2017; Warnach et al., 2019). So
far, except for some studies on bromine monoxide (BrO, e.g.,
Hormann et al., 2013; Litbcke et al., 2014), SO, remains the only
species to be measured with such high spatio-temporal resolution.
Contemporary RS techniques of other species, such as IR absorption
and emission spectroscopy of e.g., HE HCI, CO,, CO, or SiF,
(Mori et al., 1993; Francis et al., 1998; Sawyer et al., 2008; Notsu
and Mori, 2010; Taquet et al., 2017) rely on instrumentation, which
is less suited for autonomous operation in volcanic environments
(see below). Therefore, similarly to DOAS measurements of water
vapour, which require an extremely dry background atmosphere
(see Kernetal, 2017), the available data on these gases is
almost exclusively based on occasional field campaigns at specific
volcanoes.

The resolving power of state-of-the-art volcanic trace gas RS
measurements ranges between about 10°> for measurements in the
UV, visible and towards the thermal IR spectral range and about 10*
for measurements in the short-wave IR (SWIR, at around 1-2 ym).
The width of an individual absorption line of a molecule is however
on the order of L = 10°.

In the UV-visible
bands—consisting of many individual rotational transitions—cause

spectral range dense vibrational

characteristic absorption structures detectable with lower
spectral resolution (;—A ~10°, e.g., SO, and BrO, see Figure 1B).
Furthermore, scattered sunlight (skylight) or sunlight reflected from
the Earth’s surface can be used as light source, which is favorable
since it allows flexible adjustments of viewing geometries and
straight-forward autonomous measurement operation. For instance,
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FIGURE 1

(A,C) show the spectral solar radiance arriving at the top of Earth’s atmosphere (gray) and at Earth’s surface (black) in the near UV and the SWIR spectral
range. The corresponding panels (B,D) show, for the respective spectral ranges, the contributions of individual gases to the optical density of a typical
volcanic plume (OH is only expected in the early and hot part). The black lines show the spectral absorption as observed with a resolving power R of
10° (BrO data is only available with R=~6-10%). The orange lines indicate the spectral absorption of the gases with the resolving power of conventional

volcanic trace gas RS techniques. Data from Rufus et al. (2003); Fl

satellite measurements with daily global coverage in near real-time
are possible (e.g., Theys et al,, 2019). Moreover, cross sections of
volcanic plumes can be scanned by employing zenith-looking
instruments on mobile platforms or by scanning a viewing angle
sequence containing the plume (e.g., Galle et al., 2010). The limited
skylight radiance demands a high light throughput of the employed
spectrometers, which is facilitated by grating spectrographs (GS)
with moderate resolving power (R =10°). The typically low
absorption optical densities of the background atmosphere and
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(2004); Rothman et al. (2013)

of volcanic plumes in the near UV (>300 nm) to visible spectral
range (except for high SO, amounts at short UV wavelengths)
allow the application of differential optical absorption spectroscopy
(DOAS, Platt and Stutz, 2008). A reference spectrum recorded
with the same instrument is commonly used to simultaneously
correct imperfections (e.g., drifts) of the GS’s optics and detector
and spectral effects due to highly structured solar Fraunhofer
lines (see Figure 1A). In this way, DOAS measurements can detect
differential optical densities of volcanic plume constituents on the
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order of 1073-107%, which, besides facilitating SO, and—under
given conditions—H,O measurements, led to the detection and
quantification of secondary plume species like BrO and OCIO (see
e.g., Platt et al,, 2018).

In the IR, a resolving power of up to R=10* is commonly
used to identify the ro-vibrational bands of absorbing molecules,
such as HE HCI or CO, in the SWIR (e.g., Butzetal, 2017)
or HE, HCl, CO, OCS, SO, or CO, at longer wavelengths
(e.g., Sawyer et al., 2008; Notsu and Mori, 2010). Because the IR
background atmosphere is optically thick across large ranges of
the spectrum (see e.g., Figure 1C), the spectrum is much more
variable when for instance changing the measurement’s viewing
geometry. The evaluation of such data relies on a precise knowledge
of the atmospheric state along the entire measurement light path
(with increasing importance of temperature towards longer IR
wavelength), particularly when the absorption lines are not well-
resolved (i.e., R < 10°). The commonly employed Fourier transform
spectroscopy (FTS) technique is usually based on Michelson
interferometers, which are inherently complicated and delicate
instruments with moving parts. Although much progress has been
made in FTS instrument design, it is unlikely that these instruments
will reach the simplicity and stability of stationary spectrographs
without moving parts (e.g., GSs). The interferograms are recorded
in a time sequence while mechanically tuning the interferometer.
This introduces a sensitivity to intensity fluctuations, which can
be limiting for the measurements (see e.g., Notholt et al., 1997).
Consequently, FTS measurements are basically restricted to solar
occultation measurements at clear sky conditions or to using lamps
or lava thermal emission as a light source. Recent photo-detector
technology enables the implementation of GSs (which are largely
insensitive to intensity fluctuations) in the SWIR spectral range
(e.g., Crisp etal., 2017). However, GSs with high resolving power
(R=10%-10°) are bulky, heavy, and yield a low light throughput
(Kuhn et al., 2021; Platt et al., 2021).

FPIs can yield a much higher light throughput than GSs even for
high resolving powers (around 10°) and allow the implementation
of compact spectrograph set-ups without moving parts (Fabry
and Buisson, 1908; Jacquinot, 1954; Kuhn et al., 2021). With that
advantage they overcome fundamental limitations of present-day
volcanic gas RS techniques in both, the UV and IR spectral range.
Kuhn et al. (2021) describe and examine possible implementations
of high-resolution FPI spectrographs. They find that, depending on
the spectrograph implementation and size of the FPI clear aperture
(limited by the manufacturing process), FPI spectrographs—based
on recent FPI manufacturing technology—can yield a >100 times
higher resolving power than GSs, without significantly reducing the
light throughput or the compactness and stability.

