| nvestigations on the Smile-Effect for Airborne

Spectroscopy of Methane and Carbon Dioxide

Bachelor Thesis

Institute of Environmental Physics (IUP)

University of Bremen, Germany

Submitted by: Hannes Schnisa

Email: hschnisa@iup.physik.uni-bremen.de
Supervisor: Dr. Michael Buchwitz

Examiners: Prof. John P. Burrows

Prof. Justus Notholt

Submitted on: 30.06.2009



Danksagung

Im Folgenden mochte ich einigen Personen dankea, zdim Gelingen dieser Arbeit
beigetragen haben.

Vielen Dank an alle Menschen, die in meinem Umfgé&hrbeitet haben, denn sie
haben es geschafft eine angenehme Arbeitsatmosph&ehaffen, so dass ich die Zeit der
Bachelor-Arbeit mit viel Spal und Freude erlebteéhab
Insbesondere mochte ich mich bei Dr. Oliver Schingisind Ralf Bauer bedanken. Einen
Monat lang teilten wir ein Blro und wahrend die&eit waren sie stets bereit mir Fragen zu
IDL und Linux zu beantworten. Aul3erdem mochte icichrbei Konstantin Gerilowski und
Thomas Krings bedanken, die diese Aufgabe fir dad/isp Projekt ibernommen haben.
Ohne sie alle hatte ich nicht so effektiv arbekénnen.

Ganz besonderer Dank gilt meinem Betreuer Dr. MetBaichwitz, der mir nicht nur
wahrend der Auswertungsphase mit Rat und Tat zite Stand, sondern mich auch bei der
Strukturierung und Ausarbeitung der Thesis unté&zstiat.

AbschlieRend einen Dank an meine Familie und akm$¢hen, die mich in meinem
Leben begleitet haben. Ohne sie wirde ich nichdiasem wichtigen Punkt meines Lebens

stehen: dem Bachelor-Abschluss in Physik.



Content

Y 0 1 =T PSSR 4

2. Introduction and MOtIVaLION ...........ccccveeereereeie e 5

3. Foundations and theory ..........occceveriiniieniee e 7
3.1 Remote sensing based on SpectrosScopic MeasUBEME..........coeevvvvvieeeeiriieeeennnnn. 7..
3.2 Spectrometers and the Smile-Effect ......coeeeriiiiii e 9
3.3 Atmospheric radiative transfer ..o 10
3.4 INVEISE MELNOUS ...ttt ettt e 11
4.1 The MAMAP PrOJECT .. ..ottt eeeee ettt e e e e e e e eeennaes 17
4.2 The MAMAAP INSEIUMENT. ... ..coiiiiiii it e e e e e e e e e e e e e e e e e e eaaaeaees 18
4.2 Previous work on MAMap data analysSis ... ... ooeeeeiieiiii e eeeeens 23
4.3 MAMap and the SMIlE-EffECT ..........i i 26

5. Analysisof MAMapP data...........cccceereeiiieeieesie e 30
5.1 Objectives of this thesis and selected approach.............cccceeeieieiiiiiiiiiiniieeeeens 30
5.2 Discussion of CCD signals of the oxygen-fGband) spectrometer ..................c...... 31
5.3 Definition of Inhomogeneity Indices (DH.........ccooviiiiiiiiie e 33
5.4 Correlation analysis of Inhomogeneity IndicethWeHG retrievals ........................... 36
5.5 DiSCUSSION Of the RESUILS ........eeeiiitsie ettt 44

6. Conclusion and OUtIOOK.............ccceveeiieci e 48

A REFEIENCES......cceieie e 50



1. Abstract

Carbon dioxide €O;) and methane QH,;) are the two most important anthropogenic
greenhouse gases (GHG) contributing to global wagmDespite their importance, our
knowledge about their surface sources and sinkssigsficant gaps, which limits the
reliability of climate predictions. Most of our kwiedge about their surface fluxes stems
from accurate but sparse surface observations. ©obntly global satellite data have become
available, albeit only at coarse horizontal resotu{~50 km). In order to fill the gap between
the in-situ point measurements and the low spa#ablution satellite observations, the
Methane Airborne Mapper (MAMap) instrument has bbeeitt at [UP, University of Bremen,

in cooperation with the GFZ Potsdam. MAMap has bgsatified to retriev€H, andCO; at

a spatial resolution of ~100 m. First test flightsve been performed and the in-flight data
have been analyzed using an initial retrieval aflgor, which permits the retrieval of total
columns ofCH, andCO, with sufficient accuracy to assess the instrurpenformance. It has
been found that the instrument is very stable &atlthe noise of the spectral measurements
is as specified. It has however also been founttiigastandard deviation of the retrievéd,
andCO, columns and column ratios are often a factor &r8er than expected (~1% for an
exposure time of 58 ms). A possible explanationtiies could be retrieval errors caused by,
for example, unaccounted variations of the instmini@e-shape (ILS) function due to scene
inhomogeneity caused by optical effects such as “Gwmile Effect”. As the SWIR
spectrometer (~1600 nm) used for the GHG retrieigatsly equipped with a linear detector
array, it is not possible to obtain across fliglatck scene information. MAMap is however
also equipped with a similarly designed second tspeeter covering the 760 nm spectral
region O, A-band) with a 2D CCD array which provides thigommation. Therefore, an
analysis of the, A-band spectra can in principle be used to aseesdat extent the GHG
retrievals are affected by scene inhomogeneitys Tas been investigated in this thesis.
“Inhomogeneity Indices”IH;) have been defined and derived from @eA-band spectra,
which have been correlated with the independent GidtEevals. It was expected that
because of the 3 times larger variability up towt®0% of the retrieved GH@ariability
could be explained by scene inhomogeneity. Thisldvamply a maximum correlation
coefficient of R = 0.94 between thel; and the GHG retrievals (as>*R 0.89 can be
interpreted as “explained variance”). The MAMapad&iave been analyzed using cross-
correlation techniques applying different qualititef to the retrieved GHG columns and
column ratios. The correlation coefficient was lé#ssn 0.3 in most cases, i.e., the expected

significant correlation has not been found. Possibasons for this finding are discussed.
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2. Introduction and motivation

Our climate system is driven by radiation of the,goroperties of the earth’s surface and the
atmosphere. The radiation budget in the atmosplmglly depends on its chemical
composition. At this juncture the main componentygen and nitrate are having less
relevance although they represent about 99% ofnthes of the atmosphere. Gases with much
more relevance are water vapbiQ), carbon dioxide@O,) and methanedQH,4). These gases
absorb and emit the sun’s radiation within the riredrinfrared range and therefore are the
fundamental cause of the greenhouse effect. Thahisthey are called greenhouse gases
(GHG). The relative impact of each of these gasedifferent, withCH, 20 times more
effective thanCO, (Wallace and Hobbs, 2006). If methane accounts2686 only of the
overall greenhouse radiative forcing this is prilgabecause of the different atmospheric
mixing ratios: 380ppm on average 60, and 1.75ppm on average f6H;. Due to human
activities, the global mixing ratios &0, andCH, have risen to levels never recorded in the
last 650,000 years (Forster et al., 2007).

Therefore, to predict future climate changes cabisetthe enhanced greenhouse effect
and to evaluate the degree of anthropogenic impastecessary to characterize the global
distribution of greenhouse gases’ sources and.sinks

This bachelor thesis is based on the master thé#depping of Tropospheric
Greenhouse Gases using Airborne Near-Infrared/&hue-Infrared Spectroscopy” from
Pietro P. Bertagnolio (Bertagnolio, 2008). His waives an introduction to the Methane
Airborne Mapper (MAMap) Project, which is capabfgpooviding information on the mixing
ratios of methaneQH,) and carbon dioxideQO;) on a scale between ground-based local
measurements and satellite-based datasets.

