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Abstract. Monitoring volcanic emissions is essential for un-
derstanding volcanic processes and predicting eruption dy-
namics. Remote sensing is the only method that allows safe
measurements right before, during, and after eruptions. Cur-
rent monitoring relies on scattered sunlight, whose essen-
tially unconstrained viewing geometry permits continuous
and automated observation. It is, however, mostly limited to
the ultraviolet and visible (UV-VIS) spectral ranges by the
available sky brightness, restricting observations largely to
SO,.

Here, we assess the feasibility of constraining volcanic
emissions by passive Fourier transform infrared (FTIR) spec-
troscopy of sky-scattered sunlight in the near-infrared (NIR),
where more gases of interest have absorption features. Com-
bining an instrument model for the spectral signal-to-noise
ratio (SNR) with an information-content analysis, and in-
corporating actual measurements to capture the systematic
uncertainties inherent to atmospheric total column retrievals,
we estimate detection limits for individual trace gas columns.
The instrument model accurately reproduces the results of
laboratory validation experiments. We use Mount Etna as a
representative high-emission volcano. We find that CO col-
umn measurements remain challenging: the plume enhance-
ment is small compared to the high and variable atmospheric
background, and little scattered light is available in the NIR.
Even under bright skies, reaching a detection limit compara-

ble to the expected column enhancement takes about 5 min,
and up to 2.5 h under dark conditions. Plume transects, which
require many such measurements at substantially better pre-
cision, are therefore out of reach, whereas individual plume-
composition measurements remain conceivable. In contrast,
the strongly emitted halogen species HCI and HF, whose
atmospheric background is low, are detectable within sec-
onds under bright skies and within a few minutes under dark
conditions. For these species, a multi-instrument approach
makes plume-composition measurements practical: pairing
the FTIR with co-aligned UV observations of SO, yields gas
ratios that, combined with established SO, flux networks,
give access to the halogen emissions. For CO; this route
is not excluded, but limited precision and the impact of ra-
diative transfer errors on a background-dominated retrieval
make the outcome hard to predict. Finally, this SNR and
detection-limit analysis transfers to other instruments, spec-
tral regions, target species, and emission sources.

1 Introduction

Volcanic gases are central to eruption dynamics, and their
flux and composition provide insights into subsurface pro-
cesses. Once released into the atmosphere, these gases also
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influence atmospheric composition and climate, although the
global volcanic fluxes remain poorly constrained. Only re-
mote sensing methods allow measurements of these gases
from a safe distance, including during periods of high vol-
canic activity.

As early as the 19th century, Judd (1881) suggested that
spectroscopy could provide an important tool in volcanol-
ogy. Verhoogen (1939) performed the first successful spec-
troscopic gas measurements, using light in the visible range.
Delsemme (1960) and Murata (1960) performed the first
measurements in the near-infrared (NIR) at Kilauea and Nyi-
ragongo, respectively, both detecting CuCl in the volcanic
gas plumes. In the late 1960s, Naughton et al. (1969) were
the first to determine the main components of a volcanic
plume by remote sensing, namely H,O, CO», and SO;. They
used infrared absorption between 2.5 and 14.5 pm, with the
light emitted by a lava fountain of Kilauea volcano, Hawaii,
United States, as the source.

The commercial availability of rugged, compact Fourier
transform infrared (FTIR) spectrometers in the 1990s al-
lowed for more frequent volcanological applications of in-
frared (IR) spectroscopy (e.g., Notsu et al., 1993; Mori et al.,
1993; Francis et al., 1998; Oppenheimer et al., 1998). Op-
erating in the infrared region (500-6000cm™!) at spectral
resolutions of up to 0.5cm™!, these devices opened up the
possibility of measuring many volcanic species of interest
(including HCI, H20, SO, HF, CO,, SiF4, OCS, and CO)
using their rotation-vibration line structures. Today, several
research groups use IR spectroscopy to investigate volcanic
degassing and have contributed to advancing our understand-
ing of volcanic processes (e.g., Allard et al., 2005; Burton
et al., 2007; Scott et al., 2023; Smekens et al., 2024).

However, IR remote sensing measurements are still sel-
dom employed for volcanic monitoring, i.e., for ideally con-
tinuous and automated observations. The instruments are
typically deployed in stationary positions on the ground and
pointed at a hot source, either an artificial one or volcanically
heated rock or lava. The availability of such a light source is
the most serious limitation encountered in deployment: the
number of active lava domes and lava fountains is small,
and relying on them restricts the measurements to periods
of eruptive activity. It is possible to exploit the thermal emis-
sion of the volcanic gases themselves when measuring in the
thermal IR (Love et al., 1998), but this requires an estimate
of the gas temperature, and strong water absorption quickly
limits the viewing distance in more humid conditions (Love
et al., 2000). Additionally, careful and regular radiometric
calibration is necessary to allow for accurate retrieval of gas
amounts and to correct for the thermal emission of the instru-
ment itself. Such measurements can even enable the retrieval
of CO» for high emissions, but the high atmospheric back-
ground concentration remains a major challenge (Goff et al.,
2001). Love et al. (1998) demonstrated sky-looking remote
sensing in the mid-infrared (MIR), where thermal emission is
less relevant, using sunlight scattered by bright high-altitude
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cloud layers. It is also possible to make use of solar radia-
tion directly (Butz et al., 2017), but the sun is rarely in the
required geometric relationship to plume and instrument.

