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Abstract

Methane (CH,) is a potent greenhouse gas with a radiative forcing efficiency 21
times greater than that of carbon dioxide (COg) and an atmospheric lifetime of
approximately 12 years. Although the annual global source strength of CHy is
fairly well constrained, the temporal and spatial variability of individual sources
and sinks is currently less well quantified. In order to constrain CH4 emission es-
timates, inversion models require satellite retrievals of XCH, with an accuracy of
< 1-2%. However, satellite retrievals of XCHy in the shortwave infrared (SWIR)
are often hindered by the presence of atmospheric aerosols and/or thin ice (cirrus)
clouds which can lead to biases in the resulting trace gas total column of comparable
magnitude. This thesis aims to quantify the magnitude of retrieval errors caused by
aerosol and cirrus cloud induced scattering for the Full Spectral Initiation Weighting
Function Modified Differential Optical Absorption Spectroscopy (FSI WFM-DOAS)

retrieval algorithm.

A series of sensitivity tests have been performed which reveal that a) for scenes
of high optical depth, accurate aerosol a priori data is required to reduce retrieval
errors, b) retrieval errors due to aerosol and ice cloud scattering are highly depen-
dent on surface albedo, SZA and the altitude at which scattering occurs and c)
errors induced in global retrievals by the presence of ice clouds (up to ~ 35%) are
significantly greater than those owing to aerosols (~ 1-2%). Cloud filtering is there-
fore important even when employing proxy methods. Furthermore, the original FSI
WEM-DOAS V2 algorithm (OFSI) has been successfully modified with improved a
priori albedo and aerosol, resulting in two new versions of the retrieval: MFSI and
GFSI. Initial comparison of OFSI, MFSI and GFSI retrievals of XCH4 over North
America show minor improvements in retrieval error, however further comparison

over regions of high optical depth are required.



Acknowledgments

Firstly I would like to thank my primary supervisor, Paul Monks, for his continued
support and advice over the course of my PhD. Paul has been the embodiment of en-
couragement and motivation whilst keeping a watchful eye on my progress. I would
also like to thank my secondary supervisor Hartmut Bosch who has spent many
hours explaining retrieval theory, discussing results and suggesting new directions

for my work; his enthusiasm for climate science has been a true inspiration.

Secondly I'd like to thank my colleague Rob Parker who, often entirely unprompted,
has offered his help and support. This has been particularly true in recent months
during which he has regularly given up valuable time to assist me with problem
solving and proof reading. Thanks also to my colleagues Austin Cogan and Alan
Hewitt, with whom I have often exchanged knowledge and ideas over the course
of my PhD. I would also like to thank my good friend and graphic artist Austin
Durose for his creative flair (and patience!) in turning several of my simple scien-

tific sketches into beautiful illustrations.

I would like to acknowledge Michael Buchwitz for the creation of the WFM-DOAS
retrieval algorithm, and Michael Barkley for the subsequent development of FSI
WFEFM-DOAS on which this thesis is based. I must also acknowledge Alexi Rozanov
for creation of the SCIATRAN radiative transfer model, Sander Houweling for pro-
ducing the CH, climatology used in this work, Debra Wunch for the use of TCCON
data, Angela Benedetti and Jean-Jacques Morcrette for their correspondence re-
garding GEMS data and the use of data from ECMWEF and NOAA.

Finally I would like to thank my parents, who have been consistently supportive
and encouraging throughout my university career. Without their love and support

I wouldn’t be where I am today.



Table of Contents

Chapter 1: Introduction . . . . . . . .. ... .. ... ... ..., . 20
1.1 Climate Change . . . . . . . . . . .. .. 20
1.1.1 Radiative Forcing and Global Warming Potential . . . . . .. 23

1.1.2  The Intergovernmental Panel on Climate Change . . .. . .. 23

1.2 Radiative Equilibrium of the Earth . . . . . .. ... ... ... ... 24
1.2.1 Blackbody Radiation . . . . . .. ... ... ... ... .. .. 24

1.2.2 A Basic Model of the Earth . . . . ... ... ... ... ... 24

1.3 The Greenhouse Effect . . . . . . ... ... ... ... ... 25
1.3.1 A Model of the Greenhouse Effect . . . . . .. ... ... ... 27

1.4 The Role of CHy in the Atmosphere . . . . . . . . ... ... ... .. 28
1.4.1 CHj Sources and Sinks . . . . . . . . ... 28

1.4.2  Trends in Atmospheric CH; Concentrations . . . . . .. . .. 30

1.4.3 Ground Based Remote Sensing . . . . .. ... ... ... .. 31

1.4.4 Satellite Retrievals of Total Column CH, . . . . . . . ... .. 32

1.5 Thesis Overview . . . . . . . . . . ... 38
Chapter 2: Remote Sensing of CH, . . . . . . . ... ... ... ..... 40
2.1 Imtroduction . . . . . . . . . ... 40
2.2 Satellite Remote Sensing . . . . . . . . .. ... L. 40
2.3 Molecular Spectroscopy in the SWIR . . . . .. ... ... ... ... 43
2.3.1 Vibration-Rotation Transitions . . . . . . ... ... ... .. 44
2.3.2 (CO3 and CHy Absorption Bands . . . . . ... ... .. ... 45

2.4 Basic Radiative Transfer and DOAS Retrieval Theory . . . . . . . .. 45
2.4.1 Basic Radiative Transfer . . . . . . ... ... ... ... ... 46
2.4.2 Differential Optical Absorption Spectroscopy (DOAS) . . . . . 48
2.4.3 Spectral Fitting . . . . . .. ... oo 49

2.4.4 Implementing DOAS in the SWIR. . . . . .. ... ... ... 51



TABLE OF CONTENTS 2

2.4.5  Weighting Function Modified Differential Optical

Absorption Spectroscopy (WFM-DOAS) . . ... ... .. .. 51

2.4.6 Full Spectral Initiation (FSI) WFEM-DOAS . . . . . ... ... 54

2.5 Scattering by Aerosols in the SWIR . . . . . . . ... ... ... ... 54
2.5.1 Defining Atmospheric Aerosol . . . . . . . .. ... ... ... 54
2.5.2 Sources ... ... 55
253 Sinks . ... 56
2.5.4 Scattering Properties of Aerosols . . . . . .. ... ... ... 56

