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Optimierte Bestimmung des molaren BrO/SO2 Verhiltnisses aus NO-
VAC Daten

Die Messung der absoluten Menge und von Konzentrationsverhéltnissen vulkanis-
cher Gas Emissionen geben Einsicht in magmatische Prozesse. Das Network for
Observation of Volcanic and Atmospheric Change (NOVAC) besteht aus einem
System von automatisierten UV-Spektrometern, welche die Gas Emissionen der
Vulkane aufzeichnen. Die Emission von BrO und SOs kann mithilfe von Dif-
ferenzieller optischer Absorptionsspektroskopie (DOAS) aus den aufgenommen
Spekren bestimmt werden wobei die optische Absorption in der Fahne mit einem
Reference Spectrum verglichen wird. Dies setzt voraus, dass das Reference Spec-
trum frei von Vulkanische Gasen ist. Typischerweise wird das Reference Spec-
trum fiir einen Scan bei einem Elevationswinkel aufgenommen welcher welcher so
gewdhlt wird dass das Instrument nicht in die Fahne schaut. Es hat sich jedoch
gezeigt, dass auch diese Spektren noch durch Vulkanische Emissionen verunreinigt
sein konnen. Als alternative Referenzspektren kénnten 1) ein theoretisches So-
lar Atlas Spektrum oder 2) ein nicht verunreinigtes Referenz Spektrum des sel-
ben Messgerits dienen. Option 1) hat den Nachteil einer verringerten Messge-
nauigkeit, da Instrumenteneffekte hier modelliert werden miissen und ist daher
nur fiir das typischerweise in hoher Konzentration vorkommende SO anwendbar.
Option 2) setzt voraus, dass das Referenzspektrum unter dhnlichen Wetter- und
Strahlungsbedingungen aufgenommen wurde. Wir verwenden die erste Methode
um (SO2) Kontaminierung zu identifizieren und greifen fiir die Bestimmung der
Gas Konzentration auf die zweite Methode zuriick um eine hohe Qualitit der
Messung sicher zu stellen. Im Folgenden stellen wir unsere Methode fiir NOVAC
Daten von den Vulkanen Tungurahua und Nevado Del Ruiz vor.

Retrieval advances of BrO/SO2 molar ratios from NOVAC

Measurements of magnitude and composition of volcanic gas emissions allow in-
sights in magmatic processes. Within the Network for Observation of Volcanic
and Atmospheric Change(NOVAC) automatically scanning UV-spectrometers are
monitoring gas emission at volcanoes. The emissions of BrO and SOz can be re-
trieved from the recorded spectra by applying Differential Optical Absorption
Spectroscopy(DOAS) and comparing the optical absorption of the volcanic plume
to the background. Therefore, the background spectrum must not be affected by
volcanic influence. Classically, the background spectrum is taken from the same
scan but from an elevation angle which has been identified to be outside of the
volcanic plume. However, experience shows those background spectra can still be
contaminated by volcanic gases. Alternatively reference spectra can be derived
from 1) a theoretical solar atlas spectrum or 2) a volcanic-gas-free reference spec-
trum recorded by the same instrument. 1) comes with a drawback of reduced
precision, as the instrumental effects have to be modeled and added to the re-
trieval. For 2), the alternative reference spectrum should be recorded at similar
conditions with respect to meteorology and radiation. We use the first option
to check for contamination and the second to evaluate the spectra to maintain a
god fit quality. We present our approach and its results when applied on NOVAC
data from Tungurahua and Nevado Del Ruiz.
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1 Introduction

Volcanic activities on Earth have always shaped the Earth surface and influenced
atmospheric processes. Volcanism is a geological phenomena which is related to the
raise of magma from the Earth’s interior to the Earth’s surface. Volcanic activity
is linked to tectonic active regions, thus hotspots mainly are at the margins of the
continental plates. significantly less volcanic activities occurs at the the interior of
continental or oceanic shelves (Schmincke, 2000).

Volcanoes are often particularly recognized by their dramatic consequences of a
major volcanic eruption. But volcanoes influence our lives in more than this way.
Volcanic gases can effect the weather by emitting aerosols or on larger time-scales
even the climate (Schmidt and Robock, 2015). Examples are the Laki eruption in
Iceland (1783-1784) followed by a very hot summer and a cold winter in central
Europa (Thordarson and Self, 2003) and the Tambora eruption, Indonesia in 1815
which caused the "year without summer" in 1816.

Volcanic gases can alter the radiative balance of the Earth due to scatter and ab-
sorption of solar radiation (Schmidt et al., 2015). A decrease of stratospheric ozone
(O3) has been observed after the eruption of El Chickon in 1982 and the eruption of
Mount Pinatubo 1991. The depletion comes from volcanic aerosols which serve to
transform anthropogenic chlorine /bromine into more reactive forms (Solomon et al.,
1998).

The gas composition of the volcano plume change with activity and can be a indi-
cator for the processes inside the Earth .

The change of the gas composition with volcanic activity is a result of the specific
pressure dependency of the solubility of each dissolved gases within the magma.
Therefore the relatively concentration of a gas change with its origin source depth
due to pressure dependency on the depth below the crater vent. Therefore the ratio
of two gases can be used to draw conclusions on the origin source depth of the gases.
This work particularly deals with the ratio of BrO and SOs. The advantage of using
the ratio of these two gases is the possibility of getting continues data by using the
NOVAC spectral data.

The BrO to SO, ratio changes due to pressure differences with depth, thus the
BrO/SO, ratio changes with its origin source depth. It is possible to conclude from
the BrO/SO, ratio to the degassing source depth and therefore the ratio is a proxy
for volcanic processes. A change in BrO/SO, prior to eruption was observed at Etna
and Nevado del Ruiz.

The Network for Observation of Volcanic and Atmospheric Change (NOVAC) is
a network to record volcanic emissions. The aim of NOVAC is mainly to provide



new parameters for risk assessment and volcanological research, both locally and
on a regional and global scale. NOVAC is a Network of spectrographic instruments
located next to about 30 volcanoes in Asia, America, Africa and Europe. At each
of these volcanoes are two to four spectrograph’s installed, recording back-scattered
solar radiation spectra at different viewing angles.

NOVAC is a network which produces a large amount of data and thus provides the
chance to evaluate long time periods which is a unique opportunity to study volcanic
trace gases.

The instruments and the maintenance need to be cheap, thus the instruments need
to have a rather simple construction. Therefore it was decided not to implement
temperature stabilization even at the expense of the quality of the data.

The data recorded by NOVAC are evaluated using Differential Optical Absorption
Spectroscopy (DOAS) Platt and Stutz (2008). DOAS utilises the wavelength de-
pendency of the absorption of light and is based on the Beer-Lambert law. The gas
concentration is retrieved from the characteristic difference in absorption structures
between the plume and a reference region. Thus it is fundamental to have a refer-
ence which is free of the gases of interest, to assure that the retrieved concentration
is correct.

The reference region, is usually treated as free of volcanic trace gases. If the ref-
erence region is for any reason contaminated by volcanic trace gases, the reference
spectrum has to be replaced by a volcanic-gas-free reference. Alternative spectra
could be for example a theoretical solar atlas spectrum or a volcanic-gas-free refer-
ence spectrum recorded in the temporal proximity (eg. a day before) by the same
instrument. The first option comes with the drawback of reduced precision, as the
instrumental effects have to be modelled and added to the retrieval. The reduction
in precision is acceptable for the SO, retrieval, but not suitable for a BrO retrieval
because then most data would be below the detection limit. The advantage of the
first option is, that the absolute column density is calculated, since, the theoretical
solar atlas spectrum is absolutely gas free. For the second option, the alternative
reference spectrum should have been recorded at similar conditions with respect
to meteorology, radiation,intensity and in temporal proximity due to instrumental
changes with time and ambient conditions. We combined both options in order to
achieve both, enhanced accuracy but still maximum possible precision of the SO,
and BrO retrievals. We present an algorithm which finds the optimal reference
spectrum automatically. As first step, a possible SO, contamination of the standard
reference is checked by a comparison with the theoretical solar atlas. If a contami-
nation is detected, as second step, the algorithm picks a volcanic-gas-free reference
(beforehand automatically checked for contamination) from another scan.

To gain a better understanding volcanism it is elementary to improve the measure-
ment techniques. The aim of this thesis is to improve the retrieval of the BrO/SO2
ratio by using data from Tungurahua in Ecuador and Nevado del Ruiz a volcano
located in Colombia, provided by NOVAC.
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2 Volcanism and volcanic chemistry

2.1 Volcanism

The high thermal energy in the deep interior of the earth is mostly well separated
from the earth’s surface by the earth’s crust. A volcano is a geological structure that
allows magma to reach the earth’s surface. Such a phenomenon can occur in various
ways. In the following paragraphs the different types of volcanoes are described.

Mid-ocean ridge volcanism The mid-ocean ridge volcanism can be traced back
to tectonic processes of oceanic plates. The spreading of two plates, that are pulled
apart, leads to a thinning of the oceanic earth crust. This way solid material from
the upper mantel (lower than 100 km) can ascend to depths of approximately 50
km. As the pressure at this depth is much lower, the mantle material starts to melt
to basaltic magma that fills the gap between the two plates.

Continental rift zone volcanism Similar to mid-ocean ridge volcanism continen-
tal rift zone volcanism are located at two continental plates that are pulled apart.

Hot-spot volcanoes Hot-spot volcanoes occur on continental or oceanic plates.
This type of volcanoes arises from a hot spot at the coremantle boundary inside earth
that leads to a plume in the mantle where solid material can rise. This material
melts to basaltic magma at a depth of 100-150 km. Through a futher rise also other
types of magma (e.g. rhyolitic, more-viscous magma) can arise.

Subduction zone volcanoes Subduction zone volcanoes occur if an oceanic plate
converges under another plate (oceanic or continental). This way the descending
plate penetrate into the lower mantle. At a depth of 80-150 km the water of this
plate evaporates and rises and causes the mantle material above to melt. The
resulting water-rich magma mainly consists of andesite. Subduction zone volcanoes
are known for their violent eruptions caused by the low viscosity magma.

In this thesis data from two subduction zone volcanoes, Tungurahua and Nevado
del Ruiz, are evaluated. Both located in South America.



Table 2.1: Volcanic gas constituents at the emission vent and global estimated source
strength. Adapted from Textor et al. (2004).

Species H,O CO, SO, H,S COS SCs HCl HBr HF

20 1 1 1 1074 107 1
% / vol - - - - - - - ? <
90 40 25 10 1072 1072 10 1073
1.5 1 0.005 0.007 04 0.0078 0.06
Tg / year 7 75 - - - -

20 2.8 0.1 0.096 11 0.1 6

2.2 Volcanic degassing

2.2.1 Volcanic plume chemistry

Volcanoes emits gases and aerosols particles, which are rising and forming the vol-
canic plume. The temperature where the gases and aerosols are emitted is approx-
imately 500°C (Gerlach, 2004). Due to the high temperatures the gas raises, cools
down and mix up with ambient air. This process leads to many chemical reactions.
The large amount of aerosols catalyses heterogeneous reactions.

The most abundant volatile species released during a volcanic eruption are water
vapour (H,O; relative amount of the plume: 50%-90%) and carbon dioxide (COy;
relative amount of the plume: 1%-40%) (Platt and Bobrowski, 2015). A typically
volcanic plume consists of many different gases alongside HoO and COs. Sulfur
dioxide (SO3) contributes with 1%-25% to the plume, hydrogen sulfide (H,S) with
1%-10% and hydrogen chloride with (HC1) 1%-10%. Furthermore there are trace
gases for example carbon disulfide (CS,), carbon sulfide (COS) carbon monoxide
(CO) hydrogen fluoride (HF), hydrogen bromide (HBr) and many other species
(Platt and Bobrowski, 2015).

The volcanic gases are listed in table 2.1.

In the following the chemical reactions of the plume constituents BrO and SO, will
be discussed. The main focus of this thesis lays on the evaluation of those two gases.

2.2.2 Sulphur species

Sulphur species are the third most abundant gases in volcanic plumes. Hereby SO,
contributes with about 25% and H,S with 1 to 10%. Only H,O and CO, have a
larger share on the volcanic gases in the plume table 2.1.

The SO, amount inside he plume can easily reach 1ppm (Oppenheimer et al., 2003).
Whereas, in contrast, the typical atmospheric concentration is about 1ppb and thus
neglighle compared to the concentration in a young volcanic gas plume. When H,S
escapes from the volcano vent, it enters the oxidizing conditions in the atmosphere.
H,S goes through a series of reactions, leading to the SO, formation (Seinfeld and
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Pandis, 2016)

SO, is removed from the atmosphere by dry or wet deposition. At homogeneous
reactions the lifetime is from 1-3 weeks (Robock, 2000). Heterogeneous reactions
that take place on particles or liquid phases lead to much faster depletions. But this
has not yet been observed in volcanic plume measurements.

Further discussions of the stability of SO, in the atmosphere can be found at Liibcke
(2014).

However, SO, can be considered as stable several hours after the release of the vol-
canic vent.

The long lifetime alongside with the negligible amount of SO, in the atmospheric
background makes SO, a good tracer of the volcanic plume. Therefore relative to
other trace gases SO, may be used to examine their evolution independent of the
plume dispersion.

One attempt to use SO, to examine other trace gases is made by Bobrowski et al.
(2007). They found a higher BrO/SO, ratio at the edges of volcano plumes (Mt.
Etna on Sicily, Italy, in August—October 2004 and May 2005 and Villarica in Chile
in November 2004) and concluded that the BrO amount is higher at the edges due
to the insufficient mixing with ozone rich air inside of the plume (see fig. 2.1).

In this thesis it is assumed that SO, is stable on time-scales occurring with ground
based remote sensing measuring of about 20 minutes.

2.2.3 Bromine oxide

The amount of bromine in volcanic plumes is rather low compared to SO,. The first
time bromine monoxid (BrO) was observed at a volcano was 2013 at the soufriere
hills by Bobrowski et al. (2003). Since then many others were able to detect BrO
using ground based remote sensing measurement techniques (DOAS: see section 4.1)
for example: Bobrowski and Platt (2007), Bobrowski et al. (2007),Vogel (2011) and
Liibcke et al. (2014)

The main bromine formation which is released from the volcano is HBr. BrO is
formed due to mixing with the ozone rich atmosphere at ambient temperatures
(Bobrowski et al., 2007).

Due to the raising of hot air in the volcano vent , ambient air is pulled into the
vent. There temperatures of 600°C to 1200°C prevent the formation of BrO. Only
Br is formed. BrO occur after further cooling and mixing while rising. When the
temperature cooles down to ambient conditions the so called "Bromine Explosion”
causes a non linear formation of BrO. The "Bromine Explosion" is illustrated in

11



,Bromine explosion®: Plume contains O,

BrO + O,+(Br-)g+(H*)s >2 BrO + prod. and still large amounts of
particles

hv O;1 _BrO
| /

Initial Plume:
main gas .
components | ° | T
H,0, CO,, SO,/ Y
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cooling r /O Mixing with ambient
air> O,
0,~21% ~600°C
0,=8%

C) “effective source region”

Figure 2.1: schematic sketch of a bromine Explosion. Release of HBr at the volcanic
vent. Mixing with ambient air in the effective source region leads to Br
formation. This resulting bromine species react to BrO with ozone from
the plume. Adapted from Bobrowski et al. (2007)

fig. 2.2 and can be described with the following reaction cycle:

HBrgqs — Br,, + Hj, (2.1)

HOBr(4q5) — HOBr (44 (2.2)

HOBr(qq) + Br(_aq) + H&q) — Broq) + H20 (2.3)
Bro o — Bra gas (2.4)

Bry + hv — 2Br (2.5)

Br+ 03 — BrO + O, (2.6)

BrO + HOy — HOBr + Oy (2.7)

BrO + BrO — 2Br + O, (2.8)

BrO + BrO — Bry + Oy (2.9)

The gaseous HBr emitted by the volcano is split heterogeneously int Ht and Br~
(eq. (2.1)). Inside of an aerosol it forms with HOBr Bry and HyO (eq. (2.3)). Bro
evaporates to the gaseous phase and splits photolytic into 2Br. Including an ozon
molecule (O3) the two Br react to 2BrO. The last step o the circle visualized in fig. 2.2
with blue lines is the reaction of a BrO with H,O to an HOBrO molecule condensing
into the liquid phase and thuse closing the circle. The non linear explosion occurs
due the formation of two BrO particles from one Hbr from the volcano.

The BrO formation is slightly diminished due to self reaction of BrO molecules

12



*1/2

from Volcano Bromine from Volcano

=, bromine explosion"

(H—Br —— BrOReaction

Figure 2.2: Bromine reactions inside of a volcanic vent. The release of Hbr at the
volcaninc vent is drawn in orange. Inside of aerosols heterogeneous disso-
ciation with HOBr forms Brs. Then Brsy splits photolytically into single
Br radicals. BrO results through a reaction with Osupon mixing with
ambient air. Reactions with H,O forms HOBr creating an autocatalytic
cycle. The reaction cycle along the blue lines are called bromine explo-
sion. From Warnach (2015).

marked with the red lines in fig. 2.2. The 2BrO react with themselves and form Br,
or may split photolyticaly into 2Br.

The BrO concentration reaches a maximum approximately five to ten minutes after
emission and then remains constant for the next 25 minutes (Liibcke et al., 2014).