Bertagnolio (2008) analyzed three different flightdere the MAMap instrument
measuredCH, and CO, at an anthropogenic carbon dioxide source (SchevBumpe coal
power plant), a natural methane source (Zarnekothands) and an artificial methane source
(Ketzin experiment). He found that the standardiaten of the retrievedCH, and CO;
columns and column ratios are often ~3-4% (forxgrosure time of 58 ms), which is about a
factor of 3 larger than expected, based on simdilag¢rievals. He also concluded that the
“intensity of the incoming radiance (...) has theg&st impact in determining the precision of
the fit results” and that this “implies that thiirhination of the target scene is a crucial factor
for the planning and the measurement analysis ef ftight missions” (Bertagnolio,
2008:112).



The conclusions of Bertagnolio (2008) concerning ithportance of the level of the
incoming radiance are consistent with simulatedewdls: the lower the radiance, the lower
the signal-to-noise ratio, and the lower the GHQuiwm retrieval precision. The radiance
level is mainly determined by the surface reflattiand the solar zenith angle. Apart from
higher noise due to lower signal, radiance varigbitlue to variations of the surface
reflectivity is not a major problem for the GHG nievals, as the WFM-DOAS retrieval
algorithm considers radiance fluctuations due tdase reflectivity by including a low order
spectral polynomial in the spectral fitting proceeluWFM-DOAS is based on fitting a
linearized radiative transfer model to the measwsgectra. The algorithm assumes that the
instrument line-shape (ILS) function of MAMAP is dawn and constant. If the ILS would
vary from measurement to measurement this wouldtres high-frequency variations of the
retrieved GHG columns in addition to random errdug to instrument noise. Significant
variability of the ILS could be caused by inhomogewmsly reflecting scenes, where the
surface reflectivity varies especially in the asrtrck direction. In this case the spectrometer
entrance slit will not be homogeneously illuminat&kpending on how the slit will be
illuminated, the ILS is supposed to change its shap width, and its spectral position. These
ILS variations are not considered for current MAMGSIFIG retrievals. It cannot be ruled out
that the observed GHG variability of 3-5%, whictalsout a factor 3 higher than the expected
retrieval precision of 1-2% estimated from simutetetrievals, is to a large extent caused by
unaccounted ILS variations due to scene inhomogewn& the well known optical Smile-
and Keystone-distortion effects.

The focus of this thesis is tmvestigate if the observed higher than expected
variability of the retrieved GHG columns and columatios is due to scene inhomogeneity.
Unfortunately this cannot be directly be investaghtising MAMap’s GHG channel, as this
channel consists of a 1D linear detector array Wwidoes not permit do obtain sub-scene
across-track information. Fortunately, MAMap is aalequipped with a second (nearly)
identically designed spectrometer covering theAband spectral region at 760 nm with a
2D CCD detector, with higher spatial resolution aaanpling in the across-track direction.
These 2D CCD measurements enable to investigat8rtile and Keystone-distortion effects
and to derive “Inhomogeneity IndicedH() for each measurement. In this thesis theA©
band CCD readouts have been analyzed by derivimyogeneity Indices and by correlating
them with the GHG retrievals in order to find oithe expected correlation can be observed
and if it is possible to determine to what extem® bserved unexplained GHG excess

variability can be explained by scene inhomogeneity



3. Foundations and theory

The Methane Airborne Mapper (MAMap) is a spectr@netlesigned to measure the
concentration of atmospherieH, andCO; via their spectral absorption features. In oraer t
understand the information, which is included ie MMAMap spectral measurements, it is
necessary to understand how remote sensing spettgomorks (presented in Chapter 3.1,
based on Bertagnolio, 2008) and how radiative fean& the atmosphere influences the
measurements (presented in Chapter 3.3). Theaelattween spectrometers and the Smile-
Effect is presented in Chapter 3.2 and inversiothods, used in remote spectroscopy, are
discussed in Chapter 3.4, which is based on Rodg669), Schlitzer (Introduction to Inverse

Methods and Mathematical Data Analysis, personammanication, 2006), Richter
(Introduction to Measurement Techniques in Atmosigh@hysics: Diferential Optical

Absorption Spectroscopy (DOAS), personal commum@oat2007) and Buchwitz et al.
(2000).

3.1 Remote sensing based on spectroscopic measurements

Remote sensing is a method to gain information tlloel earth surface or other objects,
which are not directly accessible. Measuring natradiation that is emitted or reflected by
the object or the surrounding area being obsereed this. Electromagnetic radiation serves
as the information carrier.

A distinction is drawn between passive and actergssrs, both capable of analyzing a
huge area of the electromagnetic spectra. Passhgdss measure the sun radiation reflected
or emitted from the earth surface and/or the atimexgp Active systems, on the other side,
emit micro- or laser radiation and collect theeeféd parts.

The advantage of remote sensing spectrometry ipalsibility to measure in areas
otherwise difficult to access. Automated instrumsenised in remote sensing processes, are
able to collect large time series and coveringdaageas and so replace costly and slow data
collecting ground instruments. It also providesomfation on several different physical
quantities.

The disadvantage of remote sensing is the factomhigtindirect measurements can be

gathered, so that several processes and factanstda@ excluded. This makes it very difficult



to interpret the measurements accurately withowt trelp of different models and
assumptions. All in all remote sensing is a verw@dul tool, which is used in a variety of
scientific areas like earth-, weather-, atmosphemt ocean observation.

The practical way to measure the radiation trarteghithrough the atmosphere at
different wavelengths is by separating the differgmectral components using a dispersing
element. Due to its elevated resolving power asdsiability, the diffraction grating is the
most common dispersing element used in atmosplspectroscopy, together with Fourier
Transform spectroscopes. A grating is a reflectingransmitting surface carved with several
(n) grooves called rules, each of them independerntfyadting light, at a distancg from
each other. The different light waves coming frdm tlifferent grooves then interfere with

each other, and their interference maxima occangltesa so that

. mA
sing =—,
g

wherem is an integer called the diffraction order. Atfdrent dispersion angles then
different wavelengthg will have their interference maxima, and can thendispersed on a
surface.

Several detectors can be used then, to measurdigpersed radiation at different
wavelengths, for example the photodiode array Aedcouple-charged device. A photodiode
array is a linear detector formed by a series gdciht photodiodes (semiconductor diodes)
with a surface exposed to the incoming photonsré&’aee two kinds of photodiode arrays. In
the first one, when the detector absorbs photbey, ¢reate an electron-hole pair that drifts to
the next p-n junction and discharges it. After metiinterval, called exposure time, the
detector is read out by sequentially charging #gacitors corresponding to each pixel, and
the current needed is proportional to the numbegphaftons absorbed in the exposure time.
The second kind instead works by having the junsti@epleted of charge, and then
measuring the current produced when the electn@ated by photon absorption are read out.
There are photodiode arrays with 256 to 2048 pjxelkich allow measuring several
wavelengths at the same time.

Another kind of radiation detector that can measeneeral wavelengths is the charge-
coupled device or CCD. It is a two-dimensional yaroh detector pixels (with size ranging
from 256 to 4096 per each side), also exploiting pmoperties of semiconductors. When

photons hit one of the pixels, the resulting elmtsr are collected in the corresponding



uncharged depletion zone. The readout then consistsifting the charges sequentially from
row to row. The lowest row is then readout andtdigd. The main advantages of this kind of
detectors are the high sensitivity to radiation @aad®D shape that allows measuring several
wavelengths, on one axis, coming from differentwrgy angles, on the other axis, effectively
creating a multi-spectral imaging sensor. A drawbadhat the capacity of the single pixels
is lower than that of other sensors, so shorteosgxe times are needed not to fill the holes
with electrons (saturate). Moreover, a long timeneeded to read out sequentially each

different pixel that can last up to several seconds

3.2 Spectrometers and the Smile-Effect

The MAMap is equipped with a spectrometer covettimg 760nm spectral region {@\-
band) with a 2D CCD array. Those rectangular plieti@ctors have pixels arranged in rows
(parallel to spatial axis defined by a straight) slind columns (parallel to the spectral axis).
The light, which is collected by the photo detectarters the spectrometer though a slit. The
point or pixel along one spatial axis corresporda point or pixel along the slit in the scene,
which is observed. Thus each point or pixel oma tihat crosses the scene gives readout of
the spectrum for each column of pixels. Figure Haws a spectrometer, which is similar to
the MAMap Q-A-Band spectrometer. Those types of spectromedesscalled “Czerny-

Turner’-spectrometers.

