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Trace gas imaging in the atmosphere with a Fabry-Pérot interferometer

- A case study for sulfur dioxide:

Atmospheric trace gas imaging allows the direct assessment of chemical dynamics,

transport and mixing processes and is therefore desired in atmospheric physics

and chemistry. For instance, the application of imaging measurements at trace

gas point sources can substantially improve the determination of emission �uxes.

The SO2 Camera is an imaging technique that is already applied at volcanoes.

However, cross interferences of the detection principle can lead to signi�cant

uncertainties in the trace gas quanti�cation.

In this thesis an imaging technique employing a Fabry-Pérot interferometer (FPI)

is introduced. In order to identify and quantify a trace gas species, the FPI's

transmittance spectrum is matched to the molecule's absorption structures.

The method was investigated for sulfur dioxide (SO2) in a model study. Moreover,

a one pixel prototype was built as proof of concept. The detection limit reached

with this simple prototype device is ∼ 8.5 · 1016 molec cm−2 or ∼ 34 ppm m of

SO2 in a 1 s measurement period. It could be shown, that compared to the SO2

Camera, the FPI technique has drastically reduced cross interferences to ozone,

clouds and aerosol extinction. Finally, several implementations of the technique

in an imaging instrument were proposed and discussed.

Bildgebende Spurensto�fernerkundung in der Atmosphäre mit Hilfe

eines Fabry-Pérot Interferometers - Eine Fallstudie für Schwefeldioxid:

Bildgebende Messungen atmosphärischer Spurensto�e erlauben die direkte Un-

tersuchung von Transport- und Mischungsprozessen, sowie von Abläufen chemis-

cher Reaktionen in der Atmosphäre. Beispielsweise kann die Messung von Emis-

sionen von Punktquellen atmosphärischer Spurensto�e durch die Anwendung

bildgebender Messmethoden deutlich verbessert werden. Die SO2 Kamera wird

als bildgebende Messtechnik bereits an Vulkanen verwendet. Das Messprinzip hat

allerdings groÿe Queremp�ndlichkeiten die zu bedeutenden Unsicherheiten in der

Messung führen können.

In dieser Arbeit wurde eine Messtechnik vorgestellt, in der ein Fabry-Pérot Inter-

ferometer (FPI) verwendet wird. Die Transmissionseigenschaften des FPIs wer-

den an die charakteristischen Absorptionsstrukturen eines Moleküls angepasst,

um dieses nachzuweisen und zu quanti�zieren.

Anhand des Beispiels von Schwefeldioxid (SO2) wurde eine Modellstudie durchge-

führt. Zum Nachweis der Umsetzbarkeit wurde weiterhin ein Prototyp einer

Ein-Pixel FPI Kamera gebaut. Die SO2 Nachweisgrenze dieses Prototyps liegt

bei ∼ 8.5 · 1016 molec cm−2 oder 34 ppm m für 1 s Messzeit. Es konnte gezeigt

werden, dass im Vergleich zur SO2 Kamera die Queremp�ndlichkeiten der FPI

Messtechnik bezüglich Ozon, Wolken und Aerosolextinktion bedeutend kleiner

sind. Schlieÿlich wurden mehrere Umsetzungen der Messmethode in schnellen

bildgebenden Messinstrumenten vorgeschlagen und diskutiert.



Contents

1 Introduction 1

2 Theoretical background 3

2.1 Absorption spectroscopy in the atmosphere . . . . . . . . . . . . . . . 3
2.1.1 Absorption spectroscopy . . . . . . . . . . . . . . . . . . . . . 3
2.1.2 Radiative transport in the atmosphere . . . . . . . . . . . . . 6

2.2 Imaging of trace gases in the atmosphere . . . . . . . . . . . . . . . . 10
2.2.1 Di�erential Optical Absorption Spectroscopy . . . . . . . . . . 11
2.2.2 SO2 Camera . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.2.3 Gas Correlation Spectroscopy . . . . . . . . . . . . . . . . . . 14

2.3 Gas detection with a Fabry-Pérot interferometer . . . . . . . . . . . . 15
2.3.1 The Fabry-Pérot interferometer . . . . . . . . . . . . . . . . . 15
2.3.2 The Fabry-Pérot interferometer in atmospheric remote sensing 20

3 Model study 23

3.1 The FPI instrument model . . . . . . . . . . . . . . . . . . . . . . . . 23
3.1.1 The FPI transmission spectrum . . . . . . . . . . . . . . . . . 23
3.1.2 The bandpass �lter transmission spectrum . . . . . . . . . . . 26
3.1.3 Simulation of the instrument response . . . . . . . . . . . . . 27
3.1.4 Signal to noise ratio . . . . . . . . . . . . . . . . . . . . . . . 28

3.2 Model results for FPI based SO2 measurements in the UV . . . . . . 28
3.2.1 Properties and optimum parameters of a UV FPI SO2 mea-

surement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.2.2 Comparison to the SO2 Camera . . . . . . . . . . . . . . . . . 34
3.2.3 FPI imaging issues . . . . . . . . . . . . . . . . . . . . . . . . 37

4 Proof of concept study - The one pixel FPI SO2 device 40

4.1 OP FPI SO2 device - instrument setup . . . . . . . . . . . . . . . . . 40
4.1.1 The realistic Fabry-Perot interferometer . . . . . . . . . . . . 40
4.1.2 The optical setup . . . . . . . . . . . . . . . . . . . . . . . . . 44
4.1.3 The one pixel detector . . . . . . . . . . . . . . . . . . . . . . 46
4.1.4 The combined instrument setup . . . . . . . . . . . . . . . . . 48

4.2 OP FPI SO2 device - performance . . . . . . . . . . . . . . . . . . . . 50
4.2.1 Noise . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
4.2.2 SO2 sensitivity . . . . . . . . . . . . . . . . . . . . . . . . . . 57
4.2.3 Stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
4.2.4 Improvement suggestions . . . . . . . . . . . . . . . . . . . . . 63



4.2.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

5 FPI imaging applications 65

5.1 Scanning OP FPI device . . . . . . . . . . . . . . . . . . . . . . . . . 65
5.2 Parallelized beam . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

5.2.1 Tilt tuning . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
5.2.2 Pressure tuning . . . . . . . . . . . . . . . . . . . . . . . . . . 68
5.2.3 Aperture tuning . . . . . . . . . . . . . . . . . . . . . . . . . . 68

5.3 Rings (no parallelization) . . . . . . . . . . . . . . . . . . . . . . . . . 70
5.3.1 Tilt tuning . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
5.3.2 Pressure tuning . . . . . . . . . . . . . . . . . . . . . . . . . . 70
5.3.3 Windowing . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

5.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

6 Conclusions and Outlook 77

Bibliography 80





1 Introduction

Earth's atmosphere mainly consists of nitrogen and oxygen molecules that are stable
under the given conditions. So called trace gases are present in low quantities and
cause or in�uence a multitude of atmospheric processes of crucial importance, like
the green house e�ect or shielding of high energy radiation. Quantifying trace gases
in the atmosphere is important for investigating atmospheric processes.

One method to detect trace gas species in the atmosphere is optical absorption
spectroscopy. Known characteristic spectral absorption features can be used to iden-
tify and quantify the trace gas species by radiance measurements. With this method,
remote sensing measurements can be performed directly in the atmosphere. This is
applied since decades in several di�erent techniques (e.g. Mo�at and Millan, 1971;
Platt et al., 1979).

Sources of atmospheric trace gases are particularly interesting, since they can
have large in�uences on atmospheric processes. Besides carbon dioxide and water
vapor, many volcanoes permanently emit large amounts of sulfur dioxide (SO2) (e.g.
Textor et al., 2004). SO2 can be measured by optical remote sensing, since it has
strong and di�erential absorption structures in the ultraviolet wavelength range.
Moreover, it has a lifetime of the order of days in the free atmosphere (e.g. Beirle
et al., 2014). Thus, it can be detected even at larger distances from the crater, and
the atmospheric SO2 background concentrations are very low. The large amounts
of water vapor and carbon dioxide emitted by volcanoes are much more complex to
quantify with remote sensing techniques, since they have to be separated from their
high (for water vapor also a highly variable) atmospheric background signals.
Volcanic SO2 emissions, especially when injected in higher altitudes, can have a sig-
ni�cant impact on climate . Sulfate aerosol can be formed and directly backscatter
sunlight, or serve as cloud condensation nuclei. For instance, this has been observed
for the eruption of Mt. Pinatubo in 1991 (Robock, 2000). Moreover, the SO2 emis-
sion �ux is used as an indicator for volcanic activity and magma dynamics (e.g.
Olmos et al., 2007; Malinconico, 1979).

Today, the Di�erential Optical Absorption Spectroscopy (DOAS) technique (Platt
and Stutz, 2008) is routinely employed for volcanic SO2 emission �ux monitoring
(Galle et al., 2010). Scanning telescopes and compact spectrometers are used to
record radiance spectra from plume cross sections whose SO2 content is evaluated.
SO2 emission �uxes can be inferred from additional wind velocity estimates. The
time resolution of this method is of the order of minutes.
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Fast imaging remote sensing measurements are highly desirable in atmospheric
chemistry and physics. Chemical dynamics, mixing and transport processes can di-
rectly be assessed with high time resolution. One imaging method, the SO2 Camera
(Bluth et al., 2007; Mori and Burton, 2006; Kern et al., 2010; Lübcke et al., 2013),
is frequently used for measuring volcanic SO2 �uxes. It makes use of strong SO2 ab-
sorption features in the UV and uses a simpli�ed detection principle that commonly
employs one or two interference �lters. Thereby, it is able to record two dimen-
sional SO2 distributions with a time resolution of the order of Hz. This imaging
measurements allow the determination of volcanic SO2 emission �uxes with a much
higher time resolution than DOAS measurements. Moreover, the plume propagation
velocity can be directly determined from series of images.
However, the SO2 Camera has relatively high cross interferences with volcanic plume
aerosol and is limited by the variability of the ozone background. Moreover, clear
sky conditions are required.

In this thesis, a novel concept for a trace gas imaging technique is investigated.
A Fabry-Pérot interferometer with its transmission features matched to di�erential
molecule absorption structures is employed. A high selectivity for single species can
be reached, without dispersively recording spectral radiances (as e.g. the DOAS
technique). Hence, the application in a fast imaging measurement is possible. In
this thesis, the technique is to a large extent examined for SO2 measurements in the
UV. Thus, it could be directly compared to the existing SO2 Camera technique.

In Chap. 2, the theoretical background for the thesis is outlined. A basic explana-
tion of atmospheric absorption spectroscopy is given, focusing on the ultraviolet to
visible wavelength range. Existing remote sensing techniques are brie�y discussed,
before introducing the theory of the Fabry-Pérot interferometer and it's application
to atmospheric remote sensing. The developed model of the FPI is described in
Chap. 3. It is used to determine optimized instrument parameters and to predict
the approximate performance of the technique. In particular, the sensitivity towards
SO2 and cross interferences with ozone and aerosol were investigated. In a proof
of concept study a one pixel prototype of a Fabry-Pérot interferometer based SO2

Camera was built. In Chap. 4, the instrument setup is presented and test mea-
surements are shown and discussed in order to evaluate its performance. Finally,
in Chap. 5, di�erent possibilities to implement the FPI technique in a fast imaging
scheme are presented. The methods are brie�y described and their advantages as
well as their feasibility are discussed.

2



2 Theoretical background

The objective of this thesis is to assess the feasibility of employing a Fabry-Perot
Interferometer (FPI) to atmospheric remote sensing, particularly to volcanic SO2

imaging in the UV wavelength range.
Absorption spectroscopy is the underlying concept of atmospheric trace gas remote
sensing in the ultraviolet and visible (UV-VIS) wavelength range. In Sect. 2.1 ab-
sorption spectroscopy and its application in the atmosphere are introduced.
In Sect. 2.2 the concept of imaging of volcanic (or other trace gas) plumes is de-
scribed. Imaging is the extension of a trace gas remote sensing principle to the
retrieval of spatially resolved information in two dimensions. Already applied tech-
niques are brie�y presented in order to be able to compare them with the FPI
imaging method in later chapters.
In the last part of this chapter (Sect. 2.3) the FPI theory and the principle of apply-
ing the FPI to atmospheric remote sensing is described. The similarity between FPI
spectral characteristics and regularly spaced molecule absorption bands is exploited.
Earlier, FPIs were used to study molecular absorption spectra in the laboratory (e.g.
Barrett and Myers, 1971) before they were already applied to atmospheric remote
sensing in the infrared (IR) by e.g. Wilson et al. (2007). Moreover, even FPI imag-
ing schemes already were built (e.g. Pisani and Zucco, 2009). This thesis focuses on
UV applications and especially volcanic trace gas imaging. This is a novel �eld of
FPI applications.

2.1 Absorption spectroscopy in the atmosphere

This section will introduce the principle of absorption spectroscopy (Sect. 2.1.1).
In the atmosphere, radiative transfer in the UV-VIS is strongly in�uenced by the
scattering of light at particles. This has to be accounted for in atmospheric remote
sensing and is therefore brie�y outlined in Sect. 2.1.2. A more comprehensive
treatment of the topic can be found e.g. in Platt and Stutz (2008).

2.1.1 Absorption spectroscopy

The principle of absorption spectroscopy represents the basic concept that is used
in this thesis. It exploits spectral characteristics of di�erent substances in order
to quantify and distinguish them. For molecules, these characteristics emerge from
discrete energy states, determined by the molecular structure. Nuclear masses and
internuclear binding potentials determine rotational and vibrational energy states
of the molecules. The interaction of electrons with other electrons and the nuclei
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account for the di�erent electronic states of the molecule. Electronic states have
energy separations from the ground state of the order of several eV, corresponding to
visible up to UV wavelengths of electromagnetic radiation. Vibrational transitions
lay in the infrared (Evib ∼ hc

3µm
= 0.41 eV) and rotational transitions in the far

infrared to microwave region (Erot ∼ hc
100µm

= 0.012 eV). Combinations of these
transitions, obeying transition rules from symmetry considerations, form the total
energy spectrum of the molecule.
The initial distribution of the molecules within these energy states is determined by
the temperature T via the Boltzmann factor. For room temperature (T = 300 K)
the probability of a single molecule to have the energy of a typical rotational state
Erot = hc

100µm
and of a typical vibrational state Evib = hc

3µm
compared to the ground

state Eg = 0 are

p(Erot)

p(0)
= exp

(
− Erot

kb · T

)
= 0.61 (2.1)

p(Evib)

p(0)
= exp

(
− Evib

kb · T

)
= 10−7 (2.2)

The degeneracy of the states can increase this number by roughly an order of mag-
nitude. This means, that mainly low rotational states and hardly any vibrational
or electronic states are populated at room temperature. UV or VIS radiation that
is resonant to the energy states of a present molecule species will therefore cause
transitions from lower to higher energy states. This process is called absorption.
The excited state is very short lived, since either the energy is lost by collision with
other molecules or by isotropic reemission of a photon, or the molecule is dissociated.
Absorption therefore leads to an extinction of a light beam traversing the absorbing
medium. Due to the discrete energy states, absorption lines emerge in the spectrum.
The gray line in Fig 2.1 shows the absorption spectrum of SO2.

The extinction in an absorbing medium is described by Bouguer-Lambert-Beer's
law. For each individual wavelength λ the relative change in intensity dIλ

Iλ
of the

radiation having traversed an absorber of in�nitesimal thickness dl with a number
density ρ of an absorbing molecule species is given by:

dIλ
Iλ

= −ρ σλ dl (2.3)

The spectral characteristics of the absorber is represented by the absorption cross
section σλ. It represents the above explained absorption processes in dimensions of
a geometrical cross section (commonly in cm2). Integration over an arbitrary light
path s yields:

Iλ(s) = Iλ(0) exp

[
−
∫ s

0

σλ ρ dl

]
(2.4)
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Figure 2.1 � In gray, the SO2 absorption cross section is plotted. The black drawn line shows
a typical spectrum of scattered solar radiation. The dashed line indicates the scattered solar
radiation spectrum after an SO2 absorption by an SO2 CD of SSO2 = 1018 molec cm−2.

