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Volcanic plume composition is strongly influenced by both changes in magmatic
systems and plume-atmosphere interactions. Understanding the degassing
mechanisms controlling the type of volcanic activity implies deciphering the
contributions of magmatic gases reaching the surface and their posterior chemical
transformations in contact with the atmosphere. Remote sensing techniques based on
direct solar absorption spectroscopy provide valuable information about most of the
emitted magmatic gases but also on gas species formed and converted within the
plumes. In this study, we explore the procedures, performances and benefits of
combining two direct solar absorption techniques, high resolution Fourier
Transform Infrared Spectroscopy (FTIR) and Ultraviolet Differential Optical
Absorption Spectroscopy (UV-DOAS), to observe the composition changes in the
Popocatépetl's plume with high temporal resolution. The SO, vertical columns
obtained from three instruments (DOAS, high resolution FTIR and Pandora) were
found similar (median difference <12%) after their intercalibration. We combined them
to determine with high temporal resolution the different hydrogen halide and halogen
species to sulfur ratios (HF/SO,, BrO/SO,, HC/SO,, SiF4/SO,, detection limit of HBr/
SO,) and HC/BrO in the Popocatépetl's plume over a 2.5-years period (2017 to mid-
2019). BrO/SO,, BrO/HCL, and HCU/SO, ratios were found in the range of (0.63 +
0.06to 114 + 0.20) x 10, (2.6 + 0.5t0 6.9 + 2.6) X 10 and 0.08 + 0.01 to 0.21 +
0.01 respectively, while the SiF4/SO, and HF/SO, ratios were found fairly constant at
(156 + 0.25) x 10~ and 0.049 + 0.001. We especially focused on the full growth/
destruction cycle of the most voluminous lava dome of the period that took place
between February and April 2019. A decrease of the HCI/SO; ratio was observed with
the decrease of the extrusive activity. Furthermore, the short-term variability of BrO/
SO, is measured for the first time at Popocatépetl volcano together with HCl/SO,,
revealing different behaviors with respect to the volcanic activity. More generally,
providing such temporally resolved and near-real-time time series of both primary and
secondary volcanic gaseous species is critical for the management of volcanic
emergencies, as well as for the understanding of the volcanic degassing processes
and their impact on the atmospheric chemistry.
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1 Introduction

Volcanic plume composition measurements allow detection of
significant changes in the magmatic processes from the magma
chamber to the most superficial levels (Francis et al., 1995;
and McGonigle, 2004) and
determining the degassing balance during eruptions (Gerlach and

Oppenheimer contribute to
Graeber, 1985). Among the main magmatic volatile species involved
in volcanic eruptions, halogens (F, Cl, Br, I) play a key role in the
extrusive processes, affecting the physico-chemical properties of
magmas (Dingwell and Mysen, 1985; Aiuppa, 2009), and having
major implications for their transport towards the surface, their
ascension speed, their potential to segregate a gas phase, their
eruptability and the eruption dynamics/explosivity. In particular,
based on their contrasted solubility in magma compared to sulfur,
the temporal variability of halogen-to-sulfur ratios in plumes
allowed deciphering the magmatic processes and eruptive
dynamics (Mori et al., 1993; Burton et al., 2007; Schipper et al.,
2019; Aiuppa et al.,, 2021).

For example, an increase of Cl/S ratios was observed during the
eruptive periods with respect to quiescent periods, at, e.g., Mount
Etna during the 2001 and 2002-2003 eruptions (Aiuppa et al., 2002;
2004; Notsu and Mori, 2010), which was interpreted in terms of
solubility-controlled fractionation. The variability of the HCI/SO,,
CO,/SO, in different eruptive contexts provides insights on the
transition between quiet and explosive regimes, and on explosion
mechanisms (Burton et al., 2007; Woitischek et al., 2020; Aiuppa
etal, 2021). Edmonds et al. (2002) observed an increase of the HCl/
SO, ratio at Soufriere Hills Volcano during lava extrusion,
illustrating the shallow decompressional degassing of Cl.

Some of these halogen derivatives are reactive in volcanic
plumes, obscuring the relationships between the plume
composition and the magmatic/eruptive processes, which require
both primary (magmatic) and secondary (in-plume) species to be
accounted for in degassing balances. In-plumes reactions include
SO, and HCI scavenging on volcanic ash (Martin et al., 2012;
Delmelle et al., 2018), uptake by sulfate aerosols (Edmonds et al.,
2003; Rodriguez et al., 2008; Riidiger et al., 2021), and halogen
chemistry (Bobrowski et al., 2007; Rudiger et al, 2021). The
conversion of SO, to sulfate aerosols can be significant over
periods humid
(Rodriguez et al, 2008), but seems to play a minor role in ash

long-term  observation under conditions
poor-plumes over a period of minutes to hours (McGonigle et al.,
2004; Voigt et al., 2014). On the other hand, the characterization of
the halogen activation mechanisms in volcanic plumes and their
reaction kinetics is critical for both long and short-term studies,
affecting the variability of primary species ratios and degassing
balances.

Among the halogen secondary species, BrO was measured for
the first time in a volcanic plume at Soufriére Hills (Montserrat) by
Bobrowski et al. (2003), and then at a number of other volcanoes
(Oppenheimer et al., 2006; Bobrowski and Platt, 2007; Kern et al.,
2009; Heue et al., 2011; Rix et al., 2012; Donovan et al., 2014; Glif$
et al,, 2015; Dinger et al., 2018; Warnach et al., 2019; Dinger et al.,
2021) including Popocatépetl (Boichu et al., 2011; Bobrowski and
Giuffrida, 2012; Platt and Bobrowski, 2015; Fickel and Delgado
Granados, 2017). Recent models succeeded in reproducing some
observations of plume compositions at different plume ages
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(Rudiger et al., 2021) and provide valuable information about the
lifetimes and conversion rates of the primary (HCl, HF, HBr) and
secondary (BrO, ClO, OCIO, BrOH, Br,, BrCl, BrONO,) halogen
species. However, the lack of simultaneous measurements of the
different halogens species leaves some input parameters poorly
constrained, and the influence of plume-mixing processes,
relative humidity, presence of aerosols, photochemistry and/or
redox conditions on the conversion rates remains still not fully
understood. A review of the main recent findings on this topic is
given in Gutmann et al. (2018). Some typical behaviors of the BrO/
SO, ratios with respect to the volcanic activity were described at
Mount Etna (Bobrowski and Giuffrida, 2012), Nevado del Ruiz
(Lubcke et al, 2014), Tungurahua (Warnach et al, 2019) and
Cotopaxi (Dinger et al., 2018), with low ratios prior to and
during eruptions and/or explosive activity, while higher ratios
occurred at the end of the eruptions or during passive degassing.
On the other hand, Aiuppa et al. (2005) observed a coherent
geochemical behaviour of halogen (F, Cl, Br, I) to sulfur ratios in
the Mount Etna’s plume before (increase of the ratio) and during
(decrease of the ratio) the 2004 eruption. Unless Cl and F partition
early in water/brines (Aiuppa, 2009; Shinohara, 2009), these species
are generally exsolved from magma shallower than sulfur. The
conditions of bromine exsolution from magma are not yet well
understood, and both shallow and deep origins are still considered
(Gutmann et al,, 2018), complicating the interpretation of the BrO/
SO, ratios in terms of magmatic processes.

SiF, is a byproduct of the reaction of HF with silicates either
within the conduit or during the ash transport in the plume (Love
et al,, 1998; de Hoog et al., 2005). FTIR spectroscopy is the only
method allowing its quantification together with HF (Mori et al.,
2002). This compound has been detected at a few volcanoes such as
Mount Etna and Satsuma-Iwojima, but especially at Popocatépetl
(Love et al., 1998; Stremme et al., 2011; Stremme et al., 2012; Taquet
et al,, 2017; Taquet et al,, 2019) where frequent ash-laden plumes
and vigorous degassing through successive dome extrusions favors
the formation of SiF, (de Hoog et al., 2005). The previous studies
evidenced that both formation modes occur at Popocatépetl (Taquet
etal, 2017; Taquet et al., 2019) and that the SiF,/SO, ratio increases
several minutes preceding (Love et al., 1998) and during dome-
related explosions (Stremme et al., 2011; Taquet et al., 2017).