Higher spectral resolution of RS observations generally leads to a
more selective measurement, i.e., a better identification of the target
gas. More details of the spectral absorption signal of a target gas are
resolved and allow an accurate separation of overlapping absorption
bands of different molecule species, drastically reducing interference
by other gases. Moreover, in most cases, higher resolution increases
the sensitivity of a measurement since the amplitude of the effective
differential absorption cross sections is considerably enhanced,
when observed with higher resolving power (see Figures 1B, D).
Thus, for a given light throughput, higher spectral resolution
lowers the detection limits of the respective gases, also enabling
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the detection of gas species that could not be measured so
far.
Furthermore, the light

spectrographs over GSs can extend the range of skylight-based

throughput advantage of FPI
RS applications at volcanoes towards the IR. By that, the number
of plume constituents quantified continuously by autonomous RS
measurements (e.g., from ground-based stations or from satellites;
so far only SO, and larger BrO amounts) can be increased.

This article consists of two independent parts that demonstrate
the feasibility and the benefits of the use of FPI spectrographs
for volcanic gas RS: In Section 2 we present a shoe-box-sized FPI
spectrograph prototype reaching a resolving power of R = 150,000
in the UV. Measurements above a lava flow at Nyiragongo volcano
(Democratic Republic of Congo) reach a ppb-level detection limit
for OH, which is sufficient to detect the high amounts of OH
(ppm range) reported in model studies of high-temperature volcanic
gas emissions (e.g., Gerlach, 2004). Moreover, the study proves the
excellent mobility and stability of high-resolution FPI spectrographs
under harsh conditions and introduces evaluation approaches of
the obtained high resolution spectra. In Section 3 we present
calculations on the feasibility of HF and HCI RS using skylight at
around 1,278 and 1,742 nm and show that FPI spectrographs allow
DOAS-type measurements of these gases in volcanic plumes.

2 Experimental
proof-of-concept—Active remote
sensing of OH radicals in hot volcanic
gases

OH radicals are known for their high reactivity (Willbourn
and Hinshelwood, 1946) and for driving central processes in
atmospheric chemistry, such as the removal of pollutants and
greenhouse gases from the atmosphere (e.g., Levy, 1971; Crutzen,
1974). While tropospheric OH levels are in the sub-ppt-range,
simulations of the high-temperature emission of magmatic gases
into the atmosphere find ppm-levels of OH within the hot
and early plume (e.g., Gerlach, 2004; Roberts et al., 2019). Such
high amounts of OH are very likely to substantially influence
the magmatic gas composition, particularly the redox state it
represents, within split-seconds after their emission (Kuhn, 2022;
Kuhn et al., 2022), taking into question the results based on common
thermodynamic equilibrium assumptions prevailing in volcanic
gas geochemistry (see, e.g., Symonds et al., 1994; Moussallam et al.,
2019). The development of kinetic emission models paired with
measurements of volcanic OH (and other short-lived radicals) is
crucial for understanding the chemical evolution of volcanic gas
plumes in the atmosphere.

OH absorbs in the UV spectral range at around 309 nm.
The absorption spectrum consists of discrete ro-vibronic lines
(Figure 1B). Their selective detection requires high spectral
resolution (around 2 pm), formerly only provided by bulky and
intricate laser- and GS-systems (Stone et al., 2012). Section 2.1 and
Section 2.2 describe a compact FPI-based prototype set-up capable
of quantifying volcanic OH.

OH is only expected in gas emissions with high temperature
(e.g., Robertsetal., 2019; Kuhn, 2022 2022).
Nyiragongo - and the neighboring Nyamulagira—volcano are

Kuhn et al,,
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located in the Western Branch of the East African Rift in the
Democratic Republic of Congo. Nyiragongo is known for its lava
lake, which, in the recent decades, often was among the largest
on the planet. It is characterized by strong dynamics and frequent
changes in activity (e.g., Le Guern, 1987; Bobrowski et al., 2017;
Valade et al., 2018), which can lead to disastrous eruptive events
(e.g., Tedesco etal,, 2007; Smittarello et al., 2022). On the other
hand, these dynamic changes can lead to periods (e.g., on the order
of months to years), in which the lava lake and active lava flows are
relatively easily accessible (e.g., Pouclet and Bram, 2021). These are
rare opportunities for sampling the hot gas emissions of lava lakes
(e.g., Le Guern, 1987) and to examine the still poorly understood
high-temperature interface between magma and the atmosphere,
which is likely to significantly influence all open-vent volcanic gas
emissions (Kuhn et al., 2022). Section 2.3 describes measurements
with the introduced prototype performed at an active lava flow
within the crater of Nyiragongo volcano in February 2020.

2.1 Instrumentation

The set-up has been designed and manufactured at the
Institute of Environmental Physics in Heidelberg. Figure 2
illustrates the instrument set-up and outlines the principle of the
FPI spectrograph. The mobility of the set-up able to perform
spectroscopic measurements with R =~ 150,000 is unprecedented
in volcanic and atmospheric RS. Open-path optics, light source,
spectrograph, laptop, batteries and casing sum up to about 20 kg
and can be carried by one person in a backpack. The total power
consumption mainly depends on sensor cooling and is generally
well below 20 W, which means a light-weight battery can provide
sufficient power for several hours of continuous operation.

2.1.1 Compact open-path optical setup

The compact open-path setup (see Figures 2A, 3C, E) consists
of a UV light emitting diode (LED, 305 nm centre wavelength, ca.
10 nm full width at half maximum) within a box (10 cm x 10 cm
x 5 cm). The light is coupled into 6 “transmitting” quartz fibers and,
after being collimated by a telescope (71 mm clear aperture, 300 mm
focal length), is sent across the gas volume to be sampled. A retro
reflector reverses the light path and, after traversing the gas volume
for a second time, feeds the light back into the telescope, where it is
coupled into a single “receiving” quartz fiber leading to the entrance
slit of the FPI spectrograph (see, e.g., Merten et al., 2011, for details).

2.1.2 FPI spectrograph prototype

The concept and implementation of FPI spectrographs are
described in detail in Kuhn etal. (2021). Figures 2B-D illustrate
the functioning principle of the prototype (ca. 8 L volume and 5 kg
weight) used in this study.