The integral in the exponent is called optical density or extinction τ . If σλ is
independent of external conditions (e.g. temperature and pressure) that may change
within the light path (mostly valid in the UV-VIS), Eq. 2.4 can be converted to:

τλ = − log
Iλ(s)

Iλ(0)
= σλ

∫ s

0

ρ dl = σλ S (2.5)

S is the integrated amount of absorbing molecules along the light path. It is called
the column density (CD) of the absorber. Figure 2.1 shows the the spectral radi-
ances I(0) and I(s) for scattered solar radiation and the extinction of an SO2 CD
of 1018 molec cm−2.

Absorption spectroscopy can for instance be used to determine the absorption
cross sections σλ of gases. This can be done in the laboratory under controlled con-
ditions with known gas concentrations and light paths.
With known cross sections, absorption spectroscopy can be used to detect and quan-
tify gases in the environment via wavelength selective radiance measurements. The
column density can be retrieved either by using the detailed cross section informa-
tion of a gas or by calibration methods. In this thesis we will work with the latter
application of absorption spectroscopy, applied in the free atmosphere.
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2.1.2 Radiative transport in the atmosphere

When applying optical absorption spectroscopy in the free atmosphere one has to
account for all the interactions of light with atmospheric particles. The atmosphere
mainly consists of gas molecules but also contains non gaseous matter, referred to
as aerosol. Both, gases and aerosol can absorb and scatter light, where scattering
can be elastic or inelastic (e.g. Roedel and Wagner, 2011). The processes are brie�y
explained and the radiative transfer equation for UV-VIS radiation is introduced.
Moreover, issues for the remote sensing application at volcanoes are outlined.

Absorption

Gas molecules absorb radiation as explained in Sect. 2.1.1. In the atmosphere, the
absorptions of all present gas species sum up. Aerosol can also cause an extinc-
tion due to absorption, e.g. by its physical cross section. Consider for instance a
volcanic ash cloud. Compared to the narrowband absorption features of molecules,
broadband absorption features are expected for aerosol particles.

Elastic scattering

Mie theory describes the interaction of an electromagnetic plane wave with a spher-
ical particle (Mie, 1908). Despite there is no analytical solution, it o�ers a basis to
describe atmospheric scattering processes.
An important quantity is the size parameter x = 2πr

λ
. It links the particle's e�ective

radius r to the wavelength λ of incoming light. The scattering e�ciency Q describes
the ratio of the e�ective scattering cross section σs of a particle to its geometrical
cross section σgeo ∝ r2. The phase function Θ(ϑ) determines the probability for the
radiation to be scattered into the angle ϑ towards the propagation direction of the
incoming beam. For our considerations, Q and Θ as a function of the size parameter
contain su�cient information for the treatment of light scattering in the atmosphere.

An often used simpli�cation of Mie theory is the Rayleigh approximation for
particles that are small compared to the wavelength of incident radiation (x � 1).
Under this constraint the Mie solution becomes analytical and can be thought of as
a dipole moment induced to the particles by the electromagnetic radiation.
The cross section σR of Rayleigh scattering is a function of λ−4. The phase function
is symmetric in ϑ, meaning that the probabilities of forward and backward scattering
are equal:

σR = σR,0 · λ−4, Θ(ϑ) =
3

4
(1 + cos2(ϑ)) (2.6)

Atmospheric molecules are typically much smaller than the wavelengths of UV
and visible light. Therefore Rayleigh scattering is well suited for describing light
scattering on air molecules. The air molecule's polarizability determines σR,0 ≈
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4.4 · 10−16cm2 nm4 molec−1 (Roedel and Wagner, 2011).

The size of aerosol particles, like cloud droplets, particulates emitted by com-
bustion motors or volcanic ash can cover a range of several orders of magnitude.
They commonly do not ful�ll the x � 1 criterion. The wavelength dependency of
the scattering cross section is thus variable with particle size and the phase function
gets asymmetric, preferring forward scattering. Generalizing, this process is referred
to as Mie scattering.
For a given particle size distribution the aerosol extinction or aerosol optical den-
sity (AOD) τMie = σMie Saerosol of a Mie scatterer is parameterized by the Ångstrom
parameterization:

τMie(λ) = τMie(λ0)

(
λ

λ0

)−γ
, (2.7)

with the Ångstrom exponent γ ∈ [0, 4]. Note, that γ is limited by the Rayleigh case.
In volcanic plumes, an Ånagstrom coe�cient of 1.2 was found to be representative
by Spinetti and Buongiorno (2007). However, volcanic plume aerosol contents can
be highly variable, leading to complex Ångstrom coe�cient distributions across the
plume.

Inelastic scattering

Most scattering events are elastic. The molecule, excited by the incident photon
to a non resonant (often called virtual) electronic state, relaxes back to its initial
state. It emits a photon with the same energy as the incident photon. In inelastic
scattering events the excited molecule relaxes to a di�erent vibrational or rotational
state nearby the initial state. In this case, a photon with a di�erent energy compared
to the incident photon is emitted. This process is also called Raman scattering. The
scattering e�ciency for rotational Raman scattering is only about 2− 4 % (Roedel
and Wagner, 2011) of the scattering e�ciency of Rayleigh scattering. For vibrational
Raman scattering it is even less (∼ 0.04 %, e.g. Lampel et al., 2015). In narrow
structured spectra (as e.g. the Fraunhofer spectrum) inelastic scattering can lead to
substantial distortion. The radiance at a Fraunhofer line wavelength of low intensity
is enhanced by Raman scattered light from nearby wavelengths with high intensity,
�lling up the absorption line (Chance and Spurr, 1997). This is also referred to as
the Ring e�ect (Grainger and Ring, 1962).

Radiative transfer and volcanic trace gas measurements in the UV-VIS

The radiance of sunlight reaching an observer on the ground has undergone absorp-
tion and scattering on aerosol particles and gas molecules. The radiance in a light
path of narrow solid angle ω gets attenuated by absorption and scattering of light
out of this path. However, light can also be scattered into this light path, enhancing
the observed radiance. These processes dominate radiative transfer in the UV-VIS
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and can be formulated in the so called radiative transfer equation. Thermal emission
can be neglected for the regarded wavelength range. A change in radiance I within
a small light path segment ds of a narrow light beam (or a narrow viewing solid
angle) can be described for each wavelength by:

dIω
ds

= −(τa + τs) · Iω + τs

∫
4π

I?(Ω′) · Γ(Ω′, ω)dΩ′ (2.8)

The �rst summand represents Boguere-Lambert-Beer's law (see above, Eq. 2.4) with
added scattering extinction τs = τMie + τR. The second term accounts for photons
scattered into the beam solid angle ω. It is dependent on the radiance I? arriving
at the regarded beam volume and the scattering extinction τs. Γ contains the scat-
tering phase function information. Together with τs it determines the fraction of I?,
by which I is enhanced.

Equation 2.8 is essential for all applications described in this thesis, especially
since the measurement techniques mostly use scattered sunlight as light source.
Hence, the radiative transfer equation determines the light source as well as the
traversing process across the absorber. A useful measure for the separation of these
two processes is the mean free path sph,R of a photon in the atmosphere where only
Rayleigh scatterers are present.

sph,R(λ) =
1

σR(λ) · ρ
=

λ4

σR,0 · ρ
(2.9)

The fraction 1 − 1
e
≈ 0.63 of all photons from a distance sph,R to a detector get

scattered again. A crucial point is, that due to the λ−4 dependency of the Rayleigh
scattering e�ciency, this visibility range varies for instance by a factor of 7.7 from
visible (sph,R(500 nm) = 57 km) to UV (sph,R(300 nm) = 7.4 km) wavelength.

The trace gas column density, measured with passive optical remote sensing, does
not contain information about the light path. Accurate quanti�cation of the trace
gas amount (for instance in a volcanic trace gas emission �ux measurement) is there-
fore complicated.
Figure 2.2 sketches a typical volcanic trace gas remote sensing scenario. The vol-
canic plume cross section is colored brown. The ideal light path describes scattering
events of radiation (that has not traversed the plume) behind the plume, directly
into the instrument's FOV. However, in reality several di�erent light paths are pos-
sible.
Light can be scattered into the instrument FOV from molecules or aerosol in between
plume and instrument. This radiation most likely does not carry any absorption in-
formation from the plume gases. It leads to an underestimation of the volcanic
trace gas CDs. This e�ect is referred to as light dilution and, in everyday life, can
be compared to the fading of colors of distant objects in the atmosphere.
Another issue for the measurement is multiple scattering of light inside the volcanic
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Figure 2.2 � Sketch of a typical volcanic trace gas remote sensing scenario. The black line
denotes the ideal light path typically assumed in data evaluation. The blue lines show several
di�erent possible light paths that impact the measurement's accuracy. The faint gray line
roughly indicates the Rayleigh photon mean free path, as an indicator of the instrument's
visibility range. In the panel below the sketch, the scattering probability of a photon on the
way to the instrument is outlined.

plume. The enhanced aerosol abundances there drastically decrease the photon
mean free path within the plume. Multiple scattering leads to increased light paths
within the plume and therefore to overestimation of the volcanic trace gas CDs.
All kinds of light paths and mixtures of multiple scattering and light dilution are
possible. Current studies mostly suggest generalized corrections to recorded data
(e.g. Kern et al., 2013). However, the high variability of aerosol in volcanic plumes
as well as in the surrounding atmosphere makes the assessment of these issues com-
plex.
In Figure 2.2 the Rayleigh photon mean free path sph,R is indicated in the measure-
ment geometry. In the panel below the drawing, the probability of a photon to be
Rayleigh scattered on the way to the instrument is plotted as a function of the dis-
tance to the instrument. The photon mean free path in a volcanic plume containing
aerosol is often drastically reduced. The thus increased scattering probability with
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Figure 2.3 � Dispersive imaging techniques require scanning schemes (left panel), whereas
nondispersive detection methods can be implemented in full frame imaging schemes (right
panel). Wavelength selective elements (WSE) can be placed in the light paths of cameras.

principally unknown characteristics within the plume is marked in brown. sph,R in-
creases with the instruments elevation angle because of decreasing pressure. This
�gure suggests to avoid large distances between instrument and plume, since e.g. for
300 nm and atmospheric standard pressure and temperature, sph,R is only ∼ 7.4 km.

2.2 Imaging of trace gases in the atmosphere

Spatially and temporally resolved remote sensing (i.e. imaging) measurements of
trace gases in the atmosphere are highly desired in atmospheric physics and chem-
istry. They allow the direct assessment of chemical dynamics, transport and dilution
processes in the atmosphere.
The di�erent imaging approaches can be categorized by their acquisition technique
for wavelength information and their acquisition technique for spatial information
(in two dimensions).
An image consists of spatial pixels {i, j} that cover the image �eld of view (FOV)
with their respective pixel FOVs. Each pixel will measure radiances I{i,j} that can
be processed to a trace gas dependent instrument response R{i,j}, that is either di-
rectly the trace gas column density S{i,j} or can be linked to S{i,j} via calibration.
Techniques, where the incoming radiation of a pixel FOV is mapped to a spatial
dimension of the detector in order to get wavelength information (e.g. grating or
prism spectrometer), are referred to as dispersive. In contrast, nondispersive tech-
niques use wavelength selective elements (WSE, e.g. �lters, etc.) that can be placed
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in front of the detector in a way that one pixel FOV is mapped to a single detector
pixel. Spectral information is mostly gained via tuning the WSE.

Since one spatial dimension is lost in dispersive methods due to conversion into
a wavelength dimension, only scanning across the image FOV yields a full frame
image. With nondispersive techniques it is in general possible to implement full
frame cameras. Once the WSE is placed in front of a two dimensional detector the
spatial information is increased by the number of detector pixels (see Fig. 2.3).
For both, dispersive and nondispersive methods, the acquisition time per image
frame with a given signal to noise ratio (SNR) tframe is limited by the instrument's
light throughput. The light throughput for dispersive measurements is limited the
spectral resolution (for grating spectrometers to a large extent determined by the
entrance slit). The WSEs of nondispersive techniques can in principle have arbitrar-
ily large e�ective apertures and therefore higher light throughputs.
For dispersive techniques, tframe is additionally limited by the spatial scanning pro-
cess. nondispersive methods are limited by the WSE's tuning properties, and the
intended spectral information per pixel (e.g. determined by the number of tuning
steps).
Roughly speaking, there is a tradeo� between spectral and spatial (or/and tempo-
ral) resolution of the imaging measurement that has to be made according to the
intention of the measurement. Di�erent imaging remote sensing methods are brie�y
introduced in the following.

2.2.1 Di�erential Optical Absorption Spectroscopy

Di�erential Optical Absorption Spectroscopy (DOAS, e.g. Platt and Stutz, 2008) is
the underlying principle of separating narrowband (di�erential) absorption features
from broadband spectral contributions. Most of the following techniques use this
principle in some way. However, with the term DOAS technique I will always refer
to the dispersive DOAS measurements introduced in this subsection.

The DOAS technique is a dispersive technique for remote sensing of atmospheric
trace gases. Distinct narrowband structures of molecules are identi�ed in recorded
optical density spectra, obtained from spectral radiance measurements. Known
narrowband absorption cross sections of the molecules are used in a �tting routine,
where all broadband e�ects are accounted for by a polynomial.
The gases narrowband (with respect to the analyzed wavelength range) absorption
cross sections σ′i can be separated from the broadband part σb,i for every molecule
species i:

σi(λ) = σ′i(λ) + σb,i(λ) (2.10)

The optical density from a measured spectrum I(λ) related to a reference I0(λ) can
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be written as:

τ(λ) = − log
I(λ)

I0(λ)
= τR(λ) + τMie(λ) (2.11)

+
∑
i

σb,i(λ)Si +
∑
i

σ′i(λ)Si (2.12)

The �rst three contributors are broadband compared to the last one. A polyno-
mial �t can be used to de�ne I ′0(λ), which di�ers from I0(λ) by the broadband
contributions. This allows to determine the narrowband optical density:

τ ′(λ) = − log
I(λ)

I ′0(λ)
=
∑
i

σ′i(λ)Si (2.13)

Via �tting the known σ′i(λ) to the measured τ ′(λ), the Si can be obtained as �t
coe�cients.

This method uses a very high spectral information content that allows the si-
multaneous measurement of several gas species. Moreover, radiative transfer e�ects
principally can be accounted for. For instance, the impact of the Ring e�ect can
be calculated from the reference spectrum. Moreover, approximations for the light
path can be made by exploiting the absorption bands of the oxygen collision com-
plex O4 (e.g. Wagner et al., 2004). O4 is abundant in the atmosphere in a constant
amount dependent on temperature, pressure and O2 that, itself, has no narrowband
absorption within the typically regarded wavelength ranges in the UV.
As explained above, this dispersive method can only record two dimensional spa-
tial information via scanning. Scanning DOAS schemes are called imaging DOAS
(IDOAS, e.g. Lohberger et al., 2004) and can be implemented in two ways. In the
whisk broom scanning approach, light from a single viewing direction is collected
with a telescope and the two spatial directions are scanned. In the push broom
scanning approach, a 2d detector is used, where, with special optics, one spatial
detector dimension is used for wavelength information and the other for one spatial
dimension. The remaining spatial dimension is scanned.
In the whisk broom scanning approach a second detector dimension can be used to
increase the light throughput per wavelength channel. Therefore, the two approaches
mainly di�er in their technical implementation, rather than the time needed to ac-
quire a complete image.