Many primary magmatic species (H,O, CO,, SO,, HCI, HF,
HBr, CO, OCS, H,S) and their derivatives (BrO, OCIO, SiF,) can be
remotely measured using satellite and ground-based spectroscopic
techniques (from ultraviolet to thermal infrared) in both active and
passive configurations. A complete review of the different ground-
based techniques used to date for measuring and imaging the
different species in volcanic plumes is given in Platt et al. (2018).

The use of DOAS instruments to measure SO, and reactive
halogen species (BrO, OCIO) has proven to be simple and effective,
providing the possibility to automatize current instrumentation and
create robust monitoring networks (Galle et al., 2010) such as the
Network for Observation of Volcanic and Atmospheric Change
(NOVACQ). BrO/SO, ratios are measured by DOAS instruments
using scattered sunlight (Gutmann et al., 2018) and Glif3 et al. (2015)
additionally measured the OCIO species in the volcanic plume of
Mount Etna using Multi-AXis DOAS (MAX-DOAS). FTIR
spectroscopy has long been used to study the compositional
variability (SO,, HCI, HF, SiF,, CO,, OCS, CO, H,S) of volcanic
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plumes, mainly in open-path configuration, which requires an
intense IR source (lava fountains and lakes or artificial), limiting
its applicability. Solar occultation FTIR spectroscopy, using direct
these
measurements during passive and active degassing phases

sunlight overcomes some of limitations, allowing
(Francis et al., 1998; Oppenheimer et al., 1998; Burton et al,
2001; Stremme et al, 2011; Taquet et al., 2019). Few studies
(Love et al., 1998; Love et al., 2000; Smekens et al., 2023) present
simultaneous FTIR and UV measurements of volcanic plumes
composition using thermal emission (in the LWIR range) and
the solar radiation scattered by the atmosphere or clouds behind
volcanic plumes. Thermal emission measurements have been
performed recently at Popocatépetl (Taquet et al., 2017) and have
proven to complement direct solar absorption measurements. Using
thermal emission allows measuring with high frequency by just
pointing towards the volcanic plume, but solving the radiative
transfer and deriving the composition remain challenging (Love
etal., 20005 Platt et al., 2018). Butz et al. (2017) combined for the first
time direct-sun DOAS and FTIR measurements using portable
(EM27/SUN FTIR and UV spectrometers) to

simultaneously measure SO,, HCl, HF, CO,, BrO species in

instruments

Mount Etna’s volcanic plume. In such configuration, the different
instruments share the same line of sight and thus the same airmass.
This allows straightforward comparisons of the retrieved vertical
columns (VCs) and robust calculation of multiple volcanic species
ratios, making this method one of the most reliable and adaptable for
studying long-term variability of the volcanic plume composition.

In this contribution, we present 2.5 years (2017 to mid-2019)
of high quality multispecies compositional data of Popocatépetl’s
plume combining ground-based DOAS and FTIR direct-sun
measurements, with a focus over the most voluminous dome
growth and destruction episode (February-April 2019) of the
study period. The measurements were performed from the
Altzomoni (ALTZ) observatory, one of the few stations
pertaining to the Network for the Detection of Atmospheric
Composition Change (NDACC) and to the Pandonia Gobal
Network (PGN) located near a persistently degassing volcano.
The site instruments (a high resolution (HR)-FTIR coupled with
a DOAS and a Pandora spectrometers) and measurements benefit
from standardized protocols, intercalibrations and comply with
studied the
variability of both the primary and secondary species and of
their ratios (i.e., BrO/SO,, BrO/HCI, HCI/SO,, HF/SO,, SiF,/
SO,) in the volcanic plume during different phases of the dome

the measurement quality requirements. We

growth and relate it with the degassing processes and in-plume
reactions.

2 Popocatépetl volcano and
measurement site

Popocatépetl is an andesitic-dacitic stratovolcano of the trans-
Mexican volcanic belt, located 70 km SE of Mexico City. Its past
activity comprises destructive episodes of lateral flank collapses and
plinian phases. Its historical activity is characterized by cycles of
extrusion of lava domes and their destruction through a
combination of compaction and explosions (Campion et al,
2018), interspersed with quiet periods with continuous passive
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degassing (Taquet et al,, 2019). The long duration of the ongoing
eruption (>28 years at the time of writing) and its relatively high
degassing rate are ideal to explore the link between the volcanic
activity and the variability of the plume composition, which is one of
the few observable manifestations of the magmatic processes. The
previously reported short- or long-term time series of the HCI, HF,
SO,, CO,, SiF, species abundance and of their ratios in the
Popocatépetl’s plume (Goff et al., 1998; Love et al., 1998; Goff
et al., 2001; Gerlach, 2004; Stremme et al., 2011; Stremme et al.,
2012; Taquet et al, 2017; Taquet et al, 2019) gave valuable
information on the behavior of these species with respect to the
volcanic activity. However, the optimal combination of eruptive and
meteorological conditions for measurements is seldom met multiple
times during a single dome growth episode. We focused here on a
2.5-month time-series spanning the full cycle of construction and
destruction of dome 82 (according to reports of the local institution
in charge of the monitoring, i.e., Centro Nacional de Prevencion de
Desastres or CENAPRED). Following a relatively intense extrusive
activity during September-December 2018, with the succession of
the dome emplacement-destruction cycles #80 and #81
(CENAPRED daily reports; Caballero Jimenez et al, 2019),
January 2019 is marked by a powerful explosion on day 22,
apparently without a dome occupying the crater. Such explosions
are rare, but they became more frequent following the earthquakes
0f 2017 (Boulesteix et al., 2022). A crater overflight was operated on
day 27, which confirmed that the crater was still empty and that the
conduit was permeable. Caballero and Valderrama (2020) indeed
report the observation of a thermal anomaly coinciding with that of
Sentinel-2 data (see, e.g., Mounts processing, Valade et al., 2019) and
with the emission source of passive degassing plumes, as already
proposed in previous thermal imaging studies at Popocatépetl (e.g.,
Wright et al., 2002). Based on CENAPRED reports, following this
explosion and before the onset of the dome growth episode, daily
averages of ~15min of tremor, of 1.3 Volcano Tectonic (VT)
earthquakes and of 150 exhalations (local term for low intensity
explosions with little impulsive character) were recorded. On
15 February 2019, at approximately 2:55 UTC (14 February at
20:55, local time), the first 6 h-long LPs-tremor-explosions
segment of this dome growth episode started. Its manifestation at
the surface consisted in a “Strombolian-type” episode with sustained
ash-venting, ejecting incandescent blocks on the external slopes of
the cone. On 19 February 2019, an overflight confirmed the presence
of a voluminous dome inside the crater with 200 m diameter
(i.e., ~1.3Mm® according to Valade et al., submitted). Similar
3-9 h-long tremor segments were recorded over the next days
until day 27 summing to approximately 120 h. Another overflight
on 28 February confirmed that the dome 82 was still occupying the
crater. Between 26 February and 10 March 2019, 48 explosions were
reported by CENAPRED (Figure 5), some of which (e.g., 1 and
9 March 2019) expelled incandescent blocks on the external slopes of
the cone hundreds of meters downslope. This explosive activity
resulted in 69 VAAC alerts, 29 of which occurred between
5-8 March. Strong degassing during the overflight on 7 March
did not allow observations of the dome destruction. An image of
8 March in Google Earth offers a clear view on more than half of the
crater floor, showing a stepped profile of the walls and clear marks of
several explosions, confirming that the dome was destroyed during
this explosion sequence. Eleven additional and sometimes large
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explosions occurred until the end of March, with a large outreach of
the blocks that set fire to the highest altitude vegetation on 27 March
2019. The explosions ceased during April and the activity declined
significantly with, e.g., a threefold decrease of the number of
exhalations. Dome forming activity only returned in mid-July
(Caballero and Valderrama, 2020).