Figure la: Schematic view of a "Czerny-Turner’-spremeter. (Fischer et al. 1998)



It is important to have an exact configuration fottracting detailed quantitative
information from the readouts. To achieve a condtrgth of monochromatic slit image and
a constant length of the spectrum remain it is s&egy to adjust the monochromatic image of
the slit straight and parallel to the rows of th®{o detector array at any wavelength and to
adjust the spectrum of any point along to theaslistraight and parallel as possible.

When such conditions are achieved, then, deviatioeslonated as spectral and
spatial distortion, which are called Smile- and &eye-Distortion or Smile- and Keystone-
Effect.

Smile

T

Spatial
Pixels
Spectral
Keystone

| IR\

0.4 um ) 1 um
Wavelength

Figure 1b: Definition of Smile and Keystone Disimnt (Fischer et al. 1998)

Smile is a change in dispersion with field positi@md spectral keystone is a change in
magnification with wavelength. Spectral keystoneolies mixing of spectra from adjacent

field positions.(Fischer et al. 1998)

3.3 Atmospheric radiative transfer

Electromagnetic radiation is used in remote senbewause the characteristics of interaction
with matter are well known. While the radiation nresvthrough the atmosphere the photons
can be absorbed by atoms and molecules, therasticehnd inelastic scattering within the
interaction between radiation and molecules or sso There is stimulated and thermal

emission and geometric reflection by macroscopitases. All these processes are dependent
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on the radiation wavelength and therefore it issge to differ between the effects and
identify their components (Bertagnolio, 2008:16).

An example is the optical spectrum of the sun. Rnater found dark lines in that
spectrum, which are the absorption lines of specdlements. Each element absorbs
electromagnetic radiation at a specific wavelength that every element has a unique
spectrum. This makes it possible to get detailddrimation about the composition of an

object one is looking at, e.g. the sun or tracegas the earth’s atmosphere.

3.4 I nverse methods

Airborne spectroscopic measurements of the atmosplo®mposition, like all remote
observations, are inherently indirect. The parametanterest (here the composition of the
atmosphere) is not directly measured, must be riflefrom the measured spectrum. The
measured spectrum must depend of the parametergeoést in a known way (here via
forward radiative transfer simulation). This infece, which is the inversion of the radiative
transfer simulation, is often complex, and belotmshe class of problems called inverse
problems. Rodgers (2000) defines them as the aunesfifinding the best representation of
the required parameter given the measurements nagiether with any appropriate prior
information that may be available about the syst@hthe measuring device.

The general inverse problem can be regarded asstign of setting up and solving a
set of simultaneous linear or non-linear equatiamghe presence of experimental error of
some of the parameters, the measurements, and qQogsibly in the presence of
approximations in the formulations of the equations

The quantities to be retrieved can be representeal diate vectcX with n elements
X1, X% ..., %. It could represent a profile of some quantityegivat a finite number of levels, or
any set of relevant variables, such as coefficitortanother representation, or decomposition
of the profile itself, or again, as in the caseMAMap, it may include a range of different
types of parameters, like the vertical profile Bual parameter of different gases, a
temperature profile shift, and polynomial coeffiti® for the low-frequency spectrum.

The quantities actually measured in order to retsicXx can be represented by a

measurement veciy;, with m elementsy;, ¥», ..., ¥ This vector should include all the

quantities measured that are functions of the sttéor. Measurements are made to a finite

accuracy. Random error oreasurement noiseill be denoted by the veci€ .
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For each state vector there is a corresponding ideasurement veciy, ., determined by
the physics of the measurement. The physical detmié approximated by #orward

mode F(x), so that

to construct a forward model we must of course tstdad how the quantity
measured, that is the absorbed solar infraredtradjas related to the quantity that is really
wanted, in this case the vertical columrCad, or CHa.
The quantities to be retrieved in most inverse fj@mis are continuous functions, while the
measurements are always of discrete quantitiess st inverse problems are formally ill-
posed or under constrained in this trivial sendgs Ts simply dealt with by replacing the
truly continuous state function, corresponding to iafinite number of variables, with a
representation in terms of a finite number of pagtars. After discretisation the problem may
or may not be under constrained, depending omfleennation content of the measurement.
Linear least-squares method

The simplest way to address a problem is to stdht #¢ linear form. A linearization
of the forward model about a reference six,2is adequate provided tIF(%) is linear

within the error bounds of the retrieval. When wiitev

we define anxn weighting function matriX = ¢ If(>”<) / X not necessarily square, in
which each element is the partial derivative obavaird model element with respect to a state
vector element. lin < n the equations are described as under constraoredi-posed or
under-determined) because there are fewer measnteth@n unknowns. Similarly i > n
the equations are often described as over consttain over-determined, as long as all the
equations are linearly independent and carry entudgpendent information.
The termweighting functionis peculiar to the atmospheric remote sensingalitee, and it
arose because in the early applications of nadindiog for temperature the forward model
takes the form of a weighted mean of the verticafile of the Planck function.
For a fundamentally over constrained problem, the of the MAMaptotal columnretrieval

(which assumes sufficiently good knowledge orditiinpact of the vertical profile shape),
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where the measurement vector has considerably elemeents than the state vector, and the
algebraic form of the model is known from sound $bgl reasoning, an appropriate approach
is theleast-squares method

In the case where there are more measurementatit@owns, an exact solution is
not possible in general. Therefore we look for &tson that minimizes the sum of the
squares of the differences between the actual measmts and those calculated from the

forward model using the solution. That is, we miizien

In the linear case a derivative with respe X leads immediately to the normal equations:
%=Gy=(K"K)'K"y

whereG is the approximate inverse Iéf

If the measurement err & is known, it must be taken into account by weighting both
the model and the measurement vectors by it, so thagsh#ing system of linear equation is
balanced:

yi _ 1
F_J_ZKHXJ +1

yi yi ]

Yi :ZK”X]- to, =
i

wherei U [1, m], j U [1,n] and thesy; are the errors on the single measurements, the elements

of . Then a covariance matriov(y) could be defined, that if the measured quantities are

completely independent of each other will have the fcmn(y) = | £ otherwise in general

2 2 2
Ty Opep ym.y1
o) = 2 2
cov(y) = Ty Ty
2 ) 2
Tys,ym Ty
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where o, ist he variance on thieth measurement and’, . the covariance of théth and

yi.yi
thej-th measurement. The errors of the retrieved variahjethen can be easily calculated by

the covariance matrix of the unknowa(X), that is
cov(X) = G [eoy) [G"

In the case instead that there is no information on thertanuges of the single

measurementgr,,, the uncertainties on the parameters can still be estimated following

yi
Press et al. (1992). The covariance matrix of the umhrrcm(i) expresses the dependence

of each parameteq from the forward model, and it can be shown thatétjsal to

cof(x) = (KK )™

The relative weight of the error on any single parametsrthen proportional to the
th element of the diagonal of the covariance matrixtake into account instead the overall
uncertainty on the parameters coming from the approximafitime least-square fit, they can

be weighted by the fit residuum

divided bym — nthat is the number of degrees of freedom. The fiduesn is defined as:

ReS” =y -2 j

This is the method used in the WFM-DOAS fit and in fireliminary MAMap
retrieval algorithm, where the uncertainty on the meaments from each single spectral
pixel is not estimated with sufficient accuracy.

One special method for the remote sensing of atmospliere gases in the
atmosphere is the so-callefferential optical absorption spectroscopy DOAS. Its main
difference from other measurement methods based ompéibsospectroscopy in the infrared

wavelength range is that, to avoid problems with extmcby scattering or changes in the
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instrument throughput, only signals that vary rapidly wiivelength are analyzed (thus the
differential in DOAS). The other, broadband structuresat #re e.g. caused by a changing
cloud cover and that are difficult to quantify - are apprated by a polynomial. Therefore,
only those species can be observed that show sigrtiicehstructured absorption in the near
infrared wavelength range, such@9,, CHs, H,O, andCO. Unlike other techniques such as
ozone sondes, LIDAR measurements or microwave radigni2OAS measurements provide
little information on the vertical profile of the absorbdut rather the integrated column in
the atmosphere. This disadvantage is compensated biynihigciy of the experiment and the
relatively large number of species that can be measimadtaneously.