2.2.2 SO2 Camera

The SO2 Camera is a nondispersive remote sensing method for SO2 using very
limited spectral information. The measurements have, however, a high spatial and
temporal resolution (tframe ≈ 1s). A bandpass �lter transmitting in the UV at
∼ 310 nm (�lter A with transmittance spectrum TA, FWHM≈ 10 nm, see Fig. 2.4)
is employed. In this wavelength region, SO2 and ozone are typically the dominant
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Figure 2.4 � (a) Typical image frame of an SO2 Camera. I0 and I can be derived from one
acquisition. (b) SO2 absorption cross section with the the transmission spectra of the two SO2

Camera �lters.

gaseous atmospheric absorbers. In the free atmosphere, SO2 has a lifetime of the
order of hours or days. Since globally there are only a few spread strong point sources
(industrial sources and volcanoes), the atmospheric background concentration is very
low. In contrast, ozone has a comparably high and steady atmospheric abundance
(mainly in the stratosphere). Compared to the acquisition time of an SO2 Camera
image it varies only by small fractions on relatively long timescales. The SO2 Camera
is therefore able to quantify SO2 CDs (SSO2) at point sources via the optical density
in �lter A's range:

τA = − log
IA
IA,0

=

∫
dλ I(λ)TA(λ)∫
dλ I0(λ)TA(λ)

∝ SSO2 (2.14)

I0(λ) is the background spectral radiance. I(λ) is the spectral radiance of light
that additionally traversed the point source's plume and therefore contains the SO2

imprint. The background radiance IA,0 can be acquired by recording an image with
another viewing direction in an SO2 free FOV, or by the radiance of a plume free
region within the measurement FOV (see Figure 2.4).
The background and plume measurement oftentimes have a di�erent aerosol con-
tent, since commonly there are for instance more ash and condensate particles in
volcanic plumes than in the surrounding atmosphere. These lead to an additional ex-
tinction. Therefore, a second �lter (�lter B) is used, transmitting at around 330nm,
where the SO2 absorption is more than an order of magnitude smaller. The aerosol
extinction, due to its broadband characteristics, is considered to be constant within
the 20nm spectral separation of �lter A and �lter B. This allows the correction
of the aerosol contribution to the instrument's SO2 signal. The SO2 signal or the
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instrument response of the SO2 Camera is called apparent absorbance (AA):

AA = τA − τB = − log
IA IB,0
IA,0 IB

= (σ̃A,SO2 − σ̃B,SO2)SSO2 (2.15)

σ̃i,SO2 are the radiance weighted SO2 cross sections averaged over the respective �l-
ter wavelength range. Since especially the radiance weighting varies for di�erent
measurement conditions, calibration is required. An additional DOAS measure-
ment with a narrow FOV within the SO2 Camera's FOV (Lübcke et al., 2013; Kern
et al., 2010) is commonly chosen over calibration cell methods that were used earlier.

The ozone background CD changes with daytime, mainly due to a varying solar
zenith angle (SZA). This means that the changes in the spectral radiance induced
by ozone, within the time period between plume and reference measurement, are
interpreted as SO2. However, due to the high spatial information content, there is
almost always a background spot (with no plume) in the image that can be used
for a real time ozone correction. The ozone correction across the whole FOV can
only roughly be done by a measurement looking in a di�erent SO2 free direction. At
many volcanoes the SO2 emissions, and therefore the SO2 optical densities, are very
high. Hence, the SO2 absorption signals at those volcanoes dominate the distortion
of remaining ozone uncertainty.

The wavelength dependency of the scattering e�ciency (see Sect. 2.1.2) can cause
an aerosol interference, once the aerosol optical density (AOD) changes signi�cantly
within the separation of the two �lters. This is especially the case for small aerosol
particles. In �rst order, for low AODs this leads to a wavelength dependent aerosol
extinction that is interpreted as SO2 by the SO2 Camera. This kind of aerosol
interference is di�cult to correct, since the aerosol content and composition can
vary strongly within the plume. The DOAS calibration is able to correct for it to
some extent, in cases of homogeneous aerosol type distributions. For higher AODs,
multiple scattering will in�uence the light path in the absorber. This is a general
problem for volcanic remote sensing (see Sect. 2.1.2).

2.2.3 Gas Correlation Spectroscopy

Gas correlation spectroscopy (GCS) is a nondispersive technique that can be em-
ployed for gases with strong di�erential absorption structures. Radiance measure-
ments of light that traversed the absorbing gas are recorded with a varying amount
of the same gas, arti�cially added within the camera's optical path. This means,
that the WSE can be a gas cell containing a certain amount of absorber that is
consecutively moved in and out the light path. Via pre�ltering, a wavelength region
∆λ has to be isolated, where the absorber's absorption is strongly di�erential (for
UV SO2 measurements e.g. �lter A of the SO2 Camera). For an atmospheric ab-
sorber optical density τi,atm and an absorber optical density τi,cell in the gas cell the
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radiance I without and Icell with gas cell are compared in their ratio Rgcs:

Rgcs =
Icell
I

=

∫
dλ I0(λ) exp(−τi,atm(λ)− τi,cell(λ))∫

dλ I0(λ) exp(−τi,atm(λ))
(2.16)

I0(λ) is the spectral radiance of the scattered sunlight, without trace gas absorption.
For a trace gas free atmosphere the extinction of the gas in the cell will determine
the ratio Rgcs,0. This ratio is in principle constant for any broadband in�uence on
I0(λ) but also for narrowband absorption structures that do not correlate with the
absorption structures of the gas to be measured. The gas in the cell strongly extincts
light at the gas' absorption peaks. For an atmosphere containing this gas, Rgcs will
be higher than Rgcs,0, since I(λ) = I0(λ) exp(−τi,atm(λ)) is already weakened, or
even blocked, at the wavelength of strong gas cell absorption.
The GCS method uses more detailed spectral information than the SO2 Camera.
Therefore, reduced ozone and aerosol interferences are expected. Another advantage
is, that the technical implementation of an imaging setup can be kept rather simple
with, for instance, a bandpass �lter and a movable gas cell. However, the gas has
to ful�ll certain conditions in order to be suited for GCS. It needs to have the
above mentioned strong di�erential absorption structures. Broadband contributions
(as observed in the SO2 absorption) will signi�cantly increase the total cell optical
density without contributing to sensitivity, thus reducing the signal. Moreover, the
gas needs to be chemically stable in order to maintain a constant cell optical density.

2.3 Gas detection with a Fabry-Pérot

interferometer

In this section the principle of employing a Fabry-Pérot interferometer (FPI) in
absorption spectroscopy is examined. Firstly, the FPI theory is explained. More
comprehensive descriptions can be found e.g. in (Perot and Fabry, 1899; Demtröder,
2007). In Sect. 2.3.2 basic thoughts on applications of a FPI to trace gas remote
sensing are introduced.

2.3.1 The Fabry-Pérot interferometer

When electromagnetic radiation of a radiance I0 reaches an interface of a changing
refractive index n, it is split up in a re�ected and a refracted (transmitted) part.
This is described by Fresnel's re�ection laws. The re�ectivity R is a function of
the di�erence ∆n in refractive index and the incidence angle β. The transmission
T = 1− R − A is determined by the re�ectivity and absorptivity A. In this study,
the absorptivity is neglected, since the material used has vanishing absorption in the
regarded wavelength range. The radiances of the resulting re�ected and transmitted
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partial beams Ir and It are related to the incident radiation I0 by:

Ir = RI0 (2.17)

It = T I0 = (1−R) I0 (2.18)

The dependence on the wavelength and the incidence angle of the incoming radia-
tion is shown in Fig. 2.5. It is determined by the refractive index of fused silica and
Fresnel's equations. Generally, these e�ects are rather broadband, especially for the
incident angle range examined in this study with maximum incident angles of about
10◦.

β

It
Ir

α

I0

500 1000
0.958

0.96

0.962

0.964

0.966

wavelength [nm]

I t/
I 0

0 20 40 60 80
0

0.2

0.4

0.6

0.8

1

incident angle α [deg]

I t/
I 0

0 50
0

0.5

1

incident angle α [deg]

I t/
I 0

Figure 2.5 � Re�ection and refraction of a light beam at an interface of changing refractive
index. The upper small panel sketches the wavelength dependency of the transmission due to
the refractive index (refractive index according to Kitamura et al., 2007). The lower small panel
shows the incidence angle dependency of the transmission.

If we now add a second, plane parallel re�ective surface, the assessment of Ir and It
becomes more complex. Radiation traversing the �rst surface gets partially re�ected
at the second and so on. Light bounces back and forth between the two surfaces,
causing a multitude of transmitted and re�ected partial beams with a constant dif-
ference in optical path (see Fig. 2.6). When overlapping spatially, these transmitted
or re�ected partial beams interfere and thereby cause characteristic transmittance
and re�ectance patterns. This setup is called Fabry-Perot interferometer (FPI). In
the following d denotes the spatial separation of the two surfaces, and n the refrac-
tive index of the medium in between the two surfaces. α will always be the angle
between the propagation vector of the radiation within the two re�ective surfaces
and the surface normal.
The interference phenomenon can be assessed regarding an electromagnetic plane
wave of amplitude |A0| ∝

√
I0, incident under an angle β onto the FPI (Fig. 2.6).

The amplitudes of the partial beams re�ected by the �rst surface (|Ai|) transmitted
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Figure 2.6 � Light path of an incident light beam (A0) in an FPI. The light gets re�ected
back and forth in between the two re�ective surfaces. The interference of transmitted and the
re�ected partial beams leads to the spectral characteristics of the FPI, dependent on surface
displacement d, refractive index n, incidence angle α and surface re�ectivity R.

by the �rst surface (|Bi|), re�ected by the second surface (|Ci|) and transmitted by
the second surface (|Di|) are given by:

|A1| =
√
R |A0|

|B1| =
√
R− 1 |A0|

|C1| =
√
R |B1|

|D1| =
√
R− 1 |B1|

|A2| =
√
R− 1 |C1|

|B2| =
√
R |C1|

...

Two consecutively transmitted or re�ected partial beams (e.g. Di and Di+1) then
have an optical path length di�erence of

∆ = 2
n d

cosα
− x = 2n d cosα see Fig. 2.6. (2.19)

∆ and the phase jump φr of re�ections at the optically denser surfaces account for
the total phase shift δ of two consecutively transmitted or re�ected beams:

δ =
2π∆

λ
+ φr (2.20)
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All transmitted beams experience an even number of re�ections that have no impact
on the phase di�erence (φr = 0), whereas the re�ected beams experience always an
odd number of re�ections (φr = π).
Summing up the re�ected and transmitted partial beams with the right phase and
squaring in order to again obtain intensities yields:

TFPI =
It
I0

=
1

1 + F̃ sin2 δ
2

(2.21)

RFPI =
Ir
I0

=
F̃ sin2 δ

2

1 + F̃ sin2 δ
2

(2.22)

with

F̃ =
4R

(1−R)2
(2.23)

Equations (2.21) and (2.22) are called Airy formulas and describe the transmission
and re�ection as a function of δ and the so called �nesse coe�cient F̃ (see Appendix
X for detailed derivation). As expected from energy conservation, for negligible
absorption TFPI + RFPI = 1 holds for any given δ. The peaks of total transmis-
sion, periodic in δ are caused by constructive interference of the transmitted beams
constraint by

δ = 2πm (2.24)

with the order m ∈ N. For an increasing surface re�ectivity R (and thus increasing
F̃ ), more and more partial beams e�ectively interfere. For a beam that got re�ected
2 l times inside the FPI, the constraint to interfere constructively with the �rst
beam is l δ = 2πm. This means that if δ

2π
changes ever so little from an integer,

a high l will be able to cause a partial beam with a phase shift l δ that interferes
destructively with the �rst transmitted partial beams, etc. Therefore, for higher F̃ ,
the FPI transmission falls o� more rapidly from the maximum and the pattern gets
sharper. In Fig. 2.7 TFPI is shown as a function of δ for di�erent values of F̃ .
For a set of instrument parameters {d, n, α,R} the FPI behaves like a spectral �lter
that only transmits light of resonant frequency ν. The spectral FPI transmission
peaks are equidistant in frequency since δ ∝ ν. We will however mainly work with
the FPI transmission as a function of wavelength λ. Since δ ∝ 1

λ
, only for high

orders m approximate periodicity is observed.
The FPI transmission spectrum can be characterized by two measures. The free
spectral range (FSR) is de�ned as the separation of two transmission maxima. In
phase units the FSR is always 2π. In wavelength units, two neighboring transmission
peaks are at λm and λm+1. The FSR δλ is then given by:

δλ = λm − λm+1 =
∆

m
− ∆

m+ 1
=

∆

(m+ 1)m
(2.25)

= λm+1 λm
1

∆
≈ λ2

m

∆
(2.26)
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In addition, the full width at half maximum (FWHM) ε of a transmission peak can
be derived from Eq. (2.21):

TFPI

( ε
2

)
=

1

2
⇔ ε = 4 arcsin

(
1√
F̃

)
= 4 arcsin

(
1−R
2
√
R

)
≈ 2(1−R)√

R
(2.27)

The approximation only holds for F̃ >> 1 or R > 0.5. The FWHM in units
of wavelength is f = 2π∆

ε
. The ratio of FSR to FWHM is called �nesse F and

represents a measure for the number of interfering beams:

F =
δλ

f
=

λ2
m ε

2π∆2
=

2π

ε
≈ π
√
R

1−R
(2.28)

For an ideal FPI, Eq. (2.28) fully describes the �nesse as a function of the surface
re�ectivity R only. In reality, there are also other e�ects causing broadening of the
transmission peaks, which can be for instance the roughness or misalignments of
the re�ective surfaces. To all these e�ects i a �nesse Fi can be linked that sum up
reciprocally to the total �nesse of a setup:

1

Ftot
=
∑ 1

Fi
(2.29)
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The e�ect with the lowest �nesse predominantly determines the transmission spec-
trum.

2.3.2 The Fabry-Pérot interferometer in atmospheric remote

sensing

As introduced above, the FPI's spectral transmission pro�le TFPI(λ) is determined
by its instrument parameters {d, n, α,R}. By varying the instrument parameters,
the spectral transmission is also varied. Therefore, the FPI is suited for the employ-
ment as the WSE in a nondispersive remote sensing setup.

Shifting the FPI spectrum

In the precedent section, the characterization of the FPI by FSR and �nesse was
introduced. However, the FSR only states the spectral displacement of two FPI
fringes, not their absolute position. The position λm of the transmission maxima
with order m can be derived from the interference condition (see Eq. (2.24) and
(2.20)):

λm =
∆

m
(2.30)

When we relate the responses of the absolute fringe position λm and the FSR δλ
(Eq. 2.26) to a small change of ∆, we �nd that for high orders the shift of the
spectra will dominate the change in FSR (stretch):

shift
stretch

=
dλm
d∆
dδλ
d∆

= m+ 1 (2.31)

This is essential for the applications explained in the following. When using higher
orders, small changes in the FPI parameters d, n and α allow us to shift the trans-
mission spectrum, conserving the FSR in good approximation.

FPI trace gas detection principle

A possible application could be as follows: An FPI transmits in a pre�ltered wave-
length range with a single fringe of high order. The FSR of the FPI is as large as
the pre�ltered wavelength range. By continuously varying an FPI parameter the
fringe is shifted across the range and a spectrum can be recorded (Fig. 2.8). The
resolution would be limited by the �nesse and the resolution of the tuning process.
In comparison to a grating spectrometer the acquisition time per spectrum would
be much higher, since each wavelength channel has to be recorded separately. On
the other hand, one spectral acquisition can supply all image pixels at once, which
is a substantial advantage for imaging.
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This approach is in principle similar to the 'tilted �lter' imaging method. A nar-
rowband bandpass interference �lter is tilted in front of a detector in order to gain
wavelength information (applied for e.g. NO2 by Benton, 2013). A bandpass inter-
ference �lter principally can be looked at as an overlay of several FPI layers. These
layers react to a change in incidence angle (due to the tilt) with a shift of the trans-
mission peak (e.g. Pollack, 1966).

In this thesis, the FPI is employed in a slightly di�erent way. For many molecules
one can identify approximately periodical spectral absorption features.
Within the scope of the periodicity of the molecules' absorption it is possible to
match the FPI transmission pattern to molecule absorption band structures. That
way, the FPI would be able to extract an extensive amount of molecule speci�c infor-
mation from the spectra with only a few tuning steps. For instance an 'on-line' mea-
surement (FPI transmits at several absorption peaks of the molecule) could simply
be compared to an 'o�-line' measurement (FPI transmits at molecule's absorption
minima). By this procedure, the spectral FPI transmission is only shifted by half the
spectral distance of two absorption peaks in frequency. Therefore, structures chang-
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ing on higher wavelength scales are e�ectively excluded from the measurement. On
the one hand, this is an advantage, since it does not have to be extracted in an
additional evaluation step (like in DOAS methods), on the other hand the broad-
band information will not be available for the assessment of e.g. radiative transfer
in�uences.
The trace gas detection principle of an FPI instrument can for instance be similar
to the SO2 Camera principle. Instead of band pass �lters, an FPI with its trans-
mission spectrum matched to the narrowband SO2 absorption bands is used. Via
tuning, the comb shaped transmission of the FPI can be shifted between an on line
setting ('setting A') and an o� line setting ('setting B'). Accordingly, the instrument
response or apparent absorbance seen by the FPI setup would be:

AAFPI = τFPI,A − τFPI,B (2.32)

The optical density τFPI,i corresponds to the optical density observed through the
FPI in setting i = A,B. Other forms of the instrument response are thinkable.
The FPI apparent absorbance AAFPI is used in the following, since it is ideally
proportional to the trace gas CD. Moreover, it allows a straight forward comparison
with the SO2 Camera technique.
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3 Model study

The subject of this chapter is the examination of FPI based SO2 remote sensing
in a model study. In Sect 3.1, the di�erent model components are described and
basic properties, especially of the FPI itself, are discussed. Then, optimal setup
parameters, for the application to SO2 in the UV, are determined, regarding signal
to noise ratio (SNR) estimates. Moreover, in Sect. 3.2, the properties and the
performance of the simulated setup is assessed and compared to existing imaging
techniques. Finally, general issues of the application of an FPI in imaging setups
are addressed.
Parts of this chapter are published in Kuhn et al. (2014).