Currently, there are several strategies to remotely monitor the
emission of gases from Popocatépetl volcano, both in mobile
(Campion et al,, 2018) and static configurations (Taquet et al., 2017;
Schiavo et al., 2019; Taquet et al., 2019; Arellano et al., 2021). Since 2012,
the installation of the ALTZ Atmospheric Observatory in the Izta-Popo-
Zoquiapan National Park, 11 km from the Popocatépetl crater, allowed
the ICAyCC-UNAM team to perform not only atmospheric
measurements, but also volcanic plume measurements using solar,
lunar absorption (Stremme et al., 2012; Krueger et al., 2013; Taquet
et al,, 2019) and thermal emission (Stremme et al., 2011; Stremme et al.,
2012; Taquet et al, 2017) FTIR spectroscopic techniques. This site
benefits from a number of advantages such as open and direct view
to the volcano, a high altitude to minimize the interferences from water
vapor and anthropogenic pollutants, a safe distance from the crater and
from abundant ash-falls, and the availability of operational services
(power and communication). Apart from the HR-FTIR spectrometer (a
Bruker IFS-125HR), the station was also equipped with meteorological
instruments, visible cameras, in-situ gas analyzers for atmospheric and
environmental monitoring, among other instrumentation. Additionally,
remote sensing equipments including a UV camera, a Pandora, another
DOAS spectrometer coupled with the HR-FTIR instrument and a low-
resolution FTIR spectrometer (a Bruker EM27-MIR), occasionally allow
measuring  Popocatépetl's plume composition with different
configurations (solar absorption, thermal emission, UV scattered-light
mode).

3 Instrumental set-up and analysis
procedures

In this study, we direct solar
measurements performed from the ALTZ station using the
HR-FTIR/DOAS and  the

spectrometer over a period of 2.5years (2017-mid 2019).

present absorption

coupled set-up, Pandora
Plume measurements with this configuration are possible on
days with clear sky conditions and only during favorable wind
conditions, at times when the volcanic plume and the instrument
are aligned with the Sun. Since both the DOAS instrument and
Pandora are based on the DOAS technique, we hereafter referred
to the DOAS integrated in the coupled HR-FTIR/DOAS set-up as
“S2000 DOAS,” and as “Pandora” for the Pandora instrument. In
the same way, the DOAS measurements made by the Pandora will
be referred to as “Pandora measurements” while the DOAS
measurements of the HR-FTIR/DOAS set-up will be referred
to as “S2000 DOAS measurements.”

3.1 The combined FTIR-DOAS solar
absorption measurements
A solar tracker (Camtracker; Gisi et al.,, 2011; Gisi et al., 2012;

Gisi, 2012) located on the roof of the station collects the direct solar
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beam and reflects it into the container (see, e.g., Plaza-Medina et al.,
2017; Taquet et al., 2019). A part of the solar beam is directed by
mirrors toward the entrance of the S2000 DOAS optical fiber and the
other part towards the FTIR spectrometer aperture (Figure 1).
The Bruker IFS-125HR FTIR spectrometer can provide a
(OPDmax) of 257cm
resolution of 0.0035 cm™’

maximal optical path difference

corresponding to a spectral
(resolution = 0.9/0PDmax). The spectrometer operates with
either KBr or CaF, beam splitters, three different detectors
(MCT, InSb and InGaAs) and a set of seven optical filters
installed in a rotating wheel. A remote control liquid-nitrogen
filling system assures that the MCT and InSb detectors are
properly cooled. The measurement routine was programmed to
acquire high (0.005 cm™), moderate (0.02 cm™) and low (0.1 cm™)
resolution spectra in the near-infrared (NIR) and mid-infrared
(MIR) spectral ranges using the different filters. The complete
normal-mode sequence lasts ~20 min. Every time the volcanic
plume is observed in the optical path of the instrument, the
acquisition is switched to a faster sequence, keeping only the NIR
and the low resolution acquisitions with the NDACC filters three
and 6 (~5min for a complete sequence). The field of view varies
between 2 and 4 mrad, depending on the used optical filter and
measurement configuration.

For the DOAS measurements, spectra were collected using an
Ocean Optics S2000 spectrometer (spectral resolution of ~0.6 nm)
combined with an optical fiber and a band-pass filter (Hoya U330)
which blocks visible light with wavelength between 360 and 640 nm.
$2000 DOAS spectra were acquired using the DOASIS software
(Kraus, 2006) adjusting automatically the exposure time to the Sun
intensity. Collected spectra were averaged so that a final collection
time of 1 min was achieved.

The container is thermally stabilized to provide optimal
operating conditions for the different instruments. A remote-
controlled dome cover and a microwave communication system
(50 km line of sight to the university campus) allow us to fully
control and perform the measurements remotely.

3.2 The Pandora measurements

A Pandora instrument (number 65) was implemented in the ALTZ
station in 2018, and the data products have been available since January
2019. The Pandora head sensor is installed on the rooftop of the
container, and points accurately to the Sun with a 2.5 field of view
(FWHM SunFOV) using its own solar tracking system (SciGlob/NASA
tracker). The head sensor is connected through an optical fiber to an
Avantes spectrometer located in the thermally stabilized FTIR container.
The spectrometer (model Avantes AvaSpec ULS 2048x64) has a 0.6 nm
resolution (FWHM) covering the spectral range from 280 to 530 nm.
Different bandpass and neutral density filters can be chosen and
combined inside the optical head by two filter wheels, so that a large
range of intensity is covered by the instrument and direct and indirect
Sun or Moon light can be recorded. The measurement routine starts
automatically in the morning, collecting direct solar spectra, but also
hourly indirect sunlight spectra (zenith sky measurements, pointing
above the crater and MAXDOAS-type measurements). During night
time, lunar spectra are recorded, if possible. Spectra are sent to the central
server of the PANDONIA Global Network (PGN, https://www.
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FIGURE 1
Set-up of the Pandora, HR-FTIR and S2000 DOAS instruments at the ALTZ station. (A) Global view of the instruments installed on the roof of the
ALTZ station. (B) Instrumental set-up for the combined DOAS-FTIR measurements.

TABLE 1 Retrieval settings used for the $2000 DOAS and Pandora spectra analysis.

Instrument/Target Nelaicl Interference Cross sections

species windows (nm) species

52000 DOAS

SO, 312.0-326.8 0O; SO, at 298 K (Vandaele et al., 2009), O3 at 221 K (Burrows et al., 1999)

BrO 330.6-356.3 SO,, 03, O4, NO,, OCIO | BrO (Wilmouth et al,, 1999), SO, at 298 K (Hermans et al., 2009), O3 at 221 K
(Burrows et al,, 1999), O4 (Hermans et al.,, 2003), NO, at 293 K (Voigt et al.,
2002), OCIO at 293 K (Bogumil et al.,, 2003)

Pandora

SO, 306.0-326.4 03, NO,, HCHO, SO, (Vandaele et al., 2009), O; (Serdyuchenko et al., 2013), NO, (Vandaele et al.,

HONO, BrO 1998), HCHO (Meller and Moortgat, 2000), HONO (Stutz et al., 2000) and BrO

(Wilmouth et al., 1999)

BrO (from the PGN HCHO 322.5-359.2 SO,, 03, NO,, HCHO, O3 (Serdyuchenko et al.,, 2013), NO, (Vandaele et al., 1998), SO, (Vandaele et al.,

algorithm “fus5”) HONO 2009), HCHO (Meller and Moortgat, 2000), HONO (Stutz et al., 2000), and BrO
(Wilmouth et al., 1999)

pandonia-global-network.org/) where the data are processed and  PGN retrievals follow the Cede et al. (2021) Total Optical
analyzed. Absorption Spectroscopy approach. It is based on non-linear
least square fitting of the absorption cross-sections of multiple
atmospheric absorbers to the spectra, and uses a synthetic solar

