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Abstract. Masaya (Nicaragua, 12.0°N, 86.2°W;
635ma.s.].) is one of the few volcanoes hosting a lava
lake, today. This study has two foci: (1) discussing the
state of the art of long-term SO, emission flux monitoring
with the example of Masaya and (2) the provision and
discussion of a continuous data set on volcanic gas data with
a large temporal coverage, which is a major extension of the
empirical database for studies in volcanology as well as at-
mospheric bromine chemistry. We present time series of SO,
emission fluxes and BrO/SO, molar ratios in the gas plume
of Masaya from March 2014 to March 2020 — covering
the three time periods (1) before the lava lake appearance,
(2) a period of high lava lake activity (November 2015 to
May 2018), and (3) after the period of high lava lake activity.
For these three time periods, we report average SO; emission
fluxes of (1000 = 200), (1000 = 300), and (700 4 200) td~"
and average BrO/SO, molar ratios of (2.9+1.5) x 107>,
(4.84£1.9) x 1075, and (5.5 £2.6) x 107.

Our SO, emission flux retrieval is based on a compre-
hensive investigation of various aspects of spectroscopic re-
trievals, the wind conditions, and the plume height. We ob-
served a correlation between the SO, emission fluxes and
the wind speed in the raw data. We present a partial correc-
tion of this artefact by applying dynamic estimates for the
plume height as a function of the wind speed. Our retrieved
SO, emission fluxes are on average a factor of 1.4 larger than
former estimates based on the same data.

Further, we observed different patterns in the BrO/SO,
time series: (1) an annual cyclicity with amplitudes between
1.4 and 2.5 x 107 and a weak semi-annual modulation, 2)a
step increase by 0.7 x 107 in late 2015, (3) a linear trend of
1.4x 107 per year from November 2015 to March 2018, and

(4) a linear trend of —0.8 x 107> per year from June 2018 to
March 2020. The step increase in 2015 coincided with the
lava lake appearance and was thus most likely caused by a
change in the magmatic system. We suggest that the cyclic-
ity might be a manifestation of meteorological cycles. We
found an anti-correlation between the BrO/SO, molar ratios
and the atmospheric water concentration (correlation coeffi-
cient of —0.47) but, in contrast to that, neither a correlation
with the ozone mixing ratio (+0.21) nor systematic depen-
dencies between the BrO/SO, molar ratios and the atmo-
spheric plume age for an age range of 2—20 min after the re-
lease from the volcanic edifice. The two latter observations
indicate an early stop of the autocatalytic transformation of
bromide Br™ solved in aerosol particles to atmospheric BrO.

1 Introduction

Volcanic gas emissions consist predominantly of wa-
ter (H,0), followed in abundance by carbon dioxide (CO;)
and sulfur dioxide (SO,) as well as by a large number of trace
gases such as halogen halides (Giggenbach, 1996; Aiuppa,
2009; Oppenheimer et al., 2014; Bobrowski and Platt, 2015).

Monitoring the magnitude or chemical composition of vol-
canic gas emissions can help to forecast volcanic eruptions
(e.g. Carroll and Holloway, 1994; Oppenheimer et al., 2014).
SO; emission fluxes, carbon-to-sulfur ratios, and halogen-to-
sulfur ratios turned out to be powerful tools enabling the de-
tection of events of magma influx at depth and, respectively,
the arrival of magma in shallow zones of the magmatic sys-
tem (e.g. Edmonds et al., 2001; Métrich et al., 2004; Allard
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et al., 2005; Aiuppa et al., 2005; Burton et al., 2007; Bo-
browski and Giuffrida, 2012).

Monitoring of volcanic gas emissions furthermore allows a
quantification of the global volcanic volatile emission fluxes
(e.g. Carn et al., 2017; Fischer et al., 2019): it is an im-
portant tool for the validation of satellite data (e.g. Theys
et al., 2019), provides empirical data on the impact of vol-
canoes on the chemistry in the local atmosphere (e.g. Bo-
browski and Platt, 2015), and is one of the rare possibilities
to gain information about the interior of the Earth (e.g. Op-
penheimer et al., 2014, https://deepcarbon.net/, last access:
9 June 2021).

The magnitude of volcanic gas emissions can be deter-
mined by passive remote-sensing techniques such as differ-
ential optical absorption spectroscopy (DOAS, Platt et al.,
1980; Platt and Stutz, 2008; Kern, 2009) which allow the
recording of semi-continuous (only during daytime) long-
term time series (e.g. Galle et al., 2010). In particular, SO,
emission fluxes are considered to be relatively easy to ob-
tain because of the high spectroscopic selectivity for SOy, the
typically negligible atmospheric SO, background, and a typ-
ical atmospheric lifetime of SO, of at least 1 d. The accuracy
of the SO, emission fluxes depends, however, strongly on
the accuracy of the available information on the wind condi-
tions and the altitude of the volcanic plume as well as on the
radiative transport conditions. The emission fluxes of other
volcanic gas species are usually retrieved by scaling the SO,
emission fluxes with the abundance of these species relative
to SO,.

The chemical composition of volcanic gas plumes can be
determined for many different gas species by in situ sam-
pling and subsequent sample analysis in the laboratory. More
recently, automated in situ “multi-gas” sensors are installed
in the field, which measure and transmit the concentration
of volcanic gases at the location of the instrument with an
hourly to daily resolution (e.g. Shinohara, 2005; Aiuppa
et al., 2006; Roberts et al., 2017). Chemical composition data
retrieved by in situ methods are, however, usually not rep-
resentative of the bulk gas emissions. Furthermore, in situ
methods are rather labour-intensive and dangerous for the
scientist and the instruments due to the need to place them in
direct proximity of an active volcanic vent. This leads to vul-
nerability to destruction by a volcanic explosion and the per-
manent contact with poisonous and corrosive volcanic gases.

Retrieval of the chemical composition by remote sensing
overcomes these limitations. For the remote sensing of a mo-
lar ratio at least one additional gas species besides SOy is
required. The most desired candidates are the highly abun-
dant H>O or CO;; however, it has not yet been possible to
retrieve their volcanic contributions by remote sensing rou-
tinely due to their rather high atmospheric backgrounds —
although some recent developments succeeded for special
conditions (La Spina et al., 2013; Kern et al., 2017; Butz
et al., 2017; Queisser et al., 2017). Other obvious candi-
dates are chlorine and fluorine compounds due to their rel-
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atively high abundance. Remote-sensing techniques allow
a retrieval of hydrogen chloride (HCI) and hydrogen fluo-
rine (HF) via Fourier transform infrared (FTIR) spectroscopy
(e.g. Mori and Notsu, 1997; Mori et al., 2002) and chlorine
dioxide (OCIO) via UV-DOAS (e.g. Bobrowski et al., 2007;
Donovan et al., 2014; Glifl et al., 2015; Kern and Lyons,
2018). FTIR systems require, however, high-intensity light
sources (i.e. the diffuse solar radiation which is used by pas-
sive DOAS systems is usually not sufficient for FTIR) and
are significantly more expensive. This is the reason why
no continuous monitoring of chlorine or fluorine species
has been established, except for the remote-controlled FTIR
scanner systems installed at Stromboli since 2009 and at
Popocatépetl since 2012 (La Spina et al., 2013; Taquet et al.,
2019).

A further emitted halogen species — but with a much lower
abundance — is hydrogen bromide (HBr). HBr is rapidly
converted in the atmosphere by photochemistry to several
bromine species by the so-called bromine explosion pro-
cess (Platt and Lehrer, 1997; Wennberg, 1999; von Glasow,
2010). One of these secondary species is bromine monox-
ide (BrO), which can be retrieved from the same UV spectra
used for the retrieval of the SO, emission fluxes. BrO/SO;
time series are thus in principle available or retrievable for all
volcanoes which are monitored for SO, emission fluxes by
UV spectrometers. In consequence, although BrO is not on
the list of the most desired plume constituent species, time
series of the BrO/SO, molar ratios in volcanic gas plumes
are the easiest accessible remote-sensing gas proxy for vol-
canic processes so far (besides the SO, emission fluxes).

The volcanological interpretation of BrO/SO, molar ra-
tios is still difficult, and much work is still required in or-
der to use them as a fully reliable proxy for volcanic activity
variations. The challenge is to understand the interplay of the
physico-chemical behaviour of bromine causing the relative
Br/S abundance ratio to be significantly altered by virtually
any involved compartment of the volcanic system. The two
major sources of uncertainty are the bromine partitioning be-
tween the magmatic melt phase and the magmatic gas phase
and the bromine chemistry in the volcanic gas plume. With
respect to the latter, a robust understanding of the quantitative
link between the emitted HBr and the observed BrO is cru-
cial in order to quantify the total volcanic bromine emissions.
This link has been studied by empirical observations (Op-
penheimer et al., 2006; Bobrowski and Giuffrida, 2012; Glif3
et al., 2015; Roberts, 2018; Riidiger et al., 2021), theoreti-
cal models and simulations (Bobrowski et al., 2007; Roberts
etal., 2009, 2014; Roberts, 2018; von Glasow, 2010), and lab
experiments (Riidiger et al., 2018). Gutmann et al. (2018)
summarised the current state of the art in their review arti-
cle. The HBr = BrO conversion rate and the stationary equi-
librium HBr/BrO ratio may depend on the chemical plume
composition and on the atmospheric conditions such as the
solar irradiance, the absolute/relative humidity, the tropo-
spheric background ozone level, and the in-mixing rate of
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air in the volcanic plume. Based on empirical observations,
the equilibrium of the HBr = BrO conversion is typically
reached within the first 2-10min after the release of HBr
into the atmosphere and remains constant for the next at least
30 min (Bobrowski and Giuffrida, 2012; Liibcke et al., 2014;
Platt and Bobrowski, 2015; Gli3 et al., 2015). Model sim-
ulations have proposed relative BrO equilibrium fractions
between BrO/Brioa = 10 % and 50 % (von Glasow, 2010;
Roberts et al., 2014).

Masaya (12.0° N, 86.2° W; 635 ma.s.l.) is located on the
Nicaraguan portion of the Central American Volcanic Arc.
Its volcanic complex consists of an older shield volcano
now hosting a 6km x 11 km caldera created by three highly
explosive basaltic eruptions during the last 6000 years: a
VEI6 eruption at ~ 6ka, a VEIS eruption at 2.1ka, and a
VEIS eruption at ~ 1.8 ka (VEI: volcanic explosivity index,
Williams, 1983; Pérez et al., 2009, Smithonian Institution).
There is a nearly continuous historic record of its activ-
ity since the arrival of the Spanish conquistadors in 1524
(de Oviedo, 1855; McBirney, 1956; Rymer et al., 1998). The
Smithsonian Institution lists two major eruptions which oc-
curred in 1670 (VEI3) and 1772 (VEI2) and 28 eruptions
(mainly VEII and some VEI2) since 1852. Masaya’s cur-
rently active Santiago pit crater formed in 1858/59 and has
since hosted occasionally incandescence vents and lava lakes
usually lasting several years (McBirney, 1956; Rymer et al.,
1998). Masaya’s most recent lava lake cycle started in late
2015, when a lava lake appeared (incandescence observed
since November 2015, INETER, 2015a, b; Aiuppa et al,,
2018), and started to cease in October 2018, when Masaya’s
thermal activity decreased to relatively low levels (Global
Volcanism Program, 2018). Masaya is one of the strongest
degassing volcanoes in the Central American Volcanic Arc
(Martin et al., 2010; Aiuppa et al., 2014, 2018). The volcanic
gas plume often hovers close to the ground, causing serious
issues to the local agriculture and health conditions of the
local population (Baxter et al., 1982; Delmelle et al., 2002;
van Manen, 2014).

This paper reports and discusses time series of the SO,
emission fluxes and BrO/SO, molar ratios in the gas plume
of Masaya from 2014 to 2020 measured by UV spectroscopy.
We present a comprehensive investigation of frequently ig-
nored effects influencing in the SO, emission flux retrieval
and propose a set of technical extensions which aim to re-
duce the impact of these systematic effects. Next, we discuss
the impact of the meteorology on the bromine chemistry in
the volcanic gas plume. Finally, we compare the retrieved gas
data with the general volcanic changes from 2014 to 2020.

2 Measurement site and meteorology
The SO, and BrO emissions of Masaya are monitored by the

Instituto Nicaragiiense de Estudios Territoriales (INETER),
which is part of the Network for Observation of Volcanic and
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Table 1. Spatial set-up of the NOVAC stations at Masaya: alti-
tude A, horizontal distance D to and angular orientation ¢ to the
volcanic edifice, and orientation of the scan plane S (see Figs. 1
and 5).

Station Coordinates A D o B
Caracol 11.98, —86.18 382ma.sl. 1.5km 75° 54°
Nancital 11.99, —86.18 340ma.s.l. 1.7km 95° 100°

Atmospheric Change (NOVAC, Galle et al., 2010). The NO-
VAC instruments are automated remote-sensing UV spec-
trometers whose design is simplified in order to reduce
their power consumption, costs, and maintenance (e.g. the
spectrometers are not actively temperature-controlled). First,
NOVAC measurements were conducted at Masaya from
April to June 2007 and from September 2008 to Febru-
ary 2009 (these data are not presented in this paper but are
listed for completeness in Table 5). From March 2014 to
March 2020 (end of this study), the NOVAC station “Cara-
col” (instrument: D2J2124_0; see Fig. 1 and Table 1) op-
erated continuously, except for two data gaps of several
months. From March to October 2014, a second NOVAC
station, “Nancital” (D2J2375_0), operated quite closely to
Caracol (Fig. 1). No direct measurements of the meteoro-
logical conditions in the volcanic gas plume were available
(except for the plume heights and the wind directions from
March to October 2014 retrieved from the NOVAC data via
a triangulation; see next section). Therefore, we accessed the
meteorological conditions at Masaya by the European Cen-
tre for Medium-Range Weather Forecasts (ECMWF) ERA-
Interim model data for an altitude of 700 ma.s.l. (Fig. 2),
by operational ECMWF reanalysis data for an altitude of
700 ma.s.l. (Fig. 3), and by ground-based data from Man-
agua airport, which is located 15km north of Masaya (see
Appendix A).