The employed FPI etalon (custom-built by SLS Optics Ltd.) has
a free spectral range (spectral separation of transmission orders) of
ca. 0.2 nm at 300 nm. Its finesse (ratio between free spectral range
and full width at half maximum of a transmission peak) is about
95 across a clear aperture of 5 mm (Figure 2C). The individual FPI
transmission orders are separated by the superimposed dispersion
of a grating (grating order sorting mechanism, OSM, see also
Kuhn etal., 2021). First, the light enters the slit of a commercial
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miniature GS, serving as order sorting GS (OSGS, F-number:
3.9, focal length: 75 mm, slit width: 50 ym, linear dispersion:

5.34 nm mm'

, R = 1,100). By using a second imaging optics in
series, the spectrum of the OSGS (intermediate image) is re-imaged
onto a focal plane imaging detector (UV-enhanced charge coupled
device, CCD, ca. 60% quantum efficiency at 310 nm, 1,024 x 1,024
pixels of 13.3 ym pitch). Within the second imaging optics the FPI
is placed in a collimated beam (Figure 2B). The slightly different
incidence angles of the light of the collimated beam onto the FPI are
then separated in the focal plane in concentric rings of equal spectral
FPI transmission. The GS dispersion separates the individual FPI
transmission orders (similar to the descriptions by e.g., Fabry and
Buisson, 1908; Vaughan, 1989).

Figure 2D shows the spectrum of the UV LED with the
absorption lines of OH (dark spots) from a burner flame
inside the light path. The OSGS dispersion is aligned along the
horizontal detector dimension. For this prototype, the individual
FPI transmission orders slightly overlap and cause close-to-vertical
stripes of high intensity between the orders. As mentioned above,
each order corresponds to ca. 0.2 nm. The radial symmetry of equal
FPI transmission is indicated by the shape of the OH absorption lines
on the detector plane. As the properties and behavior of the optical
components are known, the spectra can be analysed and evaluated
using an instrument model (as described in Section 2.2 below).

2.1.3 Processing of the spectra

Prior to their evaluation, the spectra recorded with the FPI
spectrograph prototype are corrected for the CCD detector’s
dark signal and sensitivity characteristics. The dark signal is
approximated by a dark spectrum recorded with unchanged detector
settings in temporal proximity to the measurement to be corrected.
In this study, the dark spectrum was recorded with the light source
turned off in the otherwise unchanged optical setup. Moreover, a
flat field image recorded in the laboratory corrects the sensitivity
differences of the individual detector pixels. In order to reduce
photon shot noise, sequentially recorded spectra are co-added after
their individual correction.

2.2 Instrument model

Here we describe a model that allows the evaluation of
spectra recorded by the camera in the focal plane of the FPI
spectrograph. It refers to the grating OSM implementation of an FPI
spectrograph (as used in this study), but it can similarly be used for
interferometric OSM approach (Kuhn et al., 2021). The grating OSM
implementation of an FPI spectrograph employs an OSGS in line
with the FPI imaging unit (see Section 2.1.2 above).

The spectral characteristics (1 denotes wavelength) of the
optical components in use are well-determined and enable
accurate modeling of the spectral instrument transfer function
Tinst (A; 1,7), which converts a spectral radiance to measured signals
at each detector pixel (i,7). The recorded signal is determined by
the superposition of the OSGS’s spectral transmission function
H (}; i,j) and the FPI transmission spectrum Tgp;(A; 4,/):

Tinse As,) = H(A51,5) - Trpy (A51,) )

frontiersin.org


https://doi.org/10.3389/feart.2023.1039093
https://https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Kuhn et al.

10.3389/feart.2023.1039093

6 1
A UV LED 2)60pm 2)(§Opm
FPI gas plume
#Z: spectrograph
N Ffiber panel B
b

undle

retro reflector

0t 0 300mm

telescope

70mm

B FPI optics

OSGS image
B plane

e
E
—

—
detector

4
hs
- [E S| gl el
£
g
c
e
€
5 C _io :
k=l :
@ :
£
2 0.5 :
o ]
- o
— B
o B B!
0.0 FPI transmission spectrum
308.6 308.7 308.8 308.9
detector plane
150
#* 200
CEEE 3 0 AV T
X
a
250
300

300 350 400 450 500
pixel #

FIGURE 2

wavelength [nm]

309.0 309.1  309.2 309.4

550 600 650 700

(A) Open-path set-up as used for the measurement at Nyiragongo: The light of a UV LED is coupled into 6 “transmitting” optical fibres, collimated by
the telescope, sent across the volcanic plume, reflected back by a retro reflector, coupled into a single “receiving“fiber by the same telescope, finally
reaching the FPI spectrograph. (B) Optical schematic of the FPI spectrograph with grating OSM: The entrance slit of the OSGS is imaged onto the FPI
spectrographs detector. The superposition of linear grating dispersion and radially symmetric FPI transmission is indicated in (C), illustrating how the
FPI's (blue) and the GS's (brown) spectral transmission change across the detector. (D) Spectrum of a UV LED after traversing a burner flame.
Absorption lines of OH are visible, aligned along the indicated lines of equal FPI incidence angle. Parts of this figure are adapted from Kuhn et al. (2021).

Broadband spectral contributions (e.g., lens transmission, grating
efficiency, etc.) are not considered here since they are negligible on
the narrow spectral scales of interest. The OSGS’s line function, i.e.,
its spectral transmission, can be approximated with a higher order
Gaussian (e.g., Beirle et al., 2017):

A G) =22\
oX0 >> o

H(Asi,j) = exp< Sz

with a full width at half maximum & = 2¢ V2(10g2)11’ for different
shapes, determined by the order p and the parameter c. The centre
wavelength A_ of the instrument line function depends on the pixel
location i on the detector in grating dispersion (here horizontal)
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direction and is determined via the linear dispersion of the OSGS
and a reference wavelength.The FPI transmission spectrum is given
for a single light beam (index sb) by the Airy function (e.g., Perot
and Fabry, 1899):

4F* ( 2ndm

-1
Tepray (ir]) = [1 # s (25 cos i j)))] 3)

For the FPI spectrograph the separation of the reflective surfaces d
(ca. 240 ym in this study) and the finesse F (ca. 95 in this study) are
fixed. n is the refractive index of the medium between the reflective
surfaces and »-1 is assumed proportional to the ambient pressure (as
the used air-spaced etalon is not sealed). The incidence angle a(i,j)
is dependent on the location on the detector, i.e., on the individual
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FIGURE 3

(A) Sketch of the crater area of Nyiragongo volcano (February 2020) with measurement sites | and Il. (B) Photograph of the crater area. (C) The setup of
the camping stove calibration measurement in a shelter at the crater rim (site I1). (D) Retro reflector for the measurement at the active lava flow within
the crater [(E), site I]. Parts of this figure are adapted from Kuhn et al. (2022).

pixel (i,j) see Figure 2B:

(l - ioa) dpix (] _joa) dpix

7 > + arctan? < 7, > (4)

with the pixel size d,;;,, the focal length f, of the imaging lens and the
pixel (iyy,joa)> Where the FPI surface normal (generally the optical

a(i,j) = arctan2<

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 individual single beam FPI transmission spectra
along the cone’s dimensions yields the effective FPI transmission
spectrum for each pixel (see also Fuchs et al., 2021):

dpix
. a+tanz

Tppy (L a(i,f)) = 27 o
a—tanz

Tgpy g (A;6) sin 6d6 (5)

The angular range delimited by a pixel is almost 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 Figure 2C).