3.3 Data analysis absorption reference spectrum, constructed from the measurements

of the same spectrometer. SO, is fitted in the 306-326.4 nm spectral
3.3.1 UV analysis range (Table 1) with a fourth order smoothing polynomial function
3.3.1.1 Pandora data processing and includes the following cross sections: SO, (Vandaele et al,

In this study, we utilized the L2-rsus1p1-8 products available in ~ 2009), O; (Serdyuchenko et al., 2013), NO, (Vandaele et al., 1998),
the PGN server, in which the SO, total columns are retrieved using ~ HCHO (Meller and Moortgat, 2000), HONO (Stutz et al., 2000) and
the code “sus1” of the BlickSFA algorithm (Cede et al,, 2021). The ~ BrO (Wilmouth et al.,, 1999). Additionally, we explored the BrO
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Example of fit of SO, analyzed in the 312.0-326.8 nm spectral window from the S2000 DOAS measurements at ALTZ station performed on
20 February 2019 using (A) the measured reference (Rmeas) and (C) the RSAO reference. The corresponding residues are presented in (B,D), respectively.
The retrieved slant column density (SCD, in molec/cm?) is shown in the legend.

slant columns density (SCD) product, one of the outputs of the PGN
“fus5” algorithm, officially used to retrieve the HCHO species in the
322.5-359.2 nm spectral range. In this algorithm, all of the O3, NO,,
SO,, HCHO, HONO, BrO species are fitted using the cross sections
reported in Table 1. We converted the BrO SCDs to VCs to be
compared with the $2000 DOAS products. Further details about the
fitting procedures and calibrations can be found in Cede et al.
(2021).

3.3.1.2 S2000 DOAS data processing

The UV spectra from the S2000 DOAS spectrometer were
analyzed using the QDOAS software version 2.111 (Danckaert
et al,, 2013), developed by BIRA-IASB, which retrieves the SCDs
of trace gases from the measured spectra, using a Marquardt
Levenberg Non-Linear Least Squares (NLLS) Fitting algorithm.
Wavelength calibration and slit function files were created with a
low-density mercury lamp and were used as inputs in the QDOAS
retrieval. An electronic offset correction was also measured and
applied in the spectra analysis. SO, was retrieved in the
312.0-326.8 nm spectral window (Table 1) following the Butz
et al. (2017) procedure. In the retrieval, two cross sections were
used: SO, at 298 K (Vandaele et al., 2009) and O3 at 221 K (Burrows
et al, 1999) as an interfering gas and a fifth-order polynomial
function was included in the fitting routine to remove broad

Frontiers in Earth Science

06

band extinction. Intensity offset, non-linear wavelength shift and
first order stretching corrections were included in the DOAS fit
settings. In contrast to the scattered light radiance measurements,
the direct-sun configuration is not affected by the Ring effect
(Herman et al, 2009), so that we did not include it in the
retrieval. The retrieval of SO, was performed applying two
different strategies based on two different references. The
“DOAS_v1” product is produced using the high resolution solar
reference spectrum from Chance and Kurucz (2010) (“sa02010_
solref air.dat™ hereafter “RSAO”), and the “DOAS_v2” product
obtained with a measured clear sky reference spectrum (hereafter
“Rmeas”) acquired on 17 February 2019 with a solar zenith angle
(SZA) close to zero. Fits and residuals obtained from the two
strategies are presented in Figure 2. The use of a measured
reference significantly improves the SO, fits, limiting the effect of
interfering atmospheric gases and avoiding structures of the solar
spectrum. To correct the 10 effect (Platt and Stutz, 2008), QDOAS
performs an on-line approximation by correcting the cross sections
with the high resolution solar Fraunhofer spectrum, considering a
fixed predefined SCDIO. The I0 effect was corrected as following for
the full time series: six SO, retrievals were performed using the
QDOAS 10-correction algorithm for fixed SO, slant column values
0f 0.0, 1.0 x 10"%, 2.0 x 10"%, 3.0 x 10"%, 4.0 x 10"%, 5.0 x 10"®* molec/
cm? (the latter is close to the maximum uncorrected slant
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Example of fit of BrO analyzed in the (330.6—-356.3 nm) spectral window from the DOAS measurements at ALTZ station performed on 20 February
2019. The retrieved slant column density (SCD, in molec/cm?) is shown in the legend.

column). For each uncorrected datum, the most adequate 10-
correction was interpolated from the five retrievals, depending
on their slant column values. Only one iteration was required,
since the difference between the slant columns obtained after
the second and third iteration was lower than 1% of the retrieval
error, so that the convergence was achieved after the second
iteration. The O3 cross section was also 10-corrected using the
fixed slant column value of 1.0 x 10'° molec/cm?, measured at
Altzomoni by Plaza-Medina et al. (2017).

BrO was analyzed in the 330.6-356.3 nm spectral window
(Table 1) according to Glif} et al. (2015), including the following
cross sections: BrO at 298 K (Wilmouth et al., 1999), SO, at 298 K
(Hermans et al.,, 2009), O3 at 221 K (Burrows et al.,, 1999), O,
(Hermans et al., 2003), NO, at 293 K (Voigt et al., 2002), OCIO at
293 K (Bogumil et al.,, 2003) and a third-order polynomial function
was included in the fitting routine. The I0 correction was applied to
the Oj cross-section. For the reference spectra, the same measured
spectrum (Rmeas) as for the SO, retrieval was used. OCIO was
tentatively quantified from the same spectral window and settings,
but it was not detected during the study period. Figure 3 shows an
example of a BrO fit from DOAS measurements at ALTZ station.
Data affected by the presence of clouds or without volcanic plume
contribution were discarded using the SO, slant column
uncertainties calculated by the QDOAS algorithm (based on the
fit uncertainties) from the SO, analysis. We only consider data for
which the relative SO, retrieval uncertainties were <20%. DOAS SO,
and BrO SCDs were then converted into VCs to be compared with
the FTIR and Pandora products, by dividing them by the SZA-
dependent air mass factor (1/cos (SZA)).

Frontiers in Earth Science

3.3.2 FTIR analysis

SO,, HCI, HF, and SiF, are retrieved from the high, medium and
low resolution FTIR spectra using the PROFFIT9.6 retrieval code
(Hase et al., 2004). Retrieval settings and strategies are detailed in
Taquet et al. (2019) and summarized in Table 2. Examples of SO,,
HCl, HF, and SiF, fits are given in supplementary material
(Supplementary Figures S3-S7). Importantly, this set-up allows
the sequential analysis of the following pairs of gas species: SO,
and HCI (InSb detector, NDACC filter 3), HF and HCIl (InGaAs
detector, Open) and SO, and SiF, (MCT detector, NDACC Filter 6),
corresponding to different spectral regions (see Table 2). The
different SO, (and HCIl) products obtained using the different
spectral ranges were calibrated and combined according to our
previous study (Taquet et al, 2019). The only change with
respect to Taquet et al. (2019) is the inclusion of the new
spectral parameters for SiF, measured by Boudon et al. (2020),
allowing retrievals of SiF, from both high (0.005cm™) and low
(0.1 cm™) resolution spectra. An estimation of the total error in the
retrieved total columns is calculated by the PROFFIT code for all
retrievals and includes systematic and statistical errors from
different sources, such as the noise, baseline with channeling,
Instrumental Line Shape (ILS), Line Of Sight (LOS) and
spectroscopic parameters. The error analysis for this ALTZ
instrument is described in more detail by Plaza-Medina et al.
(2017). The channeling error (frequencies and amplitudes) for
the instrument has been recently characterized and described by
Blumenstock et al. (2020).

To evaluate the bias resulting from the use of the new
spectroscopy in the SiF, analysis, we re-evaluated the SiF, VCs
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TABLE 2 Spectral ranges and retrieval strategies (detailed in Taquet et al., 2019) applied for the SO,, HCI, HF, and SiF, analysis from the FTIR data. TP refers to a
profile retrieval with a Tikhonov-Phillips regularization, and Sc to a scaling retrieval.