2.3 Using the BrO/SO, ratio to study volcanic
activity

Volcanic degassing is influenced by many factors, which can be exploit to study
volcanic activity by using the gas composition of the volcano plume. Therefore
remote sensing should be an additional tool for forecasting of volcanic activity next to
classical monitoring techniques like seismographic and deformation measurements.
Inside of volcanoes volatiles are in solution in magmatic melt. The Henry law shown
in eq. (2.10) describes the necessary conditions for gas formation:

P=Ky-c (2.10)

Here P is the partial pressure at equilibrium of the solute, ¢ is the concentration and
Ky is the Henry constant which is anti proportional to the solubility « (o = KLH)
If the partial pressure of the gas solute (in this case a magmatic gas constituent) ex-

ceeds the pressure of the surrounding solvent, a formation of gaseous bubbles occur.

13
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Figure 2.3: Dependence of the ratios of different volcanic trace gases on depth. Data
originate from Stromboli volcano. From Liibcke (2014) reproduced from
Burton et al. (2007)

Otherwise, if the partial pressure of the gas in the solution is below the surrounding
pressure the formation of gas bubbles stops.

The solubility o depends on the temperature, the chemical composition and on the
solvent (here magma). Whereas the partial pressure of the constituent depends on
the surrounding pressure. The pressure below the volcanic vent increases with depth.
This leads to a correlation between the partial pressure of the constituents and the
depth. The result is, that the gas starts exsolving at a certain depth depending on
the partial pressure of the constituent. Thus, the gas bubble formation increases
with rising magma. But at a certain depth the percentage of solved gas is different
for each volcanic gas. The result is, that the composition of the gases changes with
depth. So gas ratios contain information about its originating source depth.

Prior to volcanic eruptions the magma starts raising. Because the gas is mostly less
dense than the magma, it raises faster and could therefore be an indicator for its
origin source depth and thus an indicator for the volcanic activity.

Figure 2.3 shows the empirical measured ratios of H,O/CO,, S/CL, CO,/S as a func-
tion of the pressure respectively on the depth. Noguchi and Kamiya (1963) found a
decrease of Cl/S prior to eruptive periods Pennisi and Le Cloarec (1998) observed a
lower CL/S ratio during eruptive periods compared to non eruptive periods at Mt.
Etna. Burton et al. (2007) found CO,/SOy and SO, /hCl ratios 3-5 times higher
during explosions compared to quiet degassing episodes. The authors compared

14
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Figure 2.4: BrO/SO, ratio as a function of the distance from the volcanic vent with
a constant wind speed of 10 m/s. From Liibcke (2014).

these data to gas formation simulations for different degassing source depth, they
concluded that these eruptions were driven by gas slugs from deeper levels where
the ratios were higher while quiet degassing originates from from shallow magma.
Especially halogen-sulfur ratios are interesting as possible tracer for the volcanic
activity because the ambient air concentrations are negligible. BrO/SOs curves
equivalent as in fig. 2.3 are yet not available due to lack of bromine solubility curve
but the following observations are made: Changes of BrO/SO, are found by Bo-
browski and Giuffrida (2006): multiple eruptions between 2006 and 2009 highest
ratios 2-3 month before the eruptions the ratio then decreased and was lowest dur-
ing eruptive phase. Therefore it could be concluded that bromine exsolves earlier,
at lower depth than sulphur. Liibcke et al. (2014) found decrease of BrO 5 month
prior to the eruption 2012 at Nevado del Ruiz which also can be attributed to a
earlier exsolution of bromine during rising magma. Despite the lack of the solubility
curve of BrO until now, the BrO/SO, has a great potential for investigations of the
volcanic activity. The first reason is, that both gases can be measured with remote
sensing by DOAS instruments. For examples ground based measurements by Bo-
browski et al. (2007), Liibcke (2014) or satellite based measurement by Hormann
et al. (2013) or Beirle et al. (2014). The advantage of remote sensing techniques
is the possibility of measuring during eruptions which is with in situ measurements
not always possible. Secondly due to the NOVAC network (See chapter 3) continues
measurements are possible.

Another reason for the research on BrO/SO. ratios at volcanoes is that the ratio
is almost constant from 5 to at least 30 minutes after release (Bobrowski et al.,
2007);(Liibcke, 2014). Furthermore fig. 2.4 shows a almost constant ratio from 5 to

15
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Figure 2.5: Influence of volcanic eruptions and quiet degassing on earth climate.
Redrawn on the basis of Robock (2000)

20 km off the volcano. This ensures that the data measured from different positions
or at different conditions are comparable.

Volcanic gases and their impact on the climate

Volcanoes emit various gases (see table 2.1) in the atmosphere. This can occur due
to volcanic eruptions or due quiet degassing. Gas emitted by quiet degassing remains
in the troposphere while eruptions can inject volcanic gases up to the stratosphere
(Robock, 2000). The larger lifetime in the stratosphere and a larger sensitivity of
the stratospheric chemistry to volcanic gases leads to an higher impact on the earth
climate of these gases. Volcanic gases have a large influence on the earth climate
especially COy and SO, or more specific its oxidation product sulfur acid.

The relevance of CO, for the climate is a subject of many discussions about the
climate change. Compared to other atmospheric CO, sources, the share of volcanic
CQy is rather low.

Even though the SO, emissions during eruptive episodes are up to one order higher
than during quite degassing episodes, Halmer et al. (2002) estimates that quiescent
degassing contributes 40% of the accumulated SO5 between 1972 to 2000.

Halmer et al. (2002) estimated the mean annual SOy emitted from volcanoes from

16



1972 to 200 as 7.5 to 10.5TgSyr~!, while the anthropogenic SO, amount for 2000 is
estimated as 55 TgSyr~! (IPCC, 2013). Despite the less SO, occurring from volca-
noes the impact may be higher as the impact of the anthropogenic SO,. Graf et al.
(1997) supposed that the volcanic SOy has a higher impact on the climate because
its reaches up to the stratosphere while the anthropogenic SO is mostly located in
planetary boundary layer. In the lower troposphere sulphuric acid has a lifetime of
about a week whereas the lifetime in the stratosphere is about a year (IPCC, 2013).
Sulphuric acid in the atmosphere increases the earth albedo due to direct backscat-
tering radiation. Additional the condensation on sulphuric acid particles leads to
finer droplets and thus to more stable and more white clouds. This increases the
albedo as well (Twomey, 1974). Volcanic particles can be surfaces for heterogeneous
reaction. The result is a depletion of stratospheric ozone, and thus a more high en-
ergetic solar flux on the earth surface. Large particles may backscatter IR radiation
from the earth surface and the lower atmosphere, leading to a small reduction of
the net cooling of the lower troposphere. In the upper troposphere or stratosphere
absorption of IR or UV radiation results in a net heating in the stratosphere and a
cooling at the earth surface. Figure 2.5 shows the above described effects and their
localization in the atmosphere. The dominating radiative effect of volcanic gases is
a cooling of the earth atmosphere due to more backscattered radiation, more dif-
fusive scattering(Robock, 2000). IPCC (2013) records a volcanic radiative forcing
of —0.11W/m? between 2008 and 2011. For comparison the radiative of COs is
estimated as 1.68WW/m?.
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and Atmospheric Change
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Figure 3.1: Global map of the volcanoes monitored by NOVAC. Used with friendly
permission of Santiago Arellano.

The Network for Observation of Volcanic and Atmospheric Change (NOVAC) is
a network of instruments monitoring volcanoes over the whole world. NOVAC was
installed to add a monitoring parameter for volcanic activity by installing automa-
tised instruments measuring SO, emissions during daytime.
NOVAC was originally an European funded research project from 2005 until 2010.
The aim of NOVAC is to establish a global network of stations for the quantitative
measurement of volcanic gas emissions in particular SO,. At the beginning, NOVAC
encompassed observatories of 15 volcanoes in Africa, America and Furope, including
some of the most active and strongest degassing volcanoes in the world. Although
the EU-funding has stopped, the network has been constantly growing since it was
founded. In 2018 more than 100 instruments are installed at over 40 volcanoes in
more than 13 countries. Figure 3.1 shows a map, with all volcanoes of the Network
for Observation of Volcanic and Atmospheric Change.

The great advantage of the data monitored in NOVAC is the fact that NOVAC

provides continues gas emission data over many years. This ensures statistically
meaningful results for the data evaluation.
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Figure 3.2: schematic sketch of a NOVAC instrument. From Galle et al. (2010)

The instruments used in NOVAC are scanning UV-spectrometer named Mini Doas
instruments.

The Mini DOAS instrument represents a major breakthrough in volcanic gas moni-
toring as it is capable of real-time semi-continuous unattended measurement of the
total emission fluxes of SOs and BrO from a volcano. Semi-continues in this case
means that the measurement is only possible during daytime.

The basic Mini DOAS system consists of a pointing telescope fiber-coupled to a
spectrograph. Ultraviolet light from the sun, scattered from aerosols and molecules
in the atmosphere, is collected by means of a telescope with a quartz lens defining
a field-of-view of 12 mrad (NOVAC-website).

The spectrometers measure in the UV region in a wavelength range of 280 to 420 nm.
In this range the differential structures of SO, and BrO structures are dominant.
The lack of temperature stabilization at the instruments used by NOVAC comes
with a reduced precision of the data, but the huge amount of data produced by
NOVAC compensates for this limitation.

3.1 Measurement routine

The instruments are set up five to ten km downwind of the volcano. To cover most
of the occurring wind directions two to five instruments are installed at each vol-
cano. Ideally, the measurement plane is orthogonal to the plume, to get the best
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Figure 3.3: Topographig Map of the Tungurahua Volcano (left, from Hidalgo et al.
(2015)) and Nevado del Ruiz volcano (right). The predominant plume
direction is shaded in yellow. The NOVAC stations are shown as red
squares, the corresponding scanning geometry is sketched with black
lines. The prevalent plume dispersion is taken from the wind rose shown
in nevado-del-ruiz colombia: Windrose the topographic map is taken
from google maps.

measurement results. In reality, the measurement plane might be rotated.

For the calculations of gas data from the DOAS retrieval a spectrum of the plume
(plume spectrum) and a scan without any volcanic trace gases (reference spectrum)
is needed. This is done without any knowledge of the plume location by scanning
the whole sky. The measurement routine starts with a spectrum in zenith direction:
the pre-reference. The exposure time of the pre-reference will be used for the whole
scan. Afterwards, the dark current spectrum is recorded for the correction of the
dark and offset.

Then the telescope turns automatically to the side, recording spectra at the elevation
angle from -90° to 90° with steps of 3.6°.

The instruments records 53 spectra per scan, the pre-reference, the dark current
spectrum and 51 spectra at different elevation angles. One whole measurement cycle
from horizon to horizon takes 6 to 15 minutes depending on the current illumination
conditions.
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‘ Instrument ‘ D2J2140 12J8546 ‘ 12J8548
compass 90.0 30.0 360.0
latitude -1.453584 -1.543492 -1.404719
longitude -78.513047 -78.517179 -78.494777
altitude 2609.980 2782.352 2911.253
volcano Tungurahua Tungurahua Tungurahua
site pillate bayushig huayrapata
observatory igepn igepn igepn
serial D2J2140 12J8546 12J8548
spectrometer 52000 52000 52000
instrumenttype gothenburg gothenburg gothenburg
version 2.1 2.1 2.1

Table 3.1: Technical data of the instruments installed at the Tungurahua volcano.

Tungurahua

Tungurahua is a steep-sided andesitic-dacitic subduction zone volcano located in the
Ecuadorian Andes (Lat: 1.467°S; Long: 78.442°W). 2014 Tungurahua was one of
the most active volcanoes in southern America, since then the activity is decreas-
ing. Tungurahua is 5023m high and is one of the defining volcanoes of the eastern
volcanic rows in Ecuador (Hall et al., 1999).

The modern volcano was formed by a sequentially construction of three major edi-
fices on a basement of metamorphic rocks. It has a total diameter of 12 km. Tun-
gurahua I was roughly located at the same place as today and was build up in the
mid-Pleistocene, mainly by andesitic and dacitic lava flows as well as interbedded
tephra. Tungurahua IT was formed in the past 14,000 years as a result of the collapse
of the initial edifice.

3000 years ago the Tungurahua II edifice collapse. The collapse of Tungurahua II
produced a large debris-avalanche deposit and a horseshoe-shaped caldera which is
open to the west side. Tungurahua III the current glacier caped stratovolcano was
constructed in this caldera (Program).

The current ongoing long term eruption started in October 1999. The eruptive ohase
was preceded by hydrothermal tremors between 1994 and 1997 (Samaniego et al.,
2003).

From September 1998 to July 1999 an increase of seismic activity like volcano tec-
tonic earthquakes indicated the raising of magma. This eruptive phase was charac-
terized by alternating periods of high and low volcanic activity.

At Tungurahua three instruments described in table 3.1, with data recorded in
the time span from July in 2008 to August in 2009, are used in this thesis. Table 3.1
shows the exact position, of the instruments, the altitude, and other specifications.
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Instrument | D2J2200 | D2J2201
compass 115.0 59.0

tilt 0.0 0.0

latitude 4.900917 4.876183
longitude -75.335134 -75.353408
altitude 4866.500 4494.259
volcano Nevado del Ruiz | Nevado del Ruiz
site bruma alfombrales
observatory ingeominas ingeominas
serial D2J2200 D2J2201
spectrometer S2000 S2000
instrumenttype gothenburg gothenburg
version 2.2 2.2
softwareversion 1.82 1.82
compiledate Feb 19 2009 Feb 19 2009

Table 3.2: Technical data of the instruments installed at the Nevado del Ruiz
volcano.

Nevado del Ruiz

Nevado del Ruiz is a glacier-covered, subduction zone volcano which is located in
the Central Cordillera of Colombia, 140 km west of Bogota (Lat: 4.892°N; Long:
75.324°W). Nevado De Ruiz has a hight of 5389 m and covers an area of more than
200 km?. Three major edifices has been constructed since the beginning of the Pleis-
tocene, consisting of andesitic and dacitic lavas and pyrolastics (Program).

The current cone is build within the caldera of older edifice and consists of a cluster
of lava domes. The crater on the summit with the name Arenas crater, has diameter
of 1 km and a depth of 240 m. The last big eruption was in 1985. This was South
America’s deadliest eruption.

In this thesis the data of two NOVAC instruments (see table 3.2) in the time from
the end of 2009 to the end of 2011 are used.
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4 Remote sensing of volcanic gases

In this thesis we are interested in the volcanic trace gases SO, and BrO, both
measured with the Differential Optical Absorption Spectroscopy (DOAS) a remote
sensing technique proposed by Platt et al. (1980)

Beer-Lambert Law

The Beer-Lambert law describes the attenuation of light when travelling through a
material.

This section will give an overview about the reasons for decreasing light intensity
when going through a medium.

The Beer-Lambert law describes the attenuation of light when travelling through a
material.

Atoms and molecules exists in several energy states, depending on the different
electron configuration. Moreover molecules have additionally rotation and vibration
states, also enclose to the energy states. If a photon energy matches the energy
gap between two possible energy states, this includes, that the lower energy state is
occupied and the selection rules are fulfilled the molecule could absorb the photon,
remaining in a higher energy state.

The additional energy could be loosed by collision with another molecule or by
emission. But the direction of the emitted photon is mostly not the same direction
of the absorbed photon, thus the intensity Iy of the light before passing the medium
is higher than the intensity I after travelling the distance L through the medium.
This can be described as:

I(L,A)=1y(\)-exp <_/0 o (N p(l), T(1))-c(l) dl) (4.1)

where X is the wavelength,c (1) is the location-dependent concentration of the trace
gas of interest. o (A, p,T) is the absorption cross section, o (A, p,T) is unique for
each molecule and depends on pressure p and on the temperature T.

An important quantity used in many optical remote sensing techniques is the optical
density 7. The optical density is a measure for the weakening of radiation when
going through a material. At a volcano the variation of temperature and pressure
in different viewing angles is negligible, thus, o (A, p(l),7(l)) is independent of [
required to consider it within the integral. Then 7 can be calculated using the
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Atmosphere

I(\)

Figure 4.1: Schematic sketch of the DOAS measurement of volcanic plume con-
stituents. The column density of the plume constituent of interest is
retrieved by comparing the spectrum I (A) which is measured through
the plume with the spectrum I, (\) measured outside of the plume.

Beer-Lambert law:

r=in(P5)) =08 (12)

With S is the column density. S can be calculated as:

S = /L c(l)dl (4.3)

The column density is the concentration of the trace gas when integrating along the
light path, the dimension of S is therefore the number of molecules divided by an
area: molec
cm

When measuring in atmosphere, the situations gets more complex, because one
need to deal with several absorbers and scattering processes have to be taken into
account. Scattering processes in the atmosphere can be roughly grouped in Rayleigh
scattering, scattering at very small particles and Mie scattering, scattering at larger
particles (radiusa \). The effects on the spectrum caused by scattering need to be
considered in the calculations. One possibility is to treat scattering effects as pseudo
absorbers with the respective extinction coefficients for Rayleigh (eg) and Mie (€j)
scattering.

T= /L D o (ANpT) ¢ (1) + en (A1) +ear (A1) dl (4.4)
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The first term of eq. (4.4): multiple absorbers j are considered, the corresponding
concentration depends on the position | of the light path. The last two terms describe
the extinction due to Rayleigh and Mie scattering in the atmosphere.

Inelastic scattering (for example the Ring effect) and effects due to turbulences in
the atmosphere are neglected in eq. (4.4).