Today, successful monitoring relies mainly on scat-
tered sunlight in the ultraviolet (UV) region (Galle et al.,
2003, 2010; Burton et al., 2009, 2015; Arellano et al., 2021).
Using scattered sunlight has the advantage of not restrict-
ing the measurements to clear-sky conditions, and it resolves
many geometric limitations. However, these monitoring ef-
forts are mostly limited to SO, since other gases of interest
lack suitable absorption features in the UV and visible (UV-
VIS) region, where plenty of scattered light is available. The
question is therefore whether the comparatively low intensity
of scattered sunlight in the NIR region permits detection lim-
its small enough to resolve the expected plume enhancements
of those gases of interest to volcanology that have character-
istic absorption lines in this spectral range (e.g., H>O, CO,,
HCI, and HF).

Section 2 introduces the concepts of measuring volcanic
emissions by spectroscopy of sky-scattered sunlight. Sec-
tion 3 presents the instrument used in this study, as well as
proposed changes to optimize it for volcano measurements.
Section 4 presents the predicted measurement performance
of an optimized FTIR setup in the NIR region. To this end,
we develop an instrument model for the spectral signal-to-
noise ratio (SNR), validate it against laboratory measure-
ments, and combine it with an information content analy-
sis that links the SNR to the precision of retrieved trace gas
columns for different target gases. Finally, Sect. 5 summa-
rizes our findings and discusses their implications, includ-
ing a multi-instrument strategy for volcanic monitoring, the
radiative transfer challenges of scattered-sunlight observa-
tions, and the transferability of the approach to other emis-
sion sources.

2 Measuring volcanic plumes using sky-scattered
sunlight

We describe here an instrument concept that exploits spec-
tra of sky-scattered sunlight in the NIR spectral region. The
instrument itself, or a separate telescope, collects light from
a chosen viewing direction (Fig. 1a) and forwards it to the
spectrometer for analysis (Fig. 1b). A fitting routine retrieves
the total-column abundance of the target trace gases, e.g.,
CO», HF, and HCI, and provides ancillary information such
as water-vapor content or total air mass, the latter derived
from the O, column.

By acquiring a series of measurements while scanning
across the plume of an emission source, e.g., a volcano, we
can infer the plume’s target-gas enhancement and its spa-
tial profile. These data, in turn, constrain the source’s total
emissions (e.g., Galle et al., 2010; Burton et al., 2015; Kern
et al., 2015; Arellano et al., 2021; Knapp et al., 2024). Alter-
natively, when the plume’s location is known a priori, mea-
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Figure 1. Measurement concept of plume composition using sky-scattered sunlight. (a) Sketch of a measurement of sky-scattered sunlight
at a volcano and contributing light paths for a certain viewing direction. (b) Spectrum of sky-scattered sunlight taken with the EM27/SCAv2

instrument in the same measurement geometry in Heidelberg.

surements taken on-plume and off-plume provide direct in-
formation on plume composition.

The NIR spectral range offers a distinct advantage for
these measurements: although its absorption features are
generally weaker and the set of detectable species is smaller
than in the MIR, Rayleigh and Mie scattering are stronger at
shorter wavelengths, yielding a considerably brighter back-
ground signal.

3 Instruments utilized in this study

For laboratory verification and for reference measurements
of sky-scattered sunlight, we employ an existing FTIR in-
strument that was originally developed for ground-scattered
sunlight and is the successor of the instrument presented
in Low et al. (2023). In this work we refer to it as
the “EM27/SCAv2”. The instrument is based on the com-
mercially available Bruker EM27/SUN spectrometer. We
equipped it with a Hamamatsu G12183-210KA-03 InGaAs
photodiode, cooled by a two-stage thermoelectric cooler.
In addition, we adapted its focal length and replaced the
Jacquinot stop with a custom aperture optimized for maxi-
mum light throughput. A schematic of the instrument’s inter-
nal layout is shown in Fig. Al.

To assess how such a system could perform for volcanic
plume observations, we devised a second instrument version
that is specifically optimized for the anticipated measure-
ment conditions. For the purpose of this study we designate
it “EM27/Volcano”. The principal modification is the substi-
tution of the detector with a Hamamatsu G12181-210K pho-
todiode. This device exhibits a higher responsivity around
the target wavelength of 1.6 um and possesses a substantially
larger shunt resistance owing to its narrower spectral band-
width.