2.6 Scattering by Clouds in the SWIR . . . . . . ... ... ... ... .. 60
2.6.1 Scattering Properties of Clouds . . . . .. ... ... ... .. 60
Chapter 3: FSI for the Retrieval of CH; from SCIAMACHY . . . .. 63
3.1 The SCIAMACHY Instrument . . . . . . . ... ... ... ...... 63
3.1.1 Introducing SCTAMACHY . . . . .. ... ... ... ..... 63
3.1.2  Orbit and Viewing Geometry . . . . .. .. .. .. ... ... 64
3.1.3  Spectral Coverage . . . . . . . . . ... 66

3.2 Calibration of SCTAMACHY L1B Data . . . . . ... ... .. .... 67
3.2.1 Non-Linearity in the SWIR Channels . . . . . . ... ... .. 67
3.2.2 Dark Signal and Leakage . . . . . . . ... ... ... ... .. 69
3.2.3 Pixel ToPixel Gain . . . . . . ... .. ... ... ....... 70
3.24 Dead and Bad Pixels . . . ... ... ... ... ... ... 70

3.3 FSI WFM-DOAS for the Retrieval of CH, . . . . . . . .. ... ... 70
3.3.1 An Overview of FSI WFM-DOAS V2 . . . . .. ... .. ... 71
3.3.2  The Proxy Approach for CH; Column Normalisation . . . . . 71
3.3.3 Trace Gas Climatologies . . . . . ... ... .. ... ..... 73
334 Albedo . . . . . ... 74
3.3.5  Spectroscopy . . . ... 75
3.3.6 ECMWF Meteorology . . . . ... ... ... ... ...... 75
3.3.7 Radiative Transfer using SCTATRAN 2.2 . . . . .. ... ... 78

3.4 Sources of Retrieval Error . . . . . .. ... 79
3.4.1 Instrument Noise . . . . . . . .. .. ... ... .. ...... 79
3.4.2  SpectroScopy . . . ... 80
343 Albedo . . . . .. .. 80
3.4.4 SZA . .. 81
3.4.5 Aerosols and Cirrus Clouds . . . . ... ... ... ...... 81

3.4.6 Quantifying Error Sensitivity . . . . . ... ... ... .. 82



TABLE OF CONTENTS 3

Chapter 4: The Effect of Aerosols and Cirrus Clouds on Atmospheric

Retrievals of CH, . . . . . . . . . . . . . . 84
4.1 Introduction . . . . . . . . ... 84
4.2 Simulation 1: Quantifying the Effects of
Inaccurate A Priori Data . . . . . . . . ... ... . L. 85
4.2.1 Simulated SCTAMACHY Spectra . . . . . ... ... .. ... 85
4.2.2  FSI Retrieval Aerosol Scenarios . . . . . . .. ... ...... 88
423 Results. . . . .. . 88
4.2.4  Summary of Simulation 1 . . . . . ... ... ... ... ... 94
4.3 Simulation 2: Effect of a Basic Aerosol/Cloud Layer . . . . . . . . .. 95
4.3.1 Defining a Simple Scattering Layer . . . . . .. .. ... ... 95
4.3.2 Determining the Angstrom Exponent . . . . . . . . ... ... 96
433 Results. . . . .. . .. 97
4.3.4 Discussion . . . . . . ... 98
4.3.5 Summary of Simulation2 . . . ... ... ... ... 107
4.4  Simulation 3: Global Aerosol and Cloud
Sensitivity Tests . . . . . . . . ..o 108
4.4.1 Simulation of Atmospheric Aerosol . . . . ... .. ... ... 109
4.4.2 Simulation of Ice Clouds . . . . . . .. ... ... ... .... 111
4.4.3 Trace Gas Profiles . . . . .. ... .. ... ... ... ..., 115
4.4.4 Surface Albedo . . . . . . .. ... 116
4.45 UTC Time Zones . . . . . . . . . . . . i .. 117
44.6 Results. . . . . .. . ... 118
4.4.7 Summary of Simulation 3 . . . . .. ... 130
4.5 Summary ... ... 131

Chapter 5: FSI WFM-DOAS Retrievals of CH, over North America 133

5.1

5.2

5.3
5.4

Introduction . . . . . .. ..o 133
5.1.1 MODIS Albedo Modifications . . . . ... ... ... ..... 134
5.1.2  GEMS Aerosol Modifications . . . . ... ... ... ... .. 136
FSI WEM-DOAS Retrievals over North

America for 2004 . . . ... 137
5.2.1 Data Filtering . . . . . . ... ... o0 137
5.2.2  Gridded Monthly Mean CH,4 over North America . . . . . . . 141
5.2.3 Monthly Mean Retrieved CHy Comparison . . . . . .. .. .. 148
Validation with TCCON FTS from Park Falls . . . . ... ... ... 149

Summary ... oL 152



TABLE OF CONTENTS 4

Chapter 6: Conclusions . . . . . . . ... ... ... ... .. ....... 154
6.1 Thesis Achievements . . . . . . . . . . ... ... ... 154
6.1.1 FSI WFM-DOAS V2 Algorithm Modifications . . . . . . . .. 154
6.1.2 Outcome and Impact of Sensitivity Tests . . . . . . . . . . .. 155
6.1.3 FSI WEM-DOAS V2 Retrievals . . . ... ... ... ..... 156

6.2 Future CH, Satellite Missions . . . . . . . . . . . . . . ... ..... 158
A Basic Molecular Spectroscopy . . . . . . . ... 160
Al Rotational Transitions . . . . . . .. ... ... ... ..... 161