4.1 Differential Optical Absorption Spectroscopy
(DOAS)

(1)

I

I Aerosol extinction

Rayleigh extinction

Intensity

aI"1 ?:L'U ;;L'Z
Wavelength

Figure 4.2: Basic idea of the DOAS principle: Light attenuate due to broad band

and narrow band effects. The broad band extinction is caused by aerosols

and Raylight scattering (IO — 1 '). The measured intensity [ is formed

by narrow band effects due to differential absorption structures by trace
gases with the optical density 7. Adapted from Kern (2009)

Differential Optical Absorption Spectroscopy (DOAS) was invented in the late
1970s by Perner and Platt (1979). This section will give an overview about the
DOAS technique. More detailed information ca be found in the work of Platt and
Stutz (2008)

DOAS uses the fact that the broad bands effect do not need to be quantified to
determine the column density. Therefore it is not necessary to apply eq. (4.4) to
real measurements.

Differential Optical Absorption Spectroscopy uses the fact, that absorption can be

25



divided into broad-band parts and narrow-band parts. Broad band parts are ef-
fects that only changes weakly with the wavelength, i.e. scattering and instruments
effects have a broad-band structure. The narrow band part includes effects that
strongly depends on the wavelength. Within the DOAS-Method only narrow-band
absorption features of molecules are used to obtain their column densities. The
absorption cross section of trace gases j have broad-band (o} (A)) and narrow band
(¢’ (X)) features, only the narrow-band structures are used in DOAS.

o) =0o,(\)+0 (N (4.5)

With this considerations the Beer-Lambert law eq. (4.4) can be rewritten dividing
the exponential part into a narrow-band part and a broad-band part:

’

:I%,\)

la ~N

I()\, L) :[0 ()\) - exrp <—/O Zo-b’j ()\,p, T) - Cj (l) + €r ()\, l) + €nm ()\, l) dl) .

exrp (—/0 ZU;- (A p,T) ¢ (1) dl) (4.6)

The so defined I, ()\) differs from Iy () only by broad band effects. In this context
the dependency of the absorption cross section on the temperature and the pressure
can be neglected. With I, (\) a differential optical density 7 can be defined:

T =In (?(—(;D :/0 zj:a; (A)-¢; (1) dl = zj:a; (\)-S; (4.7)

The optical density can now be calculated by using the difference of the column
density S, in the measurement spectrum to the column density Sk of a reference
spectrum. From eq. (4.6) it is known:

IM,R = [(/) - ExTp <_SP,R e (/\)) * (48)

In general the obtained column density S, is called differential slant column
density: "dSCD". If the reference spectrum does not contain the trace gas of interest
(is not contaminated with trace gases) that means Sk = 0, Sy is called the slant
column density (SCD). With eq. (4.8) the optical density can be derived by:

r(\) = —In (%) — o (\)- (S — Sp) (4.9)

4.1.1 Technical implementation of the DOAS approach

The theory explained above only describes the ideally situation. In real measure-
ments more problems occur due to instrument limitations inelastic scattering causing
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the Ring effect and due to impacts of external parameters like temperature.
In the following a short overview about these problems and their consequences for
our retrieval is given. Further information can be found in Liibcke (2014).

Optical and spectral resolution of the spectrometer

The resolution of the spectrometer is finite, thus, the detector receives a spectrum
I* (\) which can be retrieved with a convolution of the incident spectrum I (\) with
the instrument function H(A):

2 ()\):I()\)*H()\):/I()\—X)~H(>\—X)d>\’ (4.10)

For the evaluation all o; of the trace gases of interest need to have the same spectral
resolution as the instrument used for recording the spectra. In this work I will use
high resolution cross sections and convolute them with the instrument function H:

ox(\) =0 (\) * H()\) (4.11)

The instrument function H can be approximated by using a the spectral lines of
an mercury lamp because the width of those lines is only a few pm, they could be
treated as delta peaks when comparing it to the resolution of the spectrometers.

Effects of the detector

The detector only has discrete pixels, therefore a wavelength interval is mapped to
a pixel 7.

A(i+1)

I'(i) = / I (Nd) dN (4.12)
()

For the retrieval the relationship between the detector channels and the wavelength

of the spectrum need to be known. The wavelength to pixel mapping (WPM) for a

detector with q channels can be calculated as:

Ai) = i Vi - " (4.13)

Hereby, is 7o a shift of the spectrum and 7, is a squeeze (respectively stretch)
of the spectrum. The wavelength to pixel mapping can be discovered by using a
mercury lamp again and compare pixel-position with the well known wavelength of
the individual HG-lines of the mercury lamp.

The wavelength to pixel mapping depends on the instrument temperature as well
as on the ambient pressure (Liibcke et al., 2014).
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Ring effect

As mentioned above inelastic scattering causes the Ring effect (named after Grainger
and Ring, 1962). The Ring effect is observable through a filling of the Fraunehofer
lines in spectra of scattered solar radiation, (e.g. if the sunlight travels through the
earth atmosphere). When compared to direct sunlight measurements (e.g. outside of
the earth atmosphere). (Bussemer (1993),Solomon et al. (1987)) identified rotational
Raman scattering mainly of Oy and Ny in the atmosphere as the origin of the Ring
effect. Solomon et al. (1987) suggested to treat the Ring effect as a pseudo-absorber.

4.2 Evaluation routine

The fitting routine used for this thesis is based on the DOASIS software (Kraus,
2006). The equations of the DOAS retrieval of this work are slightly different from
Equation (4.7) and therefore described in the following. Equation (4.4) can be
rewritten as:

In(I (X, L)) =ln(Iy) + P (A / Zaj A, T) ¢ (1) dl

=In (Io) + P (A Zaj A\ p, T (4.14)

The polynomial P (\) accounts for all broad-band effects which approximates the
scattering effects of the atmosphere as well as broad band absorptions.
The task of the DOAS retrieval is to find a model function F'(\) that minimizes

A2

V=3 (1) - F(i))? (4.15)

1=A1

While F' (\) can be expressed on the basis of Equation (4.14):

F(\) =In(I)) + P () Za] (4.16)

The DOAS fitting routine uses a combination of a standard least-squares fit and a
Levenberg-Marquard algorithm to minimize >

Prior to the DOAS fitting. the spectra need to be calibrated, this done by us-
ing a wavelength to pixel mapping function (WMP) developed by Lehmann (2011).
The WMP uses a solar atlas spectrum that is concolced with the Hg line of the
single instruments, hereby am initial calibration based on the Hg lines is given as
a first parameter. The calibration is done by fitting the Fraunhofer lines of the
recorded spectrum on the convolved Solar Atlas spectrum. The Rayleigh scattering
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is considered by adding a Ring spectrum as well as a wavelength dependent Ring
spectrum (proportional to A1) (Wagner et al., 2009). Mie scattering and broadband
absorption structures were accounted due to adding a third order polynomial to
the retrieval well as an offset polynomial to correct for stray-light influence (Liibcke
et al., 2014).

The SO, evaluation is performed for a wavelength range between 314.8 nm and
328 nm. Including a SO, absorption cross section recorded at a temperature of
298K (Vandaele et al., 2009) and a O3 absorption cross section recorded at 221K
(Burrows et al., 1999).

The BrO evaluation is performed for a wavelength range between 330.6 nm and
352.7 nm (found by Vogel (2011)). The sum in Equation (4.16) includes for the
BrO evaluation the following absorption cross sections: BrO at 298K (Fleischmann
et al., 2004), the SOy and O3 absorption cross sections described above, O4 (Her-
mans et al., 2003), NOg at 298K (Vandaele et al., 1998) and CH,O at 298K (Meller
and Moortgat, 2000).

The choice of the wavelength range as well as the considered trace gases used in the
fits is based on studies on the optimal evaluation wavelength range in a combination
of real measurement data and theoretical studies

The choice of the wavelength range as well as the considered tracfor BrO and SO,
made by Vogel (2011).

The spectra of the trace gases were convoluted by using the 334.15 nm line of a
mercury lamp.

A further effect influencing the evaluation is the [ effect, in order to account for the
[0-effect (Platt and Stutz, 2008) an iterative approach was used. Further informa-
tions can be found at (Wagner et al., 2002), Liibcke et al. (2014),Vogel (2011)). To
further correct for small inaccuracies of the WMP, the FRS and both Ring spectra
as one set, and all trace gases absorption cross sections as another set, are allowed
to be shifted, and first order squeezed against the measurement spectrum.

NOVAC provides spectral data for roughly 50 different elevation angles. For the
DOAS evaluation a reference and a measurement spectrum is needed. Obtaining
the complete amount of volcanic gases is only possible in the case of the availability
of references which is free of the volcanic gases of interest (this will be discussed more
detailed in Section 4.4). The column density of BrO and SO, of the measurement
spectrum relatively to the reference spectrum can be calculated Equation (4.15) and
4.16.

4.3 Conventional evaluation routine
In the following I describe the technical implementation of the DOAS approach using

the data of NOVAC instruments:
The first step is to correct each spectrum of the scan for dark current and offset
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Figure 4.3: (a) SOy SCD as a function of the elevation angle with error bars com-
puted by the DOASIS fitting routin. (b) BrO SCD as a function of
the elevation angle with fit error bars computed by the DOASIS fitting
routine. Taken from Warnach (2015)

using the dark spectrum. The next task is to locate the spectra in and outside of
the volcanic plume. First a "pre-reference" (the spectrum recorded at an elevation
angle of 0°) is used to perform the evaluation of the scan spectra recorded at every
elevation angle. For every spectrum of the scan the SO, differential slant column
density (dSCD) with respect to the pre-reference is calculated using Equation (4.16)
by the DOASIS fit routine.

The result is SO5 dSCDs as a function of the elevation angle. This way the ele-
vation angle corresponding to the maximum and the minimum of the SO, column
density can be determined. The location of the SO, maximum defines the location
of the plume. The assumption is that the minimum of the SO, curve corresponds
to a region outside of the plume which is true in most cases. The background SO,
amount in the Earth’s atmosphere around Tungurahua is usually negligible (see Sec-
tion 2.2.2).

We use a gauss fit of the SOs-elevation-angle-curve to define the plume region. The
sum over all plume spectra is taken, which are in the elevation angle interval of the
gauss peak plus minus one sigma, to increase the photon statistic and to reduce the
residuum. If the gauss curve is too wide, what this means in specific is that more
then 10 spectra are added within the gauss evaluation, The running mean is calcu-
lated and the 10 spectra with the highest SO, amount are used for the retrieval. As
reference the sum of the 10 spectra with the lowest SO, amount is used.

The absolute slant column densities (SCDs) of BrO and SO, can now be calculated
with the previously defined reference and plume spectrum. In Figure 4.3 (a) an
example SOy SCD as a function of the elevation angle is shown. The SO, curve
has a maximum at the position of the plume at an elevation angle of approximately
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Figure 4.4: NOVAC evaluation: (a) Measurement at the volcano (b) Evaluation of
the spectral data with the DOAS routine using the absorption cross
sections of BrO and SO,. (c¢) Finding the location of the plume and
reference(taken from Warnach (2015)). With the so found plume and
reference spectra, the BrO/SO, can be calculated.

—30° to 0° and a reference region at an elevation angle of 40° to 70°. Figure 4.3 (b)
illustrates that extrema of the BrO curve are not as distinct as it is the case for the
SO, curve.

Since the BrO column density is much lower than the SO, column density, and just
lies slightly above the detection limit, the plume is hard to detect using the BrO
column density as it is shown in fig. 4.3 (b). Therefore BrO is only in the plume
location determined by using SO, evaluated.

To avoid a distortion of the data as a consequence of relatively bad scans, only scans
with a x? (BrO fit) below 1073 (=~ 95 % of all suitable scans) are considered. In
a further step multiple reference and plume spectra of successive measurements are
added to further increase the fit quality. Figure 4.4 visualizes the different steps
described above in the retrieval of the BrO /SO, ratios.

Figure 4.5 (b) shows the routine of adding multiple spectra of consecutive measur-
ing times. In the following the spectra resulting from the multi adding technique
will be referred to as "Multi Add Spectra". The algorithm for co-adding is visual-
ized in Figure 4.5 (b) was invented by Vogel (2011) and Liibcke et al. (2014). At
Tungurahua periods with significant degassing have a mean temporal resolution of
19 and up to 45 "Multi Add Spectra" per day (resulting from three instruments)

The mean standard deviation of BrO SCD is about 2.6 - 10"*2%¢. Hereby the
standard deviation is estimated as 2 times the DOAS fit error of the multi-scan BrO
fit Stutz and Platt (1996)

The SO2 detection limit is in the order of 6 - 10622

Taking the BrO/SO, molar ratios if the column densities are close to zero yields
unpredictable and unrealistic results. Thus, spectra measured in a thin volcano
plume need to be excluded. This could be achieved by setting a BrO or/and an

SO, threshold. A reasonable BrO threshold needs to be at least in the order of the
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Figure 4.5: (a) SOz SCD as a function of the elevation angle. The co-added plume
region is marked with red diamonds, and the co added reference region
with green stars. From Warnach (2015). (b) Flow chart of the BrO and
SO, evaluation. From Liibcke (2014).

DOAS fit error. The BrO detection limit can be enhanced by an daily averaging,
then one get an detection limit of: BrOpr = % . %ZSC (n: number of Multi Add
Scans per day, the minimum amount is four): However most BrO SCDs are below
the detection limit. Rejecting all BrO SCDs below the detection limit leads to an
drastical decreases of data points since only the high BrO SCDs will be maintained
and thus to systematic elevated BrO /SO, ratios (Liibcke et al., 2014).

The other possibility is to set an SO, threshold to ensure only measuring in strong
degassing periods. In this thesis an SO, threshold (plume limit) of 7 - 10172 jg
used for the selection of spectra for the evaluation of the BrO/SO ratio.

Within the data above a SO5 plume limit of 7-10'7291%¢ the maximum detection limit

of the BrO/SO, ratio is estimated as (BrO/SO2)pr = S%ng = \%-10_5 <1-107°.

A plume limit of 7-101729 is a high threshold for the column density. However, this
approach assures that only strongly significant gas amounts are accounted (Liibcke
et al., 2014). Choosing the SO, threshold in this way is a compromise getween a
low BrO/SO, detection limit and a sufficient amount of data.

Increasing a plume limit leads to a decrease of usable data. The amount of usable
daily means as a function of the plume limit is shown in Figure 4.6. A plume limit
of 7-10'729k¢ Jeads to a ratio of usable data of approximately 10%.
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means amount above the plume limit. The SO, SCDs below the actual
plume limit of 7-10'" 2% are marked with a yellow shade. Left: Data
of three instruments at Tungurahua. Right: data of two instruments at

Nevado del Ruiz.

4.4 Retrieval of absolute slant column densities

At the volcano the atmospheric background levels in SO2 are negligible, thus one
can interpret the dSCDs as SCDS. However, this is not the case if any volcanic
trace gases are contaminating the reference spectrum. The conventional evaluation
is based on the assumption, that the reference is free of volcanic gases. This assump-
tion was checked by using a volcanic gas free a high resolution solar atlas spectrum
(see below) to evaluate the reference (Liibcke (2014); Salerno et al. (2009)). In some
reference spectra an amount of SO, different from zero is found. Thus one can
conclude, that there are some references which contain a non-negligible amount of
volcanic trace gases. In rare (ca. 10% of the data) scenarios, the volcanic plume
covers the whole scan region. This could happen if for example the volcanic plume
of the day before extends over the hole scan area as a consequence of windless con-
ditions. In consequence, the reference is contaminated with volcanic trace gases.
Thus, the gas amount is underestimated by the conventional NOVAC-evaluation:
In Figure 4.7 an example from April 2011 (Tungurahua) where the reference region
is contaminated by volcanic trace gases is shown. The blue SOy curve shows the
calculations with the NOVAC-evaluation, but since there is still SO, in the reference
region, the assumption, that the SO, amount could be set to zero in the reference
region is wrong. The red curve shows the SO, curve, retrieved with a solar atlas
spectrum as reference, which lies significantly above the NOVAC -curve.

If the reference region for any reason is contaminated by volcanic trace gases, there
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Figure 4.7: Scan with a contaminated reference spectrum from April 2011. From
Warnach (2015)

are two possibilities: excluding the contaminated data from the evaluation or the
reference spectrum has to be replaced by a volcanic-gas-free reference. Alternative
spectra are a theoretical solar atlas spectrum or a volcanic-gas-free reference spec-
trum recorded by the same instrument at another time.

A further possibility is to assume, that contamination only occurs for SO2, but not
for BrO due to the smaller lifetimes of BrO, thus it is possible to use the Solar
atlas spectrum for the SO, evaluation, but the reference, recorded by the NOVAC-
instrument at the same time for the BrO retrieval. Hereby the assumption, that
BrO is not contaminated need to be proved.

In the following I will discuss the two alternative reference spectra.

Evaluation using a Solar Atlas spectrum

An alternative for choosing the region with the lowest column density as reference re-
gion is to use a theoretical high resolution solar atlas spectrum as reference (Chance
and Kurucz, 2010). The use of a theoretical solar atlas spectrum as a reference
which is completely volcanic-trace-gases-free was first proposed by Salerno et al.
(2009) and evolved by (Liibcke et al., 2014). The advantage of using a solar atlas
spectrum as reference is, that it is sure that it is not affected by past or current
volcanic gas emissions. Thus, it allows for a retrieval of the absolute trace gas SCDs
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in the volcanic gas plume. The disadvantage is, that using a solar atlas spectrum
comes along with a drawback of precision: The spectral resolution of the theoretical
solar atlas spectrum is much higher than of the NOVAC instruments. Therefore
the instrument functions would need to be perfectly modeled and added to the re-
trieval. This is not straight forward, because the instrumental line-shape varies over
the wavelength region and is also mathmatically often not perfectly described by a
simple approach like Gauss, lorents,..etc.