The Earth-reflected spectruim is first divided by the solar spectrum measured at the
top of the atmospherky, to eliminate the structures of the solar spectrum itsel, tiite
Planck blackbody shape and the Fraunhofer lines. €lensl step is to fit a low-order
polynomial P(1) to the logarithm of the resulting spectrum, and divideldigarithm by the
polynomial. The resulting differential absorption spewti,,° then contains only variation on
the same order of the absorption by the trace gasedeoést. They can be separated as a

linear combination of the absorption spectra of the diffespacies:

1

wherea;, is the absorption cross-section of the igasdc; a linear coefficient proportional to
the quantity of absorbers along the light path. Figuras4an example of a differential
spectrum from a MAMafCH, measurement. The quantity of the different absorberthis

example methane, carbon dioxide and water) is estimatedawghst-squares fit, and their

sum results in the differential spectrum, plus a diffeeeralledresiduum
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MAMAP Methane Flight 26-July-2007 Nadir
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Figure 4a: Structure of a MAMap WFM-DOAS fit in thy@ectral region used for the retrieval
of the methane profile-scaling factor: the measwspéctrum (grey symbols in top panel) is
modeled as the sum of the contributions of therifit absorbers. Courtesy of Dr. Michael

Buchwitz (IUP, University of Bremen)
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4. The Methane Airborne Mapper (MAMap)

The following chapters describe the MAMap project and umsént (4.1 and 4.2 are based on
Bertagnolio (2008)). Then a short summary of the pressisork on MAMap data analyses by
Bertagnolio (4.3) is given and the relation of Smile-Efffend MAMap (4.4) is explained.

4.1 The MAMap Project

The Methane Airborne Mapper (MAMap) project has beetiaieid to provide information on
the mixing ratios ofCH, and CO, on an intermediate scale between ground-based local
measurements and satellite-based global datasets. Ghesehouse gases have physical
properties that make them particularly suited to be detiectab remote sensing from an
airborne passive spectrometer. First, the sources akd fir these gases are located at the
Earth surface, and the greatest spatial variations take pt the atmospheric boundary layer,
that is in the lowest 1000m. Instead from the freedsppere above the vertical profile is
almost constant in space and time. This means that annmesit carried by a small plane can
observe most of the variability.

Second,CH,; and CO, molecules absorb strongly the sunlight in the shortewav
infrared (SWIR) spectral region around 1600 nm. Forrémsson, the sunlight reflected by the
Earth surface can be used as a source for a pagsdstrometer. Moreover, by measuring
alternately in zenith- and nadir-looking geometry it is theordyigaissible to distinguish the
contribution to the absorption due to the gas amount pregectly under the plane from the
absorption along the light path through the entire atmospHdris light path could have a
complex geometry due to multiple scattering by air molecales the effect of clouds,
aerosols and different surface albedos. In order tanmee the influence of those factors, the
mixing ratio of oxygen@-) is also measured and used as a constant refemnce,it is well
mixed at every location.

The ratio between the column number density of absorbag) and the column
number density of dry air (referred to as dry columring ratio) can be then retrieved from
the detected spectra using a differential optical absorf@ttroscopy (DOAS) inversion

algorithm.
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4.2 The MAMap instrument

The MAMap instrument is a two-channel airborne NIR/SWIRtigg spectrometer. Both
channels have separate optics for zenith- and nadiimigoand a fold-mirror allows changing
between the two operating modes. The instrument can tadléxsin an airplane with a down-
looking window for the nadir telescopes, and light carfdeeto the zenith telescopes with

diffuser plates and optical fibers.

The main channel (SWIR) is designed to detect the absorjnties of CO, (1590-
1620 nm) andCH,4 (1630-1750 nm). The detector is an InGaAs linear ghotte array, with
1024 pixels, 25.6 mm long. Due to the disperse propesfigse optics this channel has an
overall effective spectral resolution of 0.82 nm. Thesdieir is cooled with liquid nitrogen to
an operating temperature of —120°C, to strongly redueel¢tector dark current. The signal-
to-noise ratio varies then between 1000 (over land, albBel®) and 350 (over water, albedo
0.01), when 10 single spectra are co added for amalbvexposure time of 1 s. The
instantaneous field of view (IFOV) of the SWIR chanigel.34° cross-track (CT) and 0.02°

along-track (LT). For nominal flight parameters (altitud@07m, speed 200 km/h) and
detection times (800 ms, albedo 0.18) the ground-pegdd&OV is 20 m (CT) x 30 m (LT).

The second channel (NIR) is adapted to the absorptierof O, in the near infrared
spectral range at 760 nm. To make sure that both chanimedsve exactly the same ground
scene, this channel is equipped with a two-dimensiaedéctor, that produces a one-
dimensional cross-track image of the ground (pushbronaging spectrometer). Since the
NIR IFOV is 5.85° CT and 0.072° LT, it is more thanimds wider, in CT direction, than the
SWIR IFOV. Optimal co-alignment between the two channetheés possible by choosing,
during the data analysis process, the right portion oNtRewindow. An accurate matching
of the ground-projected fields-of-view has not yet biegplemented.

The 2D-detector is a frame transfer (FT) CCD, with 85r(ed) pixels on the imaging
axis, and 256 (binned) pixels on the spectral axis. Dube grating optical parameters, the
spectral window detected is approximately 17 nm, wisipectral resolution of 0.46 nm. The
signal-to-noise ratio obtained during test measuresnentgreater than 850 for a single
imaging pixel, and greater than 4000 after 21 imaginglpiare averaged for the alignment
with the SWIR channel.
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MAMap instrument specifications

CH4/CO, Ox-A
Focal Length (optic) 300 mm 80 mm
Focal Plane Charged
Detector Type: Array (FPA) | Coupled Device
detector (CCD)

Cooling system

Liquid nitrogen

Thermoelectr

Number of pixels

1024

512x512
(256x85 binned

Spectral Range 1590-1690nm 755-785nm
Spectral Resolution| 0.82nm FWHM  0.46nm FHWM
Spectral Sampling 8 pixels/FHWM 6 pixels/FHWM
For exposure
Signal-to-Noise time 0.8s and
1000 4000
Ratio surface albedo
A=0.18
5.85° (CT,
Instantaneous 1.34° (CT) x | divided into 85
Field-of-View 0.02° (LT) pixel) x 0.072°
(LT)
50-80m (LT) 50-80m (LT) 4km flight
over land over land height, ground

Ground Projected

Co-Added Pixel Size

(albedo A=0.18)

4-5km (LT) over
water (A=0.01)

(albedo A=0.18)

4-5km (LT) over
water (A=0.01)

speed 300 km/h

(DLR Do 228

aircraft)

Table 1: MAMAp instrument technical specificati@amsl nominal performance.
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The spectrometer system is integrated by a device systdled “Observer”, that
provides information about the position of the aircraft @ane ground scene during the
measurement: a GPS positioning system provides accutatelda longitude and altitude
measurements; a triaxial gyro sensor records the oriemtaftithe aircraft; a digital imaging
interlined CCD camera coaxial to the spectrometer captusése images of the ground

scene, which can be used to extract information abofatcguspectral reflectivity, vegetation
biotype, cloud cover.

Both the spectrometer systems and the Observer aratacdtiby the same trigger
signal to obtain optimal synchronicity. Three autonompregessing units manage the data

readout and storage for the main subsystems (SWIRhehaxiR channel, Observer).

The main goal of the instrument is to measure the corate&m of greenhouse gases
below the aircraft. Measuring the radiation emitted lgy$lun and reflected by the surface of
the Earth performs this. The radiation, in fact, carfiesibformation on the total number of
molecules of each absorber it met along its path (cdiggd path from the top of the

atmosphere to the instrument.