The narrower bandwidth means that the strong CO; ab-
sorption bands near 2 um are no longer accessible. However,
synthetic performance studies, similar in spirit to the anal-
ysis presented here but beyond the scope of this article, in-
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dicate that the resulting increase in spectral SNR more than
compensates for the loss of the 2 um lines. Consequently, the
EM27/Volcano detector choice is expected to deliver the best
overall CO; performance for volcanic plume measurements.
Spectral fitting is performed with a variant of the Re-
moTeC algorithm (Butz et al., 2011; Low et al., 2023)
that assumes a ground-based upward-looking observer in a
non-scattering atmosphere. To mimic the viewing geome-
try depicted in Fig. 1, we divide the atmosphere into six
equidistant-pressure levels and assume that in the upper five
layers the lightpath follows the direction defined by the solar
zenith angle. The lowest layer is assumed to contain the path
component along the instrument’s viewing direction, and the
gas concentrations are free to be fitted, essentially deliver-
ing the slant column densities (SCDs), i.e., the gas concen-
trations integrated along the lightpath. This procedure ne-
glects that the actual scattering-modulated lightpath in the at-
mosphere might have experienced slightly different ambient
pressure and temperature conditions. Note that our assess-
ment only uses the algorithm to propagate the spectral noise
into SCD errors; it does not make use of the SCDs per se.

4 Prediction of measurement performance and limits

The prediction of the overall measurement performance con-
sists of two largely independent parts: (i) an estimation of
the quality of the optical measurement itself, and (ii) an in-
formation content analysis, which links the spectral perfor-
mance to the measurement target, i.e., the retrievable trace
gas columns.

In the first component, we estimate the spectral SNR us-
ing an instrument model based on fundamental principles
of optics and detector electronics, complemented by FTIR-
specific characteristics.

The second component translates the achievable SNR into
trace gas retrieval performance using an information con-
tent analysis. For this purpose, we select Mount Etna as
a test case. It is one of the largest halogen point sources
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on Earth (Aiuppa et al., 2005), among the strongest vol-
canic emitters of CO, (Aiuppa et al., 2019), and one of the
most significant continuous emitters of volcanic gases world-
wide (Pyle and Mather, 2009). In addition, the results of Butz
et al. (2017) provide a benchmark for expected gas column
enhancements at Mount Etna, and radiometrically calibrated
measurements of sky radiances were available to us to con-
strain our simulations. This use of real observations also al-
lows us to consider systematic effects that typically occur in
total column measurements of trace gases.

Section 4.1 describes the instrument model and SNR es-
timation. Section 4.2 presents a laboratory validation of the
model. Section 4.3 reports on the information content analy-
sis and links spectral SNR to the precisions of trace gas col-
umn densities. Finally, Sect. 4.4 brings all the steps together
and delivers the final assessment of the trace gas performance
in the volcano setting.

4.1 Instrument model and prediction of spectrometer
performance

The instrument model for our FTIR measurement needs to
address the three main systems of our instrument: First, the
optics, which deliver the optical power to the detector. Sec-
ond, the detector and its front-end, which convert the opti-
cal power into an electrical signal, but can also introduce
noise. And finally, the sampling and digitization of the signal,
which defines the resolution, noise bandwidth, and acquisi-
tion time. Table 1 lists all instrument parameters relevant to
the instrument model. The following calculations are based
on fundamental laws of optics and electronics, as well as on
the basic measurement concept of FTIR spectroscopy. These
are documented in many textbooks, e.g., Hobbs (2009) and
Griffiths and De Haseth (2007).

First, we determine the average spectral power on the de-
tector P (V), as a function of the wavenumber v. This is given
by the product of the source radiance L. (v), the transmission
of all the optics combined 7 (V), the geometric light through-
put of the system E, also called étendue, and a factor 1/2 due
to the ideal average transmission of the interferometer:

1
P) =L M)Tt(ME ey

The average power on the detector and the responsivity of the
detector R (V) together give rise to an average photocurrent:

In = /P(a)R(a) dv 2)

The dominant noise in the front-end can have different ori-
gins; ideally, it is the unavoidable shot noise, but for low-light
measurements, the thermal noise of the diode’s shunt resis-
tance or of the gain resistance might dominate. In our case
and parameter space, the thermal noise of the shunt resis-
tance dominates at low light levels, and shot noise becomes
increasingly relevant for brighter scenes. Their respective
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noise spectral densities S are given by the following equa-
tions, where ky, is the Boltzmann constant, T the temperature
of the diode, Rghun its shunt resistance, and e the elementary
charge:

Supun, = 4k, T 3)
S t —

s Rihunt

Sshot = 2elph “4)

They are essentially power quantities (units of A2Hz™ 1),
which is also why the photocurrent appears linearly in the
expression for the shot noise. Also, they add directly to the
total noise spectral density Sio:

Stot = Sshunt + Sshot (5)

Now, with a description of the signal power and detector
noise, we address the digitization and processing. An FTIR
instrument digitizes the signal as a function of optical path
difference (OPD) up to a maximum (OPDyy,y), which results
after a Fourier transform in a spectral bandwidth (or spectral
sampling) AV of

1
OPDppax

The instrument scans the OPD at an optical speed of
Sscan/Vref, Where Vier is the wavenumber of the reference
laser of the instrument and ficqay is the frequency of its result-
ing modulation in the interferometer at the set speed of the
scanner. We follow the convention of calling the modulation
frequency of the reference laser fscan the “scanning speed”,
even though, for those unfamiliar with FTIR spectroscopy,
calling a frequency a “speed” may be confusing. Using the
above definition, the time of a single acquisition #y is given
by