2.1 ECMWEF ERA-Interim data

The ECMWF ERA-Interim data set has an original spatial
resolution of about 0.7° x 0.7° (at and close to the Equa-
tor), a temporal resolution of 6h (00:00, 6:00, 12:00, and
18:00 UTC), and 60 hybrid pressure layers which follow the
terrain close to the ground and in the lower atmosphere and
are constant in the higher atmosphere. They reach up to
10Pa, i.e. about 66 km. The presented ECMWEF data are ver-
tically interpolated to an altitude of 700 m a.s.l. and horizon-
tally gridded on a 1° x 1° grid (i.e. about 110 km x 110 km at
12° N). The preparation of the ERA-Interim data on such a
grid was chosen for in general better compatibility with other
global data. For local studies, using the original 0.7° x 0.7°
data may be more appropriate, though this distinction be-
comes mostly obsolete due to our local calibration approach
(see Sect. 3).

Atmos. Chem. Phys., 21, 9367-9404, 2021
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Figure 1. Location and scan geometries of the NOVAC stations Caracol and Nancital at Masaya volcano. Coloured squares indicate the
instrument location and solid lines the scan direction. For further parameters, see Table 1. The map was created with graphical material from
https://commons.wikimedia.org/wiki/File:Nicaragua_relief_location_map.jpg (last access: 9 June 2021) and from © Google Earth.

The following meteorological parameters are presented
and discussed in this study: (1) the wind speed and (2) the
wind direction in order to reconstruct the plume propaga-
tion direction, (3) the barometric pressure, (4) the ambient air
temperature, (5) the water vapour concentration, (6) the rela-
tive humidity and (7) the ozone mixing ratio in order to inves-
tigate their possible influences on the plume chemistry, and
(8) the total cloud cover (i.e. the fraction of the ground pixel
area hidden from direct solar irradiation by visible clouds
anywhere between ground and the top of the model domain)
as a proxy for the radiative conditions.

The following quantitative discussion focuses on the 2-
weekly moving average of ECMWF data around noon time,
though a discussion of the unfiltered time series comes to
similar results (see red and blue lines in Fig. 2). The time se-
ries exhibit annual cycles for all parameters, however, with
different timing and spacing of their extrema and different
significance of their amplitudes. The total cloud cover var-
ied between two clearly distinguishable plateaus with mostly
clear skies (values of 0.1 £0.1) from December to March
and predominantly dense coverage (values of 0.8 £0.1) from
May to October, indicating that Masaya is affected by the
intertropical convergence zone (ITCZ) during that latter time
interval. The wind speed varied between 3 and 17 m s~ with
maxima in January/February, weaker secondary maxima in
July, and minima in June and in October. The average of the
wind direction mainly indicates easterlies (75 & 28)° subject
to an approximately linear trend each year with a step change
each year towards east—northeasterly in October followed by
an approximately linear trend towards easterly in Septem-
ber. In addition, the wind conditions are rather unstable each
year in June and in October (which corresponds to the times
when Masaya is located at the edge of the ITCZ). When
those exceptions are ignored by limiting the set of wind di-
rections to 40-110° (which contains 88 % of the raw data),
the wind conditions were rather stable, with almost exclu-
sively east—northeasterly winds from (75 %+ 10)° almost all
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of the year. The barometric pressure varied between 931 and
935 mbar, with weak minima in October/November. The am-
bient air temperature varied between 294 and 298 K, with
maxima in April and minima in January. The water vapour
concentration and the relative humidity varied between 4 and
6 x 10" moleccm™> and between 60 % and 90 %, respec-
tively, with minima in February/March and maxima from
June to October. The ozone mixing ratio varied between 20
and 50 ppbv, with minima usually around October and max-
ima in March.

2.2 Operational ECMWEF reanalysis data

The accuracy of weather data, especially in the mountainous
regions around the volcano, is directly related to the accuracy
of the model topography. Therefore an enhanced (fundamen-
tal) model resolution should result in general in more repre-
sentative data. For this purpose, we investigated the meteo-
rological conditions at Masaya also by using the operational
ECMWEF reanalysis data with a higher spatial resolution of
0.14° x0.14° (modelled in the spectral domain with a trunca-
tion of T1279, interpolated to the Gaussian grid N640). The
underlying model of the operational ECMWEF reanalysis data
is, however, updated frequently (e.g. since 8 March 2016 the
model has used a finer horizontal resolution of 0.07° instead
of 0.14°), and thus there are potentially artificial jumps in its
time series. Because this study analyses a long time series, a
model set-up with such artificial changes is not suitable for
direct application. A full list of modifications to the model
set-up in addition to the change in horizontal model reso-
lution can be found at https://www.ecmwf.int/en/forecasts/
documentation-and-support/changes-ecmwf-model (last ac-
cess: 9 June 2021).

https://doi.org/10.5194/acp-21-9367-2021
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Figure 2. Meteorological conditions at Masaya volcano retrieved from ECMWF ERA-Interim data with resolutions of 6h and 1° x 1° and
interpolated to an altitude of 700 ma.s.l. Grey lines: 6-hourly data. Blue lines: running means over the 6-hourly data with an averaging
window of +7 d. Black dots: around-noon (18:00 UTC) data. Red lines: running means over the around-noon data with an averaging window
of +7d. Absolute variations are almost the same for the full data set and the around-noon data only, except for the air temperature and the
relative humidity, which follow their expected diurnal cycles.
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Figure 3. Meteorological conditions at Masaya volcano retrieved from the operational ECMWF reanalysis data. See Fig. 2 for details.
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2.3 Estimates for the wind speed and the wind
direction

We based our analysis in general on the meteorological pa-
rameters from the ECMWF ERA-Interim data because this
data set allows an analysis consistent in time, i.e. without
potential jumps in the time series. Nevertheless, the ERA-
Interim data have to be expected to provide only limited ac-
curacy in particular in the complex topology around volca-
noes. Therefore, we applied the following local calibrations
of the ERA-Interim data.

We compared the wind speeds wver, provided by the
ERA-Interim data set and vo,q provided by the operational
ECMWEF reanalysis data. We consider the latter to be in gen-
eral a more accurate estimate due to its higher spatial res-
olution. Despite the wind speeds from both data sets being
highly correlated (coefficient of 40.89), their scatter plot de-
viates significantly from a proportional relationship. Instead,

Voad = 0.53 X Vera + A/ Vera (= vcalibrated) (1)

is apparently a good fit (Fig. 7a). All wind speed data used
in our further evaluation steps were retrieved from the ERA-
Interim data but calibrated according to Eq. (1).

We consider the wind directions retrieved via the trian-
gulation of the NOVAC results to be the “ground truth” (see
Sect. 3). The operational ECMWF reanalysis data match well
with these data, which further supports this assumption. The
ERA-Interim data, however, provide wind directions which
are further to the east-northeast by 11° (Fig. 7b). All wind
direction data used in our further evaluation steps were re-
trieved from the ERA-Interim data but calibrated according
to Eq. (2):

Wealibrated = Wera + 11° (2)

(the addition of 11° corresponds to a shift from east—
northeasterly towards easterly).

These two calibrations could not be expected to improve
the accuracy for every individual data point but result ar-
guably on average in a more accurate data set.

3 Methods

We derived semi-continuous (only during daytime) time se-
ries of the differential slant column densities (dSCDs) of SO,
and BrO via multi-axis differential optical absorption spec-
troscopy (MAX-DOAS) applied to UV spectra of the dif-
fuse solar irradiation recorded by the NOVAC stations (e.g.
Edmonds et al., 2003; Galle et al., 2003; Bobrowski et al.,
2003). The SO; emission fluxes and the BrO/SO; molar ra-
tios in the volcanic plume were then derived from the dSCD
data.

The spectroscopic retrieval of the SO, and BrO dSCDs
as well as the spectroscopic and post-spectroscopic retrieval

Atmos. Chem. Phys., 21, 9367-9404, 2021

Table 2. Applied filters in chronological order (if condition ful-
filled, reject data). See text for details. For comparison, the standard
NOVAC retrieval applies the five following filter conditions (Jo-
hansson et al., 2009): (1) overexposure of (any) spectrum by more
than 99 %, (2) underexposure of (any) spectrum by less than 2.5 %,
3) X5202 > 0.9 for a measurement spectrum, (4) number of passing
spectra < 10, and (5) a “plume completeness filter” which rejects
a scan if most of the large dSCDs are close to the margin of the
effective angle range.

Filter Filter condition

Zenith spectrum

<20msor >2s
> 88 % in channel with highest intensity
< 12 % in channel with highest intensity

Exposure time
Overexposure
Underexposure

Measurement spectra

Overexposure > 88 % in channel with highest intensity
Underexposure < 12 % in channel with highest intensity
Zenith angle le] > 76°

SO, VCD distribution

Number of spectra <30

Maximum VCD At margin of effective angle range

> 2 x 10!7 molec cm™2

Did not converge or negative amplitude
2

Relative background
Gaussian fit (b = 0)

Gaussian fit (b free)

Gauss vs. discrete

b < —1 x 107 moleccm™
dis fit
Isggr Z0.8-1.6 x ISO2

2

Absolute background > 5 x 1017 molec cm™

Meteorological conditions

Wind speed <S5ms™

of the BrO/SO, molar ratios applied in this paper follow in
large part the evaluation described by Dinger (2019), which
itself follows mainly Liibcke et al. (2014) and Dinger et al.
(2018).

Our retrieval of the SO, emission fluxes is based on the
standard NOVAC approach described by Johansson et al.
(2009) but (1) extended by a set of data filters which aim
to reduce the amount of potentially problematic measure-
ment conditions (see Table 2); (2) the spectroscopic retrieval
was adapted to the high SO, emission fluxes at Masaya, and
(3) information on the plume height and the wind conditions
was assessed partially via a triangulation of NOVAC observa-
tions. One of these filters uses the absolute SO, background
calibration method described by Liibcke et al. (2016).

In this section, we describe the applied retrieval steps and
data filters (see Table 2; further information on the retrieval
can be found in Appendices B-D). A summary and critical
assessment of our retrieval steps can be found in the discus-
sion section of this paper.

https://doi.org/10.5194/acp-21-9367-2021
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3.1 Spectroscopic retrieval of the SO, dSCD
distribution

The NOVAC data were recorded by UV spectrometers which
scan across the sky from horizon to horizon in steps of 3.6°
by means of a small field-of-view telescope yielding a mean
temporal resolution of about 5-15 min per scan. Each scan
contains 53 spectra: an initial zenith spectrum, a dark current
spectrum, and 51 measurement spectra (Galle et al., 2010).

Prior to the spectroscopic retrieval, the individual spectra
of a scan were checked for their spectroscopic quality. A scan
was rejected if its initial zenith spectrum was either overex-
posed or underexposed (accept only spectra whose channel
with the highest number of counts has recorded within 12 %-—
88 % of the maximum possible count number, where only
the lower boundary is assessed after the dark current correc-
tion) or the single exposure time was unreliable (less than
20 ms or more than 2 s). For a passing scan, all its measure-
ment spectra were checked for overexposure or underexpo-
sure and individually rejected if necessary. Furthermore, all
spectra recorded at scan zenith angles ¢ with |¢| > 76° were
rejected in order to avoid large light paths or spectroscopic
artefacts due to obstacles in the light path. Accordingly, at
most 43 measurement spectra could pass the quality filters. A
scan was entirely rejected if less than 30 of its spectra passed.

A remark on the overexposure filter: it was chosen as de-
scribed above in order to ensure that BrO DOAS fits were
not degraded by saturation effects. For the sole retrieval of
the SO, emission fluxes, it may be sufficient to check for
overexposure exclusively in the SO, fit range. Nevertheless,
we aimed for the same database for both the BrO/SO; mo-
lar ratios and the SO, emission fluxes in order to ensure a
consistent comparison of both time series. Further arguments
for applying the overexposure filter on the overall spectrum
are (1) that overexposure in the spectrum indicates signif-
icant variations in the intensity of the back-scattered solar
radiations during a scan (caused presumably by variations in
the cloudiness of the sky). Accordingly, the overexposure fil-
ter would (conveniently?!) reject those times with unstable
meteorological conditions. (2) The saturation of any pixel of
the charge-coupled device detector may cause the additional
photo-electrons to spill over to other pixels and thus could
lead to the degradation of the entire spectrum.

For every scan passing the quality filters, SO, DOAS fits
were applied to each of the passing spectra where the initial
zenith spectrum of the respective scan was used as a refer-
ence spectrum (the DOAS fit scenarios are summarised in
Table 3). The result was a distribution of SO, dSCDs with re-
spect to the zenith spectrum depending on the viewing direc-
tion. These SO, distributions were used for three purposes:
(1) the calculation of the SO, emission fluxes, (2) the triangu-
lation of the plume centre position for a retrieval of the plume
height and the wind direction, and (3) the identification of the
plume region in preparation for the BrO/SO; retrieval.
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3.2 Retrieval of the background SO; slant column
density

The subsequent data analysis requires the absolute SO, slant
column density (SCD) distribution rather than the SO, dSCD
distribution, where SO; SCD = SO, dSCD+SCDs0,, ref. An
accurate estimate for the absolute slant column density
SCDs0,,ref of the reference spectrum (here: of the initial
zenith spectrum) is non-trivial. In the following, four dif-
ferent retrieval approaches are discussed (see Table 4). A
pragmatic approach is the assumption that the scan included
viewing directions which were not at all affected by a con-
tamination with volcanic gases. This assumption would im-
ply dSCDs0, (ebg) = —SCDs0, ref for the background direc-
tion &pg. In order to be less susceptible to negative outliers,
we calculated SCDso, ref as the mean of the eight lowest
dSCDs (orange squares in Fig. 4).