Figure 4b: Zenith and nadir light paths and opecatimodes../denotes the solar irradiance,
A the surface albedo, and thedaFe transmittances in different parts of the atptere along

different light paths.

The problem is then how to separate the different contrisitio the absorption, one

by the molecules located under the aircraft and the éttwer all the rest of the atmosphere.
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This is done by measuring alternately with two different ngetvies: nadir-looking and
zenith-looking.

In nadir mode, the instrument is pointed directly towardsstiréace. The majority of
the photons coming directly from down below will have beemtted by the Sun (intensity
lo), gone through the atmosphere above the aircrafh @ transmissivityTs), then through
the atmosphere below the aircraft (transmissivity, reflected at the surface (angular
reflectivity or albedod) in the direction of the instrument, again through the gbimae T5)
and then detected. The rest of the photons will hawkengone multiple scattering and, as
such, have a different light path, but in this case tmeyoaly a small fraction of the whole
incoming radiation and can be neglected. The signal @etedtl be thenSiown= 10 T1 T2 A

Ts. But only T, andTs are relevant for this research.

In zenith mode, instead, the instrument is looking direabipve the aircraft with a
diffuser, so that the sunlight is measured directly. Thght path then will result ir§,, = lo
T;. We can assume that the transmissivity through the uatpssspherd; is the same for

nadir and zenith photons because solar rays run gavelen the solar zenith angle is small.
By taking the ratio

Sdown — IOT1T2 AT3

S T

up

= AT,T,

then the transmissivity below the aircr@fiiz is isolated. The factor A can be assumed

as a variation with a low spectral frequency, and as satrelevant for the DOAS retrieval.

The different components of the instrument have diffeopetation times, high- and
low resolution. Currently, in a measurement cycle oDZ6conds, the CH4/CO2 detector
measures 10 spectra, the O2A-band detector measuspec®a (because of the longer
readout times of the CCD sensor), the Observer systeards once the GPS and gyro
information and a digital picture. The rest of the time sdu® store the data on the on-board
hard disks.

This structure has been chosen to have repeated)yckssced measurements and
have a better signal-to-noise ratio than would be possitteonly one measurement. The 10
SWIR spectra, in fact, can be averaged together, andetulting spectrum be used for the
retrieval of the gas columns (low-resolution retrievat)from each single spectrum a column

value can be retrieved (high-resolution retrieval).
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Both modes have advantages and disadvantages. In &sel, che data points (the
spectra or the columns) have to be filtered for outlieds lzad data, and then averaged, to
reduce the background noise. Since the current metrdtd exclusion of unreliable data is
based on the fit residuum that is how different a medsspectrum is from the model, only
the column factors can be filtered, and not the spectomebthe fit. The high-resolution mode
then allows filtering out single measurements, and the otten still be averaged together,
instead of throwing away a full set of 10 spectra.

The exposure time can be changed to match the ilatioim (solar zenith angle) and
the surface albedo: till now 58 ms has been chosethéosummer flights, over land, 78 ms

for the autumn flights, over land, and 1.998 s for meaments over open water.
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4.2 Previouswork on MAMap data analysis

Bertagnolio has performed several analyses in his mtstsis “Mapping of Tropospheric
Greenhouse Gases using Airborne Near Infrared/Shoetivdkared Spectroscopy” to assess
the capabilities of the MAMap instrument, which is based diVADOAS v.HR-002 high
resolution retrieval algorithm.

Also a theoretical estimate of the signal-to-noise leseald the corresponding GHG
column retrieval precisions for the fast single deteat@douts (exposure timgg=58 ms)
has been carried out by Bertagnolio (2008: 112). Thdtsemte shown in Table 2.

p R S Sin Tofs
Surface Mean Mean | Mean Relative
Reflectance Radiance Signal SNR | Column Error
[-] [photons/ | |counts] -] (%]
s nm cm? ster]
x=ClIl 0.01 3.75E+11 821.08 | 24.93 10.24
0.02 T.50E+11 134215 | 49.43 b.16
0.05 1.87TE+12 | 2905.31 | 120.47 2.11
0.10 3.75E+12 | 5510.77 | 231.57 1.10
0.15 5.62E+12 | B116.08 | 334.81 0.76
0.20 7.50E+12 | 10721.53 | 431.39 0.58
0.40 1.50E+13 | 21143.07 | 767.14 0.33
x=C0, 0.01 3.84E+11 833.63 | 25.53 14.75
0.02 T.68E+11 1367.27 | 50.60 7.44
0.05 1.92E+12 | 2068.15 | 123.25 3.05
0.10 3.84E+12 | 5636.29 | 236.71 1.59
0.15 5.76E+12 | 8304.58 | 342.01 1.10
0.20 T.68E+12 | 10972.72 | 440.38 0.85
0.40 1.54E+13 | 21644.89 | 781.68 0.48

Table 2: Signal-to-noise estimates based on ingniraimulation valid forek;=58 ms.
(Bertagnolio, 2008)

From Table 2 it can be concluded that the theorettdf / CO2 column retrieval
precision due to instrument noise for an exposure th#ms (single, not co added detector
readout) and a surface albedo of 0.20, typical ofgeteded land ground scene, is on the order
of 1.03% for (in Tables 2 precision for the verticalwwohs are listedCH,: 0.58%, CO,:
0.85%). With 10 co-added detector readouts (typical tiperanode of MAMap resulting in
an total co-adding time of 0.58 sec = 0.058*10 sec)wsld imply a precision of 0.33%
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(1.03% /¥10). This is what the MAMap would achieve if the instrutngetector noise were
the only relevant noise contribution.

Bertagnolio analyzed three different flights where th&Nl&ap instrument measured
CH4 andCO; at an anthropogenic carbon dioxide source (SchwRurepe coal power plant),
a natural methane source (Zarnekow wetlands) and tiitialr methane source (Ketzin
experiment). Here the 10 SWIR spectra were nadaed to retrieve a single column value.
By analyzing these data he found out that the stardkar@tion of the retrieve@H, andCO;
columns of the single detector readouts and columnsratie often around 3-4% (for 58 ms
retrievals). With 10 co-added SWIR spectra this wouldltés a precision of ~1.1% (= 3,5%
/ ¥10), which is about a factor of 3 larger than theeexgd precision of 0.33 %. This is
illustrated in Figure 4c (source: Bertagnolio (2008)), rehi¢ is shown that for 58ms the
retrieval precision is often ~3% instead of the expgket®%, i.e., a factor of 3 larger than

expected from detector signal-to-noise considerations.
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MAMAP 20080624 ZARNEKOW-TRANSECTS_ALL CH,/CO,
SM: 1; FILT: SIG >2000; RMS CQO, < 3.30; RMS CH, < 3.54
: . —

20

10

+3.47%

+3.66%

,T'HArLSEGT 3-ALT: 397.L m; RMS: 0.88%; ERR: +3.23%
[t T

Total CH,/CO, Column Anomaly [%]
o

+3.38%

TRANSECT 5 - ALT: 1678.0 m; RMS: 0.84%; ERR: +3.05%

12.80 12.85 12.90 12.95 13.
Longitude [Deg]

w
S

Figure 4c: MAMap results from the flight over thardekow wetlands on 24-06-2008. Shown
is the relative anomaly of the retrieved £EO, column ratio. No data averaging has been
performed, and all valid data points are display@&te error range from the average value is
displayed in grey. The scatter (standard deviatimithe values in the different transects
ranges between 3.3% and 4.7% for single, not cedddetector readout Bertagnolio (2008).
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4.3 MAMap and the Smile-Effect

The algorithm of Buchwitz et al (2000), which has beppliad to MAMap in a modified
form, assumes that the instrument line-shape (ILS) imcof MAMAP is known and
constant. If the ILS would vary from measurement t@soeement this would result in high-
frequency variations of the retrieved GHG columns iditaah to random errors due to
instrument noise (main signal + dark current shot noiskeotletector). Significant variability
of the ILS could be caused by inhomogeneously refigcscenes and therefore due the
inhomogeneously illuminated slit of the spectrometer syskEEminhomogeneous scenes, i.e.
scenes where the surface reflectivity varies especiallghén cross-track direction, the

spectrometer entrance slit will not be homogeneously illuratha

- SmmSht - - SmmSlt >

e o

‘ i . e
N i
= b !
i 1
e L
Vo ar

[lununation 1 (slit center) [llunmunation 2 (slit edges/exterior)

Figure 5a: ZEMAX Simulation of the MAMap slit fupctunder 2 different illumination
conditions: illumination 1 (slit center, left pahand illumination 2 (slit edges/exterior, right
panel). Parameters: 8 mm slit height, 0.1 mm shitky simulation on 128x128 pixel grid.