AV = (6)

OPDmaX f)ref _ L
f scan Af

and defines the equivalent bandwidth of a spectral bin in fre-
quency space A f accordingly. Assuming that P (V) and R(V)
vary slowly on the scale of Av, the signal current for a spec-
tral bin i5ig (V) is defined by

Isig(V) = P(V) R(V) Av ®)

and the corresponding noise current by
Stot AS. ©)

The spectral SNR of a single spectrum is now given by
Isig (V) /inoise and the SNR of a measurement acquired over a
measurement time ¢ and averaged over N = t/t( single ac-
quisitions is

Inoise =

~N isig(‘j) _ P(‘j) R(‘Nj) \/;
SNRO) =~ e VN = /Se. OPDa
t()E R®) i

= L,() . (10)
¢ 2V Stot OPDmax
—_— e — —
term A term B term C
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Table 1. Summary of the instrument parameters and their symbols. OPD denotes the optical path difference.

6149

instrument part ~ parameter name symbol unit
input radiance Le(V) Wemm™2sr!
optics transmission (V) 1
étendue E srm?
detector responsivity R(®) AW!
shunt resistance Rshunt Q
temperature T K
digitization maximal OPD OPDpax  cm
scanning speed Sscan Hz
reference wavenumber — Vpep em~!
Term C in Eq. (10) contains parameters that are, to some ex- Fr T T T T T T
.. . i Integrating sph
tent, chosen by the user, and it illustrates the typical trade- ¢ =g sprele

offs of (FTIR) spectroscopy: SNR improves with the square
root of the number of averaged measurements, i.e., the mea-
surement time, and decreases linearly with improved reso-
lution, i.e., increased OPDp.x. On the other hand, term B
in Eq. (10) contains all fixed instrument parameters that are
either available or can be easily estimated: the detector’s re-
sponsivity can be obtained from its data sheet or from that of
a similar detector. The same is true for the transmissions and
reflectivities of the beam splitter, windows, and mirrors. The
only exception is the noise spectral density, which may de-
pend appreciably on the input radiance if we are in or near the
shot-noise-limited regime. Finally, term A in Eq. (10) repre-
sents the linear increase of signal strength with increasing
signal power, i.e., increasing input radiance L. (V). Figure 2
illustrates the SNR as a function of input radiance (using a
typical radiance profile and scaling it in intensity). At low ra-
diance levels, the relationship between spectral SNR and ra-
diance is linear. For high radiances, spectral SNR rises only
with the square root of the input radiance, since the noise
spectral density Sy is dominated by shot noise and grows
linearly with the radiance.

The radiance can be the most difficult parameter to es-
timate, depending on the application. For artificial light
sources, consulting the data sheet might already provide a
sufficient estimate. For sky-scattered sunlight, it is possible
to obtain a lower bound by assuming blackbody radiation
for the sun’s spectrum and calculating Rayleigh scattering
in a single-scattering approximation. An upper bound can
be obtained by repeating the calculation with Mie scattering
and a high assumed aerosol load. In our case, we had suffi-
ciently calibrated measurements of the sky brightness, which
informed us of a realistic range of radiances.

Finally, a brief remark on the choice of apodization. All
the above calculations ignore apodization, i.e., they assume a
“box-car” apodization and are correct for this case. Any other
apodization function, for example one of the Norton-Beer
functions, suppresses high-frequency contributions, which
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Figure 2. Spectral SNR changing with increasing radiance (at
6380cm™!) for two different sets of instrument parameters. One
matches the EM27/SCAv2, the instrument used for the laboratory
verification in Sect. 4.2 and one the EM27/Volcano, which is op-
timized for low radiance conditions. The total photocurrent is cal-
culated assuming a typical spectrum like the one in Fig. 1b. The
transition from a detector-noise-limited regime at low radiances to a
shot-noise-limited regime is clearly visible for both parameter sets.
The shaded areas give the range of radiances expected at Mount
Etna, Italy, and emitted by the integrating sphere in the verification
experiment of Sect. 4.2.

reduces the apparent noise when it is measured as a standard
deviation and thus improves the baseline SNR. This apparent
increase in SNR is, of course, not a real information gain, as
apodization also weakens the spectroscopic features. There-
fore, when combining the definition of baseline SNR with
apodization, the SNR prediction needs to be scaled by an ad-
ditional factor that accounts for this effect and depends on
the specific function (e.g., +/3 for triangular apodization or
1.58 for the Norton-Beer medium function).

4.2 Experimental validation of the instrument model

To assess the predictive capability of the instrument model
presented in Sect. 4.1, we carried out a straightforward labo-
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ratory test. First, we measured the radiance emitted from an
integrating sphere with a calibrated spectrometer. Next, the
obtained radiance spectrum, together with an expected value
range for each model parameter, served as input for the in-
strument model to compute the expected SNR interval for
the device under test, the EM27/SCAv2.