A2 Vibrational Transitions . . . . . . . . ... ... ... ..... 162

A3 Vibration-Rotation Transitions . . . . . ... ... ... ... 162

B SCIATRAN 2.2 . . . . . 163
C  Retrieval Parameters and Data . . . . . ... ... ... ... .... 165

References . . . . . . . 174



List of Tables

1.1

1.2

1.3

2.1

3.1
3.2

3.3

Spectral classification schemes for the infrared (IR) spectral region.
The three schemes presented here are the German Institute for Stan-
dardization (DIN) IR scheme, the Sensor Response scheme described
by Miller (1994) and the French International Organization for Stan-
dardization (ISO) scheme 20473. *MWIR and LWIR are often re-
ferred to as thermal infrared (TIR) . . . . ... ... ... ... ...
Natural and anthropogenic sources of methane listed in order of mag-
nitude [Denman et al. (2007)]. *Biogenic processes. . . . . ... ...
Details of space-based instruments from which retrievals of atmo-
spheric CH4 have been performed. *Instruments which are sensitive
to the troposphere. {IASI and TES retrievals are weighted towards
the mid-troposphere however IASI has the potential to determine

near-surface information also. . . . . . . . . .. ... ...

Parameters characterizing 9 GEMS aerosol types, including minimum
and maximum radii (7min and rpayx), mode 7, and standard deviation
0,4 of the log-normal distribution of radii. The source of each aerosol
type and suitable refractive index (RI) profiles (for use in Mie cal-
culations) are also provided for each case. Parameter values were
obtained via personal correspondence with J-J. Morcrette from the
GEMS project. . . . . ...

Spectral coverage and resolution of SCTAMACHY’s eight channels.
Calibration options available in the Scial.lc tool for the calibration of
SCIAMACHY L1b data along with a description of each correction.
If available, maximum errors have been given in binary units (BU)
[Lichtenberg (2006); Scherbakov (2009); Kleipool (2002)]. . . . . . . .
Details of measurement states during which dark signal measurements

are performed, along with their corresponding PET values. . . . . . .



LIST OF TABLES 6

3.4 The range of acceptable values of the SCIAMACHY signal, dark cur-
rent (DC), standard deviation of the dark current opc and shot noise,
that constitute the manual bad pixel mask. For a given spectral point,
if any of the stated thresholds are exceeded the point is classified as
a bad pixel and subsequently ignored in the retrieval. . . . . . . . .. 70

3.5  Summary of meteorological and trace gas climatologies used by the

FSI WEM-DOAS V2 retrieval. . . . . . . ... ... ... ... ... 74
3.6 Percentage difference between the unperturbed retrieved XCH, and
true XCHy (1774 ppb) for eight different scenarios. . . . . . . .. .. 82

3.7 Pressure profile error budget. Difference in XCH, [%] between re-
trievals where the a priori pressure profile was scaled by the amount
shown at the top of each column and an unperturbed case. . . . . . . 83

3.8 Temperature profile error budget. Difference in XCHy [%] between
retrievals where the a priori temperature profile was scaled by the

amount shown at the top of each column and an unperturbed case. . 83

4.1 Parameters used to define 64 atmospheric scenarios for the simulation
of SCIAMACHY spectra; a priori XCHy, SZA, surface albedo and
aerosol properties (boundary layer (BL) visibility, tropospheric (TR)
visibility and humidity). . . . . .. ... ..o oo 86
4.2 Parameters used to define aerosol scenarios for the 80 FSI WFM-
DOAS V2 retrievals performed for each of the 64 simulated SCIA-
MACHY spectra defined in Table 4.1. . . . . . .. ... .. ... ... 88
4.3 Physical and optical properties of a simple aerosol/cloud layer for the
simulation of spectra using SCIATRAN 2.2. The layer was simulated
as 1 km thick in all cases, therefore for the scenario where the aerosol
layer top altitude is 1 km, the scattering layer occupies the entire
atmospheric region from 1 km down to the Earth’s surface. . . . . . . 96
4.4 Comparison of the set-up of Simulation 3 detailed in this section with
an existing study by Butz et al. (2010). . . . . . . ... ... ... .. 129

5.1 Filter 1; thresholds for SZA, albedo, latitude and longitude used to
filter out anomalous FSI WFM-DOAS V2 retrievals of CHy. . . . . . 137
5.2 The error [%] incurred in CO, and CH, retrieved VCDs for SCIA-
MACHY scenes corresponding to low/high SZA and albedo. The re-

1
; : ; — gcoz 2 ocma )2 |2
sulting combined error on XCHy, given by oxcna = |(3382%;)° + (3¢pss)?|

is shown in the final column. . . . . . . . . . . . ... ... ... 139



LIST OF TABLES 7
B1 Description of specialised parameters required as input into SCIA-
TRAN. . . 164



List of Figures

1.1

1.2

1.3

1.4

1.5

1.6

1.7

Periodic variations in deuterium (dD; black), a proxy for local tem-
perature, and the concentrations of atmospheric trace gases COq
(red), CHy (blue) and NoO (green) over the last 650 kyrs determined
primarily from ice core measurements (figure taken from [Jansen et al.
(2007)]). Benthic 6’0 from marine records (grey; a proxy for changes
in global ice volume) is also shown. . . . . . ... ... ... .. ...
Atmospheric concentrations of the three main anthropogenic GHGs
over the last 2000 years (figure taken from Forster et al. (2007)). The
sharp increase in all three species from around 1750 onwards is due to
the rise in anthropogenic emissions resulting from industrialisation.
Concentrations are stated in parts per million (ppm) for COy and
N,O and parts per billion (ppb) for CHy. . . . . . . . ... ... ...
A simple model of the radiation exchange between the Sun and Earth
(figure produced by A. Durose and D. Knappett). . . . . .. ... ..
A simple model of the Greenhouse Effect (figure produced by A.
Durose and D. Knappett). . . . .. ... ... ... ... ... ..
Growth rate of CH, over the last two decades as determined from the
assimilation of air flask measurements from NOAA into an inversion
model (figure taken from Bousquet et al. (2006)). Black indicates the
global growth rate, whilst the southern hemisphere is shown in blue,
the tropics in red and the northern hemisphere in green. El Nino
events are indicated in light grey whereas dark grey highlights the
period following the eruption of Mount Pinatubo in 1991. . . . . . . .
TCCON observation sites accurate as of 30/04/2010 (figure obtained
from https://tccon-wiki.caltech.edu/). . . . . . ... . .. ...
2004 yearly average of methane total column XCH, retrieved using
WEFM-DOAS version 1.0 (figure taken from Schneising et al. (2009)).