3.1 The FPI instrument model

3.1.1 The FPI transmission spectrum

An essential part of the model is to reproduce the FPI transmission spectrum
TFPI(λ). In the experimental part of this thesis a so called 'air spaced' FPI was
used. It consists of two plane parallel fused silica plates, where the inner surfaces of
these plates are the active FPI re�ective surfaces. Thus, the angle between optical
axis and light propagation direction α equals the incidence angle β onto the FPI. In
the following, this angle is labeled as α.
TFPI is given by the Airy function (Eq. (2.21)) as a function of the phase di�erence
of two consecutively transmitted beams δ(∆) (Eq. (2.20)) and the re�ectivity R.
The transmission spectrum as a function of wavelength is given by:

TFPI(λ; d, n, α,R) =

[
1− 4R(λ, α)

(1−R(λ, α))2
sin2

(
2π dn(λ) cosα

λ

)]−1

, (3.1)

where the expression for the �nesse coe�cient (Eq. (2.23)) was included. The re-
fractive index n is a function of wavelength and the re�ectivity R is also wavelength
dependent and varies additionally with the incidence angle α. However, the vari-
ations of R(λ, α) and n(λ) are negligible, since we will only regard a comparably
narrow wavelength window of typically less than 20 nm and the range of incidence
angles will not exceed 20◦.
In Fig. 3.1 the spectral FPI transmission is plotted for di�erent surface displace-
ments d ∈ {5µm, 10µm, 25µm} (colors) and re�ectivities R ∈ {0.65, 0.90} (n = nair
and α = 0). As expected from the theoretical considerations of Sect. 2.3 we observe
shorter FSR for increasing d. The �nesse increases with the re�ectivity R.
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Figure 3.1 � FPI transmittance spectrum for di�erent FPI surface displacements d =
{5µm (black), 10µm (orange), 25µm (blue)} and for di�erent surface re�ectivities R = 0.65
(a) and R = 0.90 (b). The �nesse grows with R, the FSR shrinks with d.
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Figure 3.2 � Light cones incident on the FPI surface with surface normal ~n. On the left, the
cone axis ~z (or viewing direction) is parallel to the surface normal. The distribution of α is
obtained via integration over the polar coordinate ϑ. On the right, the cone is tilted by ω versus
~n. In order to obtain the distribution of α, the transformation α(ω;ϑ, ϕ) is needed.

24



301 302 303 304 305 306
0

0.2

0.4

0.6

0.8

1

T
ra

n
s
m

is
s
io

n

 wavelength λ [nm]

(a)

301 302 303 304 305 306
0

0.2

0.4

0.6

0.8

1

T
ra

n
s
m

is
s
io

n
 wavelength λ [nm]

(b)

301 302 303 304 305 306
0

0.2

0.4

0.6

0.8

1

T
ra

n
s
m

is
s
io

n

 wavelength λ [nm]

(c)

301 302 303 304 305 306
0

0.2

0.4

0.6

0.8

1

T
ra

n
s
m

is
s
io

n

 wavelength λ [nm]

(d)

Figure 3.3 � E�ective FPI transmittance spectrum for light beams with cone angle γc =
{0.1◦ (black), 0.5◦ (orange), 1◦ (blue), 2◦ (green)}, di�erent re�ectivities R = 0.65 (a,b), R =
0.9 (c,d), and di�erent FPI tilt angles ω = 0 (a,c) and ω = 5◦ (b,d). For tilted FPIs the
cone angle of incoming light leads to a higher blurring, since the FPI's incidence angle range
increases. Sharper FPI transmission peaks (higher �nesse for equal FSR) are a�ected more
distinctly, since the shift of the FPI transmission peaks due to changing α is the same for every
�nesse.
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In reality, the incident light beam is always divergent. In this model, we assume
the light beam to be cone shaped. The cone limits the FOV of the measurement.
It will cover a range of angles [0, γc] measured from the cone axis. The angle
distribution incident onto the FPI is then determined by all angles within the cone's
solid angle (see Fig. 3.2). The e�ective FPI transmission T effFPI(λ) for such a light
cone is given by:

T effFPI(λ; γc, ω, d, n,R) =
1

N(γc)

∫ 2π

0

∫ γc

0

TFPI(λ; d, n, α(ω;ϑ, ϕ), R) sinϑ dϑdϕ

(3.2)

ω is the tilt angle and N(γc) is the normalization factor. We have to account for light
cones that traverse the FPI under an tilt angle ω towards the FPI surface normal
(see Fig. 3.2). This is needed when the FPI is tuned by tilting or for the pixel wise
assessment of an imaging implementation. For ω 6= 0 the transformation α(ω; θ, φ)
gets more complex. In can be inferred from the scalar product of the vectors n and
r in Fig. 3.2
The e�ective FPI transmission is a weighted average over the FPI transmissions of
the contributing incidence angles α. This leads to a blurring of the FPI transmission
spectrum. In Fig 3.3, T effFPI is shown for di�erent geometries and di�erent FPI
�nesses. The colors correspond to di�erent light cone angles (γc ∈ [0.1, 0.5, 1, 2]◦)
or FOVs, respectively. The subplots show the transmission spectrum for a low and
a high �nesse FPI (R ∈ {0.65, 0.90}), and for the cone tilt angles ω ∈ {0◦, 5◦}.
For ω = 0 there is only a weak impact of the di�erent FOV sizes, because the
FPI transmission spectrum is a function of cosα that does not change much for
small angles. The maximum incidence angle equals the cone angle (αmax = γc).
When tilting the FPI, the range of contributing angles increases. The maximum
incidence angle is now αmax = γc + ω. In addition the whole angle range is moved
towards higher values of α, where cosα varies more signi�cantly. The blurring
for the tilted cone is therefore much more distinct. Only for very narrow FOVs,
the FPI transmission approximately keeps its shape. For the higher �nesse FPI the
blurring e�ect is stronger, since the averaging process acts on an increasingly peaked
structure.

3.1.2 The bandpass �lter transmission spectrum

The FPI transmission spectrum covers a huge wavelength range. It is typically lim-
ited by the properties of the re�ective surfaces. The wavelength range in which the
FPI transmission can be matched to molecule's spectra is typically much smaller.
Therefore, for instance a bandpass �lter (BPF) is used to pre�lter the wavelength
range.
The �lter's spectral transmission TBPF has to be included into the instrument model.
The pre�ltered wavelength range substantially in�uences the sensitivity and the
SNR. Depending on, for instance, the absorber strength or the background radi-
ation spectrum (that can be speci�c to e.g. the measurement location), di�erent
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pre�ltering settings can be preferred.
For the model either measurements of available �lters or a variable �lter model
function were used:

TBPF (λ;λc,BPF , κ, ι) = a exp

[
|λ− λc,BPF |

κ

]ι
, (3.3)

where a is the maximum transmission and κ and ι are shape parameters. An example
is plotted in Fig. 3.4 for a = 1, κ = 9 and ι = 20. λc,BPF shifts the whole
transmission spectrum in wavelength. In reality, TBPF (λ) will also be a function of
the incidence angle α. This was neglected in this study.

3.1.3 Simulation of the instrument response

Via the parameters of the FPI and BPF model we can control the instruments optical
transfer function. With the detector's spectral response Q(λ) and the spectrum
of incident radiation I0(λ), the integrated radiance measured by the instrument
detector can be determined:

IFPI(d, n, ω, γc, R, λc,BPF , σBPF ) =

∫
λ

dλ I0(λ)Q(λ)T effFPI(λ)TBPF (λ) (3.4)

For I0(λ) we use a measured spectrum of scattered sunlight. Q(λ) of a Si CCD
detector is included, since the spectrum was recorded with such a detector. A
certain column density Si of a trace gas i can be added to the spectrum via the
Bouguer-Lambert-Beer law and absorption cross sections σi known from laboratory
measurements. The spectrum containing the absorber will be referred to as I(λ).

I(λ) = I0(λ) exp(−σi Si) (3.5)

The same way wavelength dependent aerosol extinctions can be added. Then we
can for instance simulate the optical density τFPI seen by the FPI instrument for a
certain parameter setting by:

τFPI = − log

(
IFPI
I0,FPI

)
(3.6)

= − log

(∫
λ

dλ I0(λ) exp(σi(λ)Si)Q(λ)T effFPI(λ)TBPF (λ)∫
λ

dλ I0(λ)Q(λ)T effFPI(λ)TBPF (λ)

)
(3.7)

In this case τFPI is a function of the trace gas absorption of the species i. We
can now for instance simulate the AA of an FPI instrument with two FPI settings
according to Eq. (2.32). In the scope of this work only trace gas and aerosol ex-
tinction is considered. In principle, more comprehensive radiative transport e�ects
could be included, using simulated spectra from radiative transfer models, where
the absorbers and scatterers are varied within.
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3.1.4 Signal to noise ratio

The instrument response of a realistic instrument will always contain noise. We
need a measure for the signal to noise ratio (SNR) in our model in order to account
for the light throughput of an instrument or the amount of light coming from the
measurement wavelength range.
The instrument responses are obtained from radiance measurements that obey pho-
ton statistics. Via Gaussian error propagation, the noise of the instrument response
can be calculated from the radiance noise. It was assumed that the integrated ra-
diances I, are proportional to the number of photons reaching the detector. The
corresponding photon shot noise ∆Ishot is then:

∆Ishot =
√
I . (3.8)

For an arbitrary instrument response r, determined from i integrated radiance mea-
surements Ii the SNR is given by:

SNR =
r

∆r
= r

[∑
i

(
∂r

∂Ii
∆Ishot,i

)2
]− 1

2

(3.9)

From the measured reference spectrum I0(λ), the absolute number of photons is not
known. Therefore, it is also not possible to calculate absolute SNRs. If there are
extrema in the SNR, they will not depend on the absolute, but rather on the rela-
tive radiance distribution in the spectrum I0(λ). Certainly, the assumptions made
are fairly rough, e.g. Q(λ) is not accounted for. The SNR estimates are however
su�cient for qualitative considerations and coarse optimization calculations.

3.2 Model results for FPI based SO2

measurements in the UV

3.2.1 Properties and optimum parameters of a UV FPI SO2

measurement

As explained in section 2.3.2 the FPI transmission structure is matched to the nar-
rowband SO2 absorption structures at around 310 nm. Figure 3.4 shows the SO2

absorption cross section σSO2(λ) from Vandaele et al. (2009) as a function of wave-
length (black line, upper panel). In order to roughly match an FPI transmittance
spectrum to the distinct band structure we demand the FSR (Eq. (2.26)) to be
equal to the spectral distance δλSO2 between two SO2 absorption bands:

δλ =
λ2
m

2n d cosα
!

= δλSO2 (3.10)

At the wavelength λm = 310nm, for α = 0 and n = nair the surface separation d of
the FPI would be 22µm. The transmittance spectrum of an FPI with d = 21.68µm
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The setup's e�ective transmission (TBPF × TFPI) is indicated by the dashed blue line. In the
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and R = 0.65 is plotted in orange. This FPI transmits radiation in between the
strong SO2 absorption bands and quasi 'looks through' the gas.
In the lower panel of Fig. 3.4 the incoming scattered solar radiation is plotted in
arbitrary units. Compared to longer wavelengths, there is only little light at wave-
lengths of distinct SO2 absorption structure (λ < 315 nm). Light transmitting the
FPI at longer wavelengths will therefore clearly dominate every integrated radiance
measurement, and the SO2 optical density will vanish. Thus the measurement wave-
length range needs to be limited to wavelengths where the absorption structure is
strong and matches the FPI transmittance. This is done by a BPF (blue drawn
line). The dotted blue line is the spectral transmittance of the whole optical setup.
In the following the properties of such a setup are examined using the described
model. For the case of SO2, the �lter model is simpli�ed. The solar radiance for
wavelengths λ < 300nm on Earth's surface is almost negligible. The di�erential
band structure of SO2 at these wavelengths is strong and weakens towards longer
wavelengths. We therefore expect the optimal absorption signal to be dominated
by the BPFs longer wavelength cuto� edge λcutoff (Tbpf (λcutoff ) =

Tbpf
2
, see Fig. 3.4).

Instrument parameters

Figure 3.5 shows the optical density τFPI seen through the FPI setup for an SO2

column density of SSO2 = 1018 molec cm−2 for a varying FPI surface separation d.
Moreover, the integrated radiances with (IFPI(d)) and without (I0,FPI(d)) SO2 ab-
sorption are plotted. The variation of d represents a variation in the optical path
di�erence ∆(d, n, cosα). In the same way, n or cosα could have been chosen as
varying parameter in the following considerations. Di�erent line styles represent
di�erent FPI surface re�ectivities R.
The order m of the transmission peaks in the regarded wavelength range is reason-
ably high (m = 2nd

λm
≈ 140). Therefore, we expect an almost pure shift of the FPI

transmittance spectrum with changing d. The progression of IFPI(d) in the regarded
small range of d is approximately a convolution of the FPI transmittance spectrum
with the spectrum of incoming radiance.
We already observe wavelike modulations of the integrated radiance I0,FPI without
added SO2 absorption (upper left panel of Fig. 3.5). This could be due to spectral
features of I0(λ). The fact that the FPI transmittance peak is continuously shifted
across the BPFs cuto� edges can be another explanation, since at the longer wave-
length edge the incoming radiance is signi�cantly higher.
When adding the SO2 absorption the wavelike modulations change. Moreover, the
broadband SO2 absorption contribution weakens the average signal. For the opti-
cal density τFPI (Eq. 3.7), the modulation is only caused by the SO2 absorption.
For several orders, the modulation amplitude is approximately constant as expected
from the high order of the transmittance maxima.
For increasing re�ectivity R, and therefore increasing �nesse, the modulation ampli-
tude of τFPI increases. This is explained by the fact that for higher �nesses and the
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Figure 3.5 � In the upper panel the integrated radiances, seen by the FPI setup, are plotted; on
the left side without added SO2 absorption, on the right side with an added SO2 column density
of 1018 molec cm−2. The lower panel shows the optical density τFPI calculated from the above
radiances. The modulation approximately represents a convolution of the FPI transmittance
spectrum with the SO2 absorption spectrum.
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same FSR the FPI transmittance peaks get sharper. The above mentioned convolu-
tion is carried out with an increasingly sharp peak structure and therefore samples
the SO2 absorption peaks more accurately. Hence, the modulation amplitude is a
measure for the sensitivity of the FPI measurement.
The progression of τFPI(d) in the lower panel of Fig. 3.5 suggests values dA and
dB for the FPI settings A and B (see Sect. 2.3.2). Setting A corresponds to a
FPI transmittance structure that correlates with the SO2 absorption peaks. The
corresponding value for dA maximizes τFPI(d). In contrast, dB minimizes τFPI(d),
because in setting B the FPI transmits best possible in between the absorption
peaks. The AA of the FPI SO2 measurement is determined by the optical densities
of the two settings according to Eq. 2.32.
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Figure 3.6 � The Upper left panel shows the AA of an FPI device for SSO2 = 1018 molec cm−2

and varying FPI surface re�ectivity R. On the right the corresponding progression of the noise
∆AA is plotted. It increases with R due to the gradually reduced light throughput. The lower
subplot shows the progression of the SNR that peaks at around R = 0.6.