Spectral windows (cm™), (NDACC filter number, detector) Spectral resolution (cm™) Retrieval strategy

SO, (2480.0-2520.0), (# 3, InSb) 0.1 and 0.005 Sc
(1120.0-1180.0), (# 6, MCT)

HCl  (2727.0-2728.5); (2775.0-2776.50); (2818.75-2820.35); (2820.75-2822.35); (2843.0-2844.4); 0.1 and 0.005 TP
(2903.35-2904.85); (2923.0-2924.50); (2925.0-2926.75); (2942.0-2943.5); (2960.3-2961.825);
(2962.3-2964.0); (2995.0-2996.5), (# 3, InSb)

(5738.0-5740.0); (5767.0-5767.8); (5779.2-5779.9), (Open, InGaAs) 0.02
HF (3999.0-4003.5); (4036.5-4041.0), (Open, InGaAs) 0.1, 0.0075 and 0.02 TP
SiF, (1015.0-1035.0), (#6, MCT) 0.1 and 0.005 Sc
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FIGURE 4
(A) Correlation plot of SO, VCs obtained from S2000 DOAS, Pandora, and FTIR instruments. (B) Determination of calibration factors with respect to

the FTIR SO, product. Fit parameters are reported in Table 3.

TABLE 3 Linear fit parameters obtained from the intercomparison of the FTIR, S2000 DOAS and Pandora SO, products. R? stands for the determination coefficient.

Products Regression label Slope? Intercept (molec/cm?) R?
FTIR vs. DOAS_v1 yl 1.08 + 0.02 (~4.48 + 1.05) x 10' 0.90
Pandora vs. DOAS_v1 y2 0.92 + 0.01 (-5.56 + 0.91) x 10'® 0.94
DOAS_v2 vs. DOAS_vl y3 0.85 + 0.01 (~5.34 + 0.16) x 10' 0.99
Pandora vs. FTIR y4 0.88 + 0.02 (~8.17 + 4.04) x 10" 0.90
DOAS_v2 vs. FTIR y5 0.82 + 0.01 (~1.13 + 0.40) x 10'° 0.90

“Errors in the slope and intercept are given with a confidence interval of 0.95.

from the most significant SiF, events recorded at ALTZ on 06 March ~ The so-generated airmass-dependent function was used for the
2015 (Taquet et al,, 2019). The re-analysis of the low resolution = whole time series and the intraday variability of SiF, was
spectra provided SiF, columns slightly lower than previously = removed. Apart from increasing the number of SiF, data in the
published, by a factor of (0.94 + 0.03) with a determination  time series, the SiF, analysis from the high resolution spectra allows
coefficient (R?) of 0.96. The spectral fits are only slightly  obtaining much lower total errors in the VCs than that for the low
improved, but still a systematic artefact depending on the SZA,  spectral resolution. For SiF, total columns higher than 2 x
likely due to spectral interferences, was observed in the new SiF; 10" molec/cm?®, the SiF, VCs total errors are lower than 20%,
time series. An empirical post-correction was applied to reduce this ~ while those obtained from the low resolution spectra occasionally
effect. A mean SiF, VC was calculated for all SZA (using bins of 5°).  reached 60%.
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FIGURE 5

SO,, HCl, HF, BrO, and SiF4 VCs measured using S2000 DOAS, Pandora and FTIR instruments during the February—April 2019 period. The daily
number of measurement hours and the number of hours affected by the presence of the volcanic plume are presented in the upper panel.

The quality control procedure described in Taquet et al. (2019) is
applied for the different target species and an additional filter
selecting SO, columns with relative total error <50% discards
data with important uncertainties (presence of clouds, low
signal, etc.).

4 Results

4.1 Intercomparison between the different
instruments

4.1.1 SO, VCs from S2000 DOAS, FTIR, and
Pandora

The intercomparison between the SO, VCs obtained from the
FTIR, S2000 DOAS, and Pandora instruments is shown in Figure 4.
Data pairs were chosen with a coincidence criterium equal to 1 min.
Equations of regression lines (including uncertainties) are given in
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Table 3. SO, vertical columns obtained from the DOAS
measurements using the two different strategies described in
Section 3.3.1 (DOAS_vl vs. DOAS_v2) are perfectly correlated
(Figure 4A, in green) with a slope of 0.85 = 0.01 (y3) and a
determination coefficient of 0.99. In comparison with the DOAS
products (measured with the highest temporal frequency), a good
correlation (R* > 0.90) is observed in Figure 4A (Table 3) for the
FTIR (y1) and Pandora (y2) SO, VCs products. The DOAS_v2 and
the calibrated official Pandora SO, products are consistent, with
respective bias of 0.85 + 0.01 (R* = 0.99) and 0.92 + 0.01 (R*> = 0.94)
to the DOAS_v1 product. Using the pre-calibrated RSAO reference
(DOAS_v1) in the QDOAS retrieval instead of a “measured
reference” allows obtaining “absolute” vertical columns directly
those
(Herman et al., 2009). However, the use of a measured reference

comparable with obtained from other instruments
(DOAS_v2 product) has the advantage to considerably reduce the
noise in the absorbance spectrum (Figure 2) improving the fits and

minimizing the total errors. The possible contamination of the
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FIGURE 6

SO,, HCL, HF, BrO, SiF4 VCs intraday time series captured on the (A) 16 February 2019 and (B) 18 February 2019 using the S2000 DOAS, FTIR and
Pandora instruments. For SiF4, open and full circles correspond to the low and high resolution products, respectively. The BrO from the Pandora
instrument [third (A) and (B) panels, in green] corresponds to a non-official PNG product and is only indicative of the S2000 DOAS and Pandora BrO VCs
agreement. The lower panel shows the time series of the HCl/SO,, HF/SO, (x5) and BrO/SO; ratios. See text for more details.

measured reference, however, has to be evaluated. For this, the
measured reference used in the DOAS_v2 retrieval was pre-
evaluated regarding its SO, content using a literature solar
background spectrum as a Fraunhofer reference spectrum
(Chance and Kurucz, 2010) which was convolved with the
instrumental line spread function. The resulting SO, abundance
of 9.1 x 10" molec/cm’ is of the same order of magnitude as the
mean fit error (5.0 = 4.0 x 10'® molec/cm?) of the SCDs and can be
considered negligible in our measurement conditions.

Because of our longtime record of FTIR measurements at the
ALTZ station (Stremme et al., 2009; Stremme et al., 2011; Stremme
et al., 2012; Taquet et al., 2017; Taquet et al., 2019), the FTIR SO,
product is hereafter used as our absolute reference, and the
calibration factors defined in Figure 4B and reported in Table 3
were applied to the Pandora and DOAS_v2 products. The
intercomparison was also examined at the intraday scale for
different days, as shown in Figures 6A, B and Figures 7A, B,
capturing explosive and passive degassing events during the
dome growth episode of February 2019. The superimposition of
the SO, VCs (median difference <12%) from the three instruments
highlights the possibility to combine them, increasing the time
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resolution of the SO, time series and providing more pairs of
coincident data for the calculation of the ratios.

4.1.2 BrO VCs from S2000 DOAS and Pandora

The Pandora and the DOAS BrO detections occurred on the
same days (on the 16, 18 and 20/02/2019) during our 2.5-month
time series. At the intraday scale (Figure 6), the BrO VCs from the
two instruments agree within their uncertainties. However, the two
time series are not well correlated (R* of 0.74) and show a slope
DOAS/Pandora around 1.2. The PGN “fus5” retrieval is indeed not
optimized for recovering BrO which is not a PGN official product, so
that we will not consider it further for combination with the other
products.

4.2 SO,, HCl, HF, BrO and SiF4 VCs
measurements in the Popocatépetl's plume
The combination of the DOAS-FTIR instruments allowed the

joint detection of more than 80 volcanic events during the whole
measurement period (01/2017-05/2019), but the most significant
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FIGURE 7

Same as Figure 6 for (A) 20 february 2019 and (B) 11 March 2019.