The reduction of precision is acceptable for the SO, retrieval but not suitable for a
BrO retrieval because then most data would be below the detection limit.

Possible contaminations can be checked by a theoretical solar atlas spectrum to
evaluate the SO, amount in the reference.

Evaluation using a spectrum of the same instrument

An alternative reference spectrum could be a volcanic-gas-free reference spectrum
recorded by the same instrument at a different time. When using such a reference
several problems occur:

As described in chapter 3 the instruments used in NOVAC do not include features
like temperature stabilization. Due to that the measurements are not independent
of external parameters. So it is necessary to choose a reference recorded at similar
conditions with respect to meteorology and radiation as well as in the temporal
proximity due to instrumental changes with time and ambient conditions. Ideally
the external conditions should be equal to the conditions at the time when the plume
was recorded.

When performing the evaluation with the Solar Atlas Spectrum as reference, finding
the instrument function occur to be a central challenge. If the instrument function
for the solar atlas spectrum is found the functions is typically used for a few years
This could lead to higher errors due to an gradual worse matching instrument func-
tion. Using the reference of the same instrument but recorded at another day, leads
also to problems caused by different instrument functions, but compared to the cal-
culated instrument function used for the evaluation with the solar atlas spectrum
those differences in the instrument function could be smaller.

In this work I combine both options in order to achieve both, enhanced accuracy
but still maximum possible precision of the SOs and BrO retrievals. So I use the
solar atlas spectrum to check for contamination and a reference spectrum recorded
in temporal proximity by the same instrument as reference.

The probability of contamination changes with the daytime as can be seen in
fig. 4.8. In the Morning the probability of contamination is much lower than at
noon. Thus one can conclude that the conditions at the day favors the occurrence
of contamination more than the conditions at night. The decrease of contamination
at the evening can be a result of less data, and is therefore not significant.

If contamination occurs it is possible to choose a new reference from a list of
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Figure 4.8: The possibility of contamination relatively to all not contaminated data
recorded at the same time as a function of the day time. The probability
is calculated by dividing the amount of contaminated scans recorded at
a specific daytime by the amount of not contaminated data recorded at
the same daytime. The square root of the data amount is taken as the
error, the visualized error is than calculated by using error propagation.
The local time can be calculated from the daytime as UTC-5h. The data
are taken from the Nevado del Ruiz volcano.

gas free alternative references. In theory, for ideal instruments all references should
lead to the same results for the gas retrievals. But instruments are imperfect (see

Chapter 4) thus the reference need to be chosen carefully in order to ensure reliable
results.

4.4.1 Contamination of the plume

As discussed above it might occur, that the reference is contaminated for example
by the plume of the day before. If that happens, the gas amount is underestimated
by using a contaminated reference. But another possibility is, that the plume itself
is also contaminated. This might be the case if the volcanic gas of the volcano is
not taken away by the wind, but accumulates at the instrument. If this is the case,
using an other reference would lead to an overestimation of the column density of
gases. With the data retrieved by the NOVAC instruments it is very difficult to
discover whether the plume is contaminated or not.

Plume contamination could occur in a scenario described by fig. 4.9. This might
be the case if the volcanic gas of the volcano is not taken away by the wind, but ac-
cumulates in the vicinity of the volcano and thus is seen by the instrument. In such
a scenario, using an contamination free reference recorded at another time would
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Figure 4.9: Visualization of the contamination of the plume. Due to a lack of wind
the old plume sinks down an accumulates above the instrument. The
light path trough the old plume is longer when recording the reference
spectra (orange).
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Figure 4.10: Visualization of possible scenarios for contamination. Left: the plume
sinks in a way that the instrument is within the plume, therefore, all
elavation angles will contain volcanic trace gases, while the plume is
not additionally contaminated. Right: the plume covers the hole sky,
thus all elvation angles "see" volcanic trace gases.
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Figure 4.11: The strength of contamination as function of the mean SO, column
density (daily mean) of the day before. The strength of contamina-
tion is defined as the difference in SO, SCD when evaluation with an
alternative reference, or neglect the contamination. Left: data from
Tungurahua. Right: data from Nevado Del Ruiz.

lead to an overestimation of the gas column densities in the plume.

This is one possible occurrence of contamination. As it can be seen gas of the old
plume affects the measurement of the reference and the plume. However, for this
example the influence on the measurement of the reference is much larger since the
light path trough the old plume (coloured orange in fig. 4.9) is longer for the ref-
erence than for the measurement of the volcanic plume. Thus, the gas amount is
underestimated by not using a gas free reference, but might be overestimate a gas
free reference spectrum is used. The real gas amount might be between the mea-
sured amount with and without using a reference measured at another time.

With the data retrieved by the NOVAC instruments it is very difficult or even im-
possible to discover whether the plume is contaminated or not.

If the contamination is a result of strong emissions of the day before, a dependency
of the strength of contamination on the emission of the day before could appear.
The mean SO, SCDs of a day (daily mean) could be used as a proxy for the total
emission. The strength of contamination can be calculated as the difference between
the evaluation for SO with a contaminated reference recorded at the same time as
the plume spectrum was recorded and using a gas free reference. Such a plot is
shown for Tungurahua and Nevado del Ruiz in fig. 4.11. Even though both plots

38




show a slight increase of contamination strength with the mean amount of SO, of
the day before, the increase is not significant. Another possible proxy for the SO,
emission would be the maximum SO, SCD of the day before contamination occures.
However, taking the maximum does not lead to more significant relation between
the emission and the strength of contamination.

Thus the SO, emission is if it influences the possibility of contamination not the
only significant factor. To further examine the reasons for contamination the wind
conditions should be studied in particular.

However this thesis is build on the assumption, that the plume is free of additional
contamination. In the following I discuss how to automatically determine an optimal
reference from another scan.
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5 BrO evaluation and its limitations

This chapter discusses the evaluation of the BrO SCD , calculated from the spectra
recorded by the spectroscopic instruments of NOVAC. The BrO SCD error hereby
taken as a measure for the quality of the BrO retrieval.

Figure 5.1 shows the BrO "Multi Add"" retrieval error distribution, which is cen-
tered around 1.1- 1071 to 1.4 - 10+13malec,

The evaluation of the data from NOVAC are separated in the evaluation of SO,
and the evaluation of BrO. While the retrieval of SO, is relatively easy due to the
high amount of SO, in the plume (magnitude of SO, at Tungurahua = 1-10'®), the
BrO evaluation is much more challenging due to not distinct BrO curves as a result
of the lower BrO magnitudes (as can be seen in Figure 4.3). The magnitude of BrO
SCD is around ~ 1 - 1022,

This results in a larger uncertainty of the BrO SCD. Most of the BrO data (98.3%
of the data) are below the detection limit of BrO.,,/BrO.u..<1/4. Hereby is BrO,,.,
the BrO fit error, and BrO, 4. the BrO SCD. In comparison SCDs of SO, in almost
all cases (99.5% of the data) are above the detection limit.

Choosing a different reference spectrum than the reference measured at the same
time as the plume in 99% of all possible cases results in an increasing of the abso-
lute error. It is expected that the evaluation with an alternative spectrum results
in general in a higher BrO error than when evaluated with the same time spectrum.
However, for a contaminated same-time-reference the relative error might decrease
due to the underestimation of the gas amount.

Due to the large uncertainty of BrO relative to SOy the optimization of the BrO
error is of particular importance. Therefore, the reference is chosen with respect to
the BrO error to maximize the quality of the BrO/SO, ratio.

The amount of gas free alternative references is around 1500 per year. To make
an optimal choice, it is necessary to examine the conditions which influence the BrO
retrieval.

Every spectrum is recorded under particular /unique ambient conditions. These mea-
suring conditions generally are not equal for different scans. In this study, I show
that references for which the surrounding conditions e.g temperature or cloudiness
are similar with the surrounding conditions of the plume measuring lead to a smaller
error.

“More information about the multiadd-retrieval and the fit settings can be found in Section 4.3
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Figure 5.1: Histogram of BrO error, shown for all instruments considered in this the-
sis. Left: The BrO distribution for the "same time retrieval".Right: The
BrO error distribution for the evaluation with a reference from another
time, where the temporal difference between plume and reference is not
longer that two weeks. The instruments of Nevado del Ruiz are coloured
blue, while the the instruments of Tungurahua are coloured in yellow
to red. The peaks for the single instrument are located at: D2J2140 0
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Data used for the analysis

I evaluate a fixed plume spectrum using more than 1000 recorded multi add reference
spectra in order to find the optimal reference spectrum. This evaluation is performed
for more than 1000 multi add plume spectra in order to obtain a high statistical
significance. Thus 1000 recorded multi add spectra result in 10002 possible plume
reference pairs and the corresponding differences in the external parameter and their
associated BrO error.

5.1 Influence of ambient conditions on the
measurement

The measurement and evaluation of the spectra monitored with NOVAC depends
on the ambient conditions like temperature or cloudiness (Liibcke, 2014).

Thus, the ambient conditions need to be taken into account for choosing a new
reference.

The analysis of these external parameters are performed for spectra recorded at
Tungurahua and Nevado del Ruiz. At Tungurahua three instruments (12J8548 0 ;
D2J2140 0 ; 12J8546 0 ) with data recorded in the time span from July in 2008
to August in 2009 are used. Nevado del Ruiz contributes with two instruments
(D2J2200_0; D2J2201_0) in the time from the end of 2009 to the end of 2011.
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The ambient conditions that are considered in this thesis are:

Temporal difference Temporal difference between measuring the
plume and the reference.

Daytime Time of the day, and thus a measure of solar
altitude.

Temperature The temperature of the instrument while
recording the spectra.

Colour index Ratio of two intensities at different wavelength
as a measure for the cloudiness of the sky.

Exposure time Length of time the sensor of the NOVAC instru-
ment is exposed to light.

Elevation angle Orientation of the instrument relative to the
zenith, which corresponds to an elevation an-
gle of zero degree.

5.1.1 Statistical assessment scale

The external parameters described above are analysed one by one in the following
sections. Hereby I will proceed as follows: A first step is to define a maximal tem-
poral difference to prevent too large computational time.

The BrO measurement error as a function of the difference in the specific external
parameter between the reference spectrum and the plume spectrum is shown for
each of the individual instruments at Tungurahua and Nevado del Ruiz. To quan-
tify the dependence between the BrO retrieval error and the external parameter, the
data are fitted with a first order polynomial for each of the individual instruments
at Tungurahua and Nevado del Ruiz. Hereby only the absolute differences were
used. For every external parameter the fitting parameters slope and intercept are
calculated.

Moreover, the correlation(See site 44) between the BrO fit error and the absolute dif-
ference in the specific external parameter is calculated. If the BrO retrieval increases
with increasing differences in surrounding condition between the plume spectra and
the reference spectra, the difference, where the BrO retrieval error Mean(AEP;)"
is twice as high as for no difference is also calculated.

Differences in external parameters can lead to large uncertainties in the retrieval,
thus I analyse the amount of data possible references, if only data with differences
smaller than Mean(AFEP;) in the specific external parameter are used. The ad-
vantage of restricting the accepted difference between the plume and the reference
spectrum is a better control of the choice of the best reference. The disadvantage is

“EP: placeholder for any external parameter
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that the amount of possible references decreases. Thus, it could occur that a refer-
ence is dismissed, which has a large difference in one parameter but is very similar
in the remaining parameters.

The Mean, the corresponding standard deviation as well as the minimum and the
maximum amount of references are calculated for each instrument.

The Correlation coefficient pxy used in this thesis refer to the pearson
product-moment correlation coefficients. It is a measure of linear correla-
tion between two variables X and Y. The pearson correaltion coefficients
range from -1 to +1. Where +1 is total positive linear correlation, -1
describes a total negative linear correlation, and a correlation of 0 refers
to no linear correlation. The formula for the correlation coefficient is:

were: cov is the covariance

ox is the standard deviation of X

oy is the standard deviation of Y

Here the correlation is computed using the python” library Numpy (ver-
sion 1.5.6)

5.1.2 Temporal difference

Variation in the ambient conditions cause a temporal variation if the instrument re-
sponse function /cause an instrumental drift. This could a result of the same changes
which lead to the wavelength shift over time observed by Warnach (2015). Warnach
(2015) suggests that the drift is caused by a hysteresis effect. Figure 5.2 shows the
wavelength shift as a function of the time for six NOVAC instruments located at
Tungurahua in the time between 2008 to 2014. Figure 5.2 shows a rather steep
drift in this time interval. Warnach (2015) observed a decrease of the shift after
initial negative drift after the first two years at Pillate station. Thus an rather step
drift at new installed instruments can be observed. Therefore, it is observed that
the temporal difference becomes less important after an initial adaptation on the
surroundings after the installation of the instruments.

When using reference and plume spectra of the same time, these effects are cut out
since the shift is equal for the plume and reference spectrum.

To examine the effect of the temporal difference on the retrieved BrO error, for all
reference-plume pairs the corresponding BrO error is calculated. Due to the large
amount of reference plume pairs within one year, it takes more than a month (Hard-
ware details: Intel(R) Core(TM) i5-4570 CPU @ 3.20Ghz 64 Bit operating systern,
amount of 4 kernels) to evaluate the corresponding BrO error for every possible
reference-plume pair of one instrument. I did this for the D2J2140 0 instrument
installed at Tungurahua:

With the data from the D2J2140 0 instrument the dependence between the BrO
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term polynomial. Source: Warnach (2015)
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Pillate instrument from Tungurahua (2008-2009). The running mean is
plotted with a black line. (a) Temporal differences up to 400 days. (b)
Absolute temporal differences up to + 120h. The periodical BrO error
evolution indicates the impact of the daytime.

retrieval error and the temporal difference between measuring the plume spectrum
and the reference spectrum.

For an increasing temporal different between reference and plume measurement time
the fit quality decreases on the average (On short timescales the influence of the tem-
perature, daytime or other external parameter could be counteractive to the impact
of the temporal distance). Thus a large temporal difference results in an increase of
the BrO error of more than 600% (see fig. 5.3 (a)). BrO errors of such magnitudes
are too large for our purposes. Therefore, it is useful to set a maximal temporal
difference, to prevent too large BrO error and to reduce the calculation time. In
fig. 5.3 (a) it can be seen that the evolution of the BrO error with the temporal
difference is symmetric around zero. Thus it is not necessary to distinguish between
positive or negative temporal differences.

To evaluate the maximal time difference, for which the results are still reliable for
every plume, where the "same time reference" is contaminated, the alternative ref-
erence is chosen, which leads to the minimal BrO error.

In fig. 5.4 a histogram with the probability of picking the best reference as a func-
tion of the time difference is plotted. The mean of the Gaussian fitted on the data
is slightly above zero. However the variance is calculated as approximately 14 days,
thus a mean of 0.9 is statistical irrelevant. To simplify the evaluation, and for a
better traceability the absolute maximal temporal difference between the record-
ing time of the reference and the plume spectrum should be equal for references
recorded before and after the plume. For the retrieval all time differences are al-
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Figure 5.4: Histogram showing the frequency of getting the best reference as function
of the temporal difference between plume and reference measuring. The
temporal difference is negative if the reference spectrum was recorded
after the plume spectrum. A Gaussian-like distribution is retrieved. The
red dotted line visualizes a Gaussian fit for the shown histogram. The
mean p of the gaussian curve is: u = 0.9, the variance o is: ¢ = 13.9.
The width of the green bars is three days.
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lowed within one sigma area. Thus, the maximal time difference is about two weeks.

Table 5.1: Amount of possible references when restricting the time span between
plume and reference to two weeks. Here in the "Mean” and “Std” row
for each instrument the average restriction is shown with the correspond-
ing standard deviation. The “Min” and “Max” rows show the extend of
restriction in the extreme cases.

Instrument D2J2140 0 12J8546_0 12J8548 0 D2J2200 0 D2J2201 0
Mean 84.6 163.7 217.1 284.0 225.6

Std 35.8 29.9 64.8 69.5 41.2

Min 8 113 97 64 63

Max 169 214 399 433 297

By restricting the temporal difference to + 14 days, the amount of possible gas
free references decreases to an average of 195 alternative references per contaminated
plume (see table 5.1). Hereby in the data considered in this thesis every plume has
potential alternative reference spectra and the minimum amount of references is 8.
However in general a plume without alternative references could occur.

If a continuous evaluation is required, this means the spectra are evaluated directly
after the recording, the number of suitable gas free references halves since only ref-
erences recorded before the plume are available.

For the following analysis of the remaining external parameters all absolute tempo-
ral differences are below 14 days.

Figure 5.3 (b) shows the evolution of the BrO error for a maximal absolute tempo-
ral difference of 120 hours. It is only possible to record data during daytime. This
causes the lack of data in the night time. A periodic decrease of the BrO error can
be seen. This is a result of a decrease of the BrO error when the ambient conditions
coincidence. In this case the daytime coincidence causes the BrO error decrease.
This effect is analysed in detail in the following.