In Fig. 3.6 the impact of the re�ectivity R on the sensitivity is further assessed.
The upper left panel shows the AA for constant SSO2 = 1018 molec cm−2 as a func-
tion of R. It monotonically increases with R due to the increasing sharpness of the
transmission structure. On the other hand, the noise ∆AA (from photon noise, up-
per right panel) increases drastically for higher R since the FPI's light throughput
is reduced. Hence, the SNR(R) (lower panel) has a maximum value. Note that the
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Figure 3.7 � The upper panels show for SSO2 = 1018 molec cm−2 and a varying BPF cuto�
edge λcutoff the AA of the FPI setup and the progression of the corresponding noise ∆AA.
A reference spectrum recorded in Mexico in summer was used for this simulations. Due to
di�erent incoming radiance spectra, the optimum of the SNR (lower panel) is dependent on
location and time.

re�ectivity Rmax, maximizing the SNR is not dependent on the absolute number of
incoming photons. It only depends on their spectral distribution that is approxi-
mated by the measured radiance spectrum I0(λ).

The distinct periodical SO2 absorption features appear in a wavelength range,
where the incoming scattered radiance drops signi�cantly (Fig. 3.4). This is mainly
due to the strong UV absorption of stratospheric ozone. The choice of the optimal
BPF is therefore again a tradeo� between light throughput of the setup (deter-
mining the noise) and sensitivity. Figure 3.7 shows the AA (upper left panel), the
noise ∆AA of the AA (upper left panel) and the SNR (lower panel) as a function
of the longer wavelength cuto� edge of the �lter λcutoff . The AA peaks at a very
low value of λcutoff , where the noise is extensively high due to vanishing scattered
radiance. The AA drops for higher λcutoff in a slightly wavy progression. The drop
is explained by the inclusion of weaker SO2 absorption bands to the measurement.
The waves originate from the individual absorption bands that gradually enter the
measurement wavelength range. For an increasing λcutoff , ∆AA decreases steadily
since wavelength with increasing radiance are covered.
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Table 3.1 � Result of the numerical optimization of the SNR for an FPI SO2 measurement for
SSO2 = 1018 molec cm−2. dAB = dA − dB is the required tuning of d to conduct the change
between setting A and setting B. Analogously, a αAB of nAB can be found. Adapted from
Kuhn et al. (2014)

Parameter Maximizing value
dA 21.6µm
dAB 84nm
R 0.65 (F = 7.1)
λcutoff 310nm

Due to the square root dependency of the photon shot noise, ∆AA �rstly shows
a strong drop but then slowly �attens. The decrease in AA for higher λcutoff is
stronger, determining a maximum SNR.

Optimization

The SNR for the SO2 measurement was optimized regarding all instrument param-
eters in Kuhn et al. (2014). The corresponding instrument's transmission spectra
are plotted in Fig. 3.8. The calculation was done numerically for an SO2 column
density of SSO2 = 1018 moleccm−2. Table 3.1 shows the results. From the simula-
tions and considerations above we can conclude that the optimized values of both,
the re�ectivity and the BPF cuto� wavelength, have a certain range where the SNR
does not change signi�cantly. It is important to bear in mind, that the simulation
is based on a measured spectrum, representing the radiance spectrum at a certain
time and location. The impact on the SNR can be seen in Fig. 3.7, where the SNR
is plotted in di�erent line styles for di�erent locations. Moreover the optimal λcutoff
can be dependent on the amount of SO2 that is present. High SO2 column densities,
cause high extinctions in the measurement wavelength range and therefore increase
the noise. Volcanoes di�er substantially in their SO2 emission rate. The optimizing
BPF constellation can therefore also be volcano speci�c.

3.2.2 Comparison to the SO2 Camera

The above described model allows the comparison between FPI SO2 measurement
and the �lter based SO2 Camera method in terms of sensitivity and selectivity. The
SO2 camera's instrument response can be simulated using the transmittance pro�les
of �lter A and �lter B. Figure 3.8 and 3.9 depicts the combined spectral data used
for the instrument models. The SO2 Camera instrument response was simulated for
two choices of �lter A (denoted by A and A′), in order to cover di�erent existing
camera schemes. The instrument responses (AA) are simulated as a function of the
SO2 column density SSO2 . Then, the extinction of gases or aerosol is added in order
to look at their cross interference. The results are published in Kuhn et al. (2014)
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Figure 3.10 � Simulated calibration curves for the two SO2 camera schemes and the FPI
method. In (a) the dashed lines show the reaction of the instrument response to a plume AOD
of ≈ 1 with and Ångstrom exponent of γ = 1.2. (b) shows the reaction to an ozone variation
of ∆SO3 = 100DU. In addition to the higher sensitivity, in both cases the FPI method shows
drastically reduced cross interferences. Adapted from Kuhn et al. (2014)
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and shown in Fig. 3.10. The cross interference to an aerosol optical density (AOD)
τaerosol of 1 at 295nm with an Ångstrom exponent γ = 1.2 (sub frame (a)), and to
an ozone variation of 100DU (sub frame (b)) was examined (σO3 from Serdyuchenko
et al., 2014). The dashed lines display the instrument response after adding the
interfering extinction to I0(λ).
The sensitivity of the FPI approach is higher than both SO2 Camera con�gurations.
The di�erential SO2 absorption sensed by the FPI is stronger than the average SO2

absorption in the wavelength ranges of �lter A and �lter A′. For high SSO2 the
FPI's calibration curve �attens due to saturation at wavelengths of strong absorp-
tion bands.
Apart from the sensitivity advantage, the cross interferences to the FPI's AA is by
far smaller than for the SO2 Camera. For volcanic plumes the assumed AOD is
still moderate. However, due to its extinction, it causes false SO2 signals of around
3 − 5 · 1017 molec cm−2 for the SO2 Camera. The high aerosol cross interferences
were already identi�ed in measurements by e.g. Lübcke et al. (2013). The e�ect on
the FPI method is hardly visible in the graph, since dashed and drawn line nearly
completely overlay. The behavior is very similar for the ozone interference.

The assumed variation in ozone of 100DU can be reached by the changing SZA
within hours. However, the SO2 Camera's high spacial and temporal information
content can be utilized to correct for this gradual ozone background change (see
Sect. 2.2.2). Variations across the image can still occur and cause false SO2 signals,
however on a scale, that is commonly not signi�cant for the measurement.
Aerosol can have multiple impacts on remote sensing measurements. In this study,
only e�ects of an extinction due to Mie scattering were investigated. The DOAS
calibration method can to some extent account for this e�ect. For often observed
inhomogeneous aerosol distributions in volcanic plumes this method is however also
quite error prone.
This simple simulation showed, that the FPI SO2 remote sensing technique can on
the one hand reach a higher sensitivity. On the other hand its higher selectivity can
replace or stabilize the correction procedures of the SO2 Camera technique.

3.2.3 FPI imaging issues

An imaging FPI device can be implemented in di�erent ways that will further be
treated in Chap. 5. Here, the example of an FPI placed in front of a lens and a
detector array (sketched in Fig. 3.11) is utilized to describe the basics of modeling
imaging FPI setups.
Each viewing direction within the camera FOV is projected onto a di�erent loca-
tion on a detector array to a pixel {i, j} . The incidence angle α for each viewing
direction determines the FPI transmission spectrum for the respective pixel. In Fig.
3.12 (a), the optical density τFPI for SSO2 = 1018 molec cm−2 is plotted as a function
of α. In addition, the progression of the integrated background intensity I0,FPI seen
through the setup is shown (dashed line).
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Figure 3.11 � Sketch of an optical setup, where di�erent incidence angles α cause rings of
equal FPI transmittance spectra on the detector.

The modulations of I0,FPI and τFPI are expected from above considerations. How-
ever, due to the cosine in ∆(α), the frequency of this modulation increases with
α. Figure 3.12 (b) and (c) depict the distributions I0,FPI and τFPI on the detector
array of a setup as sketched in Fig. 3.11. The ring shaped features are expected
from the above discussed incidence angle dependency and the fact that α increases
nearly linearly from the detector center. The center of the image edge corresponds
to α = 10◦.
For small incidence angles there is a range of about 2◦, where the sensitivity of the
FPI measurement doesn't change substantially. This is essential for many applica-
tions.
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Figure 3.12 � (a) integrated intensity I0,FPI and optical density τFPI of SSO2 =
1018 molec cm−2 seen through FPI setup as a function of the incidence angle α; (b) and
(c) maps of I0,FPI and τFPI on a detector array. For instance recorded with the setup in Fig
3.11
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4 Proof of concept study - The one pixel

FPI SO2 device

In this chapter, the above described method of remote sensing SO2 with an FPI is
veri�ed experimentally. A one pixel (OP) FPI device was built in order to verify
the measurement principle apart from its application to imaging. This is important
to gain general experience in the work with the experimental setup, before realizing
more complex imaging applications. Moreover, a OP FPI SO2 device can already
be applied in volcanic �eld practice. It can be built simple, small and robust. As
shown in the model study, the instrument response represents reliable SO2 informa-
tion, without intricate data evaluation.
In section 4.1 the experimental instrument setup of the OP FPI SO2 device is de-
scribed. Its performance is evaluated in Sect. 4.2

4.1 OP FPI SO2 device - instrument setup

In this section the experimental instrument setup of the OP FPI SO2 device is
introduced. The employed, commercial FPI is described, before introducing the
optical setup and the detector unit.

4.1.1 The realistic Fabry-Perot interferometer

There are two FPI implementation types, the air spaced FPI and the solid FPI. The
two fused silica plates of the air spaced FPI can be separated by a material with
very low thermal expansion coe�cient. The refractive index of air is also hardly
dependent on typical ambient temperature variations. In contrast, when using a
single fused silica plate in a solid FPI, the temperature dependence of refractive
index and the thermal expansion are far higher. This can be regarded as disturbing,
but also as an additional tuning option. We preferred the stability of the air spaced
type to the apparently unhandy and inert temperature tuning option.
Fabricating FPIs with speci�cations as displayed in Tab. 3.1 is challenging. The
light throughput advantage of nondispersive methods requires a high clear aperture
of the WSE. Across the clear aperture of the FPI, the two silica plates need to be
parallel on a nanometer scale, since already a surface displace of dAB = 84nm is
responsible for the change from FPI setting A to B. Moreover, the plate surfaces
need to be �at on that scale. The �atness and the parallelism can be expressed in
a �nesse value. In order to determine the e�ective FPI �nesse via the re�ectivity
R (Eq. (2.23)), the �atness �nesse and the parallelism �nesse need to be distinctly
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Figure 4.1 � Fabry-Pérot interferometer from SLS Optics Ltd.; two fused silica plates are
mounted in the steel cell. Across a 2 cm clear aperture the parallelism and �atness of the
coated inner plate surfaces (re�ectivity R = 0.65) is of the order of nanometers.

higher than the re�ectivity �nesse (see Eq. (2.29)).
In the scope of the required parallelism, tuning via varying the surface displacement
(as proposed in Kuhn et al., 2014) seemed to be hardly realizable. Therefore, a �xed
separation air spaced FPI etalon, was purchased from SLS Optics Ltd..

FPI properties

The air spaced FPI is shown in Fig. 4.1. The two ∼ 10 mm thick fused silica plates
are mounted inside a steel cell. The outer surfaces have opposed wedge angles of
0.5◦ and have anti re�ective coatings in order to avoid interference e�ects from these
surfaces. The spacer material is Corning ULE glass (ULE: Ultra Low Expansion).
The inner surfaces of the plates have re�ective coatings of R = 0.65 at 305 nm,
dominating the �nesse across a clear aperture of 20 mm.
The surface separation d could only be speci�ed roughly by the manufacturer. The
approximate values were based on coating thickness estimates and had to be vali-
dated by our measurements.
Figure 4.2 shows the radiance spectrum of light from a Xe-lamp guided through the
FPI after parallelization (orange line). The spectrum was recorded with a grating
spectrometer from Avantes and a 100µm entrance slit. With this spectrometer the
�nesse can not be examined, since the limited spectral resolution (∆λ ≈ 0.6nm)
blurs the peaks. Assuming a symmetric instrument function, the spectral location
of the tranmission peaks can be determined. A modeled FPI transmission spectrum
was matched to this measurement. From the measurement setup it is known that
n = nair and that α ≈ 0 . The dashed line shows the modeled FPI transmission
spectrum that corresponds to d = 21.38µm. With the high amount of observed
transmission peaks the deviations of the FPI transmission spectra of the neigh-
bouring orders could be identi�ed well. The surface displacement d can thus be
determined accurately. Limitations are the calibration of the spectrometer and the
certainty of the range of incidence angles of light traversing the FPI.
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line shows the matched modeled FPI transmission spectrum that was used to determine the
surface separation d of the FPI. σSO2 is additionally plotted to illustrate the matching of FPI
FSR and spectral SO2 absorption band displacement.
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Figure 4.3 � The optical density seen through the FPI setup τFPI is plotted as a function of
the FPI tilt angle. The FPI is tilted within a light cone of di�erent FOV angles (line styles).
The etendue of an FPI instrument can be increased by illuminating the FPI with a wider light
cone. The sensitivity of the measurement decreases thereby due to the blurring of the spectral
FPI transmission. See also Fig. 3.3

The FSR of the FPI nicely matches to the spectral separation of the SO2 absorption
bands (also plotted in Fig. 4.2).

Tuning the FPI

A very simple measurement scheme would employ two FPIs with di�erent spectral
transmittances. They could be employed similarly to the �lters of SO2 Camera's.
In this thesis, this possibility is not discussed since only one FPI was available for
the experiments.
Another measurement scheme is thinkable where a FPI channels is compared with
a channel without FPI (as e.g in Wilson et al., 2007). Compared to the tuning
methods discussed in this thesis, the sensitivity of such a setup is signi�cantly lower.

Since the surface separation of the here applied FPI is �xed the only tuning
parameters remaining are the refractive index n and the incidence angle α. The
required change nAB in the refractive index to tune the FPI from setting A to
setting B is ∼ 0.003. This could for instance be implemented by �lling a gas of high
refractive index (e.g. Freon 12 with nF12 = 1.001 at 435.8 nm Horvath, 1967) in
between the surface and varying the pressure on the scale of a few atmospheres.
Tuning via the incidence angle α is the technically most convenient tuning option
for OP devices and can be implemented by tilting the FPI inside the light path. The
incidence angle range has to be limited in order to prevent extensive blurring of the
FPI transmission spectrum for higher tilt angles ω. Fig 4.3 shows the modeled τFPI
for SSO2 = 1018 molec cm−2 as a function of the FPI tilt angle ω. The line styles
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represent di�erent FOV cone angles of the light beam incident on the FPI. Greater
FOVs are more a�ected by blurring, thus leading to lower sensitivity.
From the progression of τFPI we can de�ne ωA and ωB for the measurement. In our
experimental setup the FPI is tilted by a servo motor (see e.g. Fig. 4.4 (b)).

4.1.2 The optical setup

The �rst prototype of the OP FPI SO2 device has a very simplistic optical setup,
shown in Fig. 4.4. A single lens projects light from a narrow FOV onto a single
pixel in its focal plane. The tiltable FPI is located in front of the lens, the BPF is
placed in front of the FPI, practically serving as outer window of the instrument.
Lens tubes, apertures and a box around the optical setup block straylight.
The focal length f of the lense and the cross section sp of the OP detector determine
the cone angle γc of the light beam traversing the FPI and thereby the FOV opening
angle (2 γc) of the instrument:

γc = arctan
sp
2 f

(4.1)

Etendue

The etendue E is a measure for the light throughput of an instrument regarding its
geometrical optical setup. A higher etendue in a radiance measurement therefore
means a higher SNR. It is determined by the product of maximum beam cross
section Abeam and maximum beam solid angle Ωbeam of the beam that reaches the
instrument's detector:

E = Abeam · Ωbeam (4.2)

In the described setup, the maximum beam cross section Abeam is limited by the
clear aperture of the FPI (lens and BPF clear apertures are larger). The maximum
solid angle Ωbeam for this setup is limited by the FPI's incidence angle dependency.
For large FOV the blurring of the spectral FPI transmission increases, especially
when the FPI is tilted (see Fig. 4.3). This results in a lower sensitivity. In our
simple setup, the instrument's FOV is equivalent to the light cone incident on the
FPI. Via a parallelization optics and large aperture lenses, (as proposed in Kuhn
et al., 2014, see Fig. 5.1) the etendue of a OP device can be further increased.