(Gerilowski, 2009)

Depending on how the slit will be illuminated, the ILS is moged to change its shape, its
width, and its spectral position. These ILS variationsnateconsidered for current MAMAP
GHG retrievals. It cannot be excluded that the obse@#d@ variability of 3-5% (single 58
ms measurements not co-added detector readout), wehadout a factor 3 higher than the

expected retrieval precision of 1-2% estimated fromusited retrievals, is to a large extent
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caused by unaccounted ILS variations due to scene mimeity induced by the optical
Smile- and Keystone-distortion effects of the SpectromEtgure 5a and 5b show a ZEMAX

simulation of the MAMap slit function under the illuminatioonditions shown in Fig 5a.

! - . l
Slit image on detector (Illumination 1) Shit image on detector (Illumination 2)

Figure 5b: ZEMAX ray tracing analysis of the MAMslji image on the detector for
illumination 1 (slit center, left panel) and illumation 2 (slit edges/exterior, right panel).
Parameters: Detector height = 225 p, simulated bme 1x1 mm? on 128x128 pixels grid.

(Gerilowski, 2009)

The two tested illuminations where the slit center andlsoager areas are lighted and
one where the center is dark but the outer areasigited. These different illuminations

result in two different slit functions, which are presenteBigure 5c.

Simulated MAMap slit function

30

| = Wumingtion 1
| = Bumination 2

Figure 5c¢: Simulated slit function for two diffetellumination conditions. Integral of the ray
tracing simulation showed in Fig. 5b over the dagebigh of 225 p. (Gerilowski, 2009)
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Figure 5c shows that, depending on illumination; the slittion changes its shape, its
width and its spectral position. The shift changes wighdfposition across the slit (spatial
direction), due to the illumination of a scene. Thissealiby the Smile-Effect and it can be

observed on contour plots of te-A-Band on the MAMap CCD, shown in Figure 5d.

Smile
- le 1m:.....,.‘............,....,-...
EPESER) 7 ]
I/ [
g
Spatial E -
Pixels O
Speciral
Keystone ]
LAH AL ITRR AN\
- =
0.4 um : 1 um 0 0 100 150 200 260 300
Wavelength CCD column munber

Figure 5d: Comparison between distortion effeadt(ffrom: Fischer et al. 1998) and,®--

Band (right) with marked areas to indicate smilad&eystone effect.

Figure 5d not only shows a comparison between smilekapstone-error, two areas
(red and blue) symbolize that two integrals over thosesamauld result in different values.
The bending of the slit function is the reason for this, Wwhséca result of the Smile-Effect.
Also the keystone-effect is slightly observable anddscated with green lines. The detection
and quantification of the influence the smile-effect bashe GHG retrieval is the focus of
this thesis.

As stated before it was expected that because of thmee3 larger variability up to
about 89% of the retrieved GHf@riability could be explained by scene inhomogeneitys Th
would imply a correlation coefficient oR = 0.94 (as R = 0.89 can be interpreted as
“explained variance”). The expected 89% variability ori¢g@safrom the assumption that the

square of the observed standard deviation, i.e.llBerged variance, given by the sum of the

variances due to instrument noise (with standard deviato,,,.=1% and the

inhomogeneityo, .
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The inhomogeneity variance can be determined frons telation, which assumes

uncorrelated noise terms:

a(z)bs = a-l%loise + a-li ' (1)
From this equation it follows that the variance tbé inhomogeneity iso, = gx10%.
Comparing this variance with the total observedarare of o, =9 (x10%, i.e. 3%x3%)

quantifies the maximum value of the fraction ofigace due to inhomogeneity to the total
observed variance, i.e., the maximum value of theance, which is “explained” by scene

inhomogeneity. A can be interpreted as “explained valiance”, thiefong relation holds:

R?=—M =2 = 089. @)

The “explained variance” declares how much percent@eyviation of a dependent
variable is ascribable to an independent variabie root of the “explained varianc&® of
(2) delivers the correlatioR=0.94 which is “needed” to explain the factor of 3 tmtn

observed retrieval precision of ~3% instead of ~1%.
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5. Analysis of MAMap data

5.1 Objectives of thisthesis and selected approach

The flights that were analyzed by Bertagnolio showeat there is a standard deviation of
3.3% to 4.7%, for single (not co-added) detectadoaits with exposure time of 0.058 s, from
which the theoretical estimate of the signal-tosedevels can only describe 1%. A possible
explanation can be scenes of inhomogeneity, whitbctathe measurements. The main
objective of this thesis is to find out if the obsed higher than expected variability of the
retrieved GHG columns and column ratios is dueceme inhomogeneity.

Unfortunately this cannot be directly be investgghising MAMAPs GHG channel,
as this channel consists of a 1D linear detect@yawhich does not permit do obtain sub-
scene across-track information.

Fortunately, MAMAP is also equipped with a seconeafly) identically designed
spectrometer covering the-@-band spectral region at 760 nm with a 2D CCDedr, with
higher spatial resolution and sampling in the easttosck direction. These 2D CCD
measurements enable to investigate the Smile anpdtét@e-distortion effects and to derive
“Inhomogeneity Indices”IH;) for each measurement.

In this thesis the ©A-band CCD readouts have been analyzed by deriving
Inhomogeneity Indices and by correlating them il GHG retrievals in order to find out if
the expected correlation can be observed andsfpbssible to determine to what extent the
observed unexplained GHG excess variability caaxmained by scene inhomogeneity.

This work analyzes the flight from 24.06.2008, whiglas also analyzed by

Bertagnolio, to be able to compare the results.
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5.2 Discussion of CCD signals of the oxygen (O,-A-band) spectrometer

As stated before, the 2D CC,-A-Band is utilized to get information about the
inhomogeneity of a scene. Two examples for@aed-Band spectrometer follow, one with a
homogeneous scene (Figure 6a) and one with a mRomogeneous scene (Figure 6b). What
is shown in the two figures are contour plots @@h-A-Band CCD readouts.

The curved stripes in the right half of Figure 6a imdicating the Smile-Effect, which
is due to a shift and bending of the slit functioRse coefficient of inhomogeneity for Figure
6a (its precise definition is given in the next jotea) is close to zero, as it should be for a

homogeneous scene.

Contour plot of O,A-Band
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Figure 6a: Q-A-Band. Zarnekow wetlands, from 24.06.2008 at 832.8 o’clock. A very

homogeneous scene with = 0.02, i.e., a”Inhomogeneous Index” close to zero
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Figure 6b shows the CCD signals over an inhomogeneoene. As it should be the
Inhomogeneity Index significantly differs from zg{lél, = -0.44)for this scene Responsible

for such sceneries is a change of albedo insidedéee.

Contour plot of O,A-Band
100""|""|""|""|IIII
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Figure 6b: Q-A-Band. Zarnekow wetlands, from 24.06.2008 at 1'60.0 o’clock. A very

inhomogeneous scene witt, = -0.44.
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5.3 Definition of Inhomogeneity I ndices (I1H;)

Figure 7 shows the 2D CCD (256x85)-A-Band spectrometer. The areas, which are marked

red and blue, were used to calculate the differémimogeneity indices.