5.1.3 Daytime

Here I discuss the dependence of the BrO retrieval error based on the bulk effect of
a difference in daytime. During the day a lot of external parameters like tempera-
ture, solar zenith angle etc. change. In particular, the solar zenith angle could have
an impact on the fit quality since the light path of the sun is much longer in the
morning or evening compared to the noon. Therefore, the scattering effects and the
light intensity are different for both spectra.

In fig. 5.6 the BrO error is plotted against the daytime difference between the
plume spectrum and the reference spectrum.
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Figure 5.5: The BrO measurement error as a function of the temporal difference
in days between the reference and the plume is shown for each of the
individual instruments at Tungurahua and Nevado del Ruiz. The instru-
ments at Nevado del Ruiz are coloured in blue, while the instruments
at Tungurahua are coloured in red colour tones. To evaluate the plume
spectra all reference spectra with a temporal distance of no longer than
two weeks are used. An increase of the BrO error with the absolute dif-
ference in temperature is observable. This is quantified by a correlation
between the BrO retrieval error and the absolute temporal difference.
The plots reveal a symmetry around the axis with zero temperature
difference.

49



leld

4.0
—— D2J2140_0: Correlation = 0.340
—— 12)8548_0: Correlation = 0.310
3.5 12)8546_0: Correlation = 0.156 |
— —— D2J2200_0: Correlation = 0.538
o .

—— D2J2201_0: C lation = 0.631
< 3.0 Ic ) a orrelation |
S
<
U 2.5
Q
(@)
£2.01
-

o

= 1.51

L

©

> 1.01

()

=

L ol

0 0.5

Q

m 0.0, ] ] . ]

Q 5} 0 % Q

N - S

Difference in Daytime [h]

Figure 5.6: The BrO measurement error as a function of the difference of daytime
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between the reference and the plume is shown for each of the individual
instruments at Tungurahua and Nevado del Ruiz. To evaluate the plume
spectra all reference spectra with a temporal distance of no longer than
two weeks are used. An increase of the BrO error with the absolute
difference in daytime is observable. This is quantified by a correlation
between the BrO retrieval error and the absolute difference in daytime.
The plots reveal a symmetry around axis with zero daytime difference.



Because of the observed symmetry around zero the absolute daytime difference is
used for the fit. The computed fitting parameters slope and intercept for each in-
strument are shown in tab. 5.2.
As it can be seen in tab. 5.2, the intercepts, which defines the main BrO retrieval
error for a daytime difference of zero, vary at Tungurahua between 3.3.1020lc
and 3.4-10"29%  The variation at Nevado del Ruiz ranges from 2.2-10"320k¢ to
4.0-1013molec

cm
The correlation coefficient between daytime und BrO fit error ranges from 0.156 for
the instrument 12J8546 0 to 0.631 for D2J2201 0 and exhibits a large variation
between the instruments. This lead to the conclusion, that the dependence of the
fit quality on the daytime depends largely on the location of the instrument.
The ADT,, the daytime difference for which the BrO retrieval error doubles com-
pared to a daytime difference of zero is rather high for the instruments installed at
Tungurahua (6.8h to 24.2h) and rather low for the instruments installed at Nevado
del Ruiz (11.62h to 1.9h).

Table 5.2: The BrO measurement error as a function of the difference of daytime
in hours between the reference and the plume is fitted with a first or-
der polynomial for each of the individual instruments at Tungurahua and
Nevado del Ruiz. This table shows the fitting parameters slope and inter-
cept. Moreover, the correlation between the BrO error and the absolute
daytime difference is shown. In the ADT, row the daytime difference
for which the error doubles compared to a daytime difference of zero is

shown.
Instrument D2J2140 0 12J8546 0 12J8548 0  D2J2200 0 D2J2201_0
Slope 5.07-1012 1.40-10'2 3.77-1012 2.04-10'3 1.38-10'3
Correlation 0.340 0.156 0.310 0.538 0.631
Intercept 3.43-1013 3.39-1013 3.28-1013 4.01-1013 2.24-10%3
ADT, 6.8 24.2 8.7 1.9 1.62

The mean Mean(ADT:) is calculated without taking the instrument 12J8546 0

into account due to the low correlation of 0.156. Using the 12J8546 0 instrument
as well would lead to an Mean(ADT,) of 8.6h, thus, the restriction would not have
any influence, since the maximal time difference is limited to the time where the sun
is shining.
Excluding references with daytime differences above 4.75h restricts the amount of
potential references to 85.1% for D2J2140_0 to 96.8% for D2J2200 0. In extreme
cases a restriction down to 51.3% of the entire set of references can occur (see
table 5.3).
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Figure 5.7: The BrO measurement error as a function of the difference of temper-
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ature between the reference and the plume is shown for each of the in-
dividual instruments at Tungurahua and Nevado del Ruiz. To evaluate
the plume spectra all reference spectra with a temporal distance of no
longer than two weeks are used. An increase of the BrO error with the
absolute difference in temperature is observable. This is quantified by a
correlation between the BrO retrieval error and the absolute difference
in temperature. The plots reveal a symmetry around the axis with zero
temperature difference.



Table 5.3: This table shows the absolute amount and the percentage corresponding
to initial number of references without any restrictions of ambient con-
ditions (see tab. 5.1) of remaining references if restricting the daytime
difference to the mean ADT; over all instruments except 12J8546 0 due
to the large uncertainty (Mean(ADT,) = 4.75h). Here in the "Mean”
and “Std” row for each instrument the average restriction is shown with
the corresponding standard deviation. The “Min” and “Max” rows show
the extend of restriction in the extreme cases (minimum and maximum
amount of available references / restriction ratio).

Instrument D2J2140 0 12J8546 0 12J8548 0 D2J2200 0 D2J2201 0
Mean 72.0 147.4 198.4 275.0 205.8
(285.1%)  (290.0%)  (291.4%)  (296.8%)  (=91.2%)
Std 31.87 32.0 71.0 70.8 50.1
(£89.0%)  (2107.0%) (£109.5%) (=101.8%) (=121.6%)
Min 6 58 91 54 45
(275.0%)  (251.3%) (293.8%)  (284.4%)  (=71.4%)
Max 160 214 399 433 297
(294.7%)  (2100%)  (2100%)  (2100%)  (=100%)

5.1.4 Temperature

In this section I discuss the particular effect of a difference in temperature, which
has been shown to be the most important influence. The instrument design of the
NOVAC instruments compromises between accuracy and robustness as explained in
chapter 3. In particular, there are no internal thermal stabilizations installed as an
attempt to reduce the instruments power consumption and increase the robustness.
This can influence the recorded spectra.

The ambient temperature however has an influence on the optical adjustment of
the NOVAC instrument and thus on the instrument line function and calibration
of the spectrometer. The calibration for the wavelength to pixel mapping (WPM)
is commonly determined by a mercury lamp or by the comparison with a highly
resolved solar atlas Chance and Kurucz (2010). As the WPM depends on the op-
tical alignment of the spectrometer, which itself depends on the temperature, it is
not constant. Changes in the spectrometers temperature can cause changes in the
instrument line function and shifts in the WPM (Pinardi et al., 2007). Moreover,
Warnach (2015) show that, short term shifts are related to the instrument temper-
ature (see fig. 5.8).

The above discussed temperature dependence of the instrument line function causes
a reduction of the fit quality with increasing instrument temperature difference be-
tween plume and reference (see fig. 5.7). Thus, the BrO error also increases with
the temperature difference. Compared to the other external parameters the tem-
perature difference has the largest impact on the BrO error.
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Figure 5.8: Short term wavelength as a function of the instrument temperature for
Pillate 1. The coloring of the scatter points indicate the temporal evolve-
ment. (a) initial period prior to January 2010 (b) after 2010. Source:
Warnach (2015).

The plots reveal a symmetry around axis with zero temperature difference (see
fig. 5.7), thus using only the absolute temperature difference for the fit is reasonable.
The intercepts for the BrO fit error at Tungurahua vary from 1.6-10" 29 t6 2.58.10'3
(see tab. 5.4). The intercepts at Nevado del Ruiz are lower and ranges from
9.07-10"220ke 6 1.38-10'3 20 The AT, from the data of Tungurahua (2.5 K to
6.3K) are significantly higher as at Nevado del Ruiz (1.1 K). The mean AT is 3.3K.
Accordingly, the temperature has a stronger influence at the Nevado del Ruiz vol-
cano.

The correlation between the BrO error and the absolute temperature difference has
a high significance. The correlation coefficients ranges from 0.593 for the instrument
D2J2140 0 to 0.92 for D2J2201 0 and exhibits a large variation between the in-
struments.
The computed fitting parameters slope and intercept for each instrument are shown
in tab. 5.4.

If restricting the temperature difference to the mean AT, over all instruments
(Mean(AT,) = 3.3) the amount of possible references decrease as shown in tab.
5.5. Excluding references with temperature differences above Mean(ATs) = 3.3 re-
stricts the amount of potential references to 46.8% for the D2J2140 0 instrument
to 82.3% for the D2J2200 0 instrument.

5.1.5 Colour index

Clouds have a strong influence on the atmospheric radiative transfer and thus affect
the interpretation and analysis of DOAS (Wagner et al., 2014). Clouds can be iden-
tified by several measurement quantities which they influence. As Mie scattering is

54

molec
cm?



leld

—— D2J2140_0: Correlation = 0.267
—— 12)8548_0: Correlation = 0.319
12)8546_0: Correlation = 0.200
—— D2J2200_0: Correlation = 0.409
—— D2J2201_0: Correlation = 0.359

w
8]

w
o

N
(]

N
o

=
o

o
8]

BrO retrieval Error [molec/cm”™ 2]
=
(0]

©
o

oX o7 oY o1 ok
Difference in Colorindex

Figure 5.9: The BrO measurement error as a function of the difference of colour
index between the reference and the plume is shown for each of the
individual instruments at Tungurahua and Nevado del Ruiz. To evaluate
the plume spectra all reference spectra with a temporal distance of no
longer than two weeks are used. An increase of the BrO error with the
absolute difference in colour index is observable. This is quantified by a
correlation between the BrO retrieval error and the absolute difference in
colour index. The plots reveal a symmetry around axis with zero colour
index difference.
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Table 5.4: The BrO measurement error as a function of the difference of temperature
between the reference and the plume is fitted with a first order polyno-
mial for each of the individual instruments at Tungurahua and Nevado del
Ruiz. This table shows the fitting parameters slope and intercept. More-
over, the correlation between the BrO error and the absolute temperature
difference is shown. For the temperature difference this correlation with
an average of 0.797 is the highest compared to the other external pa-
rameters. In the AT, row the temperature difference for which the error
doubles compared to a temperature difference of zero is shown. This is
already the case for a difference of 3.3°C'

Instrument D2J2140 0 12J8546 0 12J8548 0 D2J2200 0 D2J2201 0
Slope 4.10-10'2  3.93-10'2  6.50-10'? 1.24-10%  8.17-10'?
Correlation 0.593 0.681 0.910 0.886 0.920
Intercept  2.58-10'3 2.23-1013 1.60-10%3 1.38-10%3 9.07-10'2
AT, 6.3 5.7 2.5 1.1 1.1

dominant in clouds the wavelength dependency of the light that is scattered is differ-
ent than the Rayleigh sky. Different wavelengths are scattered similarly strong and
thus clouds can be easily identified by their white color. Therefore, the cloudiness
of the sky can be quantified in a scalar measure defined by the ratio of the mea-
sured intensity at two wavelengths, the so-called colour index (CI). Wagner et al.
(2014) showed that for a zenith-looking instrument the measured radiation intensity
is enhanced by clouds. Thus, clouds can cause large errors for the retrieved gas
column density and the corresponding uncertainties. Cloud effects are especially
severe if the cloudiness for the recorded plume and reference spectra strongly defer.
Also for broken clouds the described effect can be observed as measurements at
some elevation angles might be influenced by clouds while others are not. In this
work I use the Colour Index between the intensities at 320nm and 360 nm. These
two wavelengths are as far apart as the filter used for stray-light prevention in the
spectrometers allows. On the other hand, the lower wavelength avoids the deep UV
range where SOy and O3z absorption plays a dominant role. The Mie scattering in
the clouds is responsible for the higher amount of radiation from larger wavelengths.
This results in a decrease of the CI which was observed for NOVAC instruments by
Liibcke (2014).

I evaluated the CI at the zenith. To increase the stability of the fit I add 10 the
intensities from 10 consecutive spectra. Using always the zenith to evaluate the
colour index makes the colour index more comparable, but if broken clouds occur,
the CI of the reference and the plume could differ from the calculated CI of the
zenith. This could be a reason for the large deviations of the mean BrO error as
function of the colour index (see fig. 5.9)

In fig. 5.9 the BrO error is plotted against the colour index difference between the
plume and the reference spectrum. The plot is done similar as the plots for the
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Table 5.5: This table shows the absolute amount and the ratio (to table 5.1) of
remaining references if restricting the temperature difference to the mean
AT, over all instruments (Mean(AT;) = 3.3°C). Here in the "Mean”
and “Std” row for each instrument the average restriction is shown with
the corresponding standard deviation. The “Min” and “Max” rows show
the extend of restriction in the extreme cases (minimum and maximum
amount of available references / restriction ratio).

Instrument D2J2140 0 12J8546 0  12J8548 0  D2J2200 0 D2J2201 0

Mean 39.6 119.3 158.2 233.6 151.6
(246.8%)  (2729%) (2729%)  (282.3%)  (=67.2%)

Std 24.7 50.4 76.0 84.5 72.6
(268.9%) (2168.6%) (S117.2%) (2121.6%) (=176.2%)

Min 1(2125%) 8 (27.1%) 12 3(24.7%) 6 (29.5%)

(Z12.4%)

Max 130 213 386 414 296

(276.9%) (2995%) (296.7%)  (295.6%)  (=99.7%)

temperature. The plots mostly reveal a symmetry around the zero colour index
difference-axis. Thus, the absolute colour index can be used for the fitting which is
done equivalently to the analysis of the temperature and the daytime. The computed
fitting parameters slope and intercept for each instrument are shown in table 5.6.
The intercepts at Tungurahua vary from 3.36-10"29%¢ 0 4.01-10'20¢  The vari-
ation at Nevado del Ruiz ranges from 4.74-101329¢ ¢ 7.21.10'3molec.

The correlation is as well calculated and ranges from 0.2 for the instrument 12J8546 0
to 0.409 for D2J2200_0.

Table 5.6: The BrO measurement error as a function of the difference of colour index
between the reference and the plume is fitted with a first order polyno-
mial for each of the individual instruments at Tungurahua and Nevado
del Ruiz. This table shows the fitting parameters slope and intercept.
Moreover, the correlation between the BrO error and the absolute colour
index difference is shown. In the ACI; row the colour index difference
for which the error doubles compared to a colour index difference of zero

is shown.
Instrument D2J2140 0 12J8546 0 12J8548 0 D2J2200 0 D2J2201 0
Slope 2.30-10* 7.92.1013 1.17-10 5.42-10'4 1.91-10
Correlation 0.267 0.200 0.319 0.409 0.359
Intercept 4.01-10'3 3.36-1013 3.47-1013 7.21-1013 4.74-1013
ACI, 0.174 0.424 0.297 0.133 0.248
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Table 5.7: This table shows the absolute amount and the ratio (to table 5.1) of

remaining references if restricting the colour index difference to the mean
AC1I, over all instruments (Mean(ACI,) = 0.2553). Here in the "Mean”
and “Std” row for each instrument the average restriction is shown with
the corresponding standard deviation. The “Min” and “Max” rows show
the extend of restriction in the extreme cases (minimum and maximum
amount of available references / restriction ratio).

Instrument D2J2140 0 I12J8546_0  12J8548 0  D2J2200_0 D2J2201 0

Mean

Std

Min

Max

84.6 163.7 215.6 275.4 219.4
(2100%)  (2100%)  (£99.3%)  (297.0%)  (297.3%)
35.8 29.9 65.4 67.8 49.86
(2100%)  (2100%) (2101%) (297.6%) (2121%)
8 (£100%) 113 97 61 28

(£100%)  (2100%)  (295.3%)  (=44.4%)
169 214 399 421 297

(2100%)  (2100%)  (2100%)  (297.2%)  (=100%)

The A(C1y) vary from 0.174 to 0.424 at Tungurahua and from 0.133 to 0.248 at
Nevado del Ruiz, the the mean can be calculated as: Mean(ACIy) = 0.255. Ex-
clusion of all references with a higher difference in the colour index than 0.255 does
not chance the amount of references significantly (see table 5.7).

5.1.6 Elevation Angle

Table 5.8: The BrO measurement error as a function of the difference of elevation

angle between the reference and the plume is fitted with a first order poly-
nomial for each of the individual instruments at Tungurahua and Nevado
del Ruiz. This table shows the fitting parameters slope and intercept.
Moreover, the correlation between the BrO error and the absolute eleva-
tion angle difference is shown.