SO,, HCI, HF, BrO, and SiF, columns were recorded during the
main dome growth episodes. BrO was only detected during two
(December 2017 and February 2019) of the 11 dome growth and
destruction episodes that occurred during our 2.5-year time
series (public CENAPRED annual and daily reports: https://
www.cenapred.unam.mx/reportesVolcanGobMX/). The
February-March 2019 dome growth episode is the only one
during which we capture the volcanic plume over several
consecutive days with the three (FTIR, S2000 DOAS and
Pandora) instruments, with optimal meteorological conditions.
Indeed over the 77 days of the period February-April 2019,
67 allowed measuring at least 1h with the solar absorption
configuration, cumulating a total of 558 h of measurements.
The volcanic plume was captured by the different instruments
over 118 h, distributed over 33 days. Figure 5 reports the SO,,
HCI, HF, BrO, SiF, time series during this crisis, concurrently
with the tremor duration (from the daily CENAPRED reports),
generally associated with short-term (several hours) extrusive
periods. During this episode, we distinguished three main activity
periods (see Introduction): P1 (15 February-26 February 2019),
dominated by the dome growth manifestations such as
“Strombolian-type activity” accompanied by spasmodic
tremor; P2 (26 February-16 March 2019) characterized by the
occurrence of strong explosions accompanying and following the
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dome destruction; and P3 (16 March-18 April 2019) with low
volcanic activity and without dome occupying the crater.
Appreciable SO, columns were detected from 6 February 2019,
at the same time as a small HCl and HF enhancement, unfortunately
difficult to fully characterize on this day because of an unexpected
interruption of the FTIR measurements. After that, even if small SO,
short-term events were occasionally captured during the following
days, the hydrogen halide and active halogen species VCs remained
close to their detection limits until the first Strombolian-type
episode started (on 15 February 2019). High SO,, HCl, HF and
BrO VCs were recorded during both the P1 and P2 periods, while
significant columns of SiF, were only detected during P1. During P1,
we captured volcanic plumes emitted between tremor episodes,
sometimes accompanied with Strombolian-type phases (on 16,
18, 20, 21, and 22 February 2019). Two of these detections were
facilitated by optimal northward wind conditions, driving the plume
toward the ALTZ station for several hours. During P2, we captured
an explosion plume (on 7 March 2019) and passive degassing (on 6,
11, and 15 March 2019). Examples of intraday time series
corresponding to the different phases of the dome growth cycle
are presented in Figures 6, 7. Intraday ratios are also calculated
“point by point” from the measurement pairs to show the intraday
variability of each species with respect to that of SO,. Such ratios,
occasionally combining VCs from different instruments (HF/SO,)
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TABLE 4 Linear fit parameters obtained from the correlation plots as presented in Figures 8 and 9. R? stands for the determination coefficient.

Species ratio

Regression label; Date

Intercept

(molec/cm?)

BrO/SO, yla; 24/12/2017 (1.14 £ 02) x 10 (9.45 + 1.70) x 10 0.83
y1b; 20/02/2019 (8.70 + 0.82) x 10°° (3.86 + 0.84) x 10" 0.66
vyl 16/02/2019 (6.28 + 0.65) x 10°° (4.46 +9.93) x 102 0.86
BrO/HCl y2a; 24/12/2017 (6.94 + 2.67) x 107 (6.10 + 4.13) x 10 0.89
y2b; 20/02/2019 (3.89 + 0.33)x 10 (3.59 + 0.76) x 10 0.84
y26; 16/02/2019 (2.60 + 0.55) x 107 (0.6 + 1.7) x 10 0.92
HCI/SO, y3a; from 16/02 to 25/02/2019 (021 + 0.01) (1.90 + 2.20) x 10™ 0.98
y3b; from 07/03 to 15/03/2019 (0.16 + 0.01) (1.34 +1.27) x 10' 0.96
y3¢; from 15/04 to 18/04/2019 (0.08 + 0.01) (142 + 0.12) x 10" 0.92
HF/SO, y4; from 16/02 to 18/04/2019 (0.049 + 0.001) (1.45 + 1.44) x 10" 0.96
SiF4/SO, Figure 9 (1.56 + 0.25) x 107 (2.08 + 1.87) x 10" 0.96

“Errors in the slope and intercept are given with a confidence interval of 0.95.

and/or built upon species acquired within 1 min intervals, may be
affected by noise errors and shall only be considered as indicative.
For the longer-term comparison of the plume chemistry, we prefer
the ratio obtained from daily correlation plots, averaging the noise
and very short-term variations. Plume ages (+1 min) were estimated
from the ALTZ webcams, capturing images every minute. All
mentioned times are local winter times (UTC-6).

On 16 February 2019, our measurements take place during a
passive degassing episode, a few hours after a ~3-h long
Strombolian-type episode. An abrupt increase of SO, VCs was
detected at 11:30, recording the arrival of the plume in the FTIR
line of sight. This plume, aged of ~20min and free of ash,
corresponds to a continuous degassing period between two
Strombolian-type episodes (from ~1:30 to ~4:30 and from ~16:
00 to ~20:30), in the early phases of the dome construction. BrO was
initially detected at the same time as SO,, and abruptly increased
around 12:05, as well as HF and HCI VCs. SO, and BrO are well
correlated after this event (regression ylc in Table 4; Figure 8). The
intraday BrO/SO, time series shows a small but statistically
significant increase (>2 x Ratio error) between 11:45 and 13:00,
coinciding with an apparent increase in the degassing (station’s
webcams). Although the time resolution of the FTIR time series is
less than that of DOAS, HCI/SO, seems to show similar variations.
The SiF, species is also detected on this day but with a very low
abundance, close to its detection limit (VCs <10).

On 18 February 2019, we captured an ash-poor plume from
continuous degassing during several hours, immediately following
the end of a weak Strombolian-type episode (~21:30 to ~7:30 from
CENAPRED reports) with few extra-crater projections. After a
strong drop of ~30 min duration in the degassing activity (from
~6:30), an explosion occurred at 07:04, preceding the beginning of
our measurements. Our measurements captured the return to a
higher degassing regime. Wind speed was evaluated to more or less
20 m/s this day (from the GDAS/NOAA model), and the plume age
can be estimated to be ~15 min using the station webcam. The HF,
HCI, and SO, column variations remained perfectly correlated
between them during the whole measured period as highlighted
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by the relatively constant HCl and HF to sulfur ratios of 0.20,
0.05 respectively. Although the intraday variability of the BrO VCs is
the same order of magnitude as its total error, the BrO/SO, is less
affected and allows observing a progressive decrease between 07:
30 and 09:30. This decrease is mainly controlled by an increase in
SO, columns during this period. Although the error of SiF, VCs is
also important, its time series follows the general trend of the other
species.

On 20 February 2019 (Figure 7A), the measurements started
during an ~11-h long tremor episode and captured an ash-free
plume, corresponding to continuous degassing. The wind conditions
in the early morning drove the plume towards the ENE reaching the
instruments field of view in about 21 min. At 07:52, a puff occurred
(Supplementary Figure S2, supplementary material), and the plume
reached the measurement line of sight at ~ 08:11. At ~8:45, the wind
field changes towards the NE accompanying the rising Sun and the
plume was progressively driven towards the station. A small puff
occurred at 10:10, and an apparently more condensed plume was
observed from 10:40 to 12:00 (Supplementary Figure S2,
supplementary material). Despite the low time resolution of the
FTIR measurements, SO,, HCl and HF time series have a similar
behaviour, with coincident peaks at 08:20 and 11:25. BrO VCs are on
average about a factor of 1.5 higher than that observed on
18 February 2019, and although its variability is different from
that of the other species, it shows the same significant peaks at 08:
20 and 11:25. The peak observed at 08:20 coincides with the
arrival of the first puff plume in the optical path of the
instrument. The BrO/SO, linearly decreases with time until
~9:30 when it reaches a plateau, increases again from 10:15 to
10:50 and finally drops again until the end of the measurements.
HCl/SO, and HF/SO, oscillate around their average ratio, except
for the slight decrease of HF/SO, at the beginning of the time
series until ~9:00. SiF, is detected over a short period (<30 min,
two measurements: 7.2 x 10"* molec/cm?®) with VCs much higher
than those of the other presented days, closer to the values
recorded on 6 March 2015 (1.2 x 10'®molec/cm? Taquet
et al, 2019). The BrO/SO, peak at 10:50 coincides with the

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1062699

Taquet et al.