Subsequently, we measured the same radiance emitted
from the integrating sphere with the device under test and
extracted the actual SNR from the spectrum. We repeated
the procedure for seven different source brightness levels, de-
liberately spanning the transition from shot-noise-limited to
detector-noise-limited operation. Because raising the power
supplied to the halogen lamps changes not only the overall
intensity but also the shape of the spectrum, this test goes
beyond a simple scaling of the spectrum shown in Fig. 2.

Figure 3 displays the results of this experiment. All mea-
sured SNR values lie within the model’s predicted interval,
and they follow a clear systematic trend: at low illumina-
tion, the points are biased towards the lower half of the inter-
val, while at higher illumination, they drift toward the center
of the interval. For low radiances, the width of the predic-
tion band is dominated by the uncertainties in the detector’s
shunt resistance and its temperature. For high radiances, in
the shot-noise-dominated regime, the width of the prediction
band is governed by the total number of photons reaching
the detector, and hence by the uncertainties in the total opti-
cal transmission and the étendue. This explains the gradual
shift of the relative position of the measured performance
within the prediction interval with increasing lamp power,
and demonstrates the self-consistency of the model.

Table A1 details the specific parameter choices that gener-
ate the prediction envelope and provides additional technical
information.

4.3 Linking spectral SNR to precision of trace gas
columns

Linking the spectral SNR to the precision of trace gas col-
umn densities derived from the corresponding spectrum is
the final step required to predict trace gas performance from
a reference radiance spectrum.

In principle, a purely synthetic study could establish this
relationship by using a radiative transfer model to generate
the “true” spectrum. Adding random white noise to achieve
a specific SNR and then propagating the error through the
retrieval algorithm would provide the expected precision.

In practice, however, this approach neglects systematic
errors that arise, among other things, from necessary sim-
plifications in the atmospheric representation and from im-
perfections in the spectroscopic database. To capture these
real-world effects, we use measurements taken with the
EM27/SCAv2 instrument, together with the published data
and instrument performance at Mount Etna reported by Butz
et al. (2017).
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Figure 3. Comparison of measured SNR to the range predicted by
the instrument model and the input parameters as a function of op-
tical input power to the integrating sphere. At low radiances, the
large prediction span is dominated by the uncertainty in detector
temperature and its shunt resistance. At high radiances, the span is
dominated by the total transmission of the optical elements (mir-
rors, etc.) and the light throughput. Table A1 provides details on the
specific parameter choices.

We recorded spectra of sky-scattered sunlight, 1 min each,
at a viewing zenith angle of approximately 70 °, which is a re-
alistic value for volcanic measurements. The measurements
were performed in Heidelberg on the roof of the Institute of
Environmental Physics (49.417342° N, 8.674536°E, 144 m
above sea level), beginning at 07:00 UTC on 20 September
2024 and lasting about 5 h. We perform retrievals from these
measurements to obtain CO; slant column densities. Figure 4
presents a representative fit to the CO, window, as well as
the spectral regions where HCl and HF absorption features
would be expected if these species were present in the atmo-
sphere.

We investigate the impact of averaging on the retrieved
CO; column densities by averaging variable numbers of suc-
cessive retrieval results. For each averaging interval, the cor-
responding SNR is determined from the averaged spectra un-
derlying the retrievals. For the SNR calculation, we define
the signal as the maximum spectral intensity in the range
6297-6382cm ™!, excluding the interval 6324-6327 cm™!.
The noise is defined as the standard deviation of the spectral
intensity in the range 2500-3056 cm™!, which lies beyond
the long-wavelength cutoff of the photodiode. The SNR is
then calculated as the ratio of the signal to the noise. Fig-
ure 5 displays the resulting dependence of retrieval preci-
sion on SNR. The plot resembles an Allan-Werle deviation
curve (Werle et al., 1993), but the abscissa is spectral SNR
rather than averaging time. At the lowest SNR, correspond-
ing to a 1 min averaging time, the propagated retrieval error
amounts to approximately 80 % of the empirical precision
shown in Fig. 5, indicating good agreement between the two
estimates. The apparent degradation in CO; column preci-
sion at the longest averaging intervals does not represent a
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Figure 4. Example of a spectral fit to the CO, window (b) and the spectral regions where HCI (a) and HF (c) absorption features would be
expected. The absorption in the spectrum of panel (c) is dominated by O, which can serve as proxy for the light path. The top panels show
the measured spectrum (black) and the fitted model (red). The bottom panels display the individual residuals (black) as well as systematic

residuals averaged over 1 h of measurements (grey).

true loss of performance. Instead, it reflects the increasing
influence of changes in the SCD caused by the changing so-
lar position, which eventually dominate over purely statisti-
cal noise. In the regime where the curve follows the expected
1/SNR trend (the first few data points), we determine a pro-
portionality constant of 1.9 x 10?> molec. cm™2.

To convert the spectral SNR into a slant column precision
for HF and HCI, we cannot follow the same direct route used
for CO,, since HF and HCI are essentially absent from the
spectra acquired for this study. Instead, we adopt the empir-
ical relationship reported by Butz et al. (2017) to link HF or
HCI precision to CO, precision, i.e.,

Ox lit

1)

Ox = 0CO, ’
0CO,,lit
where x indicates the species HF or HCI and the index lit
marks values taken from Butz et al. (2017).