Bandpass �lter

We used an interference BPF with a transmittance range, comparable to the SO2

Camera �lter A′ in Fig. 3.9. In order to shift the transmittance wavelength range
towards lower wavelengths, it is placed inside a lens tube with a tilt angle of ωBPF ≈
10◦. This shift can be approximated by the expression

λc,BPF(ωBPF) ≈ λc,BPF(0◦)

√
1− sin2(ωBPF)

n2
. (4.3)
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Figure 4.4 � (a) schematic drawing of the optical setup of the OP FPI instrument. A single
lens is used to project light of the instrument FOV onto a OP detector. (b) technical drawing
of the optical setup. The FPI is mounted tiltable on a servo motor. The BPF is placed inside
a lens tube in front of the FPI.
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Figure 4.5 � relative spectral responsivity of the SiC photodiode (sglux GmbH, 2015); the
absolute spectral responsivity at the peak is 0.13 A W−1

In our case the transmittance range has approximately a center wavelength of 308 nm
with a FWHM of ∼ 5 nm.

4.1.3 The one pixel detector

The light that traversed the optical setup is quanti�ed by a detector, placed in
the focal plane of the lense (see Fig. 4.4). The core part of the detector is the
silicon carbide (SiC) photodiode. Its response (photo current Iph) from the scattered
sunlight in the measurement wavelength range is very low. The used ampli�er is
also described below.

Photodiode

A SiC photodiode from sglux Berlin is employed in the detector setup. It's quadratic
active surface area is 0.5 mm2. Thus, the detector cross section is sd ≈

√
0.5 mm

and γc ≈ 0.4◦ (see Eq. (4.1)). This corresponds to a 0.8◦ FOV opening angle of the
instrument.
The spectral responsivity of SiC (Fig. 4.5) is advantageous for our measurement,
compared to Si. Firstly, this excludes potential straylight from wavelengths λ >
400nm. Moreover, the spectral responsivity of SiC increases for decreasing wave-
length in our measurement range. This increases the sensitivity, since the stronger
SO2 absorption bands are weighted more strongly. The absolute responsivity of the
SiC across the measurement wavelength range is ∼ 0.11 A W−1. This is equivalent
to a quantum e�ciency of ∼ 0.41 photoelectrons photon−1.

Ampli�er

The ampli�er circuit board (Fig. 4.6) used was originally designed for a di�erent
instrument by Tirpitz (2014). From the two ampli�er channels on this board, only
one is used in the OP FPI SO2 instrument. The second channel can optionally be
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Figure 4.6 � Front side (a) and back side (b) of the ampli�er circuit board. The SiC photodiode
is directly mounted on the board with the OPamp, the ADCs and the DC to DC converter. A
10 pin ribbon cable connects the ADCs and the combined pressure and temperature sensor to
the Arduino board. On the backside the resistor cascade of a variable o�set correction that
was added to the circuit is visible.

Figure 4.7 � Schematic drawing of the ampli�er circuit. On the left the photodiode equivalent
circuit diagram is shown. The ideal photodiode is separated from its parallel resistance and
capacitance. The OPamp with feedback loop, the o�set correction and the ADC are depicted
as well.
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used to implement a two stage ampli�er1. An operational ampli�er (OPamp) and
an analog to digital converter (ADC) are placed on the circuit board and supplied
with a stabilized voltage of 5V from a DC to DC converter. The photocurrent Iph

of the SiC diode is converted to a proportional voltage Uout using a transimpedance
ampli�er circuit (Fig. 4.7, speci�cations in Tab. 4.1). The output voltage Uout is
ideally determined by the feedback resistor RF via:

Uout = IphRF (4.4)

This only holds for photodiode resistances Rd >> RF . For the high feedback resis-
tances we employ, this simpli�cation is not valid anymore and the output voltage is
determined by:

Uout = Iph

(
1

Rd

+
1

RF

)−1

(4.5)

The feedback capacitance CF and the feedback resistor RF in the examined setups
dominate the operational bandwith ∆f of the ampli�er circuit and thus its time
constant (1

e
decay time):

τRC = RFCF =
1

∆f
(4.6)

The time constant regulates the tradeo� between noise (see below) and readout
speed. The measurement is limited by the tuning process. The servo positioning
velocity limits the measurement time resolution to the order of 10Hz. The detector's
bandwidth is set to ∼ 8Hz.
The output voltage Uout is quanti�ed by the ADC. The resolution of 21 bits and the
reference voltage of 3 V determine the voltage resolution ∆VADC per least signi�cant
bit (LSB):

∆VADC =
3 V

221
= 1.43µV LSB−1 (4.7)

Due to the low radiances in the measurement wavelength range, the feedback re-
sistance RF is chosen very high. The input o�set current of the OPamp therefore
cause high o�set voltages at the output. These are corrected by an o�set correction
circuit (also shown in Fig. 4.6) in order to prevent the ADC from overdrive. The
whole ampli�er board is mounted inside an aluminum housing for electromagnetic
shielding.

4.1.4 The combined instrument setup

The above described parts are combined in the OP FPI SO2 instrument. Fig. 4.8
(a) and (b) show the device. The detector housing, the lense, the FPI mounting and
1A two stage ampli�er makes for instance sense, when the noise is too small to be resolved by the

ADC.
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Table 4.1 � parts and speci�cations of the ampli�er circuit, shown in Fig 4.6 and 4.7
part speci�cation

photodiode SiC, quantum e�ciency ∼ 0.41
OPamp AD8552, 5V supply voltage
ADC MCP3551, 21 bit, 3V reference
T/p sensor BMP180, Bosch
RF 250 MΩ
CF 0.5 nF
ROC1 220 kΩ
ROC2 37.6 Ω
RVref1 33 kΩ
RVref2 22 kΩ

(a) (b)

(c) (d)

Figure 4.8 � images of the full OP FPI SO2 instrument setup without (a) and with (b)
pasteboard housing. (c) Arduino board with SD card board. Power supply, servo plug and the
ribbon cable plug are added on a separate board on top. (d) disassembled lens tube with BPF
and tilting spacers.
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the tube containing the BPF are �xed on an optical rail. The rail is mounted on a
wooden board that can be placed inside the pasteboard camera housing.

A combined temperature and pressure sensor (BMP108 ) is additionally placed
on the ampli�er board. This sensor and the ADCs are read out by an Arduino
microcontroller board. It o�ers the possibilities of saving the data on a memory
card, and sending it to a display or a PC via serial communication. Moreover, the
Arduino can generate pulse width modulated (PWM) signals to master the servo.
The entire instrument software can therefore be written within the Arduino program
environment, using libraries for readout and servo control options, provided by the
manufacturers or the work of Tirpitz (2014).

A 12V battery supplies the whole setup with power. The power supply of the
servo is decoupled by an additional DC to DC converter in order to avoid impacts
of high currents on the ampli�er circuit.
In table 4.2 all instrument parts are listed.

4.2 OP FPI SO2 device - performance

In this section the performance of the instrument described above is examined. The
low scattered light intensity in the measurement wavelength range requires a very
sensitive detector. High noise levels are observed in the instrument signals. Noise
sources are examined in Sect. 4.2.1. The SO2 sensitivity and the cross interferences
to the instrument response are discussed in Sect. 4.2.2 and 4.2.3, before improvement
suggestions are listed (Sect 4.2.4).

4.2.1 Noise

The total noise of the instrument response ∆AA determines the detection limit and
the resolution of the SO2 CD quanti�cation. A practical measure for the instrument
noise is the 'noise equivalent signal' (NES)

SSO2,NES =
∆AA

χSO2

, (4.8)

where χSO2 = dAA
dSSO2

is the instrument's SO2 sensitivity.
The AA consists of radiance measurements that are on the one hand in�uenced by
photo electron shot noise and on the other hand by electronic noise of the detector
unit. Moreover, the servo's positional accuracy and repeatability contribute to the
total noise of the instrument response. In the following the di�erent contributions
are explained and their weights are estimated.
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Table 4.2 � List of parts for the OP FPI SO2 prototype; prices are in Euro, without taxes
part # supplied by spec. price comment

optical setup
FPI 1 SLS Optics Ltd. ∼ 4400
BPF 1 bk bk-280-310-S 299
SiC photodiode 1 sglux Berlin SG01D-5 53
fused silica lens 1� 1 Thorlabs LA4148-UV 96.22
rail 1 Thorlabs RLA150/M 34.80
rail carrier 3 Thorlabs RC1 21.01
lens carrier 1� 1 Thorlabs CP02/M 13.92 add. threads
tube carrier 1.2� 1 Thorlabs CP12 17.40 add. threads
lens tube 1 Thorlabs SM1V05 25.75
lens tube 1 Thorlabs SM1M10 11.53
diode board 1 ∼ 15 see Fig. 4.1
diode board housing 1 aluminum

servo and mount
servo 1 Hitec HS-7955TG 73.71
servo arm 1 robbe 6.28
servo mount 1 aluminum
vertical spacer 2 aluminum
FPI mount 1 aluminum

electronics
microcontroller 1 Arduino Arduino UNO 15
DC to DC conv. 1 for servo
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Noise in the radiance measurement

The radiance arriving at the active detector area is converted into a photo current
Iph. Via a transimpedance ampli�er, the photo current is further converted into a
proportional output voltage Uout and further digitized by the ADC.

The �rst conversion is determined by the quantum e�ciency of the detector (see
Sect. 4.1.3). The photons reach the detector independently and with a constant rate
within the radiance measurement period. Thus, they obey Poisson statistics. The
electrons that are released by the photons from the photodiode's active area behave
equally since the quantum e�ciency is basically a constant. The rms (root mean
square) noise of Ne photoelectrons released from the detector is thus

√
Ne. This so

called photo electron shot noise is therefore a radiance dependent noise source.
The radiance measurement period is typically determined by the time constant of
the setup τ = 1

∆f
. The photo electron number Ne of the photo current Iph causing

an output voltage Uout is:

Ne(Uout) =
Uout

e∆f RF

, (4.9)

with the feedback resistance RF , the charge e of an electron and the bandwidth
∆f representing the measurement period. For RF = 250 · 106 Ω, one ADC LSB
∆VADC = 1.43µV LSB−1 would thereafter correspond to ∼ 4200 photoelectrons (or
∼ 10000 photons) in the measurement period 1

∆f
= 0.125 s.

The contribution ∆Usn to the output voltage rms noise ∆Uout is then:

∆Usn =
√
Uout e∆f RF (4.10)

Typical photo currents in the examined device amount to some hundreds of pA.

The noise contribution of the ampli�er electronics is very important to include in
the noise considerations, since the photo currents in our case are very low. Thermal
excitation of electrons in an electrical conductor cause resistance dependent noise
that disturbs the photo current measurement. Moreover, noise from the OPamp's
input is present.
In Fig. 4.7 the noise sources of the di�erent components are indicated. The thermal
noise of the feedback resistor RF is

∆URF
=
√

4 kB T RF ∆f . (4.11)

It directly contributes to the electronic output voltage noise ∆Uout,electr. The realistic
photodiode also has a �nite resistance Rd with a thermal noise contribution. Since
the circuit can be viewed as an inverting operational ampli�er, the noise contribution
of the photodiode is ampli�ed by a factor of RF

Rd
:

∆URd
=
RF

Rd

√
4 kB T Rd ∆f (4.12)
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Table 4.3 � List of the noise sources contributing to the total radiance measurement noise
∆Uout of the detector units output voltage.

source noise at output [µVrms] noise [LSBrms]

∆URF
5.8 4.1

∆URd
10.8 7.6

∆UOPu 0.4 0.3
∆UOPi 1.1 0.8
∆UADC 2.5 1.7
∆Uout,electr 12.6 8.8
∆Usn(Iph = 150 pA) 1.7 1.2

∆Uout 12.7 8.9

Similarly, the OPamp's input voltage noise ∆UOPu and input current noise ∆UOPi

contribution to ∆Uout,electr are determined:

∆UOPu =
RF

Rd

uOP

√
∆f (4.13)

∆UOPi =
RF

Rd

iOP

(
1

RF

+
1

Rd

)−1 √
∆f (4.14)

uOP and iOP are the respective noise densities, speci�ed in the OPamp's data sheet.
All these noise sources are assumed to have a white spectrum and are therefore
proportional to the square root of the bandwidth. In our case the bandwidth is
∼ 8Hz, dominated by the low pass �lter of the feedback loop. The photodiode
resistance Rd ∼ 70 M Ω was inferred from noise measurements and validated for
di�erent feedback resistors.
The ADC contributes to the noise with its constant output noise of ∆UADC =
2.5µVrms.
In Fig. 4.9 the contributions to the total electronic noise ∆Uout,electr are plotted

as a function of the feedback resistor RF . The independent noise sources sum up in
a root sum of squares:

∆Uout,electr =
√

(∆URf
)2 + (∆URd

)2 + (∆UOPu)2 + (∆UOPi)2 + (∆UADC)2

(4.15)

The electronic noise contribution is not dependent on the incident radiance. The
gray line shows the photo electron shot noise contribution for a typical photo current
(∼ 150 pA). Additionally, in the lower panel, the SNR of the radiance measurement
is plotted. The right ordinate axis of the upper panel shows the feedback capaci-
tance needed for the 8Hz bandwidth (blue line) of the investigated setup.
The vertical dashed line marks our con�guration with the 250MΩ feedback resistor.
The noise contributions for this setup are listed in Tab. 4.3.
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Figure 4.9 � Upper panel: noise contributions to the output voltage ∆Uout,electr of the radiance
detector as a function of the feedback resistor RF : ∆URF

thermal noise of RF , ∆URd
thermal

noise of the diode resistance Rd, ∆UOPi and ∆UOPu input current and voltage noise of the
OPamp, ∆UADC ADC output noise; ∆Usn (gray) is the photo electron shot noise for typical
radiance; the blue line shows the feedback capacitance CF required for a bandwidth of 8Hz; in
the lower panel, the relative SNR of the radiance measurement is plotted also as a function of
RF . It peaks at RF = Rd.

54



1000 2000 3000 4000
650

700

750

t [s]

A
D

C
 O

u
tp

u
t 
[L

S
B

]
mean=700.8  std=8.52

650 700 750
0

1000

2000

ADC Output [LSB]

fr
e
q
u
e
n
c
y

1000 2000 3000 4000 5000
650

700

750

t [s]

A
D

C
 O

u
tp

u
t 
[L

S
B

]

mean=699.4  std=4.2

average over 9 voltage readouts

650 700 750
0

50

100

ADC Output [LSB]

fr
e
q
u
e
n
c
y

Figure 4.10 � Measurement of the electronic noise ∆Uout,electr (dark measurement). In the
upper panel the readout frequency was approximately the bandwidth of the circuit. In the
lower panel a measurement with the average of 9 voltage readouts is plotted. On the right the
histograms are shown.

For the discussed setup, the noise in the radiance measurement is dominated by
the thermal noise of the photodiode resistor and feedback resistor. The input noise
of the OPamp and photo electron shot noise are only minor contributions. The SNR
of the radiance measurement peaks at around RF = Rd. In this consideration the
�nite photodiode resistance was taken into account for the signal calculation of the
transimpedance ampli�er (see Eq. (4.5)). For the feedback resistors we use, this
becomes signi�cant. We used the suboptimal 250 MΩ feedback resistance because
the relation was noticed too lately.

The noise in the radiance measurement can be decreased by averaging over several
independent voltage readouts. The noise of such an averaged signal Ūout of N
independent measurements is

∆Ūout =
∆Uout√
N

(4.16)

However, the higher acquisition time per radiance measurement leads to a lower
time resolution of the measurement.
Figure 4.10 shows two dark radiance measurements. The upper panel shows the

result for the voltage readout at approximately ∆f = 1
RF CF

. The lower panel shows
the result for a separate measurement, where the instrument software averaged over
nine voltage readouts. The rms noise is not by a factor of

√
9 = 3 smaller, as ex-

pected above. The readout frequency is most likely too high, since the voltages are
still correlated by about 1

e
.

The noise of ∼ 8.5 LSB in the unaveraged dark measurement matches well to our
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estimate of 8.9LSB (see Tab. 4.3). The o�set of ∼ 700LSB is the residual o�set
after the rough o�set correction circuit.