100
80 |

60 |

40

CCD row number

20

0 50 100 150 200 250 300

CCD column number

Figure 7: View of CCD array. Red (spectra 36-45)dotue areas (spectra 30-34 and 47-51)

were used to determine the inhomogeneity indi¢&$. (I

The specific areas were summed up and an arithmegan was built to have three
different factors, which represent the three af@as, Aoiue(30-34) Aoluea7-51). These areas were
chosen because they represent the (intensity v&dighta of a scene, which is mapped on the
CH4/CQ;, detector and accord to the simulation of the sliction, shown in Figure 5c.

The two inhomogeneity indiceébl; andIH, used in this study are defined as follows

_ |A\ed| - QA)Iue(30—34) ‘ + ‘A)Iue(47—51) ‘ )

IH, =
|Aed| + QAalue(30—34)‘ + ‘A\Jlue(47—51) D

®3)

IH, =|IH,| (4)
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As equations (3) and (4) shdtt; is standardized to -1 and +1 dht} is in the range 0 and 1.
Figure 6a and 6b show two examples whergwas used.

To be able to compare the calculated Inhomogenieijces of each scene it is
important to synchronize the scenes of tBgA spectrometer with the correct GHG
retrievals. To achieve that the GPS time, which Isgydtems have saved, were analyzed to be
able to synchronize inhomogeneity coefficients withe measurements. To reach
synchronization the first GPS time of the GHG mtal was compared with the equivalent
GPS time of thé,-A spectrometer. The resulting column number wasntalsethe start, so
that the following columns are always synchronized.

After the inhomogeneity indices were determined tnedsynchronization was done, a
comparison between them and the GHG retrievals plaited. The results are shown in

Figure 8a and 8b.

Comparison between GHG retrievals and inhomogeneity index IH;
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Figure 8a: Comparison between GHG retrieval anddmiogeneity index IH The entire
flight from 26.04.2008 over the Zarnekow wetlarsdshiown. The comparison does not show

any obvious correlation. No signal filters were dise
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Comparison between GHG retrieval and inhomogeneity |H; with Filters
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Figure 8b: As Figure 8a but with Filters: SIG > 200RMS CQ < 3.30%; RMS CHkl3.54%.

Again, no obvious correlation is observable.
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5.4 Correlation analysis of Inhomogeneity | ndiceswith GHG retrievals

To quantify the results a correlation analysis wased The correlation coefficieng,
indicates the strength and direction of a linedatronship between two random variables. In
this case a relationship between the GHG retrieaatiH; is checkedR is a scalar quantity
in the interval-1, 1] and is defined as the ratio of the covariancénefsample populations to
the product of their standard deviations:

S SR B

A value of R = +1 or R = -1 indicates a perfect fit to a positive or negafivieear model,
respectively. A value oR close tot1 or -1 indicates a high degree of correlation and a good
fit to a linear model. A value d® close to0 indicates a poor fit to a linear model. (Bronstein
et al., 2008)

For accurate analyzes it is important that the mmbgeneity indices and the GHG
retrievals are perfectly synchronized. To reviewsthan additional cross correlation was
performed. This gives the opportunity to shift beriables against each other so that a
possible better configuration is made visible. Axaraple was done fo€CH; and CO,
retrievals, which is shown in Figure 9. The shifindicated by the lag, which goes from —100
to +100 in this example. The Figure shows thd, and CO, are well correlated. The

correlation gets smaller as the shift (lag) getgda The cross correlation is defined as:

N-L-1

é (xk+M ‘;(ka _9) Lag<0
eI
Ruoss(L) = Nk_:o_(xk - ;<)(yk+L - }) Lag>0

J{Z(X _;)zﬁbk —9)2} B
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The correlation analyzes was done for different srethe GHG measurements.
Although the comparison shown in Figure 8a and &kschot show an observable correlation
there are specific areas where a bigger correlgtiobably exists. Those areas were analyzed

with cross correlation (see Figure 10 and 11).

Cross correlation between CH, and CO,
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Figure 9: Cross correlation between GEnd CQ for entire flight from 24.06.2008 over the
Zarnekow wetlands. The cross correlation uses driamg -50 to 50 and shows a perfect

correlation at lag = 0 with R=0.95.
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Cross correlation between CH,4 and inhomogeneity
at smaller measurement range
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Figure 10a: Cross correlation between ¢&hd inhomogeneity coefficient4Hvith lag from
-50 to 50, performed for the flight from 26.04.2@8&r Zarnekow wetlands at specific
measurements (from number 460 to 610). Best cdivelat lag 0. A Correlation is

observable but the correlation factor only is atR.28 with IH,.
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Cross correlation between CO, and inhomogeneity at smaller measurement
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Figure 10b: As 10a but for Gand IH.. Correlation is at R = 0.27 with IH
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Cross correlation between CH,4/ CO, ratio and inhomogeneity at smaller
measurement range
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Figure 10c: As 10b but for the GHCQ; ratio. Correlation is at R = 0.25 with IH
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Cross correlation between CH, ratio and inhomogeneity at smaller
measurement range
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Figure 11a: Cross correlation between ¢&hd inhomogeneity coefficient4Hvith lag from
-50 to 50, performed for the flight from 26.04.2@0&r Zarnekow wetlands at specific

measurements (from number 660 to 810). The coroelabefficient is at R = 0.25 with IH
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Cross correlation between CO, ratio and inhomogeneity at smaller
measurement range
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Figure 11b: As 11a but for Gand IH,. Correlation is at R = 0.14 with IH
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Cross correlation between CH,4 / CO, ratio and inhomogeneity
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Figure 11c: As 11b but for the GHCQ; ratio. Correlation is at R = 0.31 with IH
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5.5 Discussion of the Results

The results of the correlation analyses are predeimeTable 3. As it can be seen, all
correlation coefficients are quite smdR| < 0.32in all cases).

Cases 1-3 are valid for the entire flight perfornbgdVAMap on 24.06.2008 over the
Zarnekow wetlands. Shown are the results for ttreexeed CO, columns and their correlation
with the two Inhomogeneity Indicébl; andIH;, (Case 1). The correlation analysis results are
illustrated in Figure 8a. Case 2 shows the cornedipg results for the retrieve@H,
columns, and Case 3 for tl#, to CH4 column ratio.

As it is possible that retrieval artifacts fromg.e.too low albedo, adverse affect the
analysis, filtering criteria have been applied nswe that only those data are used where the
signal is above a given threshold (measured si§ifal> 2000 and a good spectral fit has
been obtainedRMS of the fit residuum better than 3.3% 60, and 3.54% foICH,). The
corresponding results are shown as Cases 4-6. Tieeinfy result in slight change of
correlation coefficients, but there still is neamy significant correlation between the
Inhomogeneity Indices and the retrieved GHG.

Further investigations were performed to see itgperandomly selected areas have a
higher correlation. Cases 7-9 are analyzes of thasorements from number 460 to number
610. For this measurement area cross correlatienpeegormed, foCH,, CO,, and theCHg/
CO, ratio. Case 7 shows an extension of the correldio that area tdR=0.28 which is
shown in Figure 10a. In Case 8 the cross corr@latias also performed fa€O, with a
correlation coefficient result dR=0.27 with IH,. Case 9 shows the correlation between the
CH,4 / CQ, ratio and inhomogeneity coefficield; with a correlation coefficient d®=0.25

In Case 10-12 the same proceeding was applied &ase 7-9 with nearly the same
result (see Table 3).