Instrument D2J2140_ 0 12J8546_ 0 12J8548 0 D2J2200_0 D2J2201 0

Slope

Correlation 0.000 -0.010 0.012 0.065 -0.034
Intercept 4.77-1013 4.23-1013 3.78-10%3 8.37-10%3 6.44-1013

1.73-108 1.55-101° -9.00-10? 2.92-10M -3.96-101°

The elevation angle describes the angle between the viewing direction and the
zenith. When using the plume spectrum and the reference spectrum of the same
time, the difference in elevation angle cannot be zero, since the location of the plume
does not coincidence with the location of the reference.
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Figure 5.10: The BrO measurement error as a function of the difference of elevation
angle between the reference and the plume is shown for each of the in-
dividual instruments at Tungurahua and Nevado del Ruiz. To evaluate
the plume spectra all reference spectra with a temporal distance of no
longer than two weeks are used. The plots do not reveal a symmetry
around axis with zero elevation angle difference for all instruments. The
D2J2200 0 instrument at Nevado del Ruiz is not symmetric around
zZ€ero.
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Figure 5.11: The BrO measurement error as a function of the difference of eleva-
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tion angle between the reference and the plume for the D2J2200 0
instrument. To evaluate the origin of the behavior of the BrO retrieval
error of the D2J2200 0 instrument as a function of the difference in
elevation angle, the data are analysed on its temperature and daytime
dependence. The same dependence is shown with restriction to an dif-
ference in temperature (ATemperature) of below 1°C' or restriction on
a daytime difference of below 1h (ADaytime + 1h). The curves are
marked with different green color tones, as it is shown in the legend.
The blue line shows the BrO error as function of the elevation angle,
when using all data for comprehension.



In fig. 5.10 the BrO error is plotted as a function of the elevation angle. No signifi-
cant correlation between the two parameters can be identified.

Only the data of the D2J2200 0 instrument significantly vary with the elevation
angle. The observable variation of the BrO error with the elevation angle differs
from the symmetric dependence of all other external parameter, the minimum BrO
error can be found at a difference in elevation angle of -20°. This curve is a result
of the solar zenith angle over the day which can be obtained if only using data of
the same day time. Such a plot can be seen in fig. 5.11. Figure 5.11 shows the
BrO retrieval error as function of the difference elevation angle for the D2J2200 0
instrument at the Nevado del Ruiz volcano. The blue line is equivalent to the re-
sults which are shown in fig. 5.10 for comparison. The green lines show data, with
a maximal difference in temperature of 1°C' or maximal difference in daytime of
Lh. If restricting the data to just small differences in temperature or/and daytime,
the dependence between the BrO retrieval and elevation angle appears to be not
significant. Whereas the maximum of the BrO error can be found at an difference
in elevation angle of zero.

Because the BrO error does not depend significantly on the elevation angle no re-
striction on difference of the elevation angle is needed.

5.1.7 Exposure time

The exposure time is the time interval the sensor of the NOVAC instrument is ex-
posed to light. In one scan the exposure time is set constant to the exposure time of
the first scan, the pre-reference. The amount of light that reaches the film or image
sensor is proportional to the exposure time. The exposure time is adjusted in the
way that the maximum intensity does not overly the capacity of the sensor. Thus,
the exposure time can be used as a proxy for the degree of sky lightness.

A small dependence of the BrO error on the exposure time can be observed at Tun-
gurahua and Nevado del Ruiz as it is shown in fig. 5.12. The BrO error as a function
of the difference in exposure time is also symmetric around zero for all instruments.
Thus the absolute difference in the exposure time is sufficient for the evaluation.
The instruments at Tungurahua do not show a significant dependence (correlation
coefficient between 0.067 and 0.251) on the exposure time, even though there is al-
ways a minimum of the BrO error at a difference of the Exposure Time of Oms.
Nevado del Ruiz shows a stronger correlation between the BrO error and the expo-
sure time.

Table 5.9 shows the slope, correlation, intercept and the AFETss. The differences
in exposure time where the BrO error increases by a factor of two compared to the
difference of exposure time of zero. Restrictions of the exposure time to the mean
of the AFET3s of all instruments which is 632.25 ms leads to an average decrease
compared to table 5.1 of data of 98.78%. The results for each instrument can be
found in table 5.10.

Table 5.11 shows the amount of possible references if the only data are consid-
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Figure 5.12: The BrO measurement error as a function of the difference of exposure
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time between measuring the reference and the plume are shown. To
evaluate the plume spectra all reference spectra with a temporal dis-
tance of no longer than two weeks are used. An increase of the BrO
error with the distance in exposure time is observable.



Table 5.9: The BrO measurement error as a function of the difference of exposure
time between the reference and the plume is fitted with a first order poly-
nomial for each of the individual instruments at Tungurahua and Nevado
del Ruiz. This table shows the fitting parameters slope and intercept.
Moreover, the correlation between the BrO error and the absolute expo-
sure time difference is shown.

Instrument D2J2140 0 12J8546 0 12J8548 0 D2J2200 0 D2J2201 0
Slope 5.54-10° 1.54-101°  3.04-10°  1.72.10!  9.37-10%
Correlation 0.067 0.121 0.251 0.452 0.434
Intercept  4.63-10'3  3.58-10'3  3.87-10"*  6.88-10'%  4.68-10'3
AT, 8357 662 1273 95 499

Table 5.10: Amount of possible references when restricting the difference in exposure
time between plume and reference to differences below 632.25 ms.

Instrument D2J2140 0 12J8546_0 12J8548 0 D2J2200 0 D2J2201 0
Mean 81.7 162.8 212.8 284.0 225.6
(296.5%)  (299.4%)  (298.0%)  (2100%)  (=100%)
Std 35.3 30.1 64.5 69.5 412
(298.6%) (2101%)  (£99.5%)  (2100%)  (=100%)
Min 8 113 95 64 63
(2100%)  (2100%)  (297.9%) (2100%)  (=100%)
Max 167 214 395 433 297
(298.8%) (2100%)  (£99.0%) (2100%)  (=100%)

ered which do not exceed the thresholds in each external parameter. The average
amount of available references per plume decreases to 64%. While the performance
is as good as without the restriction, this means the averaged BrO fit error is almost
the same (deviations are below 0.1%).

Dependence of external parameters on each other

In all discussions on the impact of the external parameter on the retrieved BrO
error the dependency of the external parameter on each other are neglected. It is
plausible that the temperature correlates with the cloudiness or the lightness due to
sunlight. Therefore the correlation of the exposure time with the BrO error could be
a result of the correlation of the temperature with the BrO error. Figure 5.13 shows
an example of the dependency of external parameters on each other. The difference
in temperature as a function of the difference in exposure time. The BrO error is
color-coded.

All correlations between the external parameters are shown in Figure 5.14. Fig-
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Table 5.11: Amount of possible references while restricting the difference in colour
index between plume and reference to differences above 0.255. maximal
Time difference is 3.358°C', maximal daytime difference is 4.75h without
Exposure Time between plume and reference to differences below 632.25

ms.
Instrument D2J2140 0 12J8546_0 12J8548 0 D2J2200 0 D2J2201 0
Mean 36.0 112.9 148.9 217.0 140.4
(242.6%) (269.0%) (268.6%) (276.4%) (262.2%)
Std 22.35 50.6 75.9 82.1 71.0
(2624%) (21692%) (S117.1%) (2118.1%) (2172.3%)
Min 1 8 12 3 6
(2125%) (271%)  (2124%) (247%)  (29.5%)
Max 127 212 382 398 283
(E75.1%) (299.1%)  (295.7%)  (291.9%)  (£95.3%)

ure 5.14 shows discrete correlation values from 0.3 to 1. Correlations below 0.3 are
ignored. Small plus and minus signs indicate whether the correlation is negative or
positive. The temperature depends on the daytime, due to the dependence of the
temperature on the sun, thus a correlation between the difference in temperature
and the difference in daytime (correlation of ~ 0.5) can be observed. The tempera-
ture depends on the intensity of the sun, thus, it also correlates with the difference
in exposure time (correlation of ~ 0.4). The difference in temperature also slightly
correlates with the difference in colour index, due to the dependency of temperature
on the cloudiness (correlation of ~ 0.3). The low correlations could appear due to
the uniform cloudiness near to the equator. The correlation between the tempera-
ture difference to the temporal difference (correlation of ~ 0.3) probably occurs due
to long term changes in temperature. Furthermore the difference in exposure time
correlates with the daytime and the colour index (correlation of ~ 0.4) as a result
of the dependency on the sun intensity.

To eliminate the correlation between the external parameters the BrO error de-
pendency on one external parameter where calculated by keeping the differences
in the other external parameters constant. Hereby only parameters were kept con-
stant, where the correlation is above 0.3. Thus, when looking at the daytime, only
the difference in temperature and exposure time need to be constant, because the
daytime difference does not correlate with the other considered external parameter.
The results can be seen in fig. 5.15 to fig. 5.16.

Figure 5.15 shows the BrO retrieval error as a function of the temporal difference
between the reference and the plume spectrum. All differences in temperature are
below one degree. Compared to the correlations, calculated without eliminating the
dependence on the temperature, the correlations increase. The dependence of the
instruments installed at Tungurahua are still significant higher. From the results can
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Figure 5.13: An example of the dependency of external parameters on each other.
The difference in temperature as a function of the exposure time. Data
from Tungurahua.

be interpreted that the temporal difference between the time when measuring the
plume and the reference has a impact on the fit quality, but this impact is smaller
as the impact of the instrument temperature.

Figure 5.16 shows the BrO retrieval error as a function of the difference in daytime
for all considered instruments. As it can be seen in fig. 5.14 the exposure time and
the temperature need to be kept constant. The difference in temperature is below
1 degree, the difference in exposure time below 100 ms. A general decrease of the
correlations compared to fig. 5.6 is observable.

Figure 5.17 shows the BrO retrieval error as a function of the difference in colour
index for all instruments. The temperature and the exposure time shows a depen-
dency on the colour index as it can be seen in fig. 5.14. Both are kept constant,
the difference in temperature is below 1 degree and the difference in exposure time
is below 100 ms. The correlations decrease compared to fig. 5.9. Especially the
correlation of the D2J2201 0 instrument decreases from 0.359 to 0.068.

Figure 5.18 shows the dependency of the BrO retrieval error on the difference in
exposure time for all considered instruments. Hereby, only data are used, where the
difference in temperature is below 1 degree, the difference in colour index is below
0.05 and the difference in daytime is below one hour. The temporal difference and
the difference in elevation angle are not kept constant, because one could not observe
a relation between the exposure time and the temporal difference or the elevation
angle. The correlations between the BrO fit error and the difference in exposure
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time decrease for each instrument if the temperature, daytime and colour index are
kept constant. Even though, the correlations at Nevado del Ruiz are still higher as
the correlations at Tungurahua.

Restricting the data, to where the temperature difference is kept below one degree,
leads to an distortion of the data. Thus the results plotted in fig. 5.15 to fig. 5.16
could also have systematic errors.

When comparing the correlations of the data from fig. 5.15 and fig. 5.18 to the cor-
relations of fig. 5.5 to fig. 5.12 a large reduction of the correlation is obvious. Only
the difference in temperature still shows a significant correlation to the BrO error.
However, the minimal BrO error coincidence in almost all cases with a difference
in external parameters of zero. A dependency of the BrO error on the external
parameter can still be seen even tough the correlation is very small.

Excluding of the external parameters due to the rather low correlation leads to a
worse quality of the results, because the effects of the single parameter add up to a
not negligible amount. However, note that the added impact of all external param-
eter except for the temperature are less important than the temperature. The BrO
fit error of contaminated spectra evaluated with the new method in the following
refereed to as decontamination module (See chapter 6) increases by 15% if the other
external parameters are excluded. If all external paramter except for the tempera-
ture are used the calculated BrO fit error increases by 37%.

For the final evaluation of contaminated data I use the results of fig. 5.7 to fig. 5.9.
Because the correlations between the external parameters are considered in the final
4 dimensional fit.

5.2 BrO dependence on external parameters

The external parameters not only influence the fit quality but also the evaluation of
the gas amount. A high difference in certain external parameter could distort the
calculated BrO column density. Figure 5.19 shows the evaluation of one plume with
respect to different references. The temporal difference between the references and
the plume do not exceed two weeks. In theory it is expected that the choice of the
reference should not make a difference, therefore all BrO column densities resulting
from the evaluation should be equivalent. But one can see a high variation if choos-
ing different references. The variability of the BrO column density depends as well
on the external parameters, when looking at the temperature dependency a mean
decrease of th BrO column density with an increasing temperature can be observed.
Figure 5.19 is a result of an exemplary evaluation of one plume. An examination of
all several plumes evaluated by different references is shown in fig. 5.20. The plots
are equivalent to the plots for BrO fit error (for an example see fig. 5.7). The BrO
SCDs vary strongly with the differences in external parameters. It is observable,
that the BrO SCDs recorded by the instruments at Nevado del Ruiz vary in a larger
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range than for the BrO SCDs recorded by instruments at Tungurahua. This can
also be observed for the BrO retrieval errors. The absolute BrO SCDs increase with
the difference in external parameters.

Figure 5.20 (a): Temporal difference: For the temporal difference no significant
correlation can be observed. Figure 5.20 (b): Difference in daytime: For the in-
struments at Nevado del Ruiz the BrO SCD correlates strongly with the difference
in daytime. This can be a result of the dependence on the temperature, because
the correlations are very similiar, only the correlations are a little bit stronger for
the difference in temperature. Figure 5.20 (c¢): Difference in temperature: For the
instruments at Nevado del Ruiz the BrO SCD correlates strongly with the differ-
ence in temperature. The correlations from the instruments at Tungurahua vary
very much from -0.696 (D2J2140_0) to 0.198 (12J8546). Figure 5.20 (d) Difference
in color index: The correlations differ for every instrument even for instruments of
the same volcano. The correlations vary from -0.368 to 0.46. Figure 5.20 (e) The
strange dependence which can be seen between the BrO fit error and the difference
in elevation angle for the D2J2200 0 instrumnt can be seen in this plot as well.
The other instruments do not show any correlation between the BrO SCD and the
difference in elevation angle. Figure 5.20 (f) The correlations for the difference in
exposure time are opposite to the correlations in daytime.
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Figure 5.14: Correlation matrix of the external parameters. The correlation is dis-
crete colour coded. Positive correlation is labeled with a plus whereas
negative correlation is labeled with a minus. The correlation matrix is
calculated using the data from D2J2140 0.
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Figure 5.15: The BrO measurement error as a function of the temporal difference
between measuring the reference and the plume are shown. Therefore,
the reference spectra are restricted such that the maximal temperature
difference between reference and plume is 1° C.
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Figure 5.16: The BrO measurement error as a function of the daytime difference
between recording the reference and the plume are shown. Therefore,
the reference spectra are restricted such that the maximal temperature
difference between reference and plume is 1°C. The maximal exposure
time difference is 100ms.
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Figure 5.17: The BrO measurement error as a function of the color index difference

between recording the reference and the plume are shown. Therefore,
the reference spectra are restricted such that the maximal temperature
difference between reference and plume is 1°C. The maximal exposure
time difference is 100ms.
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Figure 5.18: The BrO measurement error as a function of the exposure time differ-
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ence between recording the reference and the plume are shown. There-
fore, the reference spectra are restricted such that the maximal color
index difference between reference and plume is 0.05. The maximal
daytime difference is 1h.
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Figure 5.19: One plume is evaluated by using different references. The plume is

recorded at Tungurahua volcano with the D2J2140 0 instrument. The
recording time was the 03.12.2008 at 16:46 o clock. The y axis shows
the BrO column density difference between the NOVAC method and
decontamination module. (a) The difference in BrO is plotted as a
function of the temperature difference between the plume and the ref-
erences. Every data point indicates one reference. (b) The difference
in BrO is plotted as a function of the temporal difference between the
one plume and the different references.
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Figure 5.20: The BrO SCD as a function of the difference of the external parameters
between measuring the reference and the plume are shown.

72



Summary

This chapter examines the influence of external on the precision of the BrO eval-
uation. Hereby the following parameter are considered: temporal difference, tem-
perature, daytime, colour index, elevation angle, exposure time. The findings are
based on the data of three instruments installed at the Tungurahua volcano and
two instruments at the Nevado del Ruiz volcano. The maximal temporal difference
between measuring the plume and the reference is set to 14 days to prevent large
uncertainties in the BrO evaluation. Due to the mechanical influence on the in-
strument line function the temperature for all analysed instruments has the most
significant impact on the BrO evaluation for all considered external parameters. The
elevation angle does not seem to influence the evaluation for all examined instru-
ments thus the elevation is excluded from the evaluation. The influence of the other
external parameter change at every instrument. So a relatively strong impact of the
exposure time can be seen at the D2J2201 0 instrument at Nevado del Ruiz, while
the exposure time does not seem to significantly influence the evaluation of the data
from the 12J8548 0 at Tungurahua.
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6 Decontamination module

Based on the findings about the influence of external parameters on the BrO error
I propose an algorithm which is able to pick an appropriate volcanic-trace-gas free
reference. The algorithm uses the dependencies found in section 5.1 to find a suffi-
ciently good matching reference.

The first step is, to evaluate every reference with solar atlas spectrum, to check for
contamination. A reference is classified as contaminated if the fit against the solar
atlas spectrum yields an SOy SCD above the plume limit (2 - 10'7).

In the second step for each contaminated reference an alternative gas-free reference
spectrum need to be found:

e A list of possible references is created where all references are not contaminated
and the temporal distance to the plume date is no longer than 14 days.

e For all possible references the differences in the external parameters are cal-
culated with respect to the corresponding plume spectrum.

e The analysis of external parameters as described in section 5.1 is used to
estimate the BrO error of all references

e The reference with the smallest estimated BrO fit error is chosen as new ref-
erence

e The plume spectra of the corresponding scan is evaluated with the new refer-
ence.