4.4 Prediction of trace gas performance in a volcano
setting for a given spectrometer performance

Bringing all of the pieces together, we can now predict the
trace gas performance for CO,, HF, and HCI for a vol-
canic measurement with an FTIR instrument observing sky-
scattered sunlight.

To estimate the input radiance, we consult radiance mea-
surements recorded during a 2021 measurement campaign at
Mount Etna, Italy, with a radiometrically calibrated grating
spectrometer. We consider a clear sky as the lower bound

https://doi.org/10.5194/amt-19-6145-2026

2x 102" = - - ——— .
—— 1.9e+22 moleccm 2/ SNR
a I Measured CO, precision
1
o
3 21 _
5 10
€
\8 L
@ 6x107 |
(5]
o
a 20
S 4x107 ¢
o
3x107° |

6x10' 10

3x10' 4x10'
Spectral SNR at 6380 cm ™!

2x10"

Figure 5. Relation between spectral SNR at 6380 cm~! and the pre-
cision of the retrieved CO; slant column density. One-minute spec-
tra constitute the data basis. Data points for higher spectral SNR
result from averaging consecutive spectra, similar to an Allan devi-
ation. At high spectral SNR, the curve departs from the expected in-
verse trend because atmospheric variability dominates at longer av-
eraging times. The propagated retrieval uncertainty for one minute
averaging time (the left most data point) is 7.8 x 1029 molec. cm ™2,
which compares well to the empirically observed uncertainty of
1.0 x 102! molec. cm™2.

and an aerosol-laden sky as the upper bound for the input ra-
diance, the two differing by about an order of magnitude in
the NIR. Figure 6 shows gray-scale images of the respective
scenes to illustrate the brightness in the NIR.
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Figure 6. Gray-scale images demonstrating the considered range of
sky brightness at 6380 cm™! in the NIR.

The EM27/Volcano, the optimized but hypothetical instru-
ment under consideration, uses a narrower-bandwidth detec-
tor, which shows an improved responsivity at 1.6 um and
a substantially higher shunt resistance, allowing for shot-
noise-limited operation at lower radiances. Performance in
the shot-noise-limited regime is further improved by three
factors (see Fig. 2): the improved responsivity, a long-pass
filter at 1.1 um that reduces the relative number of non-signal
photons on the detector, and a doubling of the instrument’s
field of view (FOV) compared to the EM27/SCAv2. The se-
lected FOV represents a compromise between maximizing
the light throughput and ensuring that the required detector
focal length can be practically realized and aligned.

Using the instrument model developed in Sect. 4.1, in par-
ticular Eq. (10), we estimate the spectral performance for
these input radiances as a function of measurement time. The
results from Sect. 4.3, in particular the scaling factor derived
from Fig. 5, link these to CO, precision and, by scaling ac-
cording to the results from Butz et al. (2017), i.e., Eq. (11), to
HF and HCI precision. Note that the scaling factor shown in
Fig. 5 is derived from measurements with the EM27/SCAv2
and is therefore strictly valid only for its FOV. Since the
EM27/Volcano has a larger assumed FOV, it starts to expe-
rience self-apodization, resulting in an instrument line shape
that is up to 6 % broader. This leads to a slight overestimation
of the trace gas retrieval precision achievable by the instru-
ment, but by at most the same fraction. Since this is a minor
effect compared to the uncertainties discussed here, we ne-
glect it in the following.

Figure 7 shows these resulting trace gas performances
for all species as a function of measurement time, with the
shaded area spanning the range between the bright and dark
sky scenarios. Horizontal dashed lines show the column en-
hancements measured by Butz et al. (2017) and indicate
a realistic signal strength. We can infer the measurement
times required to detect a typical plume enhancement from
the intersections of the dashed lines with the shaded areas.

Atmos. Meas. Tech., 19, 6145-6157, 2026

T. D. Schmitt et al.: Feasibility of measuring volcanic gas composition

F COZ ;
20 [ HCI ]
2 B HF

Predicted precision / moleccm—2

107 F ——— expected s

Ll R

ignal strength
1l PR | Ll ol

107 10° 10’ 10 10°

Measurement time / min
Figure 7. Predicted precision of CO,, HCI, and HF as a func-
tion of measurement time. The shaded bars reflect the expected
range of radiances (clear sky vs. aerosol-laden sky). The horizon-
tal dashed lines indicate the maximum volcanic enhancements for
each species, detected by Butz et al. (2017) at Mount Etna, Italy.
A measurement of sufficient quality to inform on emissions, e.g.,
via plume transects, should have a precision of at most 10 % of the
expected enhancement.

These times range from approximately 5min to 2.5h for
CO; and from approximately 3 s to 2 min for HCI and HF,
with a slightly better performance for HCI. Adopting a pre-
cision requirement for plume transect measurements com-
parable to that of the Network for Observation of Volcanic
and Atmospheric Change (NOVAC), an SO, monitoring net-
work (Galle et al., 2010), i.e., a precision ten times better than
the expected enhancement, results in measurement times of
8h to days for CO, and of 5min to 3h for HCl and HF.
A transect consisting of 30 or more data points could only
be realized for HCl and HF under favorable conditions and
would still require hours, rather than the 5 to 15 min typi-
cal of the NOVAC network. Plume transect measurements of
CO;, therefore appear infeasible.