25

27



LIST OF FIGURES

1.8 Two-year mean total column XCHy retrieved from SCIAMACHY
data from 2003-2004 using IMAP-DOAS (figure taken from Franken-
berg et al. (2006)). Data is shown on a 0.5° x 0.5° grid. . . . . . . ..

1.9 Yearly average of total column XCHy retrieved using IMAP-DOAS
with (top) an updated HyO spectroscopy and (bottom) the corre-
sponding difference between retrievals performed both with and with-

out the spectroscopic update applied (figures taken from Frankenberg
et al. (2008a)). . . ...

2.1 Typical atmospheric pressure and temperature profiles derived from
the US standard atmosphere (figure taken from Gottwald et al. (2006)).
Note the log scale on the x-axis, indicating that pressure decreases
exponentially with altitude. . . . . . . ... ...

2.2 Energy level diagram for vibrational (v) and rotational (J) transi-
tions, showing the P, Q and R branches of coupled vibration-rotation
transitions (figure produced by A. Durose and D. Knappett). . . . . .

2.3 Absorption spectra for CO; (top) and CHy (bottom), focusing on the
wavelength windows used for trace gas retrievals within this thesis.
In each case, atmospheric transmission was obtained by running the
SCIATRAN radiative transfer model both with and without the trace
gas present and then calculating the difference. . . . . . . . . . . . ..

2.4  Ensemble averaged extinction cross-section per particle (o.), single
scattering albedo w and asymmetry parameter g derived from Mie
theory for the 9 GEMS aerosol types. Parameters are given for wave-
lengths corrsponding to the centre of the CO, and CHy retrieval win-
dows (1570 nm and 1650 nm respectively) as well as for a reference

wavelength of 550 nm. . . . . . . .. ..o

3.1 Spectral regions observed by both GOME and SCIAMACHY (fig-
ure taken from BREMEN). Note that CO, and CHy were originally
intended to be retrieved from the SWIR (~ 2 pum) however due to
problems with the detectors covering this spectral range, these re-
trievals are instead performed using spectral windows around 1.57
pm and 1.65 pm respectively. . . .. ..o oL

3.2 The three observational modes of SCIAMACHY; nadir(1), limb (2)
and solar(/moon) occultation (3) (figure taken from Gottwald et al.

(2006)). . o o



LIST OF FIGURES

10

3.3

3.4

3.5

4.1

4.2

4.3

Spectra from various stages of a typical FSI WFM-DOAS V2 spectral
fit. Spectral panels in order from the top: SCIAMACHY manually
calibrated signal; High resolution FSI reference spectrum simulated
by SCIATRAN overlaid with the same spectrum convolved with the
SCIAMACHY instrument slit function; WFM-DOAS fit (with the
original SCTAMACHY spectrum for comparison); WFM-DOAS fit
residual. Gaps in the spectra indicate where spectral points have
been omitted due to either being flagged as dead pixels in the SCIA-
MACHY L1b product, or removed by the manual bad pixel mask (see

Section 3.2.4). . . . ...

Flowchart portraying the progression of the FSI WFM-DOAS V2
retrieval algorithm. Fully calibrated spectra are required to obtain
mean spectral intensity which is used in conjunction with SZA to de-
termine the albedo of a scene; the manually calibrated SCTAMACHY

signal is used for retrievals since a better dark correction is achieved.

Diagram to illustrate the improved interpolation of ECMWF profiles
to an observed location. Geometric heights were added to original
ECMWF altitude profiles corresponding to a regular grid (indicated
in black) in order to create profiles of altitude that were relative to
sea level (shown in red). A new altitude profile was then created
for the observed location (with surface geometric height As) onto

which the corner profiles could then be correctly interpolated (figure

produced by A. Durose and D. Knappett). . . . . .. ... ... ...

AVIRIS surface albedo profiles for the wavelength range 0.4-2.5 pm.

Right hand side panel shows the wavelength region encompassing

both the CO5 and CHy retrieval windows. . . . . . . . . . ... ...

SCIATRAN extinction profiles for a BL visibility of 23 km and a TR
visibility of 50 km, spanning the BL (0-2 km) and TR (3-10 km)
for both rural (solid line) and urban (dotted line) BL aerosol types.
The top panel shows extinction profiles for the four different humidity
values (0%, 70%, 80% and 99%) whereas the lower panel shows the

difference between the extinction in each case minus the extinction

at 0% humidity. . . . . . . . ..

Sensitivity tests for a low aerosol loading scenario (rural aerosol,

Tsim = 0.0385) as a function of 7., (optical depth for FSI reference

spectrum), for SZAs of 20°, 60° and 70°. . . . . ... ... L.