The instrument transfer function (Eq. 1) can now be used to
convert literature spectra to detector images. This simple model is
sufficient to fit trace gas absorption spectra to measured optical
density distributions on the detector across large fractions of the
spectrum (see Section 2.3).
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2.3 Measurements at Nyiragongo volcano,
DR Congo

We present measurement results from a field campaign at
Nyiragongo volcano in the Democratic Republic of Congo during
February 2020. Figure3 shows schematics and photographs
of the measurement site. In the following, we describe an
instrument characterization measurement at the crater rim
(site IT in Figures 3A, C) and a measurement made above (ca.
1m) an active lava flow within the crater region (site I in
Figures 3A, E).

2.3.1 Characterization measurement at the crater
rim

A characterization measurement of the instrument set-up was
made inside a small shelter at the crater rim. The measurement
light path (ca. 1 m) of the set-up sketched in Figure 2A traverses
the flame of a camping stove, providing a high amount of OH (see,
e.g., Cattolica et al., 1982). Figure 4A shows the spectrum of the UV
LED on the FPI “spectrographs” detector plane (the flame radiance
is negligible). Bright vertical stripes are due to a remaining overlap of
the individual FPI transmission orders (see Section 2.1.2; Figure 2).
OH absorption lines induce distinct dark spots within the spectrum,
aligned to the circles of equal FPI incidence angle (see Figure 2). The
steps of the further evaluation are:

1. A region of interest (ROI) for the spectral evaluation is defined
(see Figures 4A, B).
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Calibration measurement at site I (Figure 3C), absorption spectrum of the flame of a camping stove: (A) Intensity distribution on the detector plane
with indicated region of interest (ROI) used for the spectral evaluation. (B) Individual vibronic OH absorption lines are visible as dark spots within the
ROI. (C) Column-wise polynomial fit to remove slow intensity gradients and the vertical bright stripes (induced by overlapping orders). (D) Differential
narrow-band optical density image, i.e., logarithmic ratio of intensity distributions in (B,C). (E) Modeled differential optical density, i.e., logarithmic ratio
of modeled intensity image (model parameters in Table 1) and a column-wise (vertical) polynomial fit. (F) Difference between (D,E). Figure adapted

. Within the ROI column-wise (vertical) polynomial fits (here 7th
order) approximate the broadband intensity gradients, including
the vertical bright striping (see Figure 4C).

. The intensity distribution obtained from step 2 is used as reference
intensity I in order to approximate the differential (narrow-band)
optical density 7 of the spectrum according to 7= log%" with
I being the intensity distribution of the spectrum (Figure 4B).
Figure 4D shows the result.

. Figure 4E shows the modeled differential optical density
spectrum. It is obtained by modeling the intensity distribution on
the detector (according to the procedure described in Section 2.2,
above) and, subsequently, performing step 2 and 3.

. By varying the OH column density and temperature within the
model the residual (Figure 4F, difference between measured and
modeled differential optical density image) is minimized.

The measured absorption spectrum of OH is well reproduced
by the model (parameters in Table 1, OH absorption data from
Rothman etal, 2013). The OH mixing ratio in the flame is
approximately:

 Souks T

Ip (6)

OH
with the temperature T, pressure p, light path length within the
absorber L, and the measured OH column density Sqy;. The resulting
mixing ratio of Xoy = 3.5 -107* for a light path of L = 6.cm
(i.e., 2cm x 3 cm) is realistic (Cattolica et al., 1982). Remaining
uncertainties are introduced by e.g., the unknown distribution of
flame temperature along the light path, which could be included in
future evaluations.
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TABLE 1 Model parameters for measurement at site | and Il, see Figures 5E,

4E.

Parameter

Unit

Site |

(Lava flow)

Site ll

(Burner flame)

d um 239.854

F 95.2
n,,,(1013hPa) 1.0002916
pressure hPa 660 645
0OSGS

A nm 308.96 309.15
Oy nm 0.2065

P 242

Des nm pix ! 0.02625

Optics

f mm 70.75

iy mm 0.013

i pix 493.6

Joa pix 280.3

Spectral

Ss072 molec cm ™2 521-10"7 -
Son molec cm ™2 - 7.8-101°
Tou K - 1760

08
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FIGURE 5
Measurement above the active lava flow at site | (Figure 3E). Panel designations are equal to Figure 4. The broad-band (nanometre-scale) absorption
bands of SO, (see Figures 1B, 6) are visible in the intensity distributions (A,B). (D) Shows the narrow-band (picometre-scale) SO, absorption. The model
(with adjusted pressure and OSGS wavelength, Table 1) shows good agreement with the measurement with a realistic SO, column. OH absorption lines,
present within the covered spectral range are not observed, which limits maximum OH amounts to about 20 ppb. Figure adapted from Kuhn, 2022.