It has been observed, however, that the assumption of a
non-contaminated background direction is not always jus-
tified (e.g. Liibcke et al., 2016). Another approach which
does not rely on that assumption is the direct retrieval of
SCDso, ref via a SO DOAS fit of the zenith spectrum
against a solar-atlas spectrum (see Salerno et al., 2009;
Liubcke et al., 2016; Esse et al., 2020; Chance and Kurucz,
2010). This second approach requires, however, retrieval of
the instrument characteristics (e.g. via a principal component
analysis of the residual spectroscopic structure), which is not
only a time-expensive procedure, but is also prone to intro-
ducing systematics when not carefully applied.

A third approach is the hybrid of these two approaches
with the following subsequent steps: (1) apply the first ap-
proach to identify the viewing directions of the eight lowest
SO, dSCDs, (2) co-add these eight spectra, and (3) apply the
second approach (i.e. evaluate against a solar-atlas spectrum)
on this “added-reference spectrum” (instead of on the zenith
spectrum; see Appendix C). In comparison to the pure second
approach, the absolute retrieval step in this hybrid approach
faces in general low — and mostly negligible — SO, SCDs.
Therefore, the SO, DOAS fit of the absolute calibration re-
trieval can start at a wavelength of 310 nm or even lower (see
also Appendix B), resulting in general in lower statistical fit
errors and weaker effects from possible spectroscopic inter-
ferences of the SO, absorption cross section with e.g. the
imperfect estimation of the instrument characteristics. The
results of the hybrid approach could be used either as a filter
or for correcting the SCD data with respect to the retrieved
background SO, SCD.

A fourth approach extends the third approach by
(1) checking for a background contamination but then (2) us-
ing a reference spectrum from another time (e.g. from the
previous day at the same time) where a background contam-
ination has been ruled out (e.g. via the second approach) for
a subsequent iteration of the SO, fits. Both the third and
fourth approaches have in common that the chosen refer-
ence spectrum was not recorded under the same conditions
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Figure 4. SO, VCD distribution retrieved from the scan starting at 19 March 2014 19:45 UTC recorded at Caracol station. The green and
orange squares give the retrieved angular SO, VCD distribution. Only data for zenith angles between —75.6 and +75.6° were considered.
The orange squares were used for the retrieval of the background SCD (the set of the lowest SCDs does not necessarily match perfectly with
the set of the lowest VCDs). The (negative) background SCD is given in orange. The plume centre is retrieved via the Gaussian fit (solid blue

line).

Table 3. Applied DOAS fit scenarios. The two lowest lines give the parameter ranges of the Levenberg—Marquardt fit routine. See Appendix B

for the chosen wavelength range of the SO, fit.

SO, fit

BrO fit

Fitrange 314.8-326.8nm

330.6-352.75nm

(Pseudo-)absorption cross sections

SO, Vandaele et al. (2009), @298 K
03 Burrows et al. (1999), @221 K
BrO

Oy

NO,

CH,0

(Same)

(Same)

Fleischmann et al. (2004), @298 K
Hermans et al. (2003)

Vandaele et al. (1998), @294 K
Meller and Moortgat (2000), @298 K

Ring spectrum (Grainer and Ring, 1962) calculated from the particular reference spectrum
Ring spectrum multiplied by the wavelength4 (see Wagner et al., 2009)

Further DOAS fit parameters
Polynomial of order n = 3 in the optical depth space
Stray light polynomial of order n = 0 in the intensity space
log(Reference) and Ring spectra (linked together): agpify € £0.2 nm and asqueeze € 1+0.02
Absorption cross sections (linked together): agpif; € 0.2 nm and asqueeze € 140.02

as the measurement spectrum. The advantage of the fourth
approach with respect to the third approach would be that the
chosen reference spectra are expected to be recorded at least
under similar conditions to the measurement spectra (at least
when the time of day and the ambient temperature have been
considered for the selection). The drawback of the fourth ap-
proach is the temporal variation of these systematics, while
the third approach would cause the same systematics to all
contaminated scans.

We applied the third approach to the data but used the
results of the absolute calibration only for a rather conser-
vative data filtering: we calculated the absolute background
SO, vertical column density (VCD) as the product of the ab-
solute background SO, SCD times the mean air mass factor

Atmos. Chem. Phys., 21, 9367-9404, 2021

mean(cos(&;ebg)) but corrected by —5 x 10" molec cm ™2 for
Caracol station and +5 x 10'® molec cm™2 for Nancital sta-
tion (such that the peaks of the histograms match zero SO»;
see Fig. 7c). A scan was rejected if its (corrected) absolute
background SO, VCD exceeded 5 x 10'” molec cm™2.

3.3 Calculation of the SO, emission fluxes

The retrieval of the background SO, SCD allows the calcu-
lation of the (absolute) vertical SO, column densities

Vso, (e) = cos(g) x [dSCDso2 (e) + SCDsoz,ref] 3)
associated with the coordinates within the scan plane where
the horizontal distance with respect to the instrument is
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Table 4. Four different approaches for the retrieval of the background SO, slant column density.

Approach 1 SCDg0,ref = —dSCDg0, (ébg)
Approach 2 SCDg(, ref via absolute retrieval using solar-atlas spectrum and measured zenith spectrum
Approach 3 Approach 1 followed by absolute retrieval using solar-atlas spectrum and measured background spectrum
Approach 4  Approach 3, but if background spectrum contaminated, then use a background spectrum from time without contamination
N
Vi Vi
\ Iso, ~ Y ———= x [tan(&;41) — tan (&;)] ©)
A =
3 ‘e . =
3 . . o A
° . oo, where 7 is the number of all individual spectra (i.e. individual
\ Ta, . . . . . .
BTSN & N el ..:’0 . / w (9) viewing directions) which passed the filters discussed above
Tagy ey A

Volcanic vent
(in the origin)

Figure 5. Sketch of the geometric relations which are used to cal-
culate the SO, emission fluxes, to conduct the plume centre trian-
gulation, and to estimate the plume age.

H (¢) x tan(e) and the mean plume height H(¢) (above the
horizon of the instrument) can in general vary horizontally.
We highlight that Eq. (3) assumes geometric air mass factors,
while the real air mass factors could deviate due to angle-
dependent atmospheric radiative transport effects (e.g. Mori
et al., 2006; Kern et al., 2010). Examples of retrieved SO,
VCD distributions are shown in Figs. 4 and D3.

Precise information on the plume height is usually not
available — not to mention spatially resolved variations of the
plume height. A commonly applied pragmatic approach is
thus the assumption of a plume height constant in space and
time. Assuming that the plume height H (¢) = H is constant
at least in space, the SO, emission fluxes Fso, for a particu-
lar time can be calculated via

o0

Fso, = Mso, x v x cos(w — B) x H x / Vso,(¢) d(tan(e)),
—0

“

with the molar mass of SOy Mso, = 64 ¢ mol~!, the absolute
wind speed v, and the relative angle | — | < 5 between the
wind direction and the scan plane (see Fig. 5). We highlight
that the integral can be understood as a spatial integral which
integrates along a straight horizontal line by steps of d(H x
| tan(e)]).

The angular integral Iso, = f fooo Vso, (¢) d(tan(e)) can be
calculated in good approximation by a discrete summation of
the spectroscopically retrieved SO, VCD distribution via

https://doi.org/10.5194/acp-21-9367-2021

and V; are the vertical SO, column densities calculated ac-
cording to Eq. (3) and associated with the horizontal coordi-
nates H x tan(g;) as explained above.

Up to here, our methodology followed the standard
NOVAC approach (Johansson et al., 2009). This approach
tacitly assumes that the measurement conditions did not
change significantly during one scan. This assumption could
be frequently not justified due to several causes, e.g. unstable
wind conditions or intra-minute variations in the volcanic de-
gassing source strength (e.g. Pering et al., 2019). In the next
paragraph, we present a set of filters which reject data which
are potentially influenced by unstable measurement condi-
tions. Afterwards, we present our approaches to estimate the
wind conditions and the plume height.

3.4 Filtering of unstable conditions

For stable meteorological and radiative conditions as well as
a constant SO, emission strength, the horizontal broadening
of a volcanic plume is caused predominantly by turbulent dif-
fusion. Under such ideal measurement conditions, the SO,
VCD distribution would be a Gaussian distribution with re-
spect to the distance (in the scan direction) H x tan(e;). A
Gaussian shape is indeed observed in good approximation for
a large part of the scans where exactly one plume has been
identified (e.g. Figs. 4 and D3d). However, there is also a sig-
nificant number of scans where the retrieved SO, VCD dis-
tribution differs significantly from an ideal Gaussian shape.
The predominant reason for such deviations is an apparent
secondary plume (presumably either because there was an-
other plume or because the wind direction changed during
the scan), but less well-defined, rather random shapes were
also observed (see Fig. D3a—c).

As motivated above, scans with unstable conditions should
be rejected. We fitted a Gaussian distribution

N N2
Vi (¢;) = a x exp [—(W) :|+b (6)

as a function of tan(e) to the SO, VCD distribution (with the
fit parameters a, i, w, and b) as a tool to semi-quantitatively
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assess the “degree of stability” during that scan. In order to
provide an automated test of the “Gaussian shape assump-
tion”, we fitted two Gaussian distributions to the SO, VCD
distribution, one with a fixed » =0 and one with a free b
(see the solid and dashed lines in Fig. D3, while both lines
perfectly overlap in Fig. 4).

The Gaussian fits (and other criteria) were used to filter the
data in six subsequent steps (F1)—(F6). A scan was rejected
if: (F1) its highest SO, VCD was retrieved at the margin of
the effective angle range (which is usually at +75.6°) be-
cause in such a case at least half of the plume area was not
included, (F2) the relative SO, VCD background exceeded
2 x 10'7 molec cm~2 because for stable conditions that offset
should be non-positive by construction, and (F3) the Gaus-
sian fit with fixed b = 0 did not converge or proposed a neg-
ative amplitude (20 % and 5 % of the scans were rejected by
these filters for Caracol station and Nancital station, respec-
tively).

We highlight that the Gaussian fit would tend to propose a
positive offset parameter b > 0, e.g. if a secondary plume el-
evates the apparent background level. In contrast to that, sig-
nificant negative values for b indicate that the effective scan
range does not include the gas-free background. Accord-
ingly, a scan was rejected if (F4) b < —1 x 10'7 molec cm—2
(3 % and 1 % of scans rejected).

Next, we compared the Gaussian integral ISI?(E)Z =

V2 x 1w xaxw (retrieved for b = 0) and the discrete integral
Ig(i)sgr. On the one hand, the Gaussian integral is also for b = 0
usually smaller than the discrete integral (e.g. because of a
secondary peak or an asymmetric plume shape). On the other
hand, our filtering of data with |g;| > 76° implies the tacit
assumption of V; =0 for |¢;| > 76° for Eq. (5). When this
assumption does not hold true, the discrete integral under-
estimates the overall SO, amount, while the Gaussian inte-
gral could correctly include those contributions. Therefore, a
scan was rejected if its two integrals differed rather strongly;
that is, a scan passed only if (F5) Ig(i)s;r €0.8-1.6 x Iéi(t)z
(20% and 10 % of scans rejected, with 12 % and 5 % due
to the lower threshold and 8 % and 5 % due to the upper
threshold). Furthermore, for a passing scan the higher value

finally __ discr  rfit .
1S02 = max(lSOZ ,Isoz) of the two integrals was chosen

(where Iéi(t)z was chosen for 28 % and 23 % of the scans).

As a last filter (F6), a scan was rejected when its absolute
SO, background VCD exceeded 5 x 10'7 molec cm™2 (see
above; 8 % and 3 % of scans rejected).

In total, 57 % and 82 % of the scans passed the filters for
Caracol station and Nancital station, respectively. We con-
sider this a good compromise between the lack of temporal
resolution and reducing the risk of systematic errors due to
unstable measurement conditions.
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3.5 Triangulation of the plume centre position

When the volcanic gas plume is observed simultaneously by
two NOVAC stations (as was the case in the period from
March to October 2014), the two associated viewing direc-
tions towards the plume centre can be used for a triangulation
of the spatial position of the plume centre. The relationship
between the plume height Hg above the horizon of the NO-
VAC station s and the wind direction w is given by

sin (w — o)

Hs+ Ag = Ds X @)

cos (w — Bs) x tan (&) |’

where the fixed station geometry parameters A, D, o, and
B are summarised in Table 1 and the horizontal geometri-
cal considerations are sketched in Fig. 5. We highlight that
the total plume altitude H + Ag is the same for both instru-
ments. If NOVAC station s observes & = 0°, the wind direc-
tion is trivially given by @ = oy and the plume height can be
retrieved by applying Eq. (7) to the other station.

We used the peak positions of the Gaussian fits introduced
above (with b = 0) as estimates for the plume centre position.
A practical limitation of the triangulation was that the NO-
VAC stations did not measure exactly simultaneously. There-
fore a temporal binning of their data was required. We calcu-
lated bins of 30 min. A bin was rejected if the plume centre
varied for one instrument within these 30 min such that the
standard deviation exceeded 20°.