73

7



LIST OF FIGURES 11

(a) a=0.27,SZA =20° . . . . ... 91

(b) a=0.34, SZA =20° . . . . . ... 91

() a=0.27,SZA =60° . . . . . . . ... 91

(d) a=0.34, SZA = 60° . . . . .o 91

() a=0.27,SZA =T70° . . . . . ... 91

(f) a=0.34,SZA =T70° . . . .. . ... 91
4.4 Sensitivity tests for a moderate aerosol loading scenario (urban aerosol,
Tsm = 0.235) as a function of 7. (optical depth for FSI reference

spectrum), for SZAs of 20°, 60° and 70°. . . . . ... ... 92

(a) a=0.15, SZA = 20° . . . . ... 92

(b) a=0.23,SZA =20° . . . . .. .. 92

() a=0.15,SZA =60° . . . . ... ... 92

(d) a=0.23, SZA =60° . . . . . . ... 92

() a=0.15,SZA =T0° . . . . . 92

(f) a=0.23, SZA =T70° . . . . . . ... 92
4.5 Sensitivity tests for a high aerosol loading scenario (urban aerosol,
Tsm = 1.11) as a function of 7y (optical depth for FSI reference

spectrum), for SZAs of 20°, 60° and 70°. . . . . ... ... 93

(a) a=0.15, SZA = 20° . . . . 03

(b) a=0.23,SZA =20° . . . . ... 03

(€) a=0.15, SZA = 60° . . . . . . 93

(d) a=0.23, SZA =60° . . . . . ... 93

() a=0.15,SZA =T70° . . . . . . ... 93

() a=023,SZA =T70° . . . . .. 93
4.6 Aerosol basic layer XCH, plotted against optical depth for (a) grass-
land/bare and (b) wetland /evergreen needleleaf forest albedo scenar-
ios. The control run in each case is denoted by a red cross. For

reference, a red dotted line indicates where AXCH, = 0%. . . .. .. 102

(a) AXCH, for aerosol scenarios of high albedo. . . . . .. .. ... 102

(b) AXCHy, for aerosol scenarios of low albedo. . . . . ... . ... 102
4.7 Cirrus cloud basic layer XCHy plotted against optical depth for (a)
grassland/bare and (b) wetland/evergreen needleleaf forest albedo
scenarios. The control run in each case is denoted by a red cross. For

reference, a red dotted line indicates where AXCH, = 0%. . . .. .. 103

(a) AXCHy, for cirrus cloud scenarios of high albedo. . . . ... .. 103

(b) AXCHy, for cirrus cloud scenarios of low albedo. . . . . . . . .. 103



LIST OF FIGURES 12

4.8 Aerosol basic layer oxcny plotted against optical depth for (a) grass-
land/bare and (b) wetland /evergreen needleleaf forest albedo scenar-

ios. The control run in each case is denoted by a red cross. For

reference, a red dotted line indicates where oxcaa = 0%. . . . . . .. 104
(a) oxcna for aerosol scenarios of high albedo. . . . . . .. ... .. 104
(b)  oxcna4 for aerosol scenarios of low albedo. . . . . . .. ... ... 104

4.9 Cirrus cloud basic layer oxcus plotted against optical depth for (a)
grassland/bare and (b) wetland/evergreen needleleaf forest albedo

scenarios. The control run in each case is denoted by a red cross. For

reference, a red dotted line indicates where oxcms = 0%. . . . . . . . 105
(a) oxcna for cirrus cloud scenarios of high albedo. . . . . . .. .. 105
(b)  oxcna for cirrus cloud scenarios of low albedo. . . . . . . . . .| 105

4.10 Spectral comparison for an aerosol layer simulated at altitudes of (a)
1 km, (b) 3 km, (c) 6 km and (d) 9 km. In all cases 7 = 1, SZA = 20°
and surface albedo = 0.34 (AVIRIS grassland). In each plot, the top
panel shows the high resolution simulated SCTAMACHY spectrum,
the high resolution FSI reference spectrum and the convolution of the
reference spectrum with the SCTAMACHY instrument line shape.
The second panel shows the difference between the high resolution
simulated and reference spectra. The third panel shows the convolved
simulated and reference spectra along with the WFM-DOAS fit (the
simulated spectrum is overlaid by the WFM-DOAS fit). The fourth
panel shows the RMSE residual of the WFM-DOAS fit. In each case

the proxy method normalised XCH, is given, along with the surface

pressure normalised XCHy in brackets. . . . . . . ... .. ... ... 106
(a) 1 km: XCHy= 1787 ppb (1797 ppb). . . . . . . .. .. .. ... 106
(b) 3 km: XCHy= 1909 ppb (1541 ppb). . . . . ... ... .. ... 106
(¢) 6 km: XCHy= 2181 ppb (1068 ppb). . . . . .. ... ... ... 106
(d) 9 km: XCHy= 2656 ppb (742 ppb). . . . . . ... ... .. ... 106

4.11 AOD simulated at 1650 nm, calculated from GEMS aerosol MMR for
the first day of months January, April, July and October 2004. Data
is given on a 1.125° x 1.125° grid. . . . . . . . . .. ... 110
(a) Simulated AOD (01/01/2004) . . . .. .. ... ... ... ... 110
(b) Simulated AOD (01/04/2004) . . . . . . ... ... .. ... .. 110
(¢) Simulated AOD (01/07/2004) . . . . . . . ... ... ... ... 110
(d) Simulated AOD (01/10/2004) . . . . . . .. ... ... ... .. 110



LIST OF FIGURES 13

4.12

4.13

4.14

4.15

4.16

Simulated ice COD calculated from GEMS cloud ice MMR. Data is

gridded on a 1.125° x 1.125°scale. . . . . . . . .. .. .. ... ... 115
(a) Simulated ice COD (01/01/2004) . . . . . ... ... ... ... 115
(b) Simulated ice COD (01/04/2004) . . . . ... ... ... ..., 115
(¢) Simulated ice COD (01/07/2004) . . . . . ... ... ... ... 115
(d) Simulated ice COD (01/10/2004) . . . . . ... ... ... ... 115
Ice COD corresponding to user defined SCIATRAN 2.2 cloud profiles.

Data is gridded on a 1.125° x 1.125%scale. . . . . . . . .. ... ... 116
(a) Ice COD for SCIATRAN (01/01/2004) . . . ... ... .. ... 116
(b) Ice COD for SCIATRAN (01/04/2004) . . . . . . ... .. ... 116
(c) Ice COD for SCIATRAN (01/07/2004) . . . . . ... ... ... 116
(d) Ice COD for SCIATRAN (01/10/2004) . . . . . . . .. .. ... 116

Global XCO, calculated from CarbonTracker profiles used for the
simulation of SCTAMACHY spectra for January, April, July and Oc-

tober 2004. Data is gridded on a 1.125° x 1.125% scale. . . . . . . .. 117
(a) Simulated XCO5 (01/01/2004) . . . . .. ... ... ... ... 117
(b) Simulated XCOy (01/04/2004) . . . . . . ... ... ... 117
(¢) Simulated XCOq (01/07/2004) . . . . . ... ... ... ... 117
(d) Simulated XCOy (01/10/2004) . . . . . . . .. ... 117

Global XCHy calculated from TM3 profiles used for the simulation
of SCTAMACHY spectra for January, April, July and October 2004.