This simple experiment demonstrates the capability of the FPI Figure 6 indicates the wavelength coverage of the evaluation of
spectrograph prototype to resolve the OH absorption and that the  the lava flow measurement (Figure 5). The gray shaded areas in the
instrument model is suited to quantitatively evaluate the recorded  spectrum (right panel) show the wavelength range that is covered by

spectra. the individual FPI transmission orders separated by the grating on

the FPI spectrograph’s detector plane. The color code indicates the
2.3.2 Measurement above an active lava flow location of each FPI transmission order on the detector plane (left
within the crater panel). The spectral optical density of SO, with the retrieved column

We recorded spectra with a measurement light path crossing  density (Sso, = 5.21 -10"” molec cm™) is plotted together with the
about 1 m above an active lava flow (velocity of about 20-50 cm-s™!).  optical density of an OH column of 10> molec cm™2. Strong OH
On one side of the lava flow the retro reflector is placed  absorption lines appear within the FPI “spectrographs” wavelength
on the ground. From the other side the telescope and FPI  coverage and the evaluation ROI, allowing the quantification of an
spectrograph are operated (Figures 3D, E). Figure 5 illustrates the  upper limit of the OH amount within the sampled gas.
result of the measurement. The measurement spectrum is the According to Figure 6 several strong OH absorption lines are
sum of 100 individual spectra with 10s integration time each.  covered by the evaluation ROI, for example, between 308 and
The evaluation is performed according to the above described  308.5 nm. Their amplitude for a column density of 10*> molec cm ™
procedures (Section 2.3.1; Figure 4). exceeds an optical density of 0.1. Thus, within the noisy residual

The broad vertical dark stripes in the spectrum (Figures 5A-C)  (root means square of ca. 0.01, Figure 5F) it should be possible to
represent the broad-band (nanometre-scale) absorption structures  detect OH absorption peaks corresponding to a column density of
of SO,, which are used for conventional SO, DOAS measurements.  ca. 2 -10'* molec cm™. For an assumed gas temperature between
The differential optical density image (Figure5D) shows the 800K and 1,200 K and a light path of 20 m within the hot gas,
narrow-band (picometre-scale) absorption features of SO,, which ~ the OH detection limit would correspond to a mixing ratio of
are again well reproduced by the model using absorption data from  17-25 ppb. For the same assumptions on the light path, the retrieved
Rufus et al. (2003). Despite uncertainties such as unknown sample SO, column corresponds to a mixing ratio of 44-64 ppm.
gas temperature and behavior of the absorption of SO, at higher
temperature, the residual spectrum is dominated by a homogeneous
noise pattern with a root mean square in the range of 0.01. The 2.4 Discussion
noise likely is introduced by inaccuracies in the detector’s dark
signal correction, as a drift of the detector temperature (from —6° In this exploratory field study we could not detect volcanic OH.
to —1°) during the measurement was observed. The dark signal was ~ The main reason for that might be a low gas temperature and the
therefore approximated in lab measurements retrospectively, which ~ low emission of the probed lava flow (indicated by the relatively
was only possible with an uncertainty due to hysteresis effects in the ~ low SO, levels measured). Nevertheless, it demonstrates central
detector electronics. aspects of the field-applicability and the substantial added value
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FIGURE 6
The right panel shows the spectral optical density, calculated from literature absorption cross sections, of given amounts of SO, (red, as measured
above the lava flow) and OH (black, hypothetical value of 101> molec cm™2) observed with R = 1.5 -10°. The gray shaded areas indicate the spectral
range covered by individual FPI transmission orders within the ROl used for the evaluation of the lava flow measurement (Figure 5). The colour above
the respective FPI transmission order indicates its location within the ROI (in the left panel). Figure adapted from Kuhn, 2022.

through FPI spectrograph measurements for volcanic gas studies.
The presented FPI spectrograph measurements yield high spectral
resolution (R = 150,000), exceeding that of former volcanic gas RS
measurements by at least one order of magnitude. Furthermore,
it shows excellent stability under field conditions. The introduced
evaluation using high-resolution spectral absorption data enables
an accurate calibration of the spectrograph by directly adjusting
physical parameters in the instrument model. The burner flame
measurement at the crater rim and the measurement at the lava
flow within the crater were made on the same day, separated
by a few hours and a steep decent of 300 vertical metres
into the crater with the instrument set-up in a backpack. Even
under the harsh conditions (moist, sunny, hot, dusty, windy)
the FPI spectrograph’s calibration remained constant, except for
a slight shift of the OSGS wavelength axis (see Table 1). This
slight spectral shift might have been introduced by mechanical
impacts during transportation and its effects could readily be
accounted for by the instrument model within the SO, evaluation
(i.e., re-calibration using the high-resolution SO, absorption
features).

Beyond this proof-of-concept study, the instrument set-up and
the spectral evaluation can be significantly improved. Avoiding
overlapping orders (e.g., higher OSGS dispersion) and a more
appropriate shielding of the detector (to sustain temperature
stabilization) would provide photon-shot-noise-limited spectra.
Moreover, a FPI spectrograph with interferometric OSM instead
of the grating (i.e., using a band-pass filter instead of the OSGS)
can increase the light throughput by a factor of 100 (basically
by reducing the spectral coverage, see Kuhnetal, 2021, for
details). Temperature measurements and high-temperature data of
absorption cross sections (e.g., for SO,) would further improve
the spectral evaluation. In combination with an optimized (longest
possible) light path inside the plume, all these measures might
lower the detection limit for OH by another two orders of

Frontiers in Earth Science

magnitude. Infrastructural challenges related to the accessibility of
hot volcanic gas emissions (e.g., volcano-related hazards) would
remain a limiting aspect for OH radical quantification in high-
temperature volcanic gases. The placement of retro reflectors by
unoccupied aerial vehicles would significantly increase the number
of potential measurement sites.

3 Theoretical
proof-of-concept—Remote sensing of
HF and HCl in volcanic plumes using
skylight

Volcanic halogens play significant roles in many volcanic
processes and impact the local to regional volcanic environment
and Earth’s atmosphere (see, e.g., Aiuppa et al., 2009, and references
therein). As halogens tend to degas from the magma at rather
shallow depth (e.g., Spilliaert et al., 2006), continuous quantification
of volcanic halogen emissions (similar to present-day volcanic
SO, quantification, e.g., Galle et al., 2010; Kern et al., 2022) would
substantially contribute to improving models of magma dynamics
and degassing and bear a high potential for volcanic monitoring.

Most RS measurements of HF and HCI were only possible with
FTS using lamps, lava thermal emission, or direct sunlight (solar
occultation) as light source (e.g., Francis et al., 1998; Sawyer et al.,
2008; Butz et al., 2017). The reason for this limitation is in part
the limited light throughput of FTS instruments. In addition,
they are sensitive to intensity fluctuations in the atmosphere, as
interferograms are recorded in a time-sequence while delicate optics
are tuned mechanically. Moreover, when using sunlight as light
source, limited spectral resolution leads to the requirement of an
exact knowledge of the atmospheric background spectrum for the
evaluation (e.g., via additional O, measurements and radiative
transfer modeling, see e.g., Butz et al., 2017).

frontiersin.org


https://doi.org/10.3389/feart.2023.1039093
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Kuhn et al.