The plume centre triangulation proposed an average wind
direction of (84 4=3)° and average total plume altitudes of
H; + Ag = (760 £94) m, which implied an average plume
height above ground level of (378 +=94) m for Caracol sta-
tion and (420 4= 94) m for Nancital station (Fig. 6).

3.6 Estimates for the plume height

The plume altitude is a major source of uncertainty in the cal-
culation of the SO, emission fluxes. When lacking visual ob-
servations, the plume altitude is usually assumed to be fixed
to the altitude level of the volcano summit or the expected
effective plume height of the volcanic plume.

The plume height can be considered to vary significantly
and depends on the wind conditions. The initial buoyancy
of the volcanic plume is just one mechanism which links the
plume height and the wind speed. The volcanic plume is usu-
ally hotter than the ambient atmosphere and thus rises until
its temperature is equilibrated due to adiabatic cooling and
mixing with ambient air. Accordingly, higher wind speeds
should result on average in lower observed plume heights
for at least two reasons: first, the higher the wind speed,
the larger the atmospheric turbulence, the larger the cool-
ing rate of the plume, and thus the lower the effective plume
height. Second, the higher the (horizontal) wind speed was,
the smaller has been the propagation time between release
and observation, and thus the lower is the probability that
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Figure 6. Results of the plume centre triangulation. Data have been binned in 30 min intervals, and the means of the plume centre have been
compared. A bin has been rejected if the plume centre varied for one instrument such that the standard deviation exceeded 20°. (a) Histogram
of the retrieved wind directions. (b) Scatter plot of the retrieved plume altitudes and the retrieved wind directions. The altitudes of Caracol
and Nancital stations and of the volcanic edifice are marked by blue, green, and grey lines. The effective field of view || < 76° of the two
instruments is given by the curvy blue and green lines. The dominant bulk of observations centred at approximately (84°, 756 m a.s.1.) refers
to observations when both instruments nearly simultaneously recorded the sample plume, while the “wings” to the upper-left and upper-right
corners refer to observation where both instruments recorded at the same time different plumes. The wings are presumably artefacts caused
by the simplicity of the triangulation approach given in Eq. (7). (¢) Histogram of the retrieved plume altitudes.

the measured plume has already reached its effective plume
height.

We tested this hypothesis with the triangulation results.
For this test, we had to get rid of the artificial “wings” in
the triangulation results (see Fig. 7). We realised this condi-
tion by considering only the 88 % of data below an retrieved
plume altitude of 1200 m a.s.1. for the following analysis.

The comparison of the triangulated plume height with the
wind speed (calibrated as explained above) confirmed such
a causal link between the plume height and the wind speed
(correlation coefficient of —0.28 when considering all wind
speeds and of —0.25 when considering only wind speeds
higher than 5ms~!). We retrieved for the linear relationship
of

Hs + As = ag — aj X Vcalibrated (®)

https://doi.org/10.5194/acp-21-9367-2021

a best fit (when Hg and Ay measured in metres and
Vealibrated Measured in ms~!) for ag = (902+12) m and a; =
(12.2+1.5) s (when all wind speeds were considered, F
statistics of 64.7, p value =3.2x 10~ 1) orag = (909+18) m
and a; = (13.1 +2.0) s (when only wind speeds higher than
S5m %1 were considered, F statistics of 41.6, p value =2.3 x
107'Y).

As aremark, we also retrieved similarly well-matching fits
for a quadratic relationship of

Hg+ Ag=ag—a; x (vcalibrated)zs 9

with a best fit for ag = (860 £8) m and a; = (7.7 +1.0) x
1074s2m™! (when all wind speeds were considered, F statis-
tics of 64.8, p value=3.1 x 1071) and a¢ = (850 £ 10) m
anda; = (6.8+1.1) x 107*s2m~! (when only wind speeds
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higher than 5m s~! were considered, F statistics of 38.9, p
value = 8.3 x 10710).

We chose to use the linear relationship retrieved for wind
speeds higher than 5ms~! for dynamic estimates of the
plume height as a function of the wind speed; i.e. we applied
a H; retrieved via

Hg+ As =909m — 13.1s X Vcalibrated (10)

as the estimate for the plume height in the calculation of the
SO, emission fluxes.

We are aware that this relationship is subject to a large
scatter, though we consider it a better best guess than apply-
ing a fixed plume height. In particular, using a fixed plume
height could result in apparent seasonal variations in the SO,
emission fluxes which are, however, possibly only inherited
artefacts due to seasonal variations of the wind speed (see
next paragraph).

3.7 (Apparent) correlation of SO, emission fluxes and
wind speeds

We initially observed a strong correlation between the SO»
emission fluxes and the wind speeds when none of our es-
timation approaches for the wind speed, the wind direc-
tion, or the plume height were applied (correlation coeffi-
cient of +0.84 when all wind speeds are considered and
of 40.56 when only wind speeds higher than 10ms~! are
considered, Fig. 7e). This correlation was lower for the
calibrated data (correlation coefficient of +0.71 when all
wind speeds are considered) and in particular basically van-
ished for wind speeds higher than 10ms~! (correlation co-
efficient of 4+0.16, Fig. 7f). The SO, emission fluxes are of
magmatic origin, and thus no causal link to the meteorologi-
cal conditions would be expected.

For March—October 2014, the SO, emission fluxes can be
calculated alternatively via the triangulation results, i.e. us-
ing the triangulated plume height and plume propagation di-
rection instead of the parameterised plume height and the
wind direction from ECMWEF. We calculated the SO, emis-
sion fluxes accordingly while using only data with triangu-
lated plume altitudes below 1200 ma.s.1. in order to be con-
sistent with the parametrisation approach explained above
(and again in order to avoid the influence of the artificial
“wings”). For these alternative SO, emission flux estimates,
the correlation between the SO, emission fluxes and the
wind speeds was significantly lower and completely van-
ished for wind speeds higher than 10ms~! (correlation co-
efficients of +0.05 and +0.02 for the two NOVAC stations;
see Fig. D1).

We conclude that the observed correlation between the
SO, emission fluxes and the wind speed is rather not a real
observation but is more likely caused by inaccurate SO;
emission fluxes and in particular by neglecting the variations
in the plume height. For better readability, we postponed a
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more detailed discussion of this observation to Sect. 5 “Dis-
cussion of the SO, emission flux retrieval”.

On the one hand, our proposed calibrations were able to
correct this spurious correlation for wind speeds higher than
10ms! (Fig. 7f). On the other hand, we were not able to
explain or correct for that correlation for wind speeds lower
than 10ms~!. Accordingly, it could be appropriate to re-
ject all data with wind speeds smaller than 10 ms~!, but this
would massively reduce our data set (this would reject 72 %
and 78 % of the remaining scans for Caracol and Nancital
stations, respectively). As a compromise between data relia-
bility and temporal resolution, we thus applied a more con-
servative filter and reject only those data with wind speeds
smaller than Sms~!. This subsequent filter rejected 15 %
and 22 % of the remaining scans for Caracol and Nancital
stations, respectively.

3.8 Retrieval of the BrO/SO; molar ratios

When retrieving BrO column densities in a volcanic gas
plume from DOAS measurements, the expected optical depth
of BrO absorption bands is at least 1 order of magnitude
smaller than for SO,. Thus, a better photon statistic is re-
quired for sufficiently precise BrO results beyond the de-
tection limit. At manually controlled measurements, this is
often realised by averaging over a sufficiently large num-
ber of consecutive exposures (and besides, typical state-of-
the-art campaign DOAS instruments are much more precise
than NOVAC instruments due to better spectrometers and
an active temperature stabilisation; see e.g. Kern and Lyons,
2018). For NOVAC data optimised with respect to the SO
retrieval requirements, the required larger number of expo-
sures per spectrum can be realised by a subsequent co-adding
of multiple spectra which are recorded in temporal proximity
and in the same or at least a similar viewing direction.

For this purpose, the retrieved SO, dSCD distribution was
used to identify all spectra which were predominantly part
of the volcanic plume, and then these spectra were added in
order to get one “added-plume spectrum” per scan. Analo-
gously, the spectra which were associated with the 10 lowest
SO, dSCDs were added in order to get one “added-reference
spectrum”. The drawback of this approach is the loss of spa-
tial information because the retrieval derives only 1 averaged
value for the BrO dSCDs and thus for the BrO/SO; molar
ratios. Accordingly, this approach does not allow us to in-
vestigate possible variations of the BrO/SO, molar ratio as a
function of e.g. the distance to the plume centre.

As mentioned above, a volcanic gas plume can be expected
to have an approximately Gaussian-shaped angular gas distri-
bution embedded in a flat, gas-free reference region. There-
fore we fitted a Gaussian distribution to the SO, dSCD distri-
bution as a function of the zenith angles. The standard devi-
ation range of the Gaussian distribution (c/peak £ 0Gauss) Was
then defined as the plume region. The applied filters of the
BrO/SO; retrieval were less strict than for the SO, emission
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Figure 7. Summary of several empirical observations used for filtering and estimations. (a) Comparison of the wind speeds from the ECMWF
ERA-Interim data and the operational ECMWF reanalysis data. (b) Comparison of the distribution of the wind directions estimated by four
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https://doi.org/10.5194/acp-21-9367-2021 Atmos. Chem. Phys., 21, 9367-9404, 2021



9380

flux retrieval: a scan was rejected from the further analysis
only if the Gaussian fit failed to converge or if oGauss < 5°.
Furthermore, if ogauss Was rather large, the such defined
plume region may have overlapped with the reference region.
To avoid this inconsistency, we implemented the following
procedure: if the derived (Gaussian) plume region included
more than 10 spectra, the plume region was instead defined
as the angle range with the highest running mean value over
10 spectra for the SO, dSCD. The spectra associated with
the plume region were spectroscopically added to a single
“added-plume spectrum”.

We highlight that it would be more consistent to fit the
Gaussian distribution to the SO, VCD distribution as a func-
tion of the tangent of the zenith angles (instead of a fit to the
SO, dSCD distribution as a function of the zenith angles).
Nevertheless, the maximum possible effect would be that the
41 spectrum is included in the plume region. We used the
fit in the dSCD-angle space for practical and historical rea-
sons but, in the future, would encourage fitting in the VCD—
tangent space instead for maximum consistency with the SO,
flux retrieval.

The added-plume spectra and added-reference spectra per
scan were used for a second iteration of the spectroscopic
retrieval in order to retrieve SO, and BrO dSCDs representa-
tive of the plume centre. From this set of scans, all scans with
sufficiently reliable BrO fits (here: scans with a fit quality of
X]%rO <2 x 1073) were used for a third iteration: the added-
plume spectra and added-reference spectra of four consec-
utive scans were added, and again SO, and BrO DOAS fits
were applied. An I correction was applied to these final data
(Platt and Stutz, 2008), which had not been done beforehand
in order to save evaluation time.

The SO, and BrO dSCDs and the BrO/SO; molar ratios
discussed in this paper refer to the results of the third spec-
troscopic iteration (Fig. 8). We highlight that these dSCDs
are not absolutely calibrated for a background contamination
(see above) because no reliable method for a absolute cal-
ibration of a background contamination with BrO has been
developed (in contrast to the SO, retrieval). The interpreta-
tion of the BrO/SO, molar ratios thus tacitly assumes that a
possible background contamination has the same BrO/SO,
molar ratio as the main plume. For the first investigations of
this assumption and possible advances towards a correction
of a BrO contamination, see Wilken (2018).

We highlight that the retrieval of the BrO/SO; molar ratios
is hardly affected by the numerous potential sources of sys-
tematic effects, as is the case for the SO, emission fluxes. For
instance, the BrO/SO, molar ratio is not affected by assump-
tions about the air mass factor and about the plume height. In
addition, when BrO and SO, are retrieved from similar wave-
length regions, the BrO/SO; molar ratio appears to be hardly
susceptible to systematic effects in the radiative transport, be-
cause then the quantitative effects are similar for BrO and
SO, and thus cancel in good approximation (Liibcke et al.,
2014).
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4 SO and BrO time series at Masaya

In this section, we present the SO, and BrO time series
retrieved from the NOVAC data. There were two major
data gaps in the NOVAC time series from 9 September to
16 November 2015 and from 21 March to 23 June 2018.
The statistical analysis results discussed in the follow-
ing, therefore, refer to the time intervals (1) March 2014-
September 2015, (2) November 2015-March 2018, and
(3) June 2018-March 2020.

This separation into three time series is also in good agree-
ment with the three episodes of general volcanological ob-
servations of the lava lake activity: (1) “prior to the lava lake
appearance (until November 2015)”, (2) “period of high lava
lake activity” (from November 2015 to October 2018, where
the thermal activity started at the latest on 15 November and
the lava lake visualised on 15 December; INETER, 2015a, b;
Aiuppa et al., 2018), and (3) “period of low lava lake activity
(from October 2018 on)” (Global Volcanism Program, 2018).
It has been reported that Masaya was already relatively calm
before May 2018 (Global Volcanism Program, 2018), indi-
cating that the major transition from high to low activity may
have happened sometime during the data gap from March to
June 2018. The minor discrepancy in separation with respect
to the time span from June to October 2018 was not elabo-
rated on in our study.

The long-term averages of these time intervals were re-
trieved for intervals spanning exact multiples of a year in or-
der to avoid biases due to the seasonal modulation, namely
1 September 2014—1 September 2015, 1 January 2016—1 Jan-
uary 2018, and 1 January 2019-1 January 2020.