Data is gridded on a 1.125° x 1.125° scale. . . . . . . . . . ... ... 118
(a) Simulated XCH, (01/01/2004) . . . . . . ... ... ... ... 118
(b) Simulated XCHy (01/04/2004) . . . . . . . ... ... ... ... 118
(¢c) Simulated XCHy (01/07/2004) . . . . . . . . .. ... ... ... 118
(d) Simulated XCHy (01/10/2004) . . . . . . . . ... ... ... .. 118

Retrieved XCHy (left) and AXCH, (right) for a background scenario,
simulated for the first day of months January, April, July and October
2004 (top to bottom). Data is gridded on a 1.125° x 1.125° scale. . . 119

(a) FSI retrieved XCHy (01/01/2004) . . . o oot 119
(b) AXCHy (01/01/2004) . o oo oo 119
(¢c) FSIlretrieved XCHy (01/04/2004) . . . . . . . . ... . ... 119
(d) AXCHy (01/04/2004) . . . ..o 119
(e) FSIretrieved XCHy (01/07/2004) . . . . . . . . ... ... ... 119
()  AXCH,y (01/07/2004) . . o oo 119
(g) FSIretrieved XCHy (01/10/2004) . . . . . . . . ... ... .. 119



LIST OF FIGURES 14

(h) AXCH; (01/10/2004) . o o v oo 119
4.17 Retrieved XCHy (left) and AXCHy (right) for the aerosol scenario,
simulated for the first day of months January, April, July and October

2004 (top to bottom). Data is gridded on a 1.125° x 1.125° scale. . . 120

(a) FSI retrieved XCHy (01/01/2004) . . o o o oo oot 120

(b) AXCH, (01/01/2004) . . . oo 120

() FSI retrieved XCHy (01/04/2004) . . . . oot 120

(d)  AXCHy (01/04/2004) . o o oo 120

(e) FSIretrieved XCHy (01/07/2004) . . . . . . . ... . ... 120

(f)  AXCH, (01/07/2004) . o oo oo 120

(g) FSIretrieved XCHy (01/10/2004) . . . . . . ..o oo oL 120

(h)  AXCHy (01/10/2004) . o o oo 120
4.18 Retrieved XCHy (left) and AXCH,4 (right) for a cirrus cloud scenario,
simulated for the first day of months January, April, July and October

2004 (top to bottom). Data is gridded on a 1.125° x 1.125° scale. . . 121

(a) FSIretrieved XCHy (01/01/2004) . . . . . . . ... ... ... 121

(b) AXCH, (01/01/2004) . o o v oo 121

(c) FSIretrieved XCHy (01/04/2004) . . . . . . . . ... ... 121

(d) AXCH, (01/04/2004) . . . .o 121

(e) FSIretrieved XCHy (01/07/2004) . . . . . . . .. ... .. ... 121

(f)  AXCHy (01/07/2004) . o oo 121

(g) FSIretrieved XCHy (01/10/2004) . . . . . ... ... .. ... 121

(h)  AXCH, (01/10/2004) . . . .o oo 121
4.19 Retrieved XCHy (left) and AXCHy (right) for a combined aerosol and
cirrus cloud scenario, simulated for the first day of months January,
April, July and October 2004 (top to bottom). Data is gridded on a

1.125° x 1.125%scale. . . . . . . ..o 122

(a) FSI retrieved XCHy (01/01/2004) . . . o oo oo 122

(b) AXCH, (01/01/2004) . . . oo 122

(¢c) FSIretrieved XCHy (01/04/2004) . . . . . . . ... ... ... 122

(d)  AXCHy (01/04/2004) . o oo 122

(e) FSIretrieved XCHy (01/07/2004) . . . . . . . . ... ... 122

(f)  AXCHy (01/07/2004) . . . . oo 122

(g) FSIretrieved XCHy (01/10/2004) . . . . . . . . ... .. ... 122

(h)  AXCH, (01/10/2004) . . . o oo 122



LIST OF FIGURES 15
4.20 Histograms for the altitude of peak optical depth for simulated (a)
aerosols and (b) ice clouds for January, April, July and October 2004
(from the combined aerosol and cirrus cloud run). Note the y-axis

utilises a log scale for altitude. . . . . . . ... ... ... 125

(b) Aerosol peak altitude . . . . . . ... 125

(¢) Icecloud peak altitude . . . . . ... ... ... ... 125
4.21 Scatter plots of AXCHy from Oct 2004 against SZA for (a) back-
ground, (b) aerosol, (c) ice cloud and (d) aerosol + ice cloud simula~

tion scenarios. . . . . . ..o 126

(a) Background . . . ... ... 126

(b) Aerosol . . . ... 126

(¢) Icecloud. . . . ... .. 126

(d) Aerosol +icecloud . . . . . ... 126
4.22 Scatter plots of AXCH, against CH, surface albedo estimation error
for (a) background, (b) aerosol, (c) ice cloud and (d) aerosol + ice

cloud simulation scenarios for Jan 2004.. . . . . . . ... ... 127

(a) Background . . . ... ... 127

(b) Aerosol . . . ... 127

(¢c) Icecloud. . .. ... .. L 127

(d) Aerosol +icecloud . . . . .. ... 127
4.23 Scatter plots of AXCH, against AOD [(a), (c), (e) and (g)] and ice
COD [(b), (d), (f) and (h)] for the months January, April, July and