€p is the BrO error when evaluate the plume spectrum with the "same-time-

reference". The assumption is, that the BrO error eg,o can be described as the sum

of €5 and the deviation of eg,o with respect to all external parameters. It is limited
by the precision of the NOVAC-instruments.
de de de de de

€Bro = €0 + o + - + a7 + Dt + 7 + further influences (6.1)

de de de de de i
== + \d_j_/—i_ﬁ + Dt + = + further influences (6.2)

=0

— A€pro = €Bro0 — €0

Here the parameter ¢ stands for the time between plume-time and reference-time.
The parameter T is the difference in temperature. The parameters Dt and ¢ are the
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Figure 6.1: Visualization of the decontamination module. A list of possible refer-
ences is available, where the temporal difference between the plume and
the reference is not longer than two weeks. For every possible reference,
the estimated BrO fit error is calculated by considering the correspond-
ing difference in important external parameters. The reference with the
so calculated minima BrO fit error is used for the evaluation.

differences in the daytime and the colour index. The task occurring at this stage is
to find the best representation for the deviations. And then find the reference which
minimize Aeg,o

The straight-forward way is to just calculate the BrO error of all possible refer-
ences for every plume by using the DOASIS routine. If this method is used it is
possible to choose the reference for which the BrO error is minimal. However this
takes to much computation time because the evaluation time would be proportional
to the number of possible references because the evaluation needs to be done for
O(n) with n as the number of potential reference spectra. Doing this evaluation for
every plume-reference pair makes it impossible to do the evaluation in real, or near
real time. Furthermore taking the minimum in all cases is statistically risky because
the good results can occur accidental. The interpretation is thus more easy if the
algorithm searches for an appropriate reference in a defined parameter range.

In this thesis a novel approach of identifying an ideal reference spectrum, by con-
sidering externel parameters, is introduced. This way a much faster estimation with
constant complexity O(1) is reached. But the above described optimal evaluation
is used to rate new approach and compare them among each other. The optimal
evaluation always choose the reference with the smallest absolute error. We don’t
use the relative error due to its vulnerability. Using the relative error leads to less
precision because the references with the highest BrO column density is preferred.
The results of the algorithm which chooses the reference automatically are described
relative to an optimal evaluation. To avoid an distortion of the results due to rela-
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tively bad match between reference and plume spectra all data with a relative BrO
fit error larger than one are excluded from the evaluation.

In the following I examine several methods for choosing the best reference based
on the analysis of external parameters.

6.1 Fit with a first order polynomial

The following chapter analyses fitting the data with a first order polynomial. Fig-
ure 5.7 to fig. 5.12 show the BrO error as a function of external parameters. Hereby,
the curves are symmetric around zero difference in the respective external parameter.
Therefore, it is not necessary to distinguish between positive or negative deviations
from the equal surrounding conditions. Thus, the absolute differences can be uti-
lized. Using the absolute difference leads to less complex calculations and therefore
to a lower calculation time. On the other hand not using the absolute difference
leads to no measurable advantages.

A linear approximation of the BrO error as function of the considered external
parameters leads to a variation of eq. (6.2) : With linear differentiations of the BrO
error with respect to the respective external parameters eq. (6.2) can be written as:

Aegro = ap-At+agr- AET+ar- AT +aps- ADt+a..- Ac+further influences (6.3)

To determine the coefficients a, (eq. (6.3)) the data visualized in fig. 5.7-5.12 where
used. The fitting is done with an ordinary least square linear regression. In par-
ticular I used the python function linear regression from the library sklearn (scikit
learn.org).

As it can be seen in section 5.1 the impact of the different external parameters
change for every instrument depending on the location and the instrument them-
selves. While the BrO error does not show any dependence on some external pa-
rameters for some instruments, the error has very strong dependence on the same
external parameter at an other instrument. An example is the correlation between
BrO error and the difference in daytime of 0.6 for D2J2201 0 (Nevado del Ruiz) and
a correlation of 0.16 for 12J8546 0 (Tungurahua). To get a more stable algorithm
less external parameter are preferable. Thus, it is necessary to distinguish between
the stability of the fit, which improves with less external parameters and quality of
the fit, which improves with more external parameters. A preferable strategy is, to
find a solution which is valid for all instruments. Moreover, utilizing less external
parameters saves computation time. One possibility is to use all external parame-
ters where the correlation is above a certain value. Because a selection valid for all
instruments is preferred there are two possibilities: The first one is that one decide
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by using the mean correlation of all instruments. The second option is to use the
highest correlation.

Table 6.1: The correlation coefficients between the BrO measurement error and the
different external parameters. As a correlation value both the average
and the maximum correlation is given.

Mean - Highest -
Correlation Correlation
Temperature 0.798 0.92
Colorindex 0.3108 0.409
Exposure time 0.265 0.452
Elevation Angle 0.02 0.067
Daytime 0.395 0.631

To answer this question quantitatively for the fitting routine I evaluated data
of Tungurahua and Nevado del Ruiz with different combinations of the external
parameter described in section 5.1. Because one could not observe any correlation
between the BrO error and the elevation angle the external parameter elevation angle
was neglected in this analysis. To rate the results for the single instruments (three at
Tungurahua and two at Nevado del Ruiz) the difference to the "NOVAC-evaluation"
is used. Hereby the factor X, a quantity which describes the distinction between
the NOVAC-Method and the decontamination module, serves as a indicator:

1 = E on ase
Yoo ContBased,k (6.4)

n L Enovac,k

n is the total amount of contaminated spectra, Enovac is the relative BrO error,
in the NOVAC-evaluation, EContBased is the relative BrO error, in the contam-
ination based-evaluation. Figure 6.2 shows the X factor for the Tungurahua and
the Nevado del Ruiz volcano. The y-axis shows the factors X averaged over all
instrument at the volcanoes.

As it can be seen in fig. 6.2 for both volcanoes the X factor is minimal for the
combination of the following external parameters:

For the final algorithm this combination of external parameters is used.

e Temperature e Daytime e Colorindex e Temporal Difference

The coefficients a, are calculated for each instrument at Nevado del Ruiz and Tun-
gurahua. Furthermore, the coefficients a, are calculated with the combined data
from all instruments installed at one volcano. The results for the Nevado del Ruiz
volcano can be found in tab. 6.1 and for the Tungurahua volcano in tab. 6.1.

78



Nevado Del Ruiz

1.401

1.351

Percentage

1.30

1.251

Percentage

< oa" & «e \\6* «
‘fe«“’o@"‘\g \,«\\ :o 1&\0 N . 0% 33, e «\ .C e e
ed\v»@‘(\? o «(e S % \‘1\) S @&5‘ 2@9‘(@0 %\6*2«\9
<9
< ot 0
e xefie®
o
«e@‘) 0@‘!)0

(a) Nevado del Ruiz

‘\«\9‘\«\ (,@Q 0\\6* °\\6ﬂ> \«\:\ (,39 et

Tungurahua

1.45+
1.40
1.35

1.30

1.251
1.201

Q o0 S+ © 9 \OF A 9 S
«:‘;096033‘!‘\«\ «\‘(\ °\§>a\s“g *“gaﬂl\‘:«“’(fo’\\ oo +2 \6\6\ Ga(' N
O G
<o ke (ec"\\(g\?(g‘!?“«\\“\ d"‘ e““’m@ A 2 "6
<&
‘e(;“‘?«e‘“" < aﬁe‘o«e‘f e i“««\‘“
N
< e 1“‘0
&

(b) Tungurahua

Figure 6.2: Deviation from the NOVAC-evaluation as a function of the selection
of differences in external parameters which are used for the evaluation.
Here the utilized combination of external parameters are plotted on the
x-axis and the deviation on the y-axis. The ideal combination (lowest
deviation) is marked with a red cross.
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(a) Data of Nevado Del (b) Data of Nevado Del (¢) Data of Nevado Del
Riz D2J2201_0 Riz D2J2200_0 Both Instruments

Const value  import value  import value  import

ar 7510 0.866 1.2:10"%  0.925 1.1-10"%  0.973
acy 3.5-10%  0.048 1.0-10"  0.046 3.5-101%  0.070
ay -3.2:10% 0.0 -1.6-10% 0.0 -9.1-10% 0.0

Qg 1.9-102  0.095 1.1-102  0.033 1.5-10"  0.006
-6.8-10"  -0.047

Table 6.2: The results of the fitting with a first order polynomial. The constants
of eq. (6.3) are calculated. The value shows the actual number. The
importance, referred to as import, indicates the relative impact on the
evaluation and is shown in percent. (a) Data from Nevado del Ruiz
from the D2J2201 0 instrument. (b) Data from Nevado del Ruiz from
the D2J2200 0 instrument. Data from Nevado del Ruiz from both
instrument.

The fitting routine provides a list, where the possible references are sorted by
there probable compatibility with the plume spectra. To quantize the influence of
the choice of the reference on the BrO SCD, the BrO SCDs, retrieved by using the
first 10 spectra of the list provided by the fitting routine are compared. For Tun-
gurahua the mean standard deviation between the different BrO SCDs calculated
with the different references is 28.7 % of the mean BrO SCD. For comparison, the
mean BrO retrieval error is 43.8% of the BrO SCD. At Nevado del Ruiz the standard
deviation of the BrO SCD is 25.4% of the mean BrO SCD. The mean BrO retrieval
error is 36.9% of the BrO SCD.

As it is shown in section 5.2, not only the BrO retrieval error depends on the
difference in external parameter but also the BrO SCD (see fig. 5.20). Thus I need
to assure, that the BrO SCD does not chance significantly due to the usage of a
alternative reference. Whether the correlation between the BrO fit error and an
considered external parameter affects the results retrieved with the decontamina-
tion module can be answered by analysing the correlation between the BrO SCDs
resulting from the decontamination module and the external parameter. The max-
imal correlation is hereby below 0.01. On comparison, the maximal correlation if
all references are used is above 0.8. Thus one can conclude, that the BrO SCDs
resulting from the fit routine do not depend largely on the differences in external
parameter. The restriction of the external parameters to low differences in external
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(a) Data of Tungu- (b) Data of Tungurahua
rahua D2J2140 0 12J8548 0

Const value  import value  import

ar 3.7.10"%  0.664  6.5-10'*  0.920
acr  7.0-10" 0.078  2810"  0.066
a 3.5-10° 0.2 1.2:10"  0.13

Qat 7.8.10"  0.069  -6.0-10'" -0.055

(c) Data of Tungurahua (d) Data of Tungurahua
12J8546_0 all instruments

value  import value  import

3.9-102  0.850 5.0-10"2  0.838
-1.5-10"  -0.042 2.5-10"%  0.057
2.0-1010 0.2 1.8-10'%  0.117
1.2-.10"  0.017  -1.1-10* -0.012

Table 6.3: The results of the fitting with a first order polynomial. The value shows
the actual number. The importance, referred to as import, indicates the
relative impact on the evaluation is shown in percent. The constants of
eq. (6.3) are calculated. (a) Data from Tungurahua from the instrument
D2J2140 0. (b) Data from Tungurahua from the instrument 12J8548 0.
(c) Data from Tungurahua from the instrument 12J8546 0. (e) Data
from Tungurahua averaged over all instrument.

parameters further ensures that systematic distortion of the BrO SCD are avoided.

6.2 Other approaches

Fitting is not the only possibility of finding the optimal reference out of the list of
all possible references.
In the following two additionally possibilities are presented. Both are based on the
findings in section 5.1.
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6.2.1 Nearest neighbor approach

Beside linear regression also the nearest neighbor approach can be utilized to esti-
mate the BrO fit error for the evaluation with a potential reference spectrum. The
nearest neighbor search” describes an optimization problem for a given point m € R”
and a set S C R™

5(m) = mind(m, s) (6.5)
seS
Here d(-,-) is a distance function that computes the dissimilarity between the two
input arguments. Typical distance metrics are the L1 distance dy,,(m, s) = ||m — s||?
or the L2 (also euclidean) distance function dys(m,s) = ||m — s||.
In many cases not only one nearest neighbor but a set M of k nearest neighbors
is of interest. In this case the optimization problem of Eq. 6.5 must be modified to

Se(m) = min > d(s,m) (6.6)
SESK,mEM

In many cases the nearest neighbor search is used to estimate a target variable y,,

for a feature vector m € R™. This method assumes a given set feature vectors S for

which the target variables ygs are known. Then the target variable y,, for a given m

can be estimated by:

ho =7 > us (6.7)

Advantages of the nearest neighbour approach

The main advantage of the nearest neighbour method is that there is no need for
a pre-assumption of a fitting function. The fitting method assumes that the BrO
fit error depends linearly on the external parameter. As it can be seen in fig. 5.7-
fig. 5.12 this does not need to be the case. Thus, the nearest neighbour method is
able to approximate the BrO fit error without considering an specified function.

Disadvantages of the nearest neighbour approach

Compared to fitting the data, the nearest neighbour is much slower. The reason
for this is, the vast amount of compassion operations that is necessary for each
computation. Thus, the calculation time increases with the amount of training
data.

To normalize the distances d, the normalization function needs to be chosen and

*python library sklearn, version 0.18.1
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therefore pre-assumptions about feature importance are required. The X factor
increases by 80%, from 1.24 for the fitting method to 2.24 for the nearest neighbour
method. Including the fact, that the results of the nearest neighbor method is worse
compared to the fitting method, the disadvantages of the nearest neighbour method
outweigh the advantages.

6.2.2 lterative approach

The idea of the iterative method is, that the importance of the individual external
parameters are very different, that means if there is a list of possible references,
all references where the temperature difference is minimal are used, to get a new,
much smaller list of possible references. From this list all references where the next
external parameter for example the daytime is minimal are chosen to again get a
new list. I proceed this way with the following external parameters. I experiment
with the sequence of the parameters, to increase the success of the method. The
final sequence is:

Temperature  Daytime e Colorindex  T'emporal Dif ference e Exposure time

Advantages of the iterative approach

The advantages of the iterative approach is the simple calculation and thus the short
calculation time. The temperature is by far the external impact with the largest
impact on the evaluation, thus it is reasonable to look at first at the temperature,
and after that on the other parameters.

Another advantage is, that the external conditions of the resulting references, are
in an well-defined framework, similar to the conditions of the plume. Therefore the
systematic errors resulting from the effects on the BrO SCDs (see fig. 5.20) can be
kept small.

Disadvantages of the iterative approach

The iterative approach leads to an rigid evaluation of the data. References, which
have very similar conditions as the plume could be excluded of the evaluation due
to an large difference in one external parameter. The decision for the best suited
reference is based on one by one parameter. Thus it is impossible to look at all
parameters by the same time. This could lead to a less optimal evaluation when
looking at the BrO fit error. As a result the iterative method has a worse X fac-
tor (X=1.73) compared to the nearest neighbour (X=2.24) and the fitting method
(X=1.24).
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Summary

In this section three methods of finding the most suitable reference for a plume are
presented. Two of the presented method use the differences in external parameter
between the plume and the reference to extrapolate to an possible error. At the end
the reference with the lowest probable error is taken for the evaluation. One of these,
is fitting method: A five dimensional first order polynomial is fitted on the difference
of external parameter as a function of the BrO fit error. The other one the nearest
neighbor method uses plume reference pairs with similiar differences in external
parameters to guess a possible error. The third option uses a iterative approach to
find the most suitable reference. The performance of the methods differ not very
much. However in calculation time and in the amount of pre-assumptions which
need to be made for the the methods are different. The fitting method has the best
performance. The nearest neighbor method need the fewest pre-assumptions, while
the calculation time and the performance is much worse than for the fitting method
and the iterative approach. The iterative approach has the lowest calculation time,
but the amount of pre assumptions is the largest. Thus the advantages of the fitting
method predominate, therefore I use the fitting method for the evaluation.
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7 Results

This chapter discusses the difference of the SO,, BrO and BrO/SO, ratio data when
evaluating with the NOVAC-routine, or with the decontamination module. The aim
is to discover the systematic differences between the different retrievals and to dis-
cuss the reliability of the data.

To obtain the reference leading to an evaluation with minimal expected BrO er-
ror, the calculation of eq. (6.3) and the corresponding coefficients from tab. 6.1
(Tungurahua) and tab. 6.1 (Nevado del Ruiz) are used. For the retrieval only
"Multi Add" data are used. The maximal temporal difference between measuring
the reference and the plume, accepted for the retrieval, is two weeks. The maximal
accepted temperature difference is 3.3 °C.

We are interested in the systematic differences when using the contaminated same
time references spectrum or a gas free alternative reference. fig. 7.1 shows a com-
parison of the results of contaminated data when performing the evaluation with
the NOVAC-routine and the decontamination module. As expected the SOy SCDs
are larger for almost every measurement when retrieved with the decontamination
module compared to the classical NOVAC-routine. The difference between the SO,
SCDs retrieved by the conventional NOVAC-routine increases slightly with increas-
ing SO, SCD. Fitting of the data results in a slope of 1.22 (Tungurahua) and 1.16
(Nevado del Ruiz). Thus, one can conclude that a higher SO, amount leads to a
slightly higher contamination (see fig. 7.1). The extent of BrO contamination does
not seem to depend on the BrO amount. The slope of the linear fit of the BrO SCDs
have a slope which does not differ significantly from one. The slope at Tungurahua
is 1.01 and for Nevado del Ruiz is 1.07.