4.1 SO3 and BrO dSCDs

The data from Caracol station and Nancital station were in
general in good agreement (correlation coefficients of +0.82
and 40.77 for daily averages of SO, and BrO dSCDs). Cara-
col station observed on average higher dSCDs with relative
factors of 1.18£0.21 for SO; and 1.0640.24 for BrO (when
neglecting data with BrO dSCDs below 5x 10'® molec cm™2,
as these were deemed too close to the instrument detec-
tion limit). Analogously, relative factors of 1.12+0.20 and
0.99 £0.19 were observed for the daily averages of the SO,
emission fluxes (see Sect. 5 and Fig. 9) and of the BrO/SO,
molar ratios, respectively.

In the following, we discuss the typical variations ob-
served by Caracol station. From March 2014 to Septem-
ber 2015, the SO, dSCDs varied between 1 and 3 x
10'8 molec cm~2, and the BrO dSCDs had daily maxima
of about 1.5 x 10" moleccm™2 but with peaks of up to
3 x 10" molec cm~2. From November 2015 to March 2018,
the SO, dSCDs varied predominantly between 1 and 4 x
10'® molec cm™~2 but with 9 % of the data varying between 4
and 8 x 108 molec cm~2, and the BrO dSCDs doubled with
daily maxima of about 3 x 10'* molec cm~2 with peaks of
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Figure 8. (a—c) Time series of the differential slant column densities of SO, and BrO and calculated daily means of the BrO/SO, molar
ratios in the gas plume emitted from Masaya (long/short tick marks indicate 1 January/July). The two NOVAC stations are indicated by the
different colours. (¢) Best fits of the long-term pattern are given for three individual time intervals (orange lines). The yellow bands indicate
the long-term averages and the standard deviations. (d) Residual BrO/SO, time series when subtracting the best fits from the three individual
parts of the BrO/SO, time series. e) Daily means of the SO, emission fluxes.

up to 6 x 10" molec cm—2. From June 2018 to March 2020,
the SO, dSCDs were lower again and varied between 1 and
2 x 10" molec cm~2, and the BrO dSCDs had daily maxima
of about 1.5 x 10'* molec cm™2. In summary, for the second
time interval the SO, and BrO dSCDs time series showed
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enhanced long-term averages but also a significantly larger
variability.

Furthermore, a Lomb-Scargle periodicity analysis indi-
cated that the SO, dSCDs followed an annual cycle with
pronounced minima during January of each year (false alarm
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Figure 9. Comparison of the SO, emission flux estimates when
both NOVAC stations observed volcanic plumes within the same
time bin of hourly means (grey triangles) and daily means (black
circles). The plot compares the bin averages, and only data for wind
speeds higher than 5 m s~1 were considered.

probability of 3 x 10~2!") and that the BrO dSCDs followed
an annual cycle (3 x 10~213) with an additional semi-annual
modulation (2 x 10~110),

4.2 Patterns in the BrO/SO; time series

Considering the whole time series from 2014 to 2020, the
average BrO/SO, molar ratios were (4.4 &2.3) x 107> and
subject to characteristic variations between 1 and 10 x 1077,
The BrO/SO; molar ratios strongly differed between the
three periods of volcanic activity, with average BrO/SO,
molar ratios of (2.9+1.5) x 107>, (4.8+1.9) x 1072, and
(5.5£2.6) x 1073 (see yellow bars in Fig. 8c).

In addition to the variations described in the previous
section, the BrO/SO; time series indicated an annual cy-
cle with maxima in early March accompanied by a semi-
annual modulation (indicated by a Lomb—Scargle analysis,
false alarm probability of 9 x 1077%) as well as a varying
long-term trend. These patterns were investigated for each
of the three time intervals separately by fitting linear trends
plus a sinusoidal variation with a period of 1 year to the re-
spective BrO/SO; time series. All fits were significant, with
p values <2.2 x 107'6, and the same holds for all individ-
ual regressors if not stated differently. For all three time in-
tervals the phase of the annual cycle remained basically the
same, but the average amplitude of the cycle varied between
the three time intervals, being (1.36 £ 0.08) x 1073, (1.40 +
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0.10) x 1073, and (2.524+0.12) x 1072, respectively. The ac-
companying linear trends in the BrO/SO, time series were
(—0.08+0.12) x 107> (p value = 0.48), (1.44+0.10) x 107>,
and (—0.81 £ 0.18) x 107> per year for the three time inter-
vals (see Table 5). An extrapolation of the trends of the two
earlier time intervals to 11 December 2015, which is the date
of the lava lake appearance, implied an apparent step increase
by 0.7 x 107 in the average BrO/SO» molar ratios.

The residual patterns were investigated by subtracting the
fitted variations (annual cycle and trend) from the respec-
tive time series for the three time intervals. Most residual
variations spanned between +2 x 107> subject to a stan-
dard deviation of 1.3 x 107> and some outliers of up to
9 x 107> (Fig. 8d). A Lomb-Scargle periodicity analysis in-
dicated a weak semi-annual modulation with an amplitude
of 0.5 x 107 of the dominant annual periodicity with max-
ima in eallgh March and September (false alarm probability of
9x 107°).

4.3 SO; and minimum bromine emission fluxes

For Caracol station separated for the three time intervals,
(a) the mean daily averages of the SO, emission fluxes,
(b) the average daily variability, and (c) the averages of
the daily maximum SO; emission fluxes are listed in Ta-
ble 5. From March 2014 to March 2018, the daily means
of the SO; emission fluxes were in general constant at
(1.0£0.3) x 10% td~!, with the exception of December 2015-
February 2016 (i.e. in the 3 months after lava lake appear-
ance), when they were enhanced at (1.3 £0.3) x 103tdL.
Furthermore, a Lomb-Scargle analysis indicated a weak
semi-annual cyclicity in the SO, emission fluxes (false alarm
probability of 1x 10722). The product of the SO, emis-
sion fluxes and the BrO/SO; molar ratios Rp;0,/s0, allowed
the calculation of the apparent BrO emission fluxes Fpyo =
Fs0, X RBro/so, X %ggz’ (with the molar masses M;). The
according apparent BrO emission fluxes would be 44, 72,
and 56 kg d~! for the three time intervals. The apparent BrO
emission fluxes multiplied by % = 0.83 can be considered
lower limits for the total bromine emission fluxes, because
not all emitted bromine would have been transformed into
BrO. According to model studies, the total bromine emis-
sions would likely have been at least a factor of 2 larger than
the derived apparent BrO emission fluxes (von Glasow, 2010;
Roberts et al., 2014).

5 Discussion of SO, emission flux retrieval

5.1 Intrinsic uncertainty in the SO, emission fluxes
The simultaneous observation of basically the same volcanic
gas plumes by two close NOVAC stations was a rare opportu-

nity to retrieve empirically the lower limit of the uncertainty
of the SO, emission fluxes. For ideal measurements, both sta-
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Table 5. Main statistical properties of the spectroscopic results for Caracol station. Early BrO/SO, NOVAC observations between 2007 and
2009 are listed for completeness. The daily variations are based on the standard deviations of the single days. The given errors are standard
deviations, except for the annual trend and the amplitude of the annual cycle for the BrO/SO;, molar ratios where the errors refer to the

standard regression error.

Time interval

SO, emission fluxes (in 1000td_1)

BrO/SO, molar ratios (in 107) “BrO emission

Daily Daily Daily Daily Annual trend  Amplitude of Fluxes”
means variation maxima means (in 1073 a_l) annual cycle (in kg d—h
Apr—Jun 2007 33+£09
Sep 2008—Feb 2009 49+14
(1) Mar 2014-Oct 2015  1.0+0.2 0.3+0.1 1.8+£04 29+£1.5 —-0.1£0.1 1.4£0.1 44+ 14
(2) Nov 2015-Mar 2018 1.0+0.3 0.3+0.1 1.7£0.6 48+1.9 —14+£0.1 1.4£0.1 72+18
(3) Jun 2018-Mar 2020  0.7+0.2 0.2+0.1 1.1£0.3 55+£26 —0.8+£0.2 2.5+0.1 56£18

tions would observe identical SO, emission fluxes, but under
real measurement conditions systematic as well as statistical
deviations can be expected.

It is important to note that the two stations usually did not
record exactly the same plume, but their telescopes pointed
at different times to the volcanic plume, with time differ-
ences of several minutes between their “simultaneous” ob-
servations. Pering et al. (2019) reported for SO, camera mea-
surements at the crater rim that the SO, emission fluxes fre-
quently vary by more than 100 % within minutes. We ob-
served a similar variability when we analysed the SO, emis-
sion fluxes retrieved by the two stations, with only several
minutes between their observations. Accordingly, the higher
the temporal resolution of the compared data, the larger the
expected scatter of the comparison.

We calculated the ratios (called “relative factors” in the
following) of the SO, emission fluxes retrieved by Cara-
col station divided by the SO, emission fluxes retrieved by
Nancital station using several temporal bin sizes. The relative
factor and standard deviation of the scatter were 1.22 £0.55
for a 10 min binning, 1.1940.40 for a 1 h binning, 1.13£0.21
for daily means, and 1.11 +0.15 for weekly means (the 1-
hourly data and the daily means are shown in Fig. 9). Our
observations confirmed the significant reduction in the scat-
ter with increasing bin size. In contrast to that, we observed
a rather persistent relative factor of 1.1-1.2 for all bin sizes,
with nevertheless a weakly decreasing trend as a function of
the bin size.

The observed relative factor of 1.13 for daily means is rela-
tively small in view of the uncertainties in the estimates of the
meteorological conditions but also other measurement uncer-
tainties. There are four obvious candidates for effects which
may have contributed to the deviation of that factor from
unity: (i) wrong geometric parameters of the NOVAC sta-
tions, (ii) misestimations of the wind direction or the plume
height, (iii) systematic deviations in a possible underestima-
tion of the SO, dSCD, and (iv) radiative transport effects.

i. The most mundane cause of the observed offset would
be wrong information on the viewing directions of the
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telescopes of the NOVAC instruments. For instance,
with respect to a wind direction of 84° a variation of the
scan plane orientation 8 by +15° would result in a sys-
tematic miscalculation of the SO, emission fluxes by a
factor of 0.92-1.01 for Caracol station or 0.92—-1.02 for
Nancital station, i.e. up to a relative factor of 1.11. Anal-
ogously, a misalignment of the zenith angle by as lit-
tle as +5° can cause a systematic miscalculation of the
VCDs (and thus the SO, emission fluxes) by a fac-
tor of 0.9—1.1 when the volcanic plume is observed at
£50°. If both stations are affected, such apparently neg-
ligible misalignments of the zenith angle can cause a
relative factor of about 1.2 between both stations.

ii. A misestimation of the plume altitude can not only re-
sult in an absolute misestimation of the SO, emission
fluxes, but can also contribute to the observed rela-
tive factor because the stations are installed at differ-
ent altitudes. For instance, and for the particular con-
ditions at Masaya, using a mean plume altitude of
1000 ma.s.l. instead of 635 ma.s.l. would cause a rel-
ative factor of 1.09.

iii. A more subtle source for the observed relative factor
and scatter could be the relation between an underesti-
mation of the SO, VCD and the absolute zenith angle:
given a fixed SO, VCD, the larger the absolute zenith
angle, the larger the observed SO, dSCD and thus the
larger the probability of a significant underestimation
of the SO, VCD. Accordingly, if one of the instruments
records shallow plumes systematically more often than
the other instrument, this instrument would thus retrieve
systematically lower SO, emission fluxes. Both instru-
ments, nevertheless, observed the volcanic plumes on
average at the same (absolute) zenith angles, and thus
this possible candidate appears to be irrelevant here.

iv. There could be significant deviations in the SO, emis-
sion fluxes recorded by the two stations due to differ-
ent radiative transport effects. For Masaya, the radiative

Atmos. Chem. Phys., 21, 9367-9404, 2021



9384 F. Dinger et al.: SO, and bromine emissions of Masaya volcano from 2014 to 2020

transport effects associated with the relative position
of the Sun were, however, presumably rather similar
for both NOVAC stations because for March—October
the Sun was for most of the day close to the zenith.
Relative differences in the radiative transport caused
e.g. when there were systematically more clouds either
to the north or the south of the NOVAC stations could
nevertheless not be ruled out as a source of the relative
factor deviating from unity.

5.2 Correlation of SO, emission fluxes and wind speeds

We observed a strong correlation between the SO, emission
fluxes and the wind speeds when none of our correction ap-
proaches for the wind speed, the wind direction, or the plume
height were applied (correlation coefficient of +0.84 when
all wind speeds are considered and of 4-0.56 when only wind
speeds higher than 10ms~! are considered, Fig. 7e). This
correlation was lower for the calibrated data (correlation co-
efficient of +0.71 when all wind speeds are considered) and
in particular basically vanished for wind speeds higher than
10ms~! (correlation coefficient of +0.16, Fig. 7f).

The SO, emission fluxes are of magmatic origin, and thus
no causal link to the meteorological conditions would be ex-
pected. There are three groups of possible causes of this ob-
servation: (1) a chance coincidence of shared long-term pat-
terns (e.g. an annual cyclicity), (2) causal links between the
wind speed and the “volcanic” (in contrast to “magmatic”)
gas emission flux, and (3) a systematically wrong calculation
of the SO, emission fluxes. In the following the plausibility
of these options is discussed.

1. The wind speed followed a semi-annual cyclicity with
strong maxima in January/February and weaker max-
ima in July. If the observed correlation was caused by a
chance coincidence, this would imply an annual cyclic-
ity in the volcanic degassing behaviour with maxima in
January/February. Such an annual cycle could e.g. be
caused by an astronomical forcing. The two best candi-
dates, the solar irradiance and the Earth tidal potential,
are indeed at Masaya minimum in December/January
and June/July. Nevertheless, it is still far from obvious
that these forcings can cause such a strong annual mod-
ulation of the SO, emission flux.