10.3389/feart.2023.1062699

FIGURE 8

A 5 24/12/2017
1u_ BrO/SO 16/02/2019
o 2 " 20/02/2019
o3 14 | =
£ x10 E
2 (S}
o <
S 210 o
S 2x |
\E/ ~
o
5 @
o 1x10™1
0
0 1x10'®  2x10"  3x10%®  4x10'®
SO, (molec/icm?)
5x10'74 122017 02 03 04 (2019) (y3a)
HCI/SO,
< 4x10"74 R
: k=
8 L
9 3x10"7+ S
£ s
- E
- 17
5 2x10'74 £
B I
1x10"7+ )
"(y30)
ol Yy

0.5x10"® 1.0x10'® 1.5x10'® 2.0x10'® 2.5x10'"®
SO, (molec/cm?)

0.0

B « 24/12/2017
soxio™.  BrO/MCI 16/02/2019
: u 20/02/2019
2.5x10™ ‘(yZa) (y2b)
LOX 1
2.0x10™+
1.5x10"
1.0x10™
0.5x10™
0.0
0 1x10" 2x10" 3x10' 4x10" 5x10"7 6x10"7
D HCI (molec/cm?)
122017 02 03 _ 04 (2019)
|
1.ox07| HF/SO, w5 (y4)
0.5x10"74
0.0

0.5x10"® 1.0x10™® 1.5x10"® 2.0x10"®
SO, (molec/cm?)

0.0

Correlation plots of (A) BrO vs. SO, (B) BrO vs. HCL, (C) HClvs. SO, and (D) HF vs. SO, VCs combining DOAS and FTIR data on 24 December 2017 and
during the February—April 2019 dome cycle. The BrO/SO,, BrO/HCI, HCl/SO, and HF/SO; ratios were determined from the slopes of the correlation

plots.

1.00E+016

8.00E+015

11/01/2018
08/02/2018
16/02/2019;
18/02/2019
20/02/2019
22/02/2019

6.00E+015

(molec/cm?)

" 4.00E+015 -
7]

2.00E+015

0.00E+000

0.00E+000

FIGURE 9

T T T T !
1.00E+018 2.00E+018 3.00E+018 4.00E+018 5.00E+018
SO, (molec/cm?)

SiF4/SO; correlation plot for the 2017-2019 measurement
period. The slope is found to be (1.56 + 0.25) X 10~°. Error bars
represent the total errors of the FTIR VCs measurements, detailed in

the text.

arrival of the more condensed plume (after the puff at 10:10) in
the optical path of the instrument.

On 11 March 2019 (Figure 7B), we captured a northward blown
plume from passive degassing a few days after the end of the dome
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destruction. The plume entered the instruments line of sight around
10:30 until 15:00. The SO, peak at 11:46 corresponds to a plume
coming from a small puff detected on the visible cameras above the
crater at 11:30. HCl and SO, vary in time with the same magnitude,
such that the HCI/SO, ratio is found to be almost constant. BrO is
also detected, but contrary to the other days, BrO/SO, does not
present a specific trend, oscillating around its mean value.

4.3 BrO/SO,, HCI/SO,, HF/SO,, and BrO/HCl
ratios at Popocatépetl

BrO/SO,, HCI/SO,, HF/SO,, and BrO/HCI ratios have been
calculated from the intraday correlation plots from February to
April 2019 and reported in Figure 8. For the calculation of the HF/
SO, (HF and SO, measured with two different NDACC filters) and
BrO/HCl ratios, we interpolated the SO, and BrO $2000 DOAS time
series (which have the highest time resolution) at the time of the
FTIR measurements (HF, HCI). The interpolation is performed only
if there are coincident data within an interval of 1 min for SO, or
2 min for BrO. An evaluation of the bias generated by the use of the
SO, columns from the different instruments for the calculation of
HEF/SO, and BrO/SO, ratios is shown in supplementary material,
Supplementary Figure S1. A maximum bias of 3% is found, making
possible the combination of the different SO, products to increase
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the number of coincident pairs, in particular for the HF/SO, ratio.
$2000 DOAS and FTIR SO, products were therefore combined
before the calculation of the different ratios, presented in Figure 8.
Because of the rare occurrence of the BrO and SiF, species in our 2.5-
month time series, we added the event of 24 December 2017
(Figure 8 in green) which was one of the most significant events
of our 2.5-year time series to give an idea of their long-time
variability.

BrO/SO, ratios (Figure 8A) are found in the range of [0.6-1.1] x
107*, with a significantly higher ratio on 24 December 2017 than
those reported for 2019. This falls in the higher range of the few
ratios previously reported for the Popocatépetl volcano between
0.04 x 10™* and 1.4 x 10™ (Boichu et al., 2011; Bobrowski and
Giuffrida, 2012; Platt and Bobrowski, 2015; Fickel and Delgado
Granados, 2017) and compiled in Gutmann et al. (2018).

BrO/HCI (Figure 8B) ranges between 2.6 and 6.9 x 10 and
shows similar slopes (~3 x 10™*) during the 2019 dome growth phase
(on 16 and 20 February 2019) but different offsets.

HCI/SO, (Figure 8C) ranges between 0.08 + 0.01 and 0.21 +
0.01 and decreases with time during the 2019 dome growth cycle.
Three different trend lines can be distinguished corresponding to
three periods, from 15 to 25 February 2019, from 7 to 15 March
2019 and after this. The first two trend lines coincide with the
dome growth (pl), and destruction (p2) periods described in
4.2, third (y30),
corresponding to the period p3, with very low HCI column

Section respectively. The trend line
abundances and low HCI/SO, ratios characterizes a new phase
without extrusive activity.

HF/SO, (Figure 8D) correlation plot shows a more important
dispersion, and only one trend line can be identified over the
2019 dome cycle, with a HF/SO, ratio around 0.049 + 0.001.
This value is in accordance with the previous values measured
since 2012 (from 0.01 to 0.04) (Taquet et al., 2019).

Our previous studies on the long-term variability of the
Popocatépetl’s plume composition showed a link between the
HCI/SO, and the main long-term changes in the deep and
shallow magmatic processes (intrusions, long-term cessation of
extrusive activity, etc). In this study we examined the variability
of this ratio during a complete dome growth cycle (timescale of
several months), and found a clear increase of HCl with respect to
sulfur during the period of dome growth. It decreased during the
period of destruction and reached very small values when no dome
sits on the floor of the crater. HF/SO, does not show the same
behavior and remains almost constant during the whole cycle. Its
high intraday variability is likely due to in-plume reaction during the
transport to the measurement locus.