5 Discussion and conclusion

In this study, we assessed the feasibility of constraining
volcanic emissions by passive FTIR spectroscopy of sky-
scattered sunlight in the NIR. We developed an instrument
SNR model, validated it with laboratory measurements, and
combined it with an information-content analysis to estimate
detection limits for trace gas columns under realistic condi-
tions.

Our results indicate that reliably measuring CO; columns
in volcanic plumes remains challenging. Even under bright
sky conditions, the SNR is insufficient to resolve typical
plume enhancements with the precision required for robust
flux estimates. As a result, constraining CO, emissions via
plume transects would likely require alternative observa-
tional strategies or measurement concepts. In contrast, halo-
gen species such as HCl and HF are detectable at vol-
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canoes with high emissions. Their low atmospheric back-
ground concentrations result in substantially higher signal-
to-background ratios. The expected performance for a sky of
average brightness is comparable to that of the measurements
of Love et al. (1998, Fig. 2c), performed in the MIR with
bright cloud layers as the light source: they measured sig-
nals of 100 ppmm (250 ppmm) for HF (HCI) with a relative
precision of approximately 10 % in 8 min. Converting these
values using an air density of 1.5 x 10%° molec.m ™ yields
1.5 x 10'7 molec.cm~2 for HF and 3.8 x 10'7 molec.cm—2
for HCI. A precision of about 10 % of these values for mea-
surement times of 8 min is very similar to the respective av-
erages of our estimated performance ranges in Fig. 7 for both
gases. Such averaging times are still likely too long for plume
transect measurements, since a full scan of the plume would
require hours, even under bright sky conditions.

As an alternative to plume transect measurements, a multi-
instrument approach, in which the FTIR instrument mea-
sures only the plume enhancement, would be more promis-
ing: a co-aligned differential optical absorption spectroscopy
(DOAS) measurement (as in, e.g., Butz et al., 2017; Enders
et al., 2026) could extend the measurement to SO,, allowing
for the retrieval of gas ratios, which are in themselves already
a useful tool in volcanology. In combination with an SO,
observatory such as the NOVAC stations, this would then
give access to the emissions of HCl and HF. An additional
SO, camera could provide real-time information on the posi-
tion of the plume, ensuring that the FTIR and its co-aligned
DOAS instrument sample the center of the plume. While
constraining halogen emissions with such a setup seems fea-
sible, it is less likely for CO;: the lower sensitivity of the
measurement would probably restrict the approach to a sin-
gle retrieved value per day even under favorable conditions,
but more importantly, the high atmospheric background con-
centration of CO; and its variability make the retrieval itself
significantly more challenging. We therefore cannot rule out
CO; by this route, but any attempt would have to rest on the
multi-instrument approach and likely also on a measurement
concept of substantially better precision.

If an instrument such as the one described here, with po-
tentially better noise performance, were to be deployed for
remote sensing at a volcano, the follow-up challenge for ob-
taining meaningful information about plume gas concentra-
tions would be to develop accurate radiative transfer simula-
tions of the lightpath. The lightpath conceptually divides into
a component behind the plume, where sunlight is scattered
into the viewing direction, a component inside the plume,
where the targeted gas enhancements are accumulated, and a
component between the plume and the observer (Platt et al.,
2018). The solution to this problem largely depends on the
scattering properties of the background atmosphere and of
the plume in terms of aerosol load, aerosol types, and height
distributions, which are all highly variable and poorly con-
strained by external information for the instantaneous and lo-
cal measurements envisioned here. The complexity also de-
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pends on whether the target gas occurs in large background
concentrations such as for CO, or whether it only occurs
within the plume such as for HF and HCI. For the latter,
observations of the plume geometry might deliver sufficient
information to obtain a meaningful estimate of the respec-
tive plume concentrations, provided the plume is not too
opaque, so that the (infrared) sunlight can be assumed to
travel through the entire plume cross section. For the former,
one would need either accurate radiative transfer simulations
fed with accurate aerosol properties or a proxy gas that shares
the same lightpath but is not emitted by the volcano. In this
case, the radiative transfer problem is similar to the one en-
countered in UV SO, measurements (e.g., Kern et al., 2013).
For COy, such a proxy is typically methane (CH4), which
has a similar distribution of background concentrations but
is not emitted in relevant amounts by the volcano. CH4 also
has absorption features in spectral proximity to CO; (around
1650 nm), such that the spectral variation of the optical scat-
tering properties is mild enough to assume very similar light-
paths. Overall, the complexity of radiative transfer is a fur-
ther major challenge to the type of volcano remote sensing
we investigated here.