2. There is indeed a plausible mechanism which links the
wind speed and the SO, emission flux: volcanic gas
emissions often accumulate in the crater of Masaya. The
larger the wind speed, the higher the atmospheric turbu-
lence and thus the lower the accumulation. Accordingly
and if the wind speed is subject to significant short-term
fluctuations, over-proportionally much volcanic gas gets
effectively released from the volcanic edifice into the at-
mosphere during high wind speed peaks. However, the
observed correlation is based on long-term variations
in the wind speeds but not on short-term fluctuations.
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While the temporal variability of our SO, time series
could be partially caused by this mechanism, our wind
data (with a temporal resolution of 6 h) are insensitive
to short-term effects, and that causal link can be ruled
out as a cause of the observed correlation. We highlight
that this mechanism may partially explain the high vari-
ability in the SO, emission fluxes as observed by Pering
et al. (2019).

. There are a number of possibilities how the observed

correlation could be caused by systematic effects in the
retrieval of the SO, emission fluxes: the plume height
estimate could systematically depend on (a) the wind
speed, (b) the SO, emission flux, (c) the retrieval of
the background SO, SCD, or (d) an observational bias
caused by the applied filters.

a. As discussed above, we expected and indeed ob-
served a weak anti-correlation between the plume
height and the wind speeds (Fig. 7d), which can
explain the observed correlation for wind speeds
higher than 10ms~! (Fig. 7f). We therefore con-
clude that this mechanism is one of the predominant
causes of the observed correlation.

b. The stronger the absolute volcanic gas emission
fluxes (i.e. in particular of H>O), the slower the
cooling of the volcanic plume due to in-mixing of
air and thus the higher the effective plume height
of the buoyant gas plume. Combined with the gen-
eral expectation that the wind speed is larger with
increasing height above ground, we conclude that
the higher the SO, emission flux (when assuming
that it is proportional to the absolute gas emission
flux), the higher the wind speed at plume propa-
gation altitude. Using only wind speeds for a fixed
altitude level to calculate the SO, emission fluxes,
we can then expect an anti-correlation between the
SO, emission flux estimates and the applied wind
speed.

c. Liibcke et al. (2016) reported for Nevado del Ruiz
and Tunguragua that the probability of the clear-sky
reference spectrum being contaminated with SO,
is higher for low wind speeds. Thus, at low wind
speeds the SO, SCD (and hence the SO, emis-
sion flux) is more likely to be underestimated than
at high wind speeds. Nevertheless, applying our
method for removing SO, contaminated references
had practically no effect on the correlation of emis-
sion rate and wind speed, thus indicating that back-
ground contamination was not a major cause of the
observed correlation.

d. The more strongly the observed plume shape de-
viates from an ideal Gaussian shape, the larger the
probability that the scan will be rejected from the
applied data filters. The plume shape is arguably
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better confined for larger wind speeds because then
the relatively short time interval prior to the ob-
servation implies a smaller horizontal plume dis-
persion. Nevertheless, we would neither expect nor
did some data checks support the assumption that
such observational biases could have caused the ob-
served correlation.

5.3 Comparison with reported SO, emission fluxes

For 2014-2017, Aiuppa et al. (2018) retrieved from the
same NOVAC data and ERA-Interim data mean SO, emis-
sion fluxes of (700+£400) td~! subject to variations between
0 and 2600td~! (Fig. 10). Our and their SO, time series
show a good agreement in relative variability, but we ob-
served considerably higher values with average relative fac-
tors of 1.42 £0.46 (Fig. 11). This relative factor can be ex-
plained by the combination of the deviations in (1) the SO,
dSCD retrieval, (2) the plume height estimates, and (3) the
wind speed estimates, as detailed in the following.

1. Aiuppa et al. (2018) used the standard NOVAC SO,
dSCD retrieval whose fit range starts as low as 310 nm.
As motivated in Appendix B, we argue that they
therefore may have underestimated the SO, dSCDs at
Masaya by up to a factor of 1.25 (or, to be more pre-
cise, their underestimation relative to our underestima-
tion was up to a factor of 1.25; see Fig. B1).

2. The different estimates in the plume height explain an-
other relative factor of % = 1.48 (we applied on av-
erage a plume altitude of 756 m a.s.l., implying an aver-
age plume height of 374 m above Caracol station, while
Aiuppa et al. (2018) applied a constant plume altitude
of 635 ma.s.l., implying a plume height of 253 m above
Caracol station).

3. Aiuppa et al. (2018) provided their wind data as an
upload that allowed a direct comparison with our
wind data. They interpolated the ERA-Interim data
to the location of the volcano and used only data
where the plume propagated in the proximity of Cara-
col station (personal communication Santiago Arellano,
Chalmers University of Technology). The seasonality in
their wind speed data is in good agreement with our
data. The long-term ratio (from March 2014 to Octo-
ber 2016) between their wind speed data (interpolated
to 635ma.s.l.) and our ERA-Interim data or our oper-
ational ECMWF reanalysis data (both interpolated to
700ma.s.l.) was 1.02 and 1.28, respectively (see also
Fig. 7a). We remark that in contrast to that, actually
a factor of less than 1 would be expected because of
their lower retrieval altitude of 635 m a.s.l. instead of
our 700 ma.s.l.
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For a complete record, there are further deviations between
both retrievals which manifest predominantly in the extended
filtering for unstable measurement conditions in our retrieval
(see Sect. 3).

We highlight nevertheless that the conditions at Masaya
are rather an exception than the rule. Most NOVAC stations
are usually more than 4km away from the volcanic edi-
fice, and their altitudes are usually more than 1km below
the altitude of the volcanic summit. In consequence, a given
absolute uncertainty in the plume height of e.g. 100 m re-
sults usually in relative uncertainties in the plume height of
less than 10 %. Accordingly, for other volcanoes the uncer-
tainty in the SO, emission fluxes may be dominated by other
sources of uncertainty. Similar considerations hold for the
proposed weak anti-correlation of the plume height and the
wind speed.

Besides the NOVAC long-term time series, the SO, emis-
sion fluxes of Masaya were also determined episodically by
short-term (at most of several weeks) measurement cam-
paigns. From 1976 to 2010, reported SO, emission fluxes
varied between (300 & 100) and (2100 £ 900) td—! with all-
time averages of roughly 800td~! (Nadeau and Williams-
Jones, 2009; Martin et al., 2010; de Moor et al., 2013).
Since 2014, SO, emission fluxes spanning between 1000
and 5000td—! were reported, determined via DOAS traverse
measurements (de Moor et al., 2017) or via SO, camera mea-
surements (Stix et al., 2018; Pering et al., 2019; Wilkes et al.,
2019). Those campaign data match in general well with our
observed range of SO, emission fluxes, with the exception of
most of the June 2016 data from de Moor et al. (2017) (see
Fig. 10).

5.4 Critical assessment of our SO, emission flux
retrieval

This paragraph summarises the extensions implemented in
our retrieval as well as a set of possible future advances
which have not yet been investigated. Furthermore, the justi-
fications for some retrieval steps introduced in Sect. 2 of this
paper are motivated. The main findings are summarised in
Table 6.

1. Spectroscopic retrieval: we documented the possibility
of an underestimation of the SO, dSCDs when the SO,
DOAS fit range is not chosen appropriately (see Ap-
pendix B). For strongly degassing volcanoes, we rec-
ommend using a fit range which starts at least at 314 nm
(see Table 3). Furthermore, we encourage investigating
the possibility of a hybrid retrieval using an interpola-
tion of the dSCDs retrieved from two or more fit ranges.
Another source of possible errors can be a missing Iy
correction of the absorption cross section of a strongly
absorbing gas species. We highlight that, nevertheless,
the [y correction appears to be relevant to reduce the fit
errors but is usually of negligible importance for the ac-
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Figure 11. Comparison of the SO; emission fluxes from Caracol
station reported in this study and by Aiuppa et al. (2018).

curacy of the retrieved SO, dSCD. For instance, even
for SO, dSCDs of about 4 x 10'® molec cm™2, the dif-
ference in the retrieved dSCDs was usually less than
1 %, but the peak-to-peak ranges of the residual struc-
tures were reduced by about 10 %—15 %. Because pre-
cision is quite relevant for the BrO retrieval but not for
the SO, retrieval, we applied the Iy correction routinely
to the final data of the BrO/SO; retrieval but not to the
final data of the SO, flux retrieval. The reason for this
was the pragmatic decision to save computer run time:
the effective number of spectra was more than 2 orders
of magnitude lower for the BrO/SO; retrieval than for
the SO, flux retrieval — and so was the run time required
for the Iy correction. Nevertheless, we encourage the
use of the /Iy correction when aiming for a spectroscop-
ically optimal retrieval.
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Table 6. Applied and possible future advances in the SO, and BrO
analysis. See text for details.

Status  Description

Spectroscopic retrieval

Done
To do

AMlower limit > 314 nm required for strong emissions
Always apply I correction?!

Filter unstable conditions

Done SO, fluxes: five filters summarised in Table 2
BrO/SO;: two filters; see Sect. 3
Todo  Further optimise the filter conditions

Apply more filters on BrO/SO; retrieval

Wind conditions

Done  ERA-Interim data (1° x 1°) as consistent long-term data-
base but calibrated with operational data (0.14° x 0.14°)
Todo Investigate a direct use of operational data

Plume height estimate

Done  Plume height retrieved via triangulation
Plume height as function of wind speed
Todo  Optimise the triangulation algorithm

SOy emission flux versus wind speed

Strong correlation observed for uncalibrated data, not expected!
Done  No more correlation for > 10ms~! with our calibrations
Todo  Improve calibration for < 10ms™!

Establish such checks as benchmarks for good estimates

Instrument line function (only a side note)

Done
To do

Provide empirical evidence for long-term stability
Direct retrieval from the recorded spectra

2. Filter unstable conditions: we documented unstable
measurement conditions for a significant fraction of the
scans. We recommend filtering for unstable conditions,
but our filters should be understood as first propos-
als. A logical advance would be for instance an addi-
tional check via a 2-modal Gaussian fit or applying filter
thresholds which more dynamically adjust to the condi-
tions of the investigated NOVAC station. Another filter
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whose potential is clearly not yet exhausted is the abso-
lute SO, background calibration — neither with respect
to its spectroscopically optimisation nor in the use of its
results. Here, we need to highlight that these filters for
unstable conditions were applied only in the SO, flux
retrieval but not transferred to the BrO/SO; retrieval.
The investigation of such a filtering in the BrO/SO; re-
trieval is a logical extension of the current retrieval.

. Wind conditions: lacking measurement data for the wind
conditions, the best proxies for wind data are usually
weather model data. We compared the wind conditions
proposed by the ECMWF ERA-Interim data (1° x 1°
resolution) with operational ECMWF reanalysis data
(up to 0.125° x 0.125° resolution). We documented that
the ERA-Interim data proposed for Masaya were on av-
erage systematically higher wind speeds with deviations
of up to 30 % for wind speeds of 20ms~! (or, respec-
tively, 15ms_1) and wind directions which were 11°
further east—northeasterly (in contrast to easterly) than
both the operational ECMWF reanalysis data and the
triangulation results. We hesitated, however, to exclu-
sively use the operational ECMWF reanalysis data due
to the frequent jumps in the model set-up. As a cautious
compromise, we calibrated the ERA-Interim data such
that they matched the operational ECMWF reanalysis
data in the long-term average and used these calibrated
ERA-Interim data in all further evaluation steps (see
Fig. 7a, b). We encourage, nevertheless, a comprehen-
sive investigation of the jumps in the operational data
set-up with the possible finding that exclusive use of the
operational data is the best available proxy for the wind
data.

. Plume height estimate: the triangulation results docu-
mented a standard deviation of about 100 m which cor-
responds to a relative error of the plume height estimate
of 30 %—40 % (see Fig. 7). As long as no temporally
resolved information on the plume height is available,
this has to be seen as a fundamental lowest limit for
the uncertainty of the retrieved SO, emission fluxes at
Masaya. Furthermore, the retrieved mean plume height
deviated just 100 m from the plausible best guess used
by Aiuppa et al. (2018), but this deviation in the applied
plume height resulted directly in a deviation by a fac-
tor of 1.5. While these numbers are extreme for Masaya
and presumably less drastic for most other NOVAC
volcanoes, this shows that the estimate of the plume
height can be an important source of uncertainty in the
SO, emission flux retrieval. Furthermore, we observed
a weak anti-correlation between the wind speed and the
plume height, which is also expected because of the
buoyancy of the initially hot gas plume. Ignoring this
relationship could cause a spurious correlation of the
SO, emission fluxes with the wind speed (see below).
We highlight that the applied triangulation algorithm is
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rather simple, and several advances are desired, e.g. a
filter when both instruments simultaneously see differ-
ent plumes (see “wings” in Fig. 6).

. Correlation of SO, emission flux and wind speed?:

we observed a strong correlation between the original
ERA-Interim wind data and the SO, emission fluxes
when these were calculated without our proposed re-
trieval advances (+0.84 when all wind speeds are con-
sidered, Fig. 7e). This correlation is weaker when our
retrieval advances are applied (40.71 when all wind
speeds are considered) and basically vanishes for wind
speeds higher than 10ms~! (then only +0.16, Fig. 7f).
As mentioned above, this apparent correlation was most
likely caused by systematics in the SO, emission flux
calculation and namely the ignorance of the variations
in the plume height. Correlation checks like this should
be used to validate under which measurement condi-
tions the applied assumptions are justified. Consider-
ing Fig. 7f, we highlight that our proposed retrieval
advances were able to correct this spurious correlation
only for high wind speeds higher than 10ms~".