Via Gaussian error propagation the noise in the AA due to the radiance measure-
ment noise ∆AArad can be determined. The AA consists of four radiance measure-
ments:

AA = − log
IA IB,0
IA,0 IB

(4.17)

The error is determined by

∆AArad =

√√√√∑
i

(
∂AA

∂Ii
∆Ii

)2

=

√√√√∑
i

(
∆Ii
Ii

)2

(4.18)

for the individual radiance measurements Ii. For a typical photo current, measured
in Heidelberg in the end of May, the AA error for 8 Hz readouts would be ∆AArad ≈
0.003. Integrating over 8 readouts would mean a measurement time resolution of
∼ 4 s. The noise would thereby ideally be reduced to ∆AArad ≈ 0.001.

Tuning noise

Apart from the noise of the radiance measurements, there is also noise in the tuning
process. In our case, the accuracy of the servo and it's repeatability are crucial. In
the �rst prototype setup the FPI is directly mounted at the servo shaft (see e.g.
Fig. 4.4 (b)). Hence, the servo's angle accuracy equals the tilt accuracy of the FPI.
Every servo jittering directly results in a servo tilt jittering. The angular accuracy
of the servo motor was determined to ∆ω ≈ 0.2◦. This is strongly in�uenced by
occasional jittering.
Fig. 4.3 shows how the optical density τFPI changes with the FPI tilt angle ω. For
the setting B at 0◦ tilt the measurement is hardly sensitive on small tilt variations.
In setting A, however, the sensitivity is higher. Figure 4.11 shows a magni�cation
of Fig. 4.3 at around ω = 5◦. When setting A is known well, the impact of the tilt
imprecision is moderate. For a FOV of 1◦, ∆ω leads to a variation of ∆τA ≈ 0.003,
when choosing setting A at ωA = 5.2◦. For the choice ωA = 5.5◦, the deviation is
already ∆τA ≈ 0.02. The noise in τA in this case directly determines the noise in
AA.
The FPI settings for the measurement have to be chosen carefully. The sensitivity
decreases for a badly chosen setting. Moreover, the noise due to servo imprecision
increases substantially.
The tuning noise of the simple prototype setup is expected to dominate the to-
tal noise in the AA. For this proof of concept study the noise of ∆AA= 0.02 is
acceptable.
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Figure 4.11 � magni�cation of a part of Fig. 4.3. The noise due to servo imprecision is
strongly dependent on the selected tilt settings. The horizontal lines show for two cases, how
a tilt noise ∆ω = 0.2◦ a�ects the noise in the instrument response.

Table 4.4 � SO2 Column densities of the gas cells used in the OP FPI SO2 device characteri-
zation; determined with the DOAS technique.

cell SO2 CD [1018 molec cm−2] uncertainty [1018 molec cm−2]

k1 0.43 0.03
k2 0.81 0.03
g1 1.13 0.05
g2 2.45 0.05
g3 3.99 0.06

4.2.2 SO2 sensitivity

In this subsection, the SO2 sensitivity χSO2 of the OP FPI SO2 device is investigated.
Gas cells with a �xed amount of SO2 were used in this study. The respective SO2

CDs are known from DOAS measurements. Table 4.4 lists the available cells.

The servo is able to perform a tilt scan in small steps. Such scans were performed
with and without an SO2 cell (g2) inside the instrument FOV. The upper panel of
Fig. 4.12 shows the modulation of the measured radiances (in units of ADC LSBs)
as a function of the servo position. The I0 measurement (no SO2, orange) is an
average of seven individual scans (thin black lines). For the I measurement (with
SO2 cell, blue), 16 individual scans were averaged. The lower panel shows the op-
tical density τFPI, seen through the FPI for each tilt position. The progression is
qualitatively very similar to the simulated τFPI, shown in Fig. 4.3. Note, that in the
simulation slightly di�erent instrument parameters were used. The sequential peaks
in the measured optical density most likely represent the FPI transmission being
shifted across the SO2 absorption peaks. The o�set in the measured τFPI (Fig. 4.12
lower panel) is not only caused by the broadband SO2 absorption in the wavelength
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range but also by re�ections at the gas cell or similar e�ects.
The progression of τFPI over the servo position allows us to determine suitable val-
ues for the settings A and B of the AA measurement. In order to have maximum
stability and sensitivity, the broadest extrema (at low ω) of τFPI should be chosen.

Figure 4.13 shows a OP FPI SO2 measurement with two settings A and B for the
di�erent gas cells. In sub �gure (a), the measured radiances (IA and IB) are plotted.
They were recorded by continuously tilting the FPI from ωA to ωB. Additionally
to the SO2 containing gas cells, an empty cell was evaluated. In sub �gure (b)
the logarithm of the ratio of the two radiances is plotted. The AA is de�ned as
the relative changes of this ratio compared to a reference (in this case the 'no cell'
measurement).
It is clearly visible, how the radiance in FPI setting A (IA) is stronger a�ected
by the SO2 absorption. This is expected, since in setting A the FPI transmission
correlates with the SO2 absorption peaks. For each gas cell, a constant o�set in
the radiance ratio is observed. The noise is, as discussed above, mainly due to the
servo's imprecision.
For the individual gas cells this o�set (the AA) is plotted in Fig. 4.14. There is a
clear correlation of the AA with the SO2 CDs determined with the DOAS technique.
When roughly estimating a linear relation for small SO2 CDs (thick red line), the
�attening of the calibration curve due to saturation e�ects can be guessed. The
positioning of the gas cells inside the light path (also in the DOAS measurement)
is crucial, since di�erent tilts can increase the light path and therefore a�ect the
measurement.
From the slope of the AA in Fig. 4.14, the SO2 sensitivity of the prototype is

determined to χSO2 ≈ 10−19 molecules−1 cm2. The rms noise in the logarithmic
radiance ratios is approximately 0.006. This means that the noise in the AA is

∆AA =
√

2 · 0.0062 = 0.0085 (4.19)

since it is determined by a background and a trace gas measurement. The NES is
therefore

NESSO2 =
0.0085

10−19
= 8.5 · 1016 molec cm−2 or 34ppm m (4.20)

for a measurement period of ∼ 1 s.
For statistic noise and a stable background, one averaged background measurement
could be recorded with reduced uncertainty. In this case, the NES would be even
lower (∼ 6 · 1016 molec cm−2 or ∼ 24ppm m).
The noise in the detector o�set measurement is expected to be statistic. The o�set
measurement was averaged over 1000 readouts and its noise was neglected in the
calculations.

59



0 200 400 600 800
2000

3000

4000

5000

6000

7000

8000

9000

t [s]

A
D

C
 O

u
tp

u
t 

[L
S

B
]

I
A

I
B

no cell

e
m

p
ty

 c
e
ll

cell k1 cell k2

cell g2

cell g3

(a)

0 200 400 600 800

−0.3

−0.25

−0.2

−0.15

−0.1

−0.05

0

0.05

0.1

t [s]

lo
g

(I
A
/I

B
)

no cell

e
m

p
ty

 c
e
ll

cell k1

cell k2

cell g2

cell g3

(b)

Figure 4.13 � Results of a OP FPI SO2 measurement of the di�erent gas cells (cell g1 was
not available at that time). (a): radiances IA and IB for the two FPI tilt settings ωA and ωB.
(b): logarithm of the ratio of IA and IB. It is proportional to the AA. A clear correlation with
the SO2 CD is observed.
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Figure 4.14 � Measured calibration curve for the OP FPI SO2 instrument. The expected
saturation e�ects for higher SO2 CD is observed. The small deviations most likely come from
inaccurate positioning of the gas cells (in the DOAS or in the FPI measurement).

4.2.3 Stability

The upper panel of Fig. 4.15 shows a measurement sequence of the radiances IA and
IB of around 5.5 hours with constant viewing direction. It was taken at the 9th of
June in Heidelberg at partly cloudy conditions. The clouds are responsible for the
high radiance variations. The temperature of the diode board is plotted in gray. It
varies in a 10◦C range and does not seem to have any impact on the measurement.
The increase at around 17:00 local time is caused by direct exposition of the device
to sunlight.
In the middle panel, the SZA is plotted. Within the measurement period it changes
from 27◦ to more than 70◦. In the lower panel the logarithm of the ratio of IA and
IB, determining the AA, is shown. Until around 18:00 local time, it is approximately
constant. Then, the value is slightly lower and gets increasingly noisy due to the
reduced radiances (sunset). At around 16:30 the signal gets noisier, this can either
be caused by special state of the cloud cover or unknown instabilities in the setup
(e.g. of the servo). For comparison, the impact on the logarithmic ratio of the gas
cell k1 is also plotted (dotted red line).
From the beginning of the measurement until 18:00 the SZA changes from 27◦ to
roughly 60◦. Thereby the geometric light path in the stratosphere increases by
the factor ∼ 1.78. For a stratospheric ozone vertical column of 300DU this would
correspond to an ozone slant column change of ∼ 260DU. The measurement proves
the tremendously lower ozone interference of the FPI method compared to �lter
based SO2 Cameras.
Another substantial advantage of the FPI method is the stability toward a cloudy
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Figure 4.15 � Long measurement time series of IA and IB in order to examine the instru-
ment signal's stability. Compared to �lter based SO2 Cameras, the performance of the FPI
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of ∼ 4 · 1017 molec cm−2 would a�ect the recorded instrument signal. The red dashed line
indicates an average over the signal from the beginning until around 16:00.
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background. With �lter based SO2 Cameras a blue sky is required.

4.2.4 Improvement suggestions

From the above considerations, several improvement suggestions become obvious.
Since the imprecision of the servo dominates the noise, a more precise servo or a
transmission gear can be used. Once the noise in the radiance measurement domi-
nates, a parallelization optics and large aperture lenses can be used to increase the
instrument etendue. This setup is described in more detail in Sect. 5.1. In princi-
ple, thereby, a photo electron shot noise dominated radiance measurement can be
reached.

The transmission re�ection setup

There is a di�erent experimental setup, that allows to build OP FPI SO2 instruments
without movable parts but with comparable sensitivity. In this setup, the incoming
narrow light beam arrives at an FPI in a slightly tilted position. The tilt position
corresponds to an FPI transmission setting A. Two photodiodes are employed to
detect the transmitted and the re�ected light from the FPI. The re�ected light is
determined by the spectral re�ectivity of the FPI that is

RFPI,A = 1− TFPI,A ∼ TFPI,B. (4.21)

The optimum �nesse for a re�ection transmission setup is likely di�erent as for the
tuning setups considered above. Transmitted and re�ected light can be detected
at the same time in this method, so there are reduced errors due to the time lags
in between measurement IA and IB compared to tuning methods. Imbalances (e.g.
drifts) of the two required detector units can, however, cause problems.
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4.2.5 Conclusion

A OP prototype of an FPI SO2 remote sensing device was built, in order to validate
the FPI remote sensing method introduced and modeled in Chap. 2 and Chap. 3.
With this simple prototype construction, SO2 could be quanti�ed and a claibration
curve could be recorded. Compared to the �lter based SO2 Camera, drastically
reduced cross interferences to ozone and coulds could be demonstrated. Hence, the
instrument would already be suited for employment in volcanic �eld practice. Its
SO2 NES of ∼ 8.5 · 1016 molec cm−2 or ∼ 34 ppm m is su�cient for the typical
SO2 emission of many volcanoes. For instance, typical SO2 CDs measured at Mount
Etna in Italy are in the range of ∼ 1018 molec cm−2 (see e.g. Bobrowski and Giu�rida,
2012).
A major advantage of the FPI technique over the dispersive DOAS technique is the
feasibility of an implementation in a fast imaging device.
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5 FPI imaging applications

In the former chapters, the principle of remote sensing of gases in the UV with
an FPI was investigated and proven experimentally for SO2. Compared to the SO2

Camera, a higher sensitivity and a far higher selectivity are reached (see Sect. 3.2.2).
The potential of the technique of being implemented in a fast imaging instrument
is a substantial advantage over the dispersive DOAS technique. There are several
approaches to the FPI imaging application that will be introduced in this chapter.
Pisani and Zucco (2009) developed an imaging spectrometer with an FPI that was
tuned via surface displacement modulation. However, only color was retrieved. A
similar setup was proposed for SO2 in Kuhn et al. (2014). The practical implementa-
tion of an FPI for UV SO2 measurements by surface displacement tuning is complex
(see Sect. 4.1.1). Hence, in this chapter, only methods, that are feasible with the
air spaced FPI with �xed surface separation, used in the OP FPI SO2 device are in-
vestigated. The di�erent methods are compared by their e�ective etendue per pixel
(determining the potential time resolution of the instrument), the data acquisition
and required evaluation e�ort, and practical feasibility.

The methods are categorized by their acquisition mode of spatial information.
After brie�y discussing spatial scanning with the OP FPI device in Sect. 5.1, full
frame imaging approaches with (Sect. 5.2) and without (Sect. 5.3) parallelizing the
radiation from the FOV are introduced.

5.1 Scanning OP FPI device

A straightforward FPI imaging approach is to employ a OP FPI SO2 device in a
spatial scanning scheme, similarly to whisk broom imaging DOAS. An advantage of
the FPI device is the high instrument etendue, that can be reached. In the setup,
introduced in Chap. 4, the etendue is bound to the instrument FOV. With an ad-
ditional parallelizing optics (see Fig. 5.1), a higher etendue can be achieved for a
constant instrument FOV, employing a large aperture lens (lens 3). The etendue is
limited by the FPI clear aperture and the incident solid angle of radiation, deter-
mined by αmax ≈ 2◦.
The etendue of a spectrometer is determined by its entrance slit and the spectrom-
eter's optical setup. The USB 2000+ from Ocean Optics is routinely employed for
volcanic SO2 measurements. It has an entrance slit of 1 mm × 50µm and a f/4 -
optics.
In Table 5.1 the calculations of the examined methods are summarized. The OP
FPI SO2 device can yield an up to 100 times higher e�ective etendue per pixel than
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Figure 5.1 � OP FPI SO2 device with optics that allows to increase the etendue for a �xed
instrument FOV. The clear aperture of lens 3 compensates the �xed FOV solid angle.

the spectrometer. This means that theoretically, for the same SNR, the acquisition
time of the OP FPI SO2 device is by a factor of

√
100 = 10 times shorter.

The mechanical scanning schemes will most likely limit the image acquisition time.
The advantage of the dispersive DOAS measurement is to be able to detect several
gas species (e.g. OClO, BrO) with one instrument and one spectral radiance acqui-
sition. Moreover, it is routinely used and thus well investigated. The OP FPI SO2

device, is stable and can be built compact. It would be considerably more interesting
for volcanic applications, if there was a signi�cant cost advantage.

5.2 Parallelized beam

Figure 5.2 shows the simulated ring symmetry of the SO2 optical density on a
camera's detector, when a suitable FPI is placed inside the light path. These ring
structures are challenging to deal with (see Sect. 5.3), since for discrete tuning
steps, they lead to inhomogeneous sensitivity across the detector. In order to bypass
these complications, an optics that parallelizes light from the camera FOV before
projecting it onto the detector, can be used. Figure 5.3 sketches a possible setup. An
aperture and a lens (lens 2) determine αmax to around 2◦. The orange circle in Fig.
5.2 marks the solid angle of the radiation incident on the FPI after parallelization.
The SO2 optical density in this circle is roughly homogeneous. However, for a
camera FOV of 10◦ the etendue is by a factor of

(
sin 2◦

sin 10◦

)2 ≈ 0.04 smaller as for a
non parallelizing method (see also Tab. 5.1). For the parallelized light beam, there
are several feasible FPI tuning methods.

5.2.1 Tilt tuning

A tiltable FPI is indicated in Fig. 5.3 in the parallelized light path. Principally
this is a feasible setup. However, when tilting the FPI, the ring symmetry will get
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distorted. The tilt a�ects the FPI incident angles di�erently, according to the tilt
direction and the tilt axis. For non zero FPI tilts, a higher degree of parallelization
might be required. Thereby the etendue further decreases.
Due to the thick quartz plates of the FPI (∼ 10mm, each), tilting can also a�ect
the imaging properties of the setup.

5.2.2 Pressure tuning

Another tuning option is the pressure tuning option, already outlined in Sect. 4.1.1
for the OP FPI device. With the FPI mounted inside a box with varying pressure of
a gas with high refractive index, the symmetry of the rings would not be a�ected by
tuning. Two pressure settings, achieved by for instance a piston design are necessary
(as employed in GCS instruments, see e.g. Wehr et al., 2003). Compared to other
tuning methods this kind of tuning mechanics is rather complex to build.