The specific areas (like in Cases 7-9 and 10-12yghat there are areas where a raise
of correlation is observable (highest correlatioithwR=0.31) but the resulting correlation
coefficients are all much smallefR( < 0.32) than the expected maximum correlation of
R=0.94 which would be needed to explain the factor dfigher variability of the retrieved

GHG columns and column ratios.
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MAMap correlation analysisresults

Correlation
coefficient R
: Specific :
Case Target Filter IH; IH, Range Figure

1 CGO, - 0.0213 | 0.0318 - 8a
2 CH, - 0.0120 | 0.0300 - 8a
3 CO,/ CH, - -0.0071 | -0.0410 - 8a

SIG > 2000,
4 CO, RMS < 3.30 0.0250 | 0.0163 - 8b

SIG > 2000,
5 CHy RMS < 3.54 0.0192 | 0.0074 - 8b

SIG > 2000,
6 CH,/CO, | RMSCQ@<3.3, | -0.0131 | -0.0351 - 8b

RMS CH < 3.45

7 CH, - 0.2769 | -0.3094 | 460-610 10a
8 CO, - 0.2654 | -0.3056 | 460-610 10b
9 CHs/ CO, - 0.2512 | -0.2674 | 460-610 10c
10 CHa - 0.2499 | -0.1366 | 660-810 1lla
11 CO, - 0.1374 | -0.1934 | 660-810 11b
12 | CHy/ CO - 0.3103 | -0.0639 | 660-810 1llc

Table 3: Summary of the MAMAP correlation analymswveen the Inhomogeneity Indices
and the retrieved GHG columns. Several correlatioalyzes have been performed (Case 1-
12) each with different setups. Cases 1-6 are taticen analyzes for entire flight from
24.06.2008 over Zarnekow wetlands with and wittsigrial filters (SIG=Signal, RMS=Root

Mean Square). Cases 7-12 are results for sub-gdteecsame flight.
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In summary, it was investigated in this thesisaérge inhomogeneity can explain a
large fraction of the observed GHG variability, bl expected high correlation between the
inhomogeneity indices and the GHG retrieval hashesn found. In the following potential

reasons for this finding are discussed.

Possible reasons why no significant correlation has been found:

Synchronization errors. A reason for the low correlation coefficient coudeé a wrong
synchronization of the compared data. To excludg, itrioss correlation was used to make
possible better configurations visible. As Figure3a-10c show, the best correlation is
reached at a lag of 0. Figures 1GHg) and 11b CO,) have better configurations at lag 43
but the ratiocCH4 / CO, (Figure 11c) has its best correlation again atlagherefore it can be
assumed that the synchronization is correct.

Analysis of all data and filtered data: Both filtered and not filtered data were used lideo
to make sure that, for example, scenes with vemyrieflectivity and therefore high noise, to
not spoil the analysis. It has however been fotwad the filtered and the not filtered data give

similar low correlation coefficients.

Analysis of the entireflight and parts of it: The degree of scene inhomogeneity depends on
the scene with varies along the flight track. Therefthe entire flight as well as specific parts
of it had been analyzed. The result is a significarge of the correlation in some areas (see
Figure 10 and 11). Nevertheless, all correlatioefticients found are much lower than

expected.

Other contributionsto the observed GHG variability: There might be additional “retrieval
noise” due to unconsidered variability of many paeters which are not considered by the
current MAMap retrieval algorithm, such as surfaedlectivity variability, variability of
temperature and pressure profiles, variability @fogols and clouds, etc. These errors have
not yet been quantified in detail but may also dbaote to some extent to the observed
retrieval noise. In this thesis it is assumed thatadditional retrieval noise is essentially zero
(see equation (1)). If the additional retrievalg®is significant, equation (1) is not valid and

needs to be modified by adding an additional vaearariable
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2 —_ 2 2 2
aobs - aNoise + UIH + UOther'

Including this additional term would lower the udéince ofo,, and may explain a significant

fraction of the observed variability. This is cliyaain aspect, which needs to be investigated in

detail in the future.

Definition of Inhomogeneity Indices. It cannot be excluded that the definition of the
inhomogeneity indices is not appropriate. The artesd, were chosen to define the indices,
represent the area of a scene, which is mappetieo@H,/CO, detector and accord to the
simulation of the slit function, shown in Figure. Stherefore this is a strong argument to
define the indices as they are. Nevertheless, yt Ineainteresting to continue this study using

differently defined inhomogeneity indices.

Different inhomogeneities at different wavelengths: The different spectral ranges (1590 —
1690nm forCH4 / CO; and 754 — 774nm for fpcould be the reason for the low correlation
coefficients, which have been found. Figure 12 shpwtures taken at different wavelengths.
As can be seen, the intensity and the homogeng&ryscene depend on wavelength. For this
thesis it was not assumed that variation of theragee albedos of the scenes in the two
spectral regions are correlated. It was howevarrmasd that the different spectral ranges, used
in both spectrometer systems, do not affect thenmdgeneity of a scene. It was assumed that
if a scene is inhomogeneous at one wavelengththiscene is also inhomogeneous at the
other wavelength. This is however not true undercatiumstances. Different terrain types
have different albedos and therefore different estiVities. This could affect the
Inhomogeneity Indices. It might be possible to stigate this using the photos MAMAP
takes during the flight of each scene. This requitemracterizing in detail the composition of
the surface of each scene and its albedo. Thisasaatask, which is beyond the scope of this

thesis.
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Figure 12: A photo of a grass area next to a stresken in different wavelengths. Upper
picture: Black/White at 850 nm. Lower picture: ~3BD0 nm(with permission from Roth
(2008)).

6. Conclusion and outlook

The Methane Airborne Mapper (MAMap) instrument, @hhas been built at IUP, University
of Bremen, in cooperation with the GFZ Potsdam,beeen specified to retriev@H; andCO;

at a horizontal resolution of ~100 m. First tegjhts have been performed and the in-flight
data have been analyzed using an initial retriedgbrithm, which permits the retrieval of
total columns ofCH, andCO;, with sufficient accuracy to assess the instrunpenformance.

It has been found that the instrument is very stald that the noise of the spectral
measurements is as specified. It has however @so found that the standard deviation of
the retrievedCH; and CO, columns and column ratios (without the normal ddiag of 10
single readouts) are often around 3-4% for the lsjngot co-added, detector readouts
(exposure time 58 ms), which is about a factor ofa@er than expected. A possible
explanation for this could be retrieval errors @by, for example, unaccounted variations
of the instrument line-shape (ILS) function duest®ne inhomogeneity caused by optical
effects such as the “Smile Effect”, which has bdmsaussed in chapter 4.2 and 4.3.

As the SWIR spectrometer (~1600 nm) used for thi&sGetrievals is only equipped
with a linear detector array, it is not possibleotuiain across flight track scene information.
MAMap is however also equipped with a similarly igeed second spectrometer covering
the 760 nm spectral regiorO{ A-band) with a 2D CCD array which provides this
information. Therefore, an analysis of theAband spectra was used to assess to what extent

the GHG retrievals are affected by scene inhomagene
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This has been investigated in this thesis. “Inhoemegty Indices” have been defined
and derived from theO.,-A-band spectra. The indices have been correlatétl the
independent GHG retrievals. It was expected theabse of the 3 times larger variability up
to about 89% of the retrieved GHf@riability could be explained by scene inhomoggnei
This would imply a correlation coefficient & = 0.94 (asR? = 0.89 can be interpreted as
“explained variance”).

The analysis has shown that the correlation isstoall to explain the 3-4% precision
of the measurement results, which were found bytageolio (see Figure 4c). Also areas
where a slight raise of correlation could be obsdrcannot explain the 2-3% higher
variability. Possible reasons for non-correlatioarevexcluded and discussed (see previous
chapter).

It could be shown that the inhomogeneity of a tasgene and therefore the Smile-
Effect contributes to the standard deviation 0f%8;4ut can only possibly explain a small

fraction of the observed variability. The possibdason for this is that it was assumed that
any additional “retrieval noiset,,, iS zero, because these additional errors haveyetot

been quantified in detail yet. This has to be itigased in detail in the near future so that it
can be quantified, for example, how fluctuationghi& terrain reflectivity affect the retrieval.
This work cannot exclude that the observed dewiatiare significantly caused by
scene inhomogeneity. However this work also capnote this. Another possible reason for
the finding is that the inhomogeneity of a scen&6tOnm is not well enough correlated with
the inhomogeneity of the same scene at 760nm. itpskis can be investigated by analyzing
the photos of each scene MAMap provides. This reguihat it is possible to classify each
terrain with high resolution and the reflection @weristics of the terrain types are known

with sufficient accuracy. This, however, is outloé scope of this thesis.
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