6. Instrument line function: we retrieved the instrument

line function (ILF) from a mercury emission spectrum
recorded prior to the installation of the instrument in
the field (this is the standard approach for NOVAC
data). The ILF varies, however, in general with temper-
ature and due to ageing, and such variations of the ILF
could be another important limitation of the accuracy
of gas data from NOVAC (and presumably of most au-
tomated measurement platforms). A frequent recording
of the ILF could reduce ILF-related uncertainties, but
this is not always feasible at each location. Another ap-
proach would be the retrieval of the ILF directly from
the recorded spectra. Such retrievals have been devel-
oped e.g. for satellite data (Sun et al., 2017) and are
for example available in the QDOAS software pack-
age (http://uv-vis.aeronomie.be/software/QDOAS/, last
access: 9 June 2021). However, as of today none of
those retrievals has been optimised for the specifica-
tions of NOVAC instruments (i.e. rather low quality of
recorded spectra and no active temperature stabilisa-
tion). The first steps in this direction have been made
by Kleinbek (2020) using the HeiDOAS software pack-
age (currently under development by Udo Frief3, Uni-
versity of Heidelberg). Nevertheless, we highlight that
both instruments enjoyed a surprisingly good long-term
stability in their wavelength-to-pixel calibration, which
may indicate that their ILFs were also rather stable
(see variations of their wavelength-to-pixel calibration
in Fig. D2). Furthermore, Dinger (2019) investigated
the effect of the variations in the ILF for a NOVAC
instrument installed at Nevado del Ruiz. That exem-
plary study concluded that for the BrO/SO, molar ra-
tios the ILF-related uncertainties are 1 order of magni-
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tude smaller than the typical measurement error. While
such exemplary findings cannot be adopted directly for
other instruments, this has been another hint that the
ILF-related effects may be in reality contribute only in-
significantly to the total measurement error.

7. Network design: NOVAC has been conceptualised such
that the available NOVAC stations may be distributed
as a good compromise between covering most of the
relevant plume propagation directions but also allowing
for a retrieval of the wind direction and plume height
directly via triangulation. The triangulation results pre-
sented here gave a rare opportunity to validate the use
of weather model data as a proxy for the meteorologi-
cal conditions at a volcano. While similar results could
be retrieved also by a single NOVAC station using the
optional “flux measurement mode” (Galle et al., 2010),
this mode has hardly been used in the past, indicating
that maintaining two rather autarkic stations is appar-
ently more likely to happen than actively scheduling the
NOVAC measurements. While there are of course fi-
nancial and maintenance limitations in adding another
station, we highlight that there is a significant number
of NOVAC volcanoes with at least three NOVAC sta-
tions where a re-positioning of one of the stations may
be beneficial in the long run. As an even further ad-
vance, McGonigle et al. (2005) demonstrated that in-
stalling three instruments in the main plume direction
would also allow a direct retrieval of the wind speed.

6 Discussion of SO, and BrO time series
6.1 Correlations between gas data and meteorology

We investigated the NOVAC data and ERA-Interim data for
correlations. For this purpose the daily means of the SO,
dSCDs, of the BrO dSCDs, of the BrO/SO; molar ratios, and
of the SO, emission fluxes and the noon-time ERA-Interim
data were compared (Fig. 12).

A correlation analysis of the ERA-Interim parameters with
each other indicated that (1) the barometric pressure was not
correlated with any of the other parameters. (2) All remaining
ERA-Interim parameters (except the wind direction) were
correlated with the total cloud cover (absolute correlation
coefficients between 0.36 and 0.56). This was presumably
mainly a manifestation of the shared general seasonality of
the weather conditions with extrema roughly in March and in
October where the total cloud cover represents the seasonal-
ity apparently most clearly. (3) As expected, the three water-
related parameters (water vapour concentration, relative hu-
midity, total cloud cover) were strongly correlated and the
atmospheric water vapour concentration correlated with the
temperature. (4) The ozone mixing ratio was anti-correlated
with the water vapour concentration (—0.55); however, this
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was presumably first of all the shared seasonality. (5) The
wind speed and the wind direction were correlated (—0.44).

A correlation of the NOVAC parameters with each other
indicated that (1) the variability in the BrO/SO, time se-
ries originated almost exclusively from the variability in the
BrO dSCDs (+0.81) and not at all from the variability in the
SO, dSCDs (—0.15). (2) The correlation between the SO,
and BrO dSCDs was far from proportional (40.40), indicat-
ing that these two parameters were sufficiently independent
of each other (i.e. the BrO data are an independent proxy
for magmatic or atmospheric processes). (3) The SO, emis-
sion fluxes were only relatively weakly correlated with the
daily average of the SO, dSCDs (+0.35). This can be ex-
plained by the two processes which presumably predomi-
nantly control the variability in the SO, dSCDs: on the one
hand, strong long-term variations in the SO, emission flux
should manifest proportionally in the long-term means of the
SO, dSCDs, but on the other hand, the variability of the SO,
dSCDs in the plume centre is also significantly controlled by
the horizontal plume dispersion and thus the wind speed (see
also Fig. 12). Given that the SO, emission fluxes of Masaya
have been basically constant for several years, the observed
absence of such a correlation hints towards the latter reason-
ing.

A cross-correlation between the NOVAC data and the
ERA-Interim data indicated two strong correlations: (1) a
correlation between the SO, emission fluxes and the wind
speed (+0.57) and (2) an anti-correlation of the BrO/SO;
molar ratios with the water vapour concentration (—0.47). As
explained above, this correlation between the SO, emission
fluxes and the wind speed was most likely predominantly an
artefact because in this correlation analysis the original ERA-
Interim data were used for consistency within the comparison
of the meteorological data. The correlation became insignif-
icant (40.16) when the wind speeds are calibrated and only
wind speeds higher than 10ms~! are considered (see Fig. 7e
and f).

We highlight that the BrO/SO, molar ratios were at
most weakly correlated with the other meteorological pa-
rameters (except the water vapour concentration). In par-
ticular, the correlation coefficients with respect to the wind
speed (4+0.26) and the ozone mixing ratio (+0.22) were re-
markably small. The correlations between the BrO/SO, mo-
lar ratios and the three highlighted meteorological parame-
ters are discussed in the next three paragraphs.

6.2 BrO/SO; and atmospheric humidity

The oxidation of bromide ions (Br™) to BrO in a volcanic gas
plume is an autocatalytic process; thus it is plausible that the
HBr — Br~ = BrO formation rate in a volcanic gas plume
could be positively correlated with the Br~ concentration
in the aerosol phase. A slower BrO formation rate also im-
plies a lower BrO equilibrium level because the equilibrium
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Figure 12. Correlation matrix between the different NOVAC parameters and the original ECMWEF ERA-Interim parameters. The colour bar
indicates the absolute value of the correlation coefficient and the plus and minus signs indicate the sign of the correlation coefficient. The
abbreviated parameters are, from left to right, daily means of SO, dSCDs, BrO dSCDs, BrO/SO; molar ratios, and SO, emission fluxes and
noon-time time series of total cloud cover, pressure, wind speed, wind direction, ozone mixing ratio, water vapour concentration, relative
humidity, and ambient temperature. The auto-correlation pixels are removed for better readability.

level of BrO/Bryy, is reached once the BrO formation rate is
equalled by the rate of the BrO destruction mechanisms.

A higher humidity level could cause a smaller Br~ concen-
tration and thus a slower BrO formation rate, as supported by
model simulations and experimental results (Riidiger et al.,
2018, and personal communication with Stefan Schmitt,
2019). As a remark, H* concentration in the aerosol phase
(i.e. its pH value) should be affected similarly; however, it
can be expected that the HT concentration far exceeds the
Br~ concentration, and thus this effect on the pH value is
presumably negligible.

The observed anti-correlation between the BrO/SO, mo-
lar ratios and the humidity supports this hypothesis for the
rather humid conditions at Masaya. Accordingly, the BrO
conversion at Masaya is humidity-limited in summer and au-
tumn when the atmospheric humidity is rather high, while
this mechanism is much weaker in spring when the atmo-
spheric humidity is in its annual minimum.

6.3 Br0O/SO; and wind conditions

The NOVAC stations at Masaya were located in close prox-
imity to the volcanic edifice; thus they almost exclusively
observed volcanic gas plumes with an atmospheric plume
age between 2 and 8 min (see Fig. 13, where the calibrated
wind data were used). Furthermore, almost all outliers in the
BrO/SO; time series were associated with plume ages larger
than 10 min or with measurements when the plume had al-
legedly not transacted the scan planes at all.

The BrO/SO, molar ratio apparently reached a maximum
within the first 2 min after the release from the volcanic ed-
ifice, decreased to a slightly lower value within the third
minute, and remained on this long-term equilibrium level for
at least the first 20 min. We highlight that the very young
plumes, whose observation indicated the early peak in the
BrO/SO; molar ratio, were observed almost exclusively in
spring, when by coincidence the atmospheric humidity is
also minimum and the wind speeds are maximum (Fig. 13b).
This early peak may thus not necessarily imply a “fundamen-
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tal overshoot” in the BrO formation but could be explained
as a manifestation of higher BrO equilibrium level at times
of relatively low atmospheric humidity or enhanced ozone
in-mixing.

We may highlight that the lack of significant correlation
between BrO/SO; molar ratios and the plume age could be
in principle also a chance result caused by two opposing
wind-speed-dependent processes: on the one hand, in-mixing
of ambient air (and in particular ambient ozone) would be
more efficient at high wind speeds. This speeds up the chem-
istry but also reduces the time that elapses before the plume
is measured by the NOVAC instrument. On the other hand,
in-mixing is less efficient at low wind speed, but more time
elapses before the BrO/SO; ratio is measured.

As a remark for completeness: the BrO/SO; molar ra-
tios were not correlated with the plume altitude for March—
October 2014.

6.4 BrO/SO; and ozone mixing ratio

The bromide-to-BrO conversion requires ozone, whose de-
struction is catalysed by BrO. If insufficient atmospheric
ozone is mixed into the volcanic plume, the BrO formation
stops. The amount of ozone mixed into the plume depends
on the ambient ozone background concentration and on the
degree of turbulent mixing. A comparison of the BrO/SO,
data with the ERA-Interim ozone time series (Fig. 2) does
not allow a detailed investigation of the chemical processes in
the volcanic gas plume. Nevertheless, the ERA-Interim data
allow an investigation of the Br™-to-BrO conversion in the
context of the temporal variations in the general ozone avail-
ability.

On the one hand, the observed correlation coefficients be-
tween the BrO/SO, molar ratios and the atmospheric ozone
mixing ratio and the wind speeds were both rather small, in-
dicating that the BrO conversion is not predominantly con-
trolled by the background ozone mixing ratio or the air in-
mixing rate. On the other hand, the maxima in the BrO/SO,
molar ratios coincide with the observed maxima in the wind
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Figure 13. BrO/SO; molar ratios in the gas plume of Masaya depending on the plume age. The wind data imply for some data that the
plumes did not transact the scan planes; these data are excluded from the plot. (a) The black dots refer to the averages of the respective 1 min
bins. (b) The red-coloured data span a plume age between 10 and 20 min.

speeds as well as in the ozone mixing ratio. Accordingly and
despite the low general correlation coefficient, strong Br™-
to-BrO conversion rates may be possible only for relatively
large wind speeds and/or ozone background concentrations.

6.5 Br0O/SO; and SO; emission fluxes and magmatic
processes

Aiuppa et al. (2018) suggested a model, based on their data
and past studies, where the (re)appearance of the lava lake
on the surface was most likely caused by the enhanced
magma convection supplying CO,-rich gas bubbles from
minimum equivalent depths of 0.36—1.4 km. They proposed
that this elevated gas bubble supply destabilised Masaya’s
shallow magma reservoir (< 1 km depth). The model is not
completely new: Rymer et al. (1998) and Williams-Jones
et al. (2003) already proposed that Masaya’s cyclic degassing
crises are caused by convective replacement of dense, de-
gassed magma by gas-rich vesicular magma in the shallow
plumbing system (< 1 km depth). Their ideas were based on
results of periodic gravity surveys, and they also argued that
such convective overturning is not necessarily triggered by
intrusion of fresh (gas-rich) magma but may simply be initi-
ated by degassing/crystallisation (and consequent sinking) of
shallow resident magma. The data from Aiuppa et al. (2018)
seem to confirm this model.

Our BrO/SO; data are characterised by a pronounced an-
nual cycling, but in addition we observed further changes in
our gas data, which might be linked to the magma dynam-
ics connected to the lava lake. As stated already in Aiuppa
et al. (2018) and confirmed with the data presented here,
no significant long-term changes in the SO, emission fluxes
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were observed when the lava lake became visible at the sur-
face. However, a step increase in the BrO/SO, molar ratios
can be noted after September 2015 (happening sometime be-
tween September and November 2015, covered by a data
gap). This change in the gas composition was thus caused
by variations in the volcanic bromine emissions rather than
in the sulfur emissions, similar to the change in CO;,/SO»
molar ratios noted by Aiuppa et al. (2018), which, respec-
tively, was caused mainly by the variation of the CO, emis-
sion flux. Those authors interpret these observations as ev-
idence for supply of CO;-rich gas bubbles, sourced by en-
hanced magma transport and degassing at a depth > (0.36—
1.4) km. Following their interpretation and assuming that
BrO is somehow an indicator of bromine emissions, that
would mean that either also bromine is degassing below that
depth or that there is another process which leads to an en-
hanced transformation of HBr into BrO.