October of 2004 respectively. . . . . . . . . . ... ... 128

() AOD (01/01/2004) . . . o oo 128

(b) Ice COD (01/01/2004) . . . o vvv e 128

() AOD (01/04/2004) . . . . oo 128

(d) Ice COD (01/04/2004) . . o o oo 128

(€)  AOD (01/07/2004) . . . . oo 128

(f)  Tce COD (01/07/2004) . . . oo 128

(g) AOD (01/10/2004) . . . o oo 128

(h) Tce COD (01/10/2004) . . o o oo 128
4.24 XCHy error [%] (equivalent to AXCHy) for proxy based retrievals
using simulated SCIAMACHY spectra for an ensemble of aerosol and

cirrus cloud scenarios (figure taken from Butz et al. (2010)). . . . . . 130



LIST OF FIGURES 16
5.1 Flowchart portraying the progression of the FSI WFM-DOAS V3 re-
trieval algorithm. In this version aerosol extinction profiles calculated
from GEMS MMR are used as a priori aerosol and a priori albedo
is obtained from MODIS. Cloud flagging of cirrus clouds using data
from MERIS is mentioned as a future modification. . . . . . . . . .. 134
5.2 MODIS retrieved 16 day mean albedo at 1.64 pm for 01/10/2004.
Black areas over land indicate consistently cloudy regions or inland
water. . ... e e 135
5.3 MODIS albedo scaled to the central wavelengths of retrieval windows
for (a) CO4 and (b) CHy at 1.57 pm and 1.65 pm respectively. . . . . 135
(a) MODIS albedo at 1.57 pm . . . . . ... .. ... . 135
(b) MODIS albedo at 1.65 pm . . . . . . . ... 135
5.4 Distributions of the retrieval fit error oxcns, retrieved XCH, and a
priori albedo for the OFSI (top), MFSI (centre) and GFSI (bottom)
retrievals. Unfiltered data is shown in green and data filtered by Filter
1 (thresholds defined in Table 5.1) are shown in red. The median and
median absolute deviation of the Filter 1 distribution of oxcgs have
been used to plot a robust gaussian (shown in blue) from which the
thresholds of Filter 2 (shown in yellow) have been defined. . . . . . . 138
5.5 Density correlation plots of o0co2, ocms and oxcps from the OFSI
retrieval once filtered by Filter 1. . . . . . . . ... .. .. ... ... 140
(a) CO2 VCD against 0coz  « « « « v v v o vv e 140
(b) CHy VCD against 0cma - -« « v v v v oo v e e e e 140
() XCHy against oxcHA - - « « « « v v v v 140
5.6 Density correlation plots of oco2, ocnus and oxcps from the OFSI
retrieval once filtered by Filter 2. . . . . . . ... ... ... .. 140
(a) COg VCD against 0co2  « v v v v v v v v o i e e 140
(b) CHy VCD against 0cHs - - « « « v v v oo oo e e e e 140
(¢) XCHy against OXCHA « « « « « v v v v e 140
5.7 Monthly averaged OFSI retrievals of CH, over North America for the
period Jan-Dec 2004. . . . . . . ... 143
5.8 Monthly averaged MFSI retrievals of CH, over North America for the
period Jan-Dec 2004. . . . . . . ..o 144
5.9 Monthly averaged GFSI retrievals of CH, over North America for
alternate months from Jan-Nov 2004. . . . . . . . .. ... ... ... 145



LIST OF FIGURES 17

5.10

5.11

5.12

5.13

5.14

5.15

5.16

5.17

6.1

C1

Total column XCH, from TM3 (used as a priori XCHy in the FSI
WFM-DOAS V2 retrieval) for the first day of months May—August
of 2004 gridded to 3.8°x5° . . . . . ... 146
Monthly averaged XCHy retrieved by WEM-DOAS version 1.0, for
the period May—August 2004, gridded to 1°x10° (figure taken from
Buchwitz (2007)). . . . . . . . . 146
Anthropogenic CH, emission estimates from EDGAR for 2005 and

the increase in emissions over the period 2000-2005 (both figures

taken from Frankenberg et al. (2011)). . . . .. ... ... ... ... 147
(a) EDGAR CHy emission estimates for 2005 (log scale) . . . . . . 147
(b) Increase in anthropogenic emissions from 2000-2005 . . . . . . . 147
Comparison of OFSI, MFSI and GFSI distributions for matching

scenes only. . . . .. 148
Comparison of OFSI, MFSI and GFSI monthly mean retrieved XCH,

for matching scenes only (with 1o error bars). . . . ... .. ... .. 148
Comparison of TCCON FTS retrieved XCH, with SCTAMACHY re-

trieved XCHy over Park Falls, Wisconsin. . . . . . . . . ... ... .. 150
(a) TCCON XCHy with OFSIXCHy . . . . . ... ... .. 150
(b) TCCON XCHy with MFSIXCHy . . . . . ... ... ... ... 150
(¢) TCCON XCHy with GFSTXCHy . . . . .. ... ... ... .. 150

Comparison of monthly mean XCH, (filtered by both Filter 1 and 2)
retrieved using OFSI, MFSI and GFSI with data from TCCON over
Park Falls, Wisconsin. . . . . . . .. . ... ... ... 151
Comparison of monthly mean XCH, (filtered by both Filter 1 and 2)
retrieved using OFSI, MFSI and GFSI with data from TCCON over
Park Falls, Wisconsin, for GEMS matching scenes only. . . . . . . .. 151

Timeline of present and planned space based missions sensitive to
CHy in the planetary boundary layer (figure adapted from Ciais et al.
(2010)). Note: CarbonSat and GOSAT-2 are currently both proposed
missions and, only if confirmed, are likely to be launched around 2018.158
Value of a for 9 GEMS aerosol types computed by taking the mean
of a values computed for one days worth of global GEMS data (cor-
responding to 01/10/2004). Calculations were based on a reference
optical depth of 7 =1 at 1650 nm. . . . . . . ... ... ... .... 165