For spectrographs, i.e., spectrometers that record all spectral
channels simultaneously (like GSs and FPI spectrographs),
the influence of temporal intensity variations is negligible and
instruments are implemented without movable parts. The thereby
gained simplicity, stability, and lower power consumption is an
essential advantage for the (automated) employment in harsh
volcanic environments. The implementation of spectrographs in
the SWIR has become feasible by the development of appropriate
2017). GS
implementations with the resolving power required for accurate
trace gas retrievals (typically R = 10*-10° in the SWIR) and a high
light throughput are large and heavy and thus hardly suited for most

focal plane detectors (e.g., Crispetal, However,

volcanic applications.

Here, we investigate the feasibility of passive RS measurements
of HF and HCI in volcanic plumes using FPI spectrographs and
skylight as a SWIR light source. The photon budget calculations rely
on skylight radiance estimates (Section 3.1.1) and the quantification
of the light throughput of FPI spectrographs relative to that of
GSs (based on results of Kuhnetal, 2021; Section 3.1.2). We
propose suitable wavelength windows and optimized resolution of
the FPI spectrograph and demonstrate the feasibility of a DOAS-
type detection of HF and HCl in volcanic plumes by using skylight
(Section 3.2).

3.1 The photon budget of skylight
measurement geometry

A trace gas can be detected by spectral RS once its effective
differential absorption along the measurement light path 67 exceeds
the noise of the recorded spectrum. We assume the measured spectra
to be photon-shot-noise-limited. Photon-shot-noise is proportional
to the square root of the counted photo-electrons N per spectral
interval. The photo-electron flux Toh (e~ s!) at the detector for
an individual spectral channel of the spectrograph is given by
s and the
spectrograph’s light throughput k (e~ ph™ mm? sr nm, including the
quantum efficiency of the detector):

the incoming radiance I (photons mm™ sr™' nm~

]ph =kl (7)

The noise of an optical density measurement 7 = log B0 for weak
absorbers (i.e., J,, o = J;,) and an exposure time 6t is then

AT=N77 = (], 602 = (k180 ®)

The effective differential optical density of an absorber 7 and
the light throughput k of the spectrograph are dependent on the
spectral resolution, which has to be chosen to optimize the signal to
noise ratio (SNR) and to provide sufficiently accurate and selective
spectroscopic detection. In the following, we approximately quantify
the skylight radiance and use light throughput estimates for GSs and
FPI spectrographs by Kuhn et al. (2021).

3.1.1 The spectral radiance of skylight

The radiance of the daytime sky (i.e., the scattered sunlight
across the sky) can be extremely variable, strongly depending on,
e.g., aerosol and cloud conditions. This variability remains rather
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moderate at UV-visible wavelength (i.e., usually varying by less than
one order of magnitude, see, e.g., Wagner et al., 2004; 2014). The
strong spectral dependence of Rayleigh scattering and the generally
much weaker spectral dependence of light scattering on aerosol and
cloud droplets cause a rapidly increasing contrast between the blue
sky and aerosol layers or clouds towards IR wavelengths. We use
the parametrization by Angstrom (1929) to approximate the spectral
scattering efficiency e with the Angstrom exponent y:

€A oc A7 9

In the coarse assessment of the skylight radiance in this work, we
assume:

1. A blackbody spectrum (5,800 K) and a solar line list of Toon
(2015) are used to approximate the solar spectrum. The
absorption of tropospheric H,O, CO,, O,, CH, (atmospheric
background values, temperature T 300 K;
Rothman et al., 2013), and stratospheric O; (vertical column
density of ca. 300 Dobson units, 223 K, Serdyuchenko et al.,
2014) is included to approximate the atmosphere’s transmission.

constant

In order to account for common measurement viewing
geometries, we assume a single scattering atmospheric light path
roughly corresponding to a viewing elevation angle of ca. 20°
(corresponding to an about 3-fold extension compared to the
vertical path).

. At 400 nm, the radiance of the blue sky, an aerosol layer, and that
of a cloud are the same.

. The radiance of the blue sky I ; is governed by Rayleigh scattering

400 nm

(i.e., y =4, Strutt, 1871), i.e.,:
-4
L= 1400( 1 )

. Angstrom exponents for aerosols in the atmosphere range from
1998), while the
radiance of clouds, due to the larger particle size parameter

(10)

about 0.7 to 2 (e.g., Martinez-Lozano etal,,

is even less dependent on wavelength (see e.g., Stephens and
Platt, 1987). We approximate the scattering efficiency of clouds
to be independent of wavelength (i.e., y = 0) and that of aerosol

particles (I,.) to scale according to y = 1:
400 nm

-1
L= 1400( 1 )

. The skylight radiance I, of the sky covered by an aerosol

(€3))

layer with moderate aerosol optical density 7,; (AOD, 7, < 1) is
approximated by the sum of blue sky radiance and that of aerosol
scattering, weighted with the AOD:

I

al = (1 - Tal) Ibs T Iae (12)

The variability of the radiance between different types of
clouds or different types of aerosol layers introduces a large
uncertainty to this simplified approximation of skylight radiances.
Particularly for optically very thick clouds the radiances can be much
lower. Nevertheless, the above assumptions facilitate a rough but
reasonable approximation for the assessment of the photon budget
of atmospheric and volcanic RS instruments.

Figure 7 summarises the above assumptions and indicates the
resulting spectral skylight radiances of 1) the blue sky, 2) an aerosol
layer with slant AOD = 0.2, and 3) a white cloud (relative to 400 nm).
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FIGURE 7
Approximation of the relative spectral skylight radiance for different sky conditions. In the blue spectral range (ca. 400 nm) the radiance of the blue sky,
an aerosol layer and that of a cloud are similar. Towards IR wavelength the contrast between the different sky conditions increases drastically, which is
approximated by representative Angstrom exponents.