Two types of SiF, detections occurred over the 2.5 years survey,
either 1) as transient peaks generally occurring during explosions
with ash-rich plumes, too short-termed for correlations with the SO,
or HF to be clearly established, or 2) as several hour long
enhancements with clear correlations with the other volcanic gas
species, occurring only at the end of the dome growth episodes. Over
the complete 2.5-years time series, only 6 days (Figure 9) allowed
calculating an average SiF,/SO, ratio, found equal to (1.56 + 0.25) x
107, similar to the lowest values found in 2012-2016 (1.0 — 9.9 x
1073 Taquet et al., 2019).
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In our opinion, these two types of observation support the
occurrence at Popocatépetl of both SiF, generation mechanisms,
as previously reported (Love et al., 1998; Taquet et al,, 2017), i.e.,
1) the HF interaction with silica in the closing connected
porosity of a mature dome and 2) the in-plume reaction of
HF with ash. BrO/SO, and BrO/HCI have similar slopes on
16 and 20 February 2019, but further data are needed to explore
its variability as a function of the dome growth phases. Finally,
we compared our bromine to sulfur ratios with some of the
meteorological parameters of interest available at the ALTZ
station. The lowest ratio (6.3 + 0.6 x 107°), obtained on
16 February 2019 is recorded on the day with the highest RH
(>48%). On 18 February 2019, the RH even falls under 10% over
the measurement period with a mid-range ratio (Figure 6). The
highest ratios were obtained on 24 December 2017 and
20 February 2019, 2days characterized with low humidity
conditions <24% and <34%, respectively, which do not favor
the formation of BrO (Oppenheimer et al, 2006). These
observations suggest that atmospheric humidity might not be
on BrO conversion at Popocatépetl.
Furthermore, on 20 February 2019, the highest ratios are

the main control

measured at ~7:46, during sunrise, with a solar irradiance as
low as 133 W/m? which appears sufficient to allow the
conversion of HBr into detectable amounts of BrO.

5 Discussion and conclusion

In this contribution, we explored the feasibility and
performance of combining direct-sun measurements from
§2000 DOAS, Pandora and HR-FTIR instruments to study
the of plume
composition. The SO, vertical columns obtained from the
three their
intercalibration (median difference <12%), making it possible

short-term  variability Popocatépetl’s

instruments  were found similar after
to combine the different products to increase the number of
coincident data pairs in the ratios calculation. Although the
DOAS instrument is generally used in “scattering” mode to
continuously measure BrO/SO, in volcanic plumes, there are
important advantages of direct-sun such as the straightforward
conversion from slant to vertical columns using a simple
geometric determination of the airmass factor, and the
absence of ring effect, thus considerably reducing the total
errors. Moreover, this configuration is one of the most
reliable allowing direct comparison with VCs from other
techniques (FTIR) and determining ratios of species that are
not detectable with the same technique. FTIR SiF, retrieval was
improved compared to that published in Taquet et al. (2019)
using the new spectroscopy from Boudon et al. (2020) and
allowing the treatment of high resolution spectra. The VCs
total errors obtained from the low resolution products are
only slightly improved, but the results obtained from the
high resolution spectra are significantly more precise with
total error <20% for total columns >2.0 x 10" molec/cm?
when those from the low resolution spectra occasionally
reached 60%.
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The BrO/SO, ratio was successfully quantified at a distance of
11 km from the crater, found between 0.6 and 1.1 x 107*, in the
range of the few values previously reported (Bobrowski and
Giuffrida, 2012; Platt 2015; Fickel and
Delgado Granados, 2017). However, HBr analysis from the

and Bobrowski,

high resolution FTIR spectra is not straightforward at this
distance from the crater, and so as in Taquet et al. (2019),
only a detection limit of 5.0 x 10" molec/cm® was calculated.
Following this study and assuming the average Br/Cl ratio for arc
volcanoes (2.2 + 2.0 x 107% Gerlach, 2004), we calculate a
speculative primitive HBr/SO, for the surveyed period from
the average HCI/SO, ratio (0.21 * 0.01) of (4.6 + 4.2) x 107"
Assuming the maximum value (8.8 x 10™*) within the uncertainty
interval for this (HBr/SO,) ratio, our measured BrO/SO, ratios
would thus correspond to minimum HBr conversion rates of the
order of 10%, which is in the range for plumes with an age equal
to or higher than 15 min (Riidiger et al., 2021). Using this
detection limit, the maximum HBr/BrO ratio would then be
between 0.11 and 0.19.

For the first time, the BrO/SO,, HCI/SO,, HF/SO, BrO/HCI,
and SiF,/SO, ratios have been simultaneously measured in the
Popocatépetl’s plume and their behavior with respect to the
volcanic activity was explored at the scale of a dome growth
cycle (several weeks). The decrease of the HCI/SO, ratio after the
dome destruction at the end of February 2019 suggests that halogen
emissions are higher during the dome growth periods, i.e., during
sustained ascension of the magma column, confirming the long-
term observations reported in Taquet et al. (2019). HF/SO, ratios
apparently remain constant during the February to April
2019 period and show a high intraday variability. SiF,/SO, was
quantified on various occasions during the dome cycle period and
apparently remains constant, equal to (1.56 + 025) x 107
compatible with previous results (Goff et al., 1998; Love et al,
1998; Stremme et al., 2012; Taquet et al, 2017; Taquet et al.,
2019). Considering a HF/SO, average ratio of 0.049 + 0.001 over
the dome cycle period, we determine an average SiF,/HF ratio of
0.031 + 0.001.

BrO/SO, and HCl/SO, apparently show different long-term
variability, at least for the three examples presented here (on
24 December 2017 and on 16 and 20 February 2019), for which
two significantly different BrO/SO, ratios were found while the HCl/
SO, was found to be constant (Figure 8).

On a few occasions, clear patterns appear in the BrO/SO,
intraday time series (Figures 6, 7A) while the HCI/SO, remains
almost constant (flat baseline). These patterns, generally a few
hours long, consisted either in decreasing trends (e.g., the first
hours of 18 and 20 February) or increase/decrease sequences
(e.g., 10:00-12:00 on 20 February). In particular, 2 days (16 and
20 February 2019) show significant BrO/SO, variations, which
are not dominated by the SO, columns variability. The most
significant variations (20 February 2019 between 10:50 and 12:
00) occur coincidentally with a change in the aspect of the plume
and might be related to changes in the plume moisture content,
although further studies are needed to explore this aspect in more
details. Surprisingly, the highest average BrO/SO; ratio (recorded
on 20 February 2019) is not observed during meteorological and
sunlight intensity conditions (RH <34%, and solar irradiance
~133 W/m?) that HBr to BrO (cf.

favour conversion
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Oppenheimer et al., 2006; Kern et al., 2009). Since the BrO
content in the Popocatépetl’s plume may not be mainly
controlled by the meteorological conditions or sunlight
intensity, the impact of plume aerosol content has to be
explored in future studies. BrO/HCl was quantified for the
first time at Popocatépetl (from 2.6 to 6.9 x 107*). It is found
almost constant at the intraday scale but with significant day to
day variability. Considering the BrO as full conversion from HBr,
this is already a factor of 1.5-3.5 higher than the lower bound of
Gerlach. (2004) Br/Cl range, and thus constitutes a first
minimum constraint on this ratio at Popocatépetl. The
maximum conversion rates ever described (65% at Ambrym,
Vanuatu; Bani et al., 2009; Gutman et al., 2018) would provide a
higher bound for this ratio at Popocatépetl of 1.08 x 107>,
This study is a new step towards the establishment of a
comprehensive highly time-resolved database of volcanic gas
ratios for Popocatépetl by integrating multiple spectroscopic
techniques. Such database should provide insight for, e.g., 1)
delineating the degassing processes at Popocatépetl occurring
during both passive degassing and extrusive phases, 2) refining
the degassing balance by taking into account the in-plume
interactions, and 3) comparing the degassing processes
observed at Popocatépetl with those of analogue volcanoes.
Our the benefits
implementing a UV-Vis spectrometer on an existing HR-FTIR

study shows and performance of

NDACC instrument to simultaneously measure the main
Such
implementation does not either disturb or interrupt the

primary and secondary volcanic gaseous species.

continuous solar absorption atmospheric measurements
performed for the networks. This experiment could be
reproduced at any other NDACC stations located near
volcanoes, such as, e.g., the Izafia Observatory which recently
recorded atmospheric data during the 2021-La Palma (Canary
Islands, Spain) eruption (Garcia et al, 2022), at Maido
observatory (La Réunion Island, France), or Mauna Loa
Observatory (Hawaii), providing quasi-near-real-time critical
data for the management of volcanic emergencies. High
spectral resolution spectroscopic data also have the advantage
to provide simultaneous atmospheric vertical profiles of both
atmospheric and some volcanic species, giving new insight into
the effect of volcanic emissions on the atmospheric chemistry and

climate change.
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