5.2.3 Aperture tuning

The optical parallelizing setup allows another tuning method. The aperture radius
a and the focal length f2 of lens 2 determine the maximum incident angle αmax (see
Fig. 5.4 (a)):

αmax = arctan
a

f2

(5.1)

With f2 = 50mm, the aperture limiting αmax to 2◦ would be a pinhole with 3.5mm
cross section. For an increasing aperture cross section, the cone of incident radiation
gets wider, resulting in a blurring of the e�ective FPI transmission structure for all
pixels (see e.g. Fig. 3.3). A measurement scheme with a narrow and a large aper-
ture is thinkable. The transmission of a heavily blurred FPI transmission structure
(Fig. 5.4 (c), dashed line) can for instance replace FPI setting B. This results in a
somewhat lower sensitivity of the measurement.
The method could further be improved by using a ring aperture (see Fig. 5.4 (b)).
The part of the light beam that is parallelized by the pinhole aperture would be
masked (thereby the etendue can be kept constant). With a pinhole and a ring
aperture (or two ring apertures), the settings A and B can be set. In this method,
the FPI is �xed within the camera's light path, while tuning is done by reshaping
the traversing radiation beam by the apertures.
Figure 5.4 (c) shows the e�ective FPI transmission for the pinhole (drawn line) and
the ring aperture (dotted line). A ring aperture with an outer radius of ∼ 4.4mm
and an inner radius of ∼ 3.5mm in the focal plane of a lens with f = 50mm was
assumed.
An aperture tuning scheme would be comparably easy to build. Most likely, focusing
issues limit the technique.

68



f1

lens 1

2d detector

optical axis

fix
ed
FP
I

BPF

αmax

le
ns
2

ap
er
tu
re

f2

1/2 image FOV

(a)

f1

lens 1

2d detector

optical axis

fix
ed
FP
I

BPF

>αmax

le
ns
2

rin
g

ap
er
tu
re

f2

1/2 image FOV

(b)

300 305 310 315
0

0.5

1

e
ff
. 
F

P
I 
T

ra
n
s
m

.

wavelength λ [nm]

 

 
small pinhole

large pinhole

ring aperture

(c)

Figure 5.4 � (a) a pinhole aperture is used to parallelize light from the camera FOV before
it traverses the FPI with an approximately pixel independent transmission structure. (b) With
a ring aperture, the light beam within the optical setup can be reshaped. It traverses the FPI
now under larger angles, while the parallelized part is masked. (c) e�ective FPI transmission
spectra for di�erent aperture types.
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5.3 Rings (no parallelization)

When rigidly mounting the FPI perpendicular to the optical axis in front of a camera,
each incidence angle will see a di�erent FPI transmission pro�le (see Sect. 3.2.3).
This causes concentric rings of equal FPI transmission on the detector and in the
camera FOV, respectively. (see e.g. Fig. 3.12 (b) and (c)). Figure 5.5 (a) and
(b) show radiance measurements taken with a UV sensitive CCD camera. A BPF
(similar to �lter A' in Fig. 3.9) and the FPI of the OP setup were placed inside the
camera light path. An image with (b) and without (a) an SO2 gas cell, covering the
whole camera FOV, was taken. Sub �gure (c) shows the derived SO2 optical density
that is seen through the FPI. The expected rings are clearly visible.
This optical setup yields a ∼ 30 times higher etendue as the parallelized beam
methods described in Sect. 5.2. However, inhomogeneous sensitivity across the
detector makes the data evaluation challenging. In the following, some possible
tuning implementations are discussed.

5.3.1 Tilt tuning

It is possible to simply tilt the FPI in front of the camera. However, the ring sym-
metry will be a�ected by the FPI tilt. In one half of the image, the incident angles
get a positive contribution of the tilt angle ω, on the other half they will get the
same contribution with a negative sign. Moreover, due to the thickness of the FPI
quartz plates, the image shifts on the detector.
For two tilt settings, there would be spots on the detector, where the SO2 optical
density is equal for both settings. At least three settings are needed to cover the
whole camera FOV with SO2 sensitivity. The variability of the SO2 sensitivity across
the detector can be minimized for an increasing number of di�erent tilt positions.

5.3.2 Pressure tuning

A pressure tuning setup, as described in Sect. 5.2.2 can also be employed in the
setup without beam parallelization. Compared to the tilt tuning approach, the ring
symmetry would persist. The radii of the rings of maximum and minimum SO2

optical density can be adjusted by varying the pressure. The result is similar to the
surface separation tuning approach introduced in Kuhn et al. (2014). In between two
settings there are rings of equal SO2 optical density. So, also for pressure tuning, at
least three tuning settings are needed to obtain sensitivity across the entire camera
FOV.

5.3.3 Windowing

The windowing approach to FPI imaging is in principle di�erent from the tuning
approaches discussed above. The FPI is rigidly mounted in front of the camera. On
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Figure 5.5 � UV camera measurements with the SO2 Camera �lter A and the FPI inside
the cameras FOV. The upper two images show the intensity without (a) and with (b) a SO2

gas cell, covering the whole FOV. (c) SO2 optical density calculated from (a) and (b). The
expected ring structures are clearly visible.
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the detector, the ring shaped patterns of di�erent SO2 optical density are present
(as shown in Fig. 5.5 (c)). Tuning for each pixel is done by incrementally rotating
the entire camera setup. In the di�erent images, an object can be observed under
slightly di�erent camera incidence angles, and thus with di�erent FPI transmissions.
The detector pixels are denoted by {p, q} in the following, the pixels of the image

j

i
p

q
s*
Δ
p

Figure 5.6 � In black the frame of the �nal processed image is shown (coordinates i,j). The
camera FOV (coordinates p,q) with its rings of SO2 matching FPI pattern is moved across the
image frame in order to gain sensitivity for every pixel {i,j}.

by {i, j} (see Figure 5.6). The FOV is shifted in s steps ∆p in p-direction. For each
image pixel {i,j} the measured radiance is

I{i,j}m (s) =

∫
dλ T {p(i,j,s),q(i,j,s)}cam (λ)Q{p(i,j,s),q(i,j,s)}(λ) I{i,j}(λ) , (5.2)

where T {p(i,j,s),q(i,j,s)}cam is the total transmittance of the camera optics (including FPI).
Q{p(i,j,s),q(i,j,s)} is the detector response of the camera for each image pixel {i, j} as
a function of the shift s.
The transformation from image coordinates {i, j} to camera FOV coordinates {p, q}
for a linear movement of the camera FOV in i-direction is given by:

p(i, j, s) = i+ s∆p (5.3)

q(i, j, s) = j (5.4)
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Shifting the camera FOV in a way that each image pixel at least once sees the FPI
settings A and B as de�ned in Sect. 2.3.2 allows to calculate the AA for each pixel
via:

AA{i,j} = − log

(
I
{i,j}
m (smin)

I
{i,j}
m,0 (smin)

)
− log

(
·I{i,j}m (smax)

·I{i,j}m,0 (smax)

)
(5.5)

Im,0 denote the background radiances. smax/min correspond to the values of s that
maximize AA for each pixel. In the ideal case AA{i,j}(SSO2) for a given SO2 CD
is pixel independent. In reality, the image pixels are observed with �nite number
of di�erent FPI transmittance spectra. Certain pixels never see the two ideal FPI
transmittances (setting A and B). This leads to an inhomogeneous sensitivity distri-
bution across the image plane, depending on the step size ∆p, the number of steps
s, but also on the path of the FOV movement and the pixel size. These inhomo-
geneities can in principle be corrected for by calibration. In the following the SO2

sensitivity across the camera detector is investigated in a simulation.

Simulation

We used the FPI model introduced in Chap. 3 for investigating the sensitivity of a
windowing FPI SO2 camera across the image plane. The camera transfer function
is fully represented by the incident angle dependence of FPI transmission:

T {p,q}cam (λ) = TFPI(λ, α(p, q)) (5.6)

In�uences of the BPF and the camera optics were neglected. A homogeneous spectral
background radiance I{i,j}(λ) was assumed using a measured spectrum of scattered
sunlight. The relative SO2 sensitivity was determined by adding 1018 molec cm−2 of
SO2 for every pixel and calculating AA{i,j} according to Eq. 5.5. Figure 5.7 shows
the simulation results. The left column shows the �nal position of the camera FOV
(200 × 200 pixels) in the image plane for s = [5, 10, 15] shifting steps. The step
size ∆p corresponds to 1◦. The intensity distribution is shown in arbitrary units.
We observe the ring structure that emerges due to the homogeneous background
radiation and the homogeneous SO2 distribution. On the right side the respective
resulting SO2 sensitivity distributions across the image plane are shown.
In the center of the camera FOV the concentric rings have a higher radial separa-
tion than at the FOV edges. Additionally, with respect to the moving direction, at
the FOV edge columns, the perpendicular component of the rings and therefore the
gradient of spectral FPI transmittance shift, is stronger than in the image center
column. This leads to a low sensitivity in the image center for small total shifts. In
the example, this can be observed for the images recorded at 5 and 10 steps, respec-
tively. The image recorded at 15 steps has over a wide range a homogeneous SO2

sensitivity. The structures, that can still be observed can be reduced by choosing a
smaller step size.
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Figure 5.7 � The left column shows the image FOV with the respective camera FOV in
it after a di�erent number of moving steps (∆p = 1◦). In the right column the relative
sensitivity distributions across the image FOV is shown. The image size, but also the sensitivity
homogeneity increases with the number of steps and therefore with decreasing frame rate.
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Remarks

The simple and stable instrument setup is a major advantage of the windowing tech-
nique. Moreover, a high etendue is reached. In addition, the focus is not in�uenced
by the tuning process.
One drawback is that this technique needs to record s > 2 intensity images in order
to obtain sensitivity across the whole image. Per pixel we therefore have more than
the required two data points. This reduces the maximum achievable time resolution
of the measurement. In order to retrieve the 2d SO2 CD distributions, the images
recorded under di�erent angles have to be shifted to overlay again. For this, the
employment of digital image processing might be required.

5.4 Summary

Table 5.1 summarizes the techniques introduced and discussed in this chapter. There
is a tradeo� between the simplicity of the parallelizing beam optical setups and the
high etendue of the non parallelizing optical setups. Finally, it comes down to the
scattered UV radiance at the measurement location and the intended time resolution
of the measurement. Experiments are required to verify the estimates of the practical
limitations and to gain general experience in this rather novel �eld of UV remote
sensing.
The imaging DOAS technique has the substantial advantage of being able to quantify
several trace gases simultaneously. In principle the FPI technique can be applied
to other trace gases as well (especially those with periodical absorption bands). In
order to sense several gas species with optimum sensitivity, either very high FPI
tuning ranges are required or several FPIs with di�erent speci�cations have to be
employed.
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6 Conclusions and Outlook

Conclusion

In this thesis, an optical remote sensing technique for atmospheric trace gases in the
UV was investigated. The core of this technique is an Fabry-Pérot interferometer
(FPI) with its spectral transmission matched to the trace gas molecule's absorption
structures. The considerations concentrated on the application of this FPI tech-
nique to the di�erential absorption structures of SO2 at wavelengths λ < 315 nm.
In contrast to dispersive remote sensing techniques (e.g. DOAS), the FPI technique
can be applied in a fast imaging scheme.

A model was developed, in order to assess the basic behavior of the FPI and
to simulate the instrument responses of di�erent FPI setups. Optimal FPI setup
parameters could be determined from SNR estimates. Within the model study, the
FPI technique was compared to the �lter based SO2 Camera technique. Expected
higher SO2 sensitivity and selectivity of the FPI method could be con�rmed. More-
over, the model results represented a basis for both, the design of the prototype of a
one pixel (OP) FPI SO2 remote sensing device, and the theoretical assessment and
feasibility considerations of FPI imaging schemes.

In the scope of this thesis, the prototype of a portable and robust OP FPI SO2

device was built. The motivation was the �rst proof of concept of the technique and
to examine the performance of the FPI SO2 remote sensing method apart from its
imaging application. The instrumental setup was described and characterized. A
�rst, unique SO2 measurement could be performed. Using quartz cells containing
known SO2 CDs, a calibration curve of the instrument was recorded.
The drastically reduced cross interferences compared to the �lter based SO2 Camera
could be veri�ed to a large extent. Especially, the remarkably low in�uences of the
solar zenith angle (and thus ozone interferences) and clouds to the FPI measurement
were shown and are a major advantage over the �lter based technique.
The progression of the measured calibration curve is as expected from the model.
It enabled the determination of the noise equivalent SO2 signal of the OP FPI SO2

device to ∼ 8.5 · 1016 molec cm−2 or ∼ 34 ppm m of SO2 for a measurement period of
1 s. This is for instance already su�cient for the application in �eld measurements
at many volcanoes. The low cross interferences would even allow an absolute cali-
bration of the instrument.
In this rudimentary prototype, the noise is dominated by the imprecision of the
employed servo motor. Suggestions were made by which, the SNR can be improved
signi�cantly. Moreover, a setup with comparable performance but no movable parts
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Figure 6.1 � FPI transmittance spectra can be matched to the absorption features of many
molecule species. Examples are shown for HCl (a) and BrO (b).

is proposed.

In the last part of this thesis, considerations on the imaging application of the
FPI remote sensing technique were introduced. Besides whisk broom scanning, sev-
eral methods are presented that di�er in their principal optical setup and their FPI
tuning approach. The considerations are summarized in Tab. 5.1. The methods
mainly di�er in their etendue limiting the measurement's time resolution, but also
in the extent of required data post processing.
The FPI transmittance across the detector of a camera setup is essential for many
FPI imaging implementations. This was modeled and experimentally con�rmed.
Ring shaped features of maximum and minimum SO2 optical densities on the de-
tector could be veri�ed by mounting the FPI and a BPF in front of a UV sensitive
camera.

78



Outlook

The detection limit of the OP FPI SO2 setup can be signi�cantly lowered by
employing for instance a gear transition for the servo. It can be built more ro-
bust and compact. For the setup described in this thesis, dimensions of around
15 cm× 10 cm× 6 cm and a weight of < 1 kg can be reached.

Exploiting the FPI's re�ection as, proposed in Sect. 4.2.4 allows the construction
of a OP FPI device with no movable parts. The time resolution is not longer limited
by the tuning process and radiances with FPI setting A and B can be recorded
simultaneously. Since no temperature stabilization or servo motor would be needed,
the power consumption of this setup would be extremely low with only ∼ 350 mW.
This is roughly a �fth of the typical cell phone power consumption. It could there-
fore easily be operated and fueled by a smart phone (e.g. on the basis of Wilk,
2015).
Moreover, it could be run by a series connection of ∼ 10 lemons for some minutes.
This is particularly interesting for measurements in Sicily at Mt. Etna.

Besides the OP applications, also FPI imaging schemes can be realized. For in-
stance, the introduced windowing principle is easily implemented by rigidly mount-
ing the FPI in front of a UV camera and mounting the camera on a rotary platform.
Recorded images can the be shifted back to overlay by digital image processing tech-
niques.
The aperture tuning method is another exciting option. Its optical setup can also
be implemented robustly, only an aperture has to varied. A comparable imaging
instrument has probably never been realized, yet.

The FPI technique in principle works for all trace gases that have strong and ide-
ally periodical narrowband absorption features. For volcanic studies, the assessment
of the application to BrO or OClO would be interesting, though being much weaker
absorbers than SO2. Moreover, the technique can be applied in other wavelength
ranges. Fig. 6.1 shows FPI transmission structures roughly matched to HCl (sub
�gure (a), absorption data from Rothman et al. (2013) ) in the infrared and BrO
(sub �gure (b), absorption data from Fleischmann et al. (2004)) in the UV.

Another interesting point to consider is the application of a static FPI camera. A
UV sensitive camera with BPF and FPI inside the light path is pointed towards the
volcano, so that the summit is in the center of the ring shaped sensitivity features.
Theoretically, the plume SO2 could be quanti�ed from intensity modulations at rings
of high SO2 optical density gradient on the detector. Although no full frame can be
recorded with this method, it would be possible to determine SO2 �uxes and plume
propagation velocities (by correlation methods).
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