3.1.2 The relative light throughput of GS and FPI
spectrographs

The light throughput k of a spectrograph determines the flux ],
of photons with wavelength between A and A+ 81 at the detector
for a given incident spectral radiance I(1) (see Eq.7). The light
throughput of a spectrograph is determined by the etendue E, the
spectral resolution 6 and losses y related to optical components and
the detector:

k=Eo\u (13)

With the assumption that the losses y are similar for both, GS and
FPI spectrograph, their light throughput for a given resolving power
R can be compared based on the etendue. The etendue of a compact
GS Egg is essentially determined by the square of its slit width w.
Furthermore, the ratio of the GS’s principal focal length f to the slit
width approximates its resolving power (Kuhn et al., 2021):

T2

nf

EGSz Zws=m (14)

The etendue Epp; that can be reached by high-resolution FPI
spectrographs is given by (Jacquinot, 1954; Kuhn et al.,, 2021):

B

EPI
2R

Eppr = (15)
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It is basically determined by the FPIs clear aperture diameter
bppr and scales, in contrast to GSs, only with the inverse resolving
power.

3.2 SWIR DOAS measurements of HF and
HCl using skylight

3.2.1 Resolving power

The SWIR spectral range is characterized by many narrow and
strong absorption lines of atmospheric gases, mainly H,O, CO,, O,,
and CH, (see, e.g., Figures 1C, 7). Since all of these gases either are
present in large amounts or show a more or less uniform distribution
in the atmosphere, the strength of their absorption within scattered
skylight spectra strongly depends on the atmospheric light path,
which is for instance influenced by the viewing geometry and the
atmospheric state in terms of aerosol content or clouds. Precise
knowledge of the measurement light paths and the atmospheric
state along these light paths is required, which, in practice, limits
the precision and accuracy of remote detection of for instance
CO, gradients in the atmosphere (e.g., volcanic plumes, see, e.g.,
Butz et al., 2017).

While being emitted by volcanoes in large quantities, HF and
HCI exhibit very low atmospheric background levels. Thus, similar
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(A) High-resolution spectrum of the atmospheric transmission with a typical amount of volcanic HF (10 molec cm™2) at 1,278 nm. (B) Extract of (A)
around an individual HF absorption line. (C,D) show the spectrum of (B) as seen with instruments with a spectral resolution 8\ of 0.1 and 0.02 nm,

to DOAS measurements of volcanic SO, in the UV, the measured
absorption introduced by HF and HCI within an atmospheric light
path traversing the volcanic plume can be unambiguously assigned
to the volcanic emission. Figures 8, 9 show a more detailed view
of the atmospheric SWIR spectrum at the spectral windows with
strong HF and HCI absorption. The upper panels (A) illustrate
the spectral jungle of sharp and strong lines of the background
atmosphere. Panels B show the closer vicinity of an individual
HF (or HCI) line. Panels C show the same spectral range as
observed with a spectral resolution of SA = 0.1 nm (R =10*), which
is typical for volcanic FTS measurements in the SWIR. With that
resolving power, the absorption line is poorly defined within the
spectrum and its absorption can only be quantified when the
atmospheric background is well-determined. When increasing the
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spectral resolution to A = 0.02 nm (JA can be optimized depending
on the measurement scenario), the HF (or HCI) absorption line
is resolved and causes a significantly stronger and more defined
absorption pattern, which, in this case, allows the application of
common DOAS evaluation procedures.

3.2.2 Photon budget

We calculate the photon budget for FPI spectrograph
measurements using skylight in the spectral range of HF and
HCI absorption (Figures 8, 9). A skylight DOAS measurement,
performed with a GS (f = 100 mm, R = 1,000), reaches a noise
level on the order of Ar=10"* for an exposure time 8t of ca.
30 s. This is in accordance with skylight radiance quantification
by Blumthaleretal. (1996), who find a radiance of at least
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Same as Figure 8 for HCL (3 -10Y molec cm™2) at 1,742 nm.

! at 400 nm for clear sky conditions and

20 mW-m st l.nm”
a solar zenith angle of 68°. This equals I=4-10'" photons
mm~2 sr! nm™' s7!. With the GSs etendue (Eq.14), spectral
resolution (61 = 400 nm/R = 0.4 nm), and a loss factor of y = 0.03
(accounting for: quantum efficiency of the detector, grating
efficiency, transmission/reflectivity of mirrors, fibres, telescopes and
stray-light filters), this leads to a number of counted photo-electrons
of N = 10® for an exposure time of 8t =30 s (see Eqs 8, 13).

This number serves as a reference for approximating the SNR
of HF and HCI measurements with FPI spectrographs. The above
introduced relative skylight radiance quantification (relative to
400 nm) and light throughput quantification of FPI spectrographs
(relative to GSs) allows to infer noise limits A7 and relate them to
differential optical densities 07, introduced by typically observed
volcanic trace gas columns (HF: 10'” molec cm™2, HCI: 3 - 10" molec
cm™2, e.g., Butz et al, 2017).
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Table 2 summarises the result of these calculations. It shows that
HF and HCI can be quantified by FPI spectrograph based DOAS
measurements using skylight. As expected, the SNR is dependent on
the sky conditions with the blue sky scenario representing a lower
bound to the skylight radiance as there always is a certain amount
of atmospheric aerosol (vertical AOD typically > 0.03 in the UV, see
e.g., Wagner et al., 2021).

3.3 Discussion

The above calculations rely on rough skylight radiance
approximations. However, the choice of the absolute radiance
value is quite conservative. It is based on measurements made at
a high solar zenith angle (68°) and, depending on the viewing
geometry, it can be by more than an order of magnitude higher
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TABLE 2 Photon budget calculations for skylight RS measurements of volcanic HF and HCI.

DOAS (400 nm) HF (1,278 nm) HCI (1,742 nm) |
107 molec cm™2 31017 molec cm™2
Instrument GS FPI spectrograph FPI spectrograph
S (nm) 0.4 0.02 0.02
R 1,000 64,900 87,100
f (mm) 100 100 100
wyg (pum) 100 — —
bgp [mm] — 20 20
E (mm? sr) 781072 31072 221072
Rel. k 1 0.192 0.141
Skylight
Blue sky Aerosol layer Cloud Blue sky Aerosol layer Cloud
Rel. I (Figure 7) 1 3.1073 21072 3.107! 3.1074 5.107 107!
Budget
St [s) 30 30 30 30 30 30 30
N 108 576 -10* 3.84-10° 5.76 -10° 42310 7.05 10 1.41-10°
AT=N": 0.0001 0.0042 0.0016 0.0004 0.0152 0.0038 0.0008
8% o1 0.023 0.013
SNR = 62_1' 55 14.4 57.5 0.9 3.2 15.4

(Blumthaler et al., 1996). A sky overcast by thinner clouds above the
volcanic plume would represent good measurement conditions.
The presence of aerosol or broken-cloud sky conditions would
also enable reasonable HF and HCI quantification, particularly as
spectrograph measurements are hardly disturbed by background
intensity variations.