Figure 7.2 shows the difference of the BrO /SO, ratio when performing the evaluation
with the NOVAC method and the decontamination module (fig. 7.2(b) , 7.2(d)).
Figure 7.2(a) and 7.2(b) show the results of the decontamination module plotted
against the results of the NOVAC method. Figure 7.2(c) and 7.2(d) show the actual
difference between both methods. The column density calculated with NOVAC is
subtracted from the corresponding column density retrieved with the decontami-
nation module. For low BrO/SO; ratios (~below zero), the ratios calculated with
the decontamination module are higher than the ratios retrieved with the NOVAC
method. For higher BrO/SO, ratios (~above zero) the ratios calculated with the
NOVAC method are larger. Due to the increase of the SOy column density when
performing the evaluation with the decontamination module more SOs SCD lies

above the plume limit of 7 - 107 %ﬁc This leads to an increase of the amount of
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Figure 7.1: Comparison of the results of contaminated data for performing the eval-
uation with the NOVAC-routine and the decontamination module. The
black solid line shows a linear fit of the data (m: slope, b: intercept).
For the fit only data are used where the corresponding SO column den-
sity (retrieved from the decontamination module) lies above the plume
limit of SO2g¢p > 7-10'7 2 The dotted line indicates the unity line.
(a) Results for the SOy column densities from Tungurahua; (b) Results
for the SO, column densities from Nevado del Ruiz; (¢) Results for the
BrO column densities from Tungurahua; (d) Results for the BrO column

densities from Nevado del Ruiz.

data which show a large SO4 signal.
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In the following I discuss the results for the Tungurahua volcano and the Nevado
del Ruiz.

Tungurahua Nevado del Ruiz
Total amount of scans 6500 14005
NOVAC: SO, SCDs above 6.4% 12.1%
plume limit
NOVAC: SO, SCDs above 5.5% 8.8%
plume limit without cont.
contaminated scans 6% 9.9%
NOVAC: above plume 15.3% 32.8%
limit
Contbased: above 29.9% 59.8%
plume limit
In total: above plume limit 7.3% 14.0%

Table 7.1: Results for Tungurahua and Nevado del Ruiz. The absolute amount of
data and the amount of data above the plume limit and the amount
of contaminated data are shown. The temporal difference between the
measuring times of plume and reference is not longer than +2week. The
maximal temperature difference is smaller then 3.3°C (AT < 3.3°C). The
maximal relative BrO fit error for the contaminated data is not larger as
the corresponding BrO SCD.

7.1 Tungurahua

In the considered time interval from June 2008 to August 2009, 6500 multi add
spectra are available.

If contamination is not considered 6.4% of the evaluated volcanic gas plumes con-
tained SO, above the "plume threshold of 7 - 107 “gOTlgc Thus 6.4% of the data can
be used for the examination of the volcanic gas emissions in this timespan.

The analysis of the reference with an solar atlas spectrum spectra found 6.0 % of all
spectra as contaminated. To prevent a systematic error of the results this spectra
need to be excluded from the conventional NOVAC-evaluation if no further calcula-
tions are made.

From the remaining data, if the contaminated spectra are excluded, only 5.5 % of
the SO, column densities are above the plume limit (see Table 7.1).

A higher amount of spectra above the SO, plume limit can be found in the contam-
inated data even if the contaminated data are evaluated with the NOVAC-routine.
Here, the percentage of data in the plume-limit is 0.153%. This means that the con-
taminated data are 2.381 times more frequently above the plume limit. This leads to
the presumption, that the probability of getting contaminated data increases with
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the gas amount leaving the volcano.

The following paragraph deals only with the contaminated data: When performing
the evaluation of the contaminated data with the decontamination module 29.9%
of the resulting SO, column densities are in the plume limit. Thus, the reliable
amount of contaminated data increase bya factor of two while the total amount of
data increase by 1.8 percent points. Thus 7.3% of all data are above plume limit
when using the decontamination module.

By using trace gas free references instead of contaminated references about 25.2 %
more data are available.

7.2 Nevado del Ruiz

At Nevado del Ruiz a larger time span (from the end of 2009 to the end of 2011) is
examined. The resulting amount of "Multi Add" data is 14005. Neglecting contam-
ination and thus evaluate all data using the conventional NOVAC method results in
12.1% of all data above the plume limit. The total amount of contamination data
is 1392. This is equivalent to 9.9% of all data. Evaluating the contaminated data
with the NOVAC-routine yields in 32.8% of the cases in SO, SCDs above the plume
limit. As at Tungurahua the occurrence of data above the plume limit within the
contaminated data is larger as for not contaminated data (by a factor of 2.7).

The following paragraph only deals with the contaminated data. If using the de-
contamination module 59.8% of the SO, column densities are above the detection
limit. Thus, an increase of the number of detected SO, SCDs above the plume limit
within the contaminated data of 95% is observable. In total the number of SO,
SCDs above the plume limit increases by 2.7 percent points. As a result 14.8% of
all data are above the plume limit.
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Figure 7.2: Comparison of the results of contaminated data for performing the
evaluation with the NOVAC-routine and the decontamination module.
(a)-+(b): The black solid line shows a linear fit of the data (m:slope,
b:intercept). For the fit only data are used where the corresponding
SO, column density (retrieved from the decontamination module) lies
above the plume limit of SO2 SCD > 7-10' %130 The dotted line
indicates the unity line. (a) Results for the BrO /SO, column densities
from Tungurahua; (b) Results for the BrO /SO, column densities from
Nevado del Ruiz. (¢) +(d) The column density calculated with NOVAC
is subtracted from the corresponding column density retrieved with the
decontamination module. The black valid line indicates a linear fit of the
data, the dotted grey line shows where the difference is zero. That means
both evaluations lead to the same ratio. (¢) Tungurahua (d) Nevado del
Ruiz.
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7.3 BrO/SO; time series

This section presents the final time series of SO, BrO and BrO /SO, for Tungurahua
and Nevado del Ruiz.

Contaminated data either need to be excluded from the evaluation or to corrected

due to using a not contaminated reference. If the contaminated data are excluded
from the evaluation, the amount of data where the corresponding SO, amount is
above the plume limit is significantly smaller. The additionally data retrieved by
using the decontamination module can be seen in fig. 7.3 for Tungurahua (visualized
with red circles) respectively for Nevado del Ruiz in fig. 7.4. The time series of Tun-
gurahua and Nevado del Ruiz show, that contamination occurs rather frequently at
high SO, and BrO column densities. The share of contaminated data above a SO,
SCD of 2618%130 is significantly higher as below (see fig. 7.4 for Nevado del Ruiz
and fig. 7.3 for the Tungurahua volcano). High BrO SCDs (above 1e1422) are as
well above average contaminated data.
While the SOy SCDs and BrO SCDs increase on average due to using the contam-
inated data the average BrO/SO, ratio does not chance significantly compared to
the average ratio when only using not contaminated data, as can be seen in fig. 7.3
for Tungurahua (the plot at the bottom) or in fig. 7.4 for Nevado del Ruiz.

Daily Means

Due to the very small amount of volcanic gas plumes with BrO column densities
above the detection limit often the daily mean of the BrO/SO, ratios is used. Hereby
at least four "Multi Adds" per day above the plume limit are considered in order
to avoid outliers. Thus, performing the evaluation of contaminated data with the
decontamination module leads to more data.

At Tungurahua 30.8% more daily mean data can be retrieved when using the de-
contamination module compared to exclude the contaminated data. The amount of
daily means increases less than the total amount of data, this effect can be explained
due to a higher occurrence of contamination if the SO, column densities are high,
thus more data are retrieved for days with a high SO, amount. In the considered
time period there are data on 365 days. If I exclude the contaminated data from the
evaluation I get at 36 days daily means (more than 4 valid data points per day). If
the contamination problem is neglected at 43 days daily means are retrieved. At 52
days the daily means can be calculated if the decontamination module is used, this
is equivalent to 14.% of all data.

At Nevado del Ruiz the amount of daily means increases by 27.9%. if the con-

taminated data are used compared to the scenario where the contaminated data are
excluded. In total there are data at 688 days. Without the contaminated data daily
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The contaminated data are evaluated by using the decontamination
module. Blue data points are below the detection limit, green data
points are not contaminated, valid SOy SCDs. Red data points are
contaminated data, evaluated with the decontamination module. The
contaminated data points are only marked in red, if the SOy SCD is
above the plume limit. Contaminated data below the detection limit are
not particularly marked.
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Figure 7.5: BrO/SO; ratio daily mean time series for Nevado del Ruiz (left) and
Tungurahua (right). SOy SCDs used for this plot are above the plume
limit of 7-10'7. The minimum amount of data per day are four. Days
where less than four valid ratios are recorded are not considered in this
plot. As a result of using the contaminated data as well more daily means
are available, because more days have an amount of valid data’s above
four. Those dates are marked with red. The other data are colored in
green.

Tungurahua Nevado del Ruiz

Decrease of the mean daily mean error 22.5% 39.2%

means can be retrieved at 165 days. If the contamination problem is neglected the
total amount of daily means in the evaluated time period is 198. If the decontam-
ination module is used for the contaminated data there are in total an amount of
229 daily means. This is equivalent to 33% of all data. Thus the amount of daily
means at means at Nevado del Ruiz is twice as high compared to the amount of
daily means at Tungurahua.

More data leads to a smaller error of the daily mean data, because the standard
derivation decreases if the amount of data increases (Standard derivation is propor-
tional to \/iﬁ) The mean error of the daily means excluding the contaminated data
is 1.49 - 10~ (Tungurahua) and 1.7 - 10~ (Nevado del Ruiz). If the contaminated
data are decontaminated and considered for the daily mean calculation the mean
error decreases to: 1.16 - 107° (Tungurahua) and 1.036 - 107 (Nevado del Ruiz).
Figure 7.5 shows a time series of Daily means of the BrO /SO, ratio. The minimum
amount of valid data point within one day is above 4. Days where 3 or less valid
data where recorded are not considered in this figure. Thus all considered ratios
have an SOy SCD above the plume limit. The red marked ratios shows daily means
which includes at least one contaminated spectra.
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Figure 7.6: Strength of BrO contamination as a function of the daytime. The
strength of BrO contamination is calculated as the difference in the
BrO SCD when using the contaminated same time reference and the
not contaminated reference provided by the decontamination module.

7.4 Discussion of the BrO contamination

The evaluation with a gas free reference show higher SO, SCDs as well as higher BrO
SCDs. Thus one can conclude that the reference region is contaminated in both,
SO, and BrO. A result which can not be retrieved by using a solar atlas spectrum
as alternative gas free reference.

The SO, lifetime * is estimated from 4h to several days dependent on the conditions.
SO, is filtered by aerosols and in the end washed out of the atmosphere. This
processes limits the SO, lifetime. The BrO lifetime is rather hard to define due
to continues reformation (see fig. 2.2). There a several interpretations for the BrO
contamination.

Taking scenario described in fig. 4.9 as basis: Contamination is in this case a result
of an old plume. The age of the plume is here in the order of hours to days. Thus I
can make the assumption, that the BrO lifetime is in the same order. BrO lifetimes
below this would make BrO contaminations in the scenario of fig. 4.9 rather unlikely.
In this case contamination is rather a result of the scenarios described in fig. 4.10.
This would lead to the result, that the problem of plume contamination is also rather
unlikely. An dependency of the strength of contamination on the daytime cannot
be observed (see fig. 7.6), because the BrO formation depends on the sunlight this
might be unexpected, but the scattered light even before the sunset is sufficient for
Bry photolysis. (The three data point with a BrO contamination strength below
-2-10* are a result of the low quality of the scans which can be concluded from the
very large errors.)

“meaning the time until the amount decreased to é of the initial amount
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Another possibility for the BrO contamination would be, that the DOASIS fit routine
does not evaluate BrO and SO, independently, thus, if the fit routine finds more SO,
due to a not contaminated reference the calculation systematically overestimates the
BrO SCD. A higher SO, emission usually coincidence with increased emission of all
other volcanic trace gases, therefore this possibility also needs to be considered.
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8 Conclusion

The Network for Observation of Volcanic and Atmospheric Change provides a very
large amount of longtime timeseries. This treasure of data contains a huge amount
of informations about volcanoes, which give an interesting insight of the physical
foundations on volcanic activity.

The evaluation of the volcanoes is in particular based on the assumption that the
atmospheric background of the volcanic trace gases SO, and BrO is negligible. This
is important to assure because the DOAS method only captures the difference in gas
amount between the background, the reference and the signal, the plume spectra.
By the usage of a solar atlas spectrum as reference, ? found that the reference pro-
vided by the NOVAC-Instrument is not always gas free. But is sometimes (ca 10%
of the data) contaminated with volcanic trace gases. If that is the case the contam-
inated spectra either needs to be excluded from the evaluation or the contaminated
reference needs to be replaced by a gas free reference. If the contaminated data
should not be excluded of the evaluation an appropriate gas free reference need to
be found. A solar atlas spectrum can not be used for the BrO evaluation due to
the low amount of BrO and the increase of the BrO fit error if using a solar atlas
spectrum. Thus, a gas free reference recorded by the same instrument is a possible
choice. As the instruments are recording continuously, there are multiple potential
gas free reference spectra available for each plume spectrum. Due to the low ac-
curacy of the BrO retrieval it is reasonably to choose the reference with respect to
the BrO fit error. An analysis of the dependency of the BrO fit error on several
external parameters is presented. Hereby I focus on the temporal difference and the
differences in temperature, colour index, exposure time, elevation angle and daytime
between the plume and the reference spectra. These external parameters are found
crucial for the retrieved BrO fit error. The dependence of the BrO column density
on external parameters was discussed as well.

SO, contamination

The analysis of the occurrence of contamination as a function of the daytime showed,
that contamination mostly occur after 11:00 am. In the morning contamination
occur only rarely, thus a result of this thesis is, that the emission of the day before
plays at most only a subordinated role in order of SO, contamination.

Influence of external parameter

The result of this analysis is, that in general the retrieved BrO fit error is minimal,
if the considered parameter are similar for the plume spectrum and the reference
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spectrum. From the estimated external parameter only the elevation angle does not
seem to influence the retrieval. From the considered parameter the temperature has
the most significant impact of 60% up to 97% compared to the other parameters.
Based on this findings an algorithm is introduced to automatically find an alternative
reference spectrum if the "same time reference" is contaminated.

Fitting the data with a four dimensional first order polynomial turned out to give
the best estimation of the expected error on the trace gas measurement.

Increase of data amount

A further advantage of the new calculation is, that due to the higher amount of
the SOy SCDs the amount of data above the plume limit increases. Using the
decontamination module leads to an total increase of data of 36.4% (Tungurahua)
and 59.1% (Nevado del Ruiz) compared to the amount of data which is retrieved
by using the conventional NOVAC-routine. When only considering the amount of
daily means an increase of the data amount of 30.8% (Tungurahua) and 27.9%
(Nevado del Ruiz) is reached. The mean error of the daily means decreases by
22.5% (Tungurahua) and 39.2% (Nevado del Ruiz) due to more data retrieved by
the decontamination module compared to the conventional NOVAC-routine.

Evaluation by using the decontamination module

The evaluation of the contaminated data with the here proposed algorithm shows
that BrO as well as SOy was underestimated by ignoring the contamination problem.
We shows that the decontamination module leads to an in average higher value of
the BrO column density. The BrO SCD increases 1.7-10'32%¢ at Tungurahua and
2.9-1013HC1‘)T1‘Z;C at Nevado del Ruiz. The SOy SCD increases as well by an amount of
6.3-10'729¢ at Tungurahua and 7.6-10'729%¢ at Nevado del Ruiz. The results for
the BrO /SO, ratio calculated with the decontamination module changed compared
to the conventional method in the way, that low ratios increases, while high ratios
decreased.

On average contaminated data have rather large BrO and SO, SCDs. Thus looking
at all data, including the not contaminated data, using the decontamination model
leads to an increased mean SO, respectively BrO SCDs as I showed in this thesis.
However the mean BrO/SO, ratio, including the not contaminated scans, does not
change significantly.

The method proposed in this thesis improves the evaluation of the spectra provided
by NOVAC and eliminates the systematic error occurring due to contamination. As
a result the amount of usable data increases. This is a important step fo a better
understanding of volcanoes.
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Part IV

Appendix



Dependence external parameters on each other

In addition to ?? here the parameter of a linear fit" between the external parameters.
Significant correlations can be found in ?77.
Difference of Temperature on Difference of exposure time

AT = —26.32 - AExpTime +2- 107" (.1)
Difference of Temperature on Difference of colour index

AT = 0.0022 - AColldX +2-107" (.2)
Difference of Temperature on Difference of Day time

AT = 0.262 - Adaytime — 4 - 10717 (.3)
Difference of Temperature on Difference of Elevation angle

AT = 1.08 - AFElevAngle — 1-1071° (.4)
Difference of Exposure on Difference of Col Idx

AEzxposure = —6.22 - 10 °AColldx +1-107*® (.5)
Difference of Exposure on Difference of Day time

AExposure = —0.004 - Adaytime — 1-1077 (.6)
Difference of Exposure on Difference ofElevation angle

AExposure = —0.047 - AElevAngle 4 3 - 1071 (.7)
Difference of Colorindex on Difference of Day time

AColldX = 4.51 - Adaytime —1.2-107° (.8)
Difference of Colorindex on Difference of Elevation angle

AColldX = —52 - AElevAngle 4 1.45 - 10~ (.9)
Difference of Colorindex on Difference of Elevation angle

AColldX = 3.5 - AElevAngle — 6 - 10716 (.10)

*calculated by python using the numpy library (version) based on least square method
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