By ignoring the latter possibility, the increasing BrO/SO»
molar ratios would thus indicate that bromine degasses to-
gether with or is enhanced/driven by CO, degassing. Unfor-
tunately, there are to our knowledge no studies (apart from
conceptual models) to prove or disprove the counter-intuitive
early degassing of halogens, specifically bromine. However,
Bobrowski et al. (2017) also described a similar behaviour
between CO;,/SO; and BrO/SO; in connection with a lava
lake level change.

Aiuppa et al. (2018) further observed an increase in the
SO, degassing after the appearance of the lava lake at the
surface, which is a further argument for their hypothesis
for a faster shallow magma convection. Our data confirm
an enhancement of the mean SO, emission fluxes by 30 %
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for the period from December 2015 to February 2016 when
compared with the previous and subsequent degassing be-
haviour. The described observation of Aiuppa et al. (2018)
ends with March 2017. The decrease in the lava lake activ-
ity in mid-2018 is therefore not described by those authors.
We here report a significant decrease in the SO, emission
fluxes after June 2018 (happening sometime between March
and June 2018, covered by a data gap), while the BrO/SO;
molar ratios hardly changed. This decrease in the SO, emis-
sion fluxes in time in connection with the decrease in the
lava lake activity is consistent with the interpretation that the
convection of the magma inside the conduit below the up-
per reservoir slowed down again after 2018, and an impor-
tant further indicator to sustain this hypothesis could be ad-
ditional CO, /SO, molar ratios. Unfortunately no CO,/SO;
molar ratios were available to the authors at the time of writ-
ing of the paper.

An unchanged BrO/SO, ratio and a lower SO, emission
flux would lead to lower bromine emission as well, if we as-
sume a correlation of bromine emissions and amount of BrO.
We might further speculate that the bromine emission and
carbon emission are characterised again by a similar pattern,
which would mean that we also see a decrease in the CO»
emission flux.

7 Conclusions

This study contributes to three independent fields of research:
(1) a comprehensive discussion of a reliable retrieval of SO»
emission fluxes from ground-based remote sensing data, (2) a
data set for the bromine chemistry in volcanic gas plumes
with extraordinary temporal coverage and resolution, and
(3) an investigation of the BrO/SO, molar ratio as a proxy
for magmatic processes.

7.1 SO, emission flux retrieval

An important conclusion of our study is the reminder that
calculating reliable SO, emission fluxes requires a careful
investigation of the local conditions. This holds true not only
for their accuracy, but also for the patterns in the data.

We reported suggestions for the retrieval of SO, emis-
sion fluxes from ground-based remote sensing data and re-
trieved SO, emission fluxes, which are on average a factor
of 1.4 larger than those retrieved by Aiuppa et al. (2018)
from the same spectroscopic data. This factor is an accumula-
tion of three major differences between the two retrieval ap-
proaches: the SO; fit range, the wind speed estimate, and the
plume height estimate. (1) The different choices of the SO,
fit ranges (our range starts at 314 nm, theirs starts at 310 nm)
causes a relative factor of 1.25, indicating their systematic
underestimation of the rather strong SO, SCDs in Masaya’s
gas plume. (2) Both studies estimated the wind speeds based
on ERA-Interim data, but we calibrated those wind speeds to
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the local conditions by using the higher resolved operational
ECMWEF reanalysis data. In consequence, our estimates for
the wind speeds are on average a factor of 0.8 smaller than
theirs. (3) Aiuppa et al. (2018) assumed a plume height fixed
at Masaya’s summit altitude, while we used a dynamic esti-
mate of the plume height based on our triangulation results
and the observed weak dependency on the wind speed. In
consequence, our estimates for the plume height were on av-
erage a factor of 1.5 larger than theirs.

When it comes to spurious patterns, we observed a strong
correlation between the SO, emission fluxes and the wind
speeds when several of our retrieval extensions are not ap-
plied (correlation coefficient of +0.84 when all wind speeds
are considered and of +0.56 for wind speeds higher than
10ms~!). We showed that no such correlation is expected
and that it is most likely an artefact, e.g. due to the assumed
fixed plume height. In consequence, the SO, emission fluxes
would then falsely inherit patterns from the variability of the
wind speeds, and thus conclusions drawn from the variability
of the SO, emission fluxes would be only of limited reliabil-
ity. The correlation was significantly reduced (+0.71) after
retrieval extensions were applied and in particular basically
vanished for wind speeds higher than 10m s~ (+0.16). An-
other conclusion is thus that low wind speeds can result in
rather unreliable results (at least at Masaya).

We encourage future publications on SO, emission fluxes
to state detailed information on the used SO, emission re-
trieval algorithm. The investigation strategy presented in this
study may provide a framework for that task. We neverthe-
less highlight the large set of further possible advances which
can still be applied and highlight that the choice and setting
of the filters may vary significantly for different volcanoes.

7.2 Atmospheric bromine chemistry

We observed an annual cyclicity in the BrO/SO; time series.
This annual cyclicity was most likely a manifestation of the
meteorological seasonality. In particular, an anti-correlation
(coefficient of —0.47) was observed between the BrO/SO;
molar ratios and the atmospheric water vapour concentration.
In contrast to that, no clear correlation was observed between
the BrO/SO, molar ratios and the atmospheric ozone mixing
ratio (coefficient of +0.21) or the wind speed (coefficient
of 40.25). A comparison of the BrO/SO; molar ratio and
the atmospheric age of the volcanic plume suggested that the
BrO/SO; reached in the long-term average maximum values
within the first 2 min after the release from the volcanic edi-
fice, dropped to a slightly lower level within the third minute,
and remained at this level for at least the next 20 min. The
enhancement prior to the third minute may be real but could
also be explained by an observational bias. We conclude that
the BrO formation rate at Masaya may be partly controlled by
the rather high ambient humidity, with higher humidity lead-
ing to dilution of the bromide concentration in the aerosol
phase and thus a lower BrO conversion rate.

Atmos. Chem. Phys., 21, 9367-9404, 2021
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7.3 Volcanological findings

We observed a complementary sensitivity of the SO, emis-
sion fluxes and the BrO/SO; molar ratios to magmatic pro-
cesses. The long-term trend of the SO, emission fluxes
was hardly affected by the initial lava lake appearance but
dropped in mid 2018, when the lava lake activity ceased, to
significantly lower SO, emission fluxes. In contrast to that,
the BrO/SO, molar ratios doubled due to the lava lake ap-
pearance but showed only a weak response to the reduced
lava lake activity since mid 2018. Accordingly, the combina-
tion of SO, emission fluxes and BrO/SO, molar ratios — the
latter one showing a similar behaviour to the CO,/SO; mo-
lar ratios for the period both data sets are available — might
give new possibilities for monitoring.

Atmos. Chem. Phys., 21, 9367-9404, 2021

When corrected for the annual cyclicity, we observed
an approximately linearly increasing trend in the BrO/SO;
molar ratios during the period for high lava lake activity
(November 2015 until March 2018) and an approximately
linearly decreasing trend in the BrO/SO, molar ratios since
May 2018. The isolated interpretation of these observations
did not provide clear information on e.g. the degassing or-
der of sulfur and bromine of the juvenile magma at Masaya.
However, the provided data may help to double-check and
enhance models on the magmatic processes at Masaya.

https://doi.org/10.5194/acp-21-9367-2021
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Appendix A: Ground-based data from Managua airport

The ground-based data from Managua airport are recorded at
an altitude of 59 m a.s.1., and thus their quantitative values are
expected to differ from the meteorological data modelled for
700 m a.s.]l. Nevertheless, the ground base data agree with the
ERA-Interim data in the general patterns and relative vari-
ations, with variations in the ambient temperature between
302 and 307 K, variations in the relative humidity between
40 % and 70 %, variations in the wind speeds between 2 and
8ms~!, and a mean wind direction of (86 & 31)° (Fig. Al).
The wind directions differ significantly with (102 4=29)°
when considering all times of the day.
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Figure Al. Meteorological conditions measured by a ground-based station at Managua airport (15 km north of Masaya volcano). The data
were provided by Iowa State University (https://mesonet.agron.iastate.edu, last access: 9 June 2021). Grey lines: hourly data. Blue lines:
sliding average over the hourly data (+2-week window). Black dots: noon-time (18:00 UTC) data. Red lines: same sliding average but over

the around-noon data.
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Appendix B: Choice of the wavelength range in the SO,
DOAS fit

The choice of the wavelength range (and in particular its
lower limit) used in the SO, DOAS fit can cause major de-
viations in the spectroscopic results. The standard NOVAC
evaluation routine uses 310 nm for the lower limit because
this value is optimal for detecting low SO, dSCDs of sev-
eral 10'7 molec cm~2 (which is the case for volcanoes with
a low to moderate degassing strength or considerable dis-
tances of the DOAS instrument to the emission source). As a
drawback, such a short wavelength for the lower limit makes
the SO, DOAS fit susceptible to saturation effects and spec-
trometer stray light, resulting in an underestimation of SO,
dSCDs larger than 1 x 10'® molec cm™2 (see Fig. Bla and
e.g. Bobrowski et al., 2010; Fickel and Delgado Granados,
2017). In contrast to that, our choice of 314.9-326.8 nm can
be considered to be hardly affected by saturation effects up
to SOy SCDs of 1 x 10'® molec cm™2 (3 % underestimation;
see Fig. B1b) and still of acceptable accuracy at SO, SCDs
of 3 x 10"® molec cm™2 (9 % underestimation). We observed
at Masaya, nevertheless, a significant amount of data with
SO, SCDs above 3 x 10'® molec cm~2 which were underes-
timated also by our retrieval (Figs. B1b and 8). A separated
retrieval of those data with an alternative fit range starting
e.g. at 319 nm would in general result in more accurate es-
timates for these particularly large SO, SCDs. Fickel and
Delgado Granados (2017) proposed such an approach for
Popocatépetl using even three wavelength ranges at 310-322,
314.7-326.7, and 322-334 nm. The risk of such a compound
retrieval would be, however, artificial jumps along the chosen
thresholds. We therefore hesitated to use such an approach
but encourage further investigations, e.g. whether an inter-
polation between the results retrieved by several fit ranges
could avoid this risk while enhancing the accuracy of large
SO, SCDs (see e.g. Theys et al., 2017; Elias et al., 2018,
for the implementation of such an approach in satellite and
ground-based observations, respectively).
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Figure B1. SO, dSCDs retrieved in the chosen wavelength range compared with those retrieved in other wavelength ranges, as retrieved
for Caracol station from 2014 to 2020. For statistical interpretation of the 314-326 nm data, 9 % of the SO, dSCDs were lower than 1 x
10!8 molec cmfz, 63 % were between 1 and 2 x 1018 molec cmfz, 26 % were between 2 and 3x 10!8 molec cm72, and 2 % were larger than

3 x 1018 molec cm 2.
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Appendix C: Absolute calibration of background SCD

We checked for an SO, contamination of the background
by applying the absolute calibration algorithm described by
Liibcke et al. (2016). This algorithm performs SO, DOAS
fits where the recorded added-reference spectrum is used as
the measurement spectrum and the solar atlas provided by
Chance and Kurucz (2010) — convoluted with the instrument
line function — is used as the reference spectrum. Such a
fit results in large residual spectroscopic structures because
the solar atlas does not contain information on the instru-
ment characteristics. These characteristics can, nevertheless,
be determined from the fit residual structures via a principal
component analysis applied to a time series of the residual
structures. Hereby, it is important that the principal compo-
nents do not contain structures caused by an interference with
the major absorbers in the investigated wavelength range.
Accordingly, we used only those residual structures for the
principal component analysis (1) where the retrieved SO»
SCD was smaller than 2 times the (individual) SO, fit error,
(2) where the solar elevation angle was > 30° to avoid large
tropospheric ozone columns, and (3) where the SO; fit had a
fit quality of x2 < 0.1 to avoid potentially problematic spec-
tra. We retrieved a unique fixed first principal component for
the total 6-year time series and added it as a pseudo-absorber
to the DOAS fit. This second iteration of the DOAS retrieval
gave the absolute SO, SCD of the added-reference spectrum
(see histograms of these results in Fig. 7c). We highlight that
the second principal component for the total 6-year time se-
ries explains only 1% of the residual structures, and thus
adding this component to the fit scenario would not have im-
proved the spectroscopic retrieval.

Atmos. Chem. Phys., 21, 9367-9404, 2021 https://doi.org/10.5194/acp-21-9367-2021



F. Dinger et al.: SO, and bromine emissions of Masaya volcano from 2014 to 2020 9397

Appendix D: Additional supportive figures
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Figure D1. Correlation between the retrieved SO, emission fluxes and the wind speed for March to October 2014 and when the triangulation
results are directly used. The plots compare daily SO, means and the means of the calibrated wind speed at the respective measurement
times. The fluxes were calculated based on the triangulated plume height and plume propagation direction and based on the calibrated wind

speeds.
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Figure D2. Variation of the instruments’ wavelength-to-pixel calibration and stray light and the ambient temperature. For each parameter,
the total values are given by the rough estimate for the mean value (given for each instrument in blue and green above the particular panel)
and the variation shown in the plots. The zero lines are chosen arbitrarily and should not be confused with mean values. (a—c) All spectra
were calibrated by matching their Fraunhofer lines with the Fraunhofer lines of a solar atlas, and wavelength calibration was given by a

calibration polynomial of second order (see e.g.

Dinger, 2019, for details). The three panels give for each scan the three coefficients of

the wavelength calibration polynomial. The variability is already as displayed rather low but is actually much lower (most of the indicated
scatter is predominantly caused by the first scans in the morning when the temperature is significantly lower than for the rest of the day).
(d) Variation of the ambient temperature. (e) Ratio of the intensity at around 290 and 310 nm (each time average over 10 channels) as a proxy

for the magnitude and variation of the stray light.
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