Volcanic aerosol and condensed plumes can also serve as a light
source. Although the light path in such measurement scenarios will
not be well-defined, the evaluation of gas ratios (of gases absorbing
in similar spectral ranges, such as HF and HCI) will still be possible
(similar to the quantification of BrO/SO, by DOAS in the UV, see
e.g., Libcke et al., 2014).

The absorption cross section of other atmospheric gases (e.g.,
0,, H,0, CH,, CO,) in the respective spectral retrieval intervals are
known. As in common DOAS routines, the absorption of these gases
is accounted for in the evaluation and separated from the target trace
gas absorption (see Platt and Stutz, 2008, for details).

We conclude that HF and HCI can be measured, similarly to
volcanic SO,, by RS with simple, robust and compact spectrographs
using skylight as a light source. SO,, HF, and HCI are basically
chemically inert within the first minutes of plume evolution in the
atmosphere (Beirle et al., 2014; Riidiger et al., 2021). Thus, the ratio
of these gases will provide an independent geochemical (or “purely
volcanic”) parameter without relying on atmospheric parameters,
such as wind speed, plume height (SO, fluxes), or chemistry
(BrO/SO, ratios). Autonomous ground-based (e.g., NOVAC-type,
see Galle et al., 2010) and satellite-based platforms can be extended
to measure HF and HCl in addition to SO, and provide real-time
and continuous data during all stages of volcanic activity.
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4 Conclusion and outlook

Nowadays techniques for RS of volcanic gases enable DOAS
measurements of SO, emissions, which, when operated from
autonomous platforms, provide global and continuous data (e.g.,
Carn et al., 2017; Theys et al., 2019; Arellano et al., 2021). Further
species (e.g., H,O, CO,, SO,, HE, HCl, CO) can be measured
by more intricate techniques that almost exclusively provide data
during dedicated field campaigns. We show here, that the use
of high-resolution FPIs in spectrograph implementations could
overcome the limitations of present-day volcanic gas RS techniques
in many respects.

In the first part of this article, we describe volcanic field
measurements with a FPI spectrograph prototype and demonstrate
the feasibility of the quantification of volcanic OH radicals. While
possibly playing a central role in the high-temperature chemistry
of volcanic gases, no conventional sampling technique is able to
measure volcanic OH. During the field measurements, the prototype
set-up showed excellent stability and mobility. Furthermore, we
introduce straight-forward evaluation approaches for the data
generated by FPI spectrographs. The evaluation of a spectrum
recorded above an active lava flow allows the quantification of
SO, by its high resolution (picometre) absorption structures and
the determination of a detection limit for OH to about 20 parts
per billion. This means that, for an ideal sampling situation (i.e.,
light path traversing the hot plume), even our present (not fully
optimised) prototype is able to quantify the OH mixing ratios
predicted by high temperature chemistry models (parts per million
range).
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In the second part of this article, sample calculations prove the
feasibility of DOAS-type measurements of HF and HCI using the
light of the daytime sky. FPI spectrographs provide sufficient light
throughput and high spectral resolution (for an accurate spectral
detection of the trace gas) with a form factor comparable to that
of a compact GS (focal length f = 100 mm). A GS with similar
performance can only be implemented with a focal length of f >
10 m. Comparable FTS measurements will suffer from the skylight
radiance variability, are intricate, expensive, and much less suited for
continuous operation in a volcanic environment. Using skylight (i.e.,
scattered sunlight) for HF and HCl measurements will allow flexible
measurement viewing geometries and thereby enable continuous
measurements from autonomous platforms (similar to DOAS
measurements of SO,). This will provide real-time measurements
and continuous records of ratios of inert volcanic gases, and thereby
of a geochemical parameter that is independent of atmospheric
influence (e.g., wind speed, chemistry). These data will substantially
improve degassing models and volcanic monitoring capabilities
through gas measurements.

OH measurements and HF and HCI DOAS measurements are
only examples for the plenty of applications of FPI-based high-
resolution spectroscopy to RS of volcanic gases. Besides improving
the quality and lowering the detection limits of many state-of-the-art
observations, further applications may include:

1. Similarly to FTSs, FPI spectrographs can be employed in solar
occultation viewing geometry or with lamps or lava thermal
emission as light source. The increased spectral resolution and
higher light throughput leads to higher sensitivity of these
measurements and might enable the quantification of further
plume constituents, such as isotopes in CO, or H,O.

. Quantification of further reactive trace gas species within the
high-temperature magma-atmosphere interface is essential for
a better understanding of high-temperature volcanic emission
processes. High-temperature sulfur chemistry is still bound to
large uncertainties. Sulfanyl (SH) might be a central intermediate
species in sulfur oxidation at high temperatures (Roberts et al.,
2019; Kuhn, 2022) and shows sharp and strong absorption bands
in the UV (ca. 324 nm, see Lewis and White, 1939).

3. High spectral resolution might enable RS of *SO,, based on slight
shifts in spectral absorption in the UV (e.g., Danielache et al.,
2008). This approach would circumvent fractionation issues as
found for conventional sampling techniques (e.g., Mather et al.,
2008).

FPI spectrographs rely on a basically very simple optical set-
up (two lenses, a band-pass filter, a FPI etalon, and a detector).
Low thermal expansion spacers of state-of-the-art FPIs ensure a
high thermal stability of the instrument (Kuhn et al., 2021). Due to
standardized manufacturing procedures of the intrinsically simple
set-up of FPIs, FPI spectrographs are likely to cost a fraction of the
price of a commercial FT'S system. Moreover, the small size and high
robustness makes them also ideal candidates for (miniature) satellite
missions.

The combination of simple instrumentation and its striking
potential to fill substantial gaps in present data suggests that FPI
spectrographs will play a central role in the future of volcanic gas
geochemistry.
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