The limitations of the spectral measurement itself arise
fundamentally from the limited amount of scattered NIR
light and are largely independent of the specific spectro-
scopic implementation (FTIR in this study). Any method
aiming to overcome this limitation would likely need to ei-
ther collect substantially more light, restrict observations to
a narrow spectral region around the CO» lines to increase the
ratio of signal photons to irrelevant background photons, or
combine both approaches. Restricting the spectral range in-
troduces additional challenges: it can complicate the baseline
estimation and it reduces the information available to char-
acterize scattering in the retrieval. If the spectral range were
narrowed enough to improve the performance for a specific
trace gas appreciably, the measurement would likely be re-
stricted to that single species. A meaningful increase in the
light throughput also appears unlikely: the proposed instru-
ment already uses 2-inch optics, no suitable FTIR platforms
with larger optics are commercially available, and the added
size and mass would make the instrument too bulky and
heavy for field deployment. An increase in the FOV, achieved
either by enlarging the field stop (which is the detector size)
or by further shortening the focal length of the focusing op-
tics, is also unlikely to help: a larger detector quickly results
in worse noise performance, while a shorter focal length can-
not be realized with off-the-shelf mirrors and would lead to
significant alignment challenges and to detrimental effects
on the instrument line shape, and thus on the quality of the
spectral retrieval. Additionally, increasing the FOV beyond
that of the proposed instrument would quickly result in self-
apodization, reducing the effective resolution and with it the
spectral signatures of the trace gases. It is possible that a
setup with a reduced resolution (meaning a reduced maximal
OPD) and a larger FOV could still provide an overall perfor-
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mance gain, but the information content does not scale lin-
ear as Eq. (10) implies. A smaller maximal OPD also causes
a linear decrease in spectral sampling. This should result in
an effective scaling of the information content closer to the
inverse square root of the maximal OPD. So even if this pa-
rameter is tuned (and this would require a different develop-
ment platform) there is likely just a factor, not an order of
magnitude to gain and the detrimental impact of a decreased
spectral resolution on the trace gas performance is complex
and challenging to predict (Wilzewski et al., 2020).

Despite these constraints, the concept retains a decisive ad-
vantage in its viewing geometry: it depends neither on a hot
emission source nor on a favorable solar position, so the in-
strument can be pointed freely and operated continuously and
automatically, which is the prerequisite for monitoring rather
than campaign-style measurements. For the strongly emitted
halogens HCI and HF, the required measurement times are
short enough that such monitoring appears within reach, par-
ticularly when the FTIR measurement is combined with co-
aligned UV observations of SO;. For CO», the limiting factor
is the small plume enhancement relative to the large and vari-
able atmospheric background, which in addition leaves the
retrieval far more sensitive to errors in the radiative transfer.
Additionally, the detection limits reported here are a prop-
erty of the method and instrument concept and can therefore
be applied to any source whose expected column enhance-
ment is known. Anthropogenic super-emitters such as power
plants or industrial facilities, for instance, produce CO; en-
hancements far larger than those of a volcanic plume. For
such targets, CO, observations in sky-scattered sunlight may
well prove feasible, and a flexible viewing geometry would
be equally valuable there.

This study provides a systematic assessment of NIR FTIR
spectroscopy of sky-scattered sunlight, in general and for
volcanic applications in particular, and it identifies the lim-
itations of the concept. Turning the concept into an oper-
ational measurement requires two further steps: a retrieval
that solves the lightpath problem outlined above and, particu-
larly for the multi-instrument approach proposed here, the as-
sembly and co-deployment of the required instrumentation.
Alternatively, one could pursue a measurement concept that
overcomes the light-throughput and resolution constraints
identified in this study. The framework we used, i.e., an in-
strument SNR model combined with an information content
analysis anchored in actual measurements, applies equally to
other instruments, spectral regions, and target species, and
can guide such assessments before hardware is built.
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Appendix A
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Figure A1. Schematic of the EM27/SCAv2 instrument. On the right side is a modular pointing system in a robust and weatherproof housing.
It couples the captured light into an optical fiber and guides it to the spectrometer (on the left). In the spectrometer, the light is modulated by
the interferometer and imaged on the photodiode/detector. The front-end and sampling electronics process and digitize the signal and send it
to the PC. The imaging camera in the pointing system enables precise aiming and monitoring.

Table Al. Hardware parameters used in the instrument model and the corresponding assumption-based value ranges for the two instrument
versions considered in this study, the EM27/SCAv2 and the EM27/Volcano. The parameters of the EM27/SCAv2 are used to derive the
prediction interval shown in Fig. 3, while those of the EM27/Volcano are used for the performance predictions shown in Fig. 7. The total
optical transmission efficiency accounts for losses due to mirrors, windows, filters, the optical fiber, and the (non-ideal) beam splitter.

instrument part  parameter name  symbol EM27/SCAv2 EM27/Volcano
optics transmission (V) 0.52-0.67 0.52
focal length f 101.6 mm 50.8 mm
aperture area A (1000-1134) mm? 1000 mm?
étendue E (0.076-0.086) srmm?  0.304 srmm?
detector responsivity R(®) according to data sheet  according to data sheet
shunt resistance  Rgpunt (200400)k 2 100 M 2
temperature T (240-250) K 250K
digitization maximal OPD OPDpax  1.8cm 1.8cm
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be obtained from the authors upon reasonable request.
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