LIST OF FIGURES 18

C2

C3

C4

C5

C6

C7

C8

C9

C10

Cl11

Mass extinction coefficients (w) for the RH dependent GEMS sea salt
particle size bin 1. The upper plot displays w for all RH and A values
whereas the lower plot shows w interpolated to a specific A, for all
valuesof RH. . . . . . . . . . . 165
Mass extinction coefficients (w) for RH dependent GEMS sea salt
particle size bins 2 and 3. The upper plot in each panel displays w for
all RH and X values; the lower plot shows w interpolated to a specific
A, forall valuesof RH. . . . . 0 .o 00000 166
Mass extinction coefficients (w) for RH dependent aerosols; organic
matter (top panel), sulphate (bottom panel). . . . . . . ... ... .. 167
Mass extinction coeflicients (w) for non-RH dependent aerosols; desert
dust (top) and black carbon (bottom). . . . .. ... ... ... ... 167
Scatter plots of AXCH, against SZA for all simulation cases (from
top to bottom; background, aerosol, cirrus, aerosol + cirrus) in each
of the four months January, April, July and October 2004 (left to

right). . . ..o 168
ALL CASES: Scatter plots of AXCH, against the error on CHy and

COg albedo estimation using the FSI look-up table method . . . . . . 169
Density correlation plots of oco2, ocas and oxcps from the MFSI

retrieval once filtered by Filter 1. . . . . . . ... ... ... ... .. 170
(a) COg VCD against 0coz  « « v v v v v v v v i e 170
(b) CHy VCD against ocmg - - « « v v v v oo o e e e e 170
(¢) XCHy against OxCHA « « « « v v v v v e e 170
Density correlation plots of ocos2, ocus and oxcps from the MFEFSI

retrieval once filtered by Filter 2. . . . . . .. .. .. ... ... ... 170
(a) COy VCD against 0cog - « « « v v v v v v e 170
(b) CH4 VCD against ocpg - -« « « v v v v v o e e 170
(¢) XCHy QgAINSt OXCHA + « « « « v v v e e e e e e e 170
Density correlation plots of ocoe, ocps and oxcps from the GFSI

retrieval once filtered by Filter 1. . . . . .. ... ... .. ... ... 171
(a) COg VCD against 0co2  « « v v v v v v v v v e 171
(b) CHy VCD against 0cma - -« « v v v v vvo i e e e 171
(¢) XCHy against OxCHA « « « « v v v v v e 171
Density correlation plots of ocp2, 0cas and oxcps from the GFSI

retrieval once filtered by Filter 2. . . . . . .. .. ... .. ... ... 171

(a) COy VCD against 0coa - « « « v v v v v e e e 171



(b) CH4 VCD against ocpg - -« « v v v v v v oo e 171

(¢) XCHy agaiNSt OXCHA + « « « « v v v e e e e 171
C12 Total column CHy for the first day of each month of 2004 gridded to

3.8 X BT 172

C13 Monthly averaged total column CHy retrieved by WEFM-DOAS ver-
sion 1.0, gridded to 1° x 10° [Buchwitz (2007)]. . . ... .. ... .. 173



Chapter 1

Introduction

1.1 Climate Change

The “weather” characterises relatively short term fluctuations in meteorological con-
ditions as opposed to the “climate”, which describes long term variations in the me-
teorological state and is therefore often referred to as “average weather”. Although
the definition of climate refers specifically to atmospheric processes, the atmosphere
is not an isolated entity but is instead linked via complex interactions with the
oceans, cryosphere, biosphere and land surface; all of which collectively make up
the Earth’s coupled climate system. Due to these interdependencies, perturbations
to one aspect of the climate system tend to instigate knock-on effects in other areas

of the system.

In addition to the complex internal interactions between different components of
the climate system, the climate also reacts to external forcings which can be either
natural or anthropogenic (man-made) in nature. Natural climate forcing occurs, for
example, as a result of changes in solar insolation (resulting from variations in solar
output or the Earth’s orbit), ice sheet coverage and volcanic activity [Jansen et al.
(2007)]. In contrast, anthropogenic climate forcing results mainly from changes in
atmospheric composition owing to anthropogenic emissions of so called “greenhouse
gases” (GHGs; see Section 1.3) as well as changes in land use, particularly deforesta-
tion [Ciais et al. (2010)]. Although natural climate forcing can result in substantial
climate change, such changes are generally either potent, yet relatively short lived
(such as volcanic eruption), or subtle yet prolonged over geological timescales (such
as changes in solar insolation). Figure 1.1 shows the variation in levels of deuterium,

a strong indicator of atmospheric temperature, over the last 650 kyrs [Jansen et al.
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Figure 1.1: Periodic variations in deuterium (6 D; black), a proxy for local tempera-
ture, and the concentrations of atmospheric trace gases COy (red), CHy (blue) and
N,O (green) over the last 650 kyrs determined primarily from ice core measurements
(figure taken from [Jansen et al. (2007)]). Benthic §'®O from marine records (grey;
a proxy for changes in global ice volume) is also shown.

(2007)] determined from ice core measurements and reveals the long-term, periodic
nature of natural variations in climate. Corresponding atmospheric concentrations
of the main GHGs, carbon dioxide (COs), methane (CH,) and nitrous oxide (N,O),
are also shown and tend to follow the same peaks and troughs as those of deuterium.
High resolution ice core records indicate that a temperature rise generally precedes
an increase in COs by a few hundred years, nevertheless, the striking similarity in
variations of temperature and GHG concentrations over the extended time period

shown in Figure 1.1 implies that the two are closely related.

The modern perception of climate change refers to recent, rapid changes in the
climate system which have occurred since the early 1700s. Scientific consensus in
Section 1.1.2 attributes these relatively recent deviations from the natural climate
cycle to anthropogenic activity, particularly the burning of fossil fuels and subse-
quent emission of GHGs [Forster et al. (2007)] since the onset of the industrial
revolution. The dramatic increase in anthropogenic GHG emissions over this time,
caused by the emergence of large-scale industrial activity, can be clearly seen in
Figure 1.2 which shows the variation in concentrations of COy, CH4 and NoO over
the last 2000 years.

The predicted detrimental social and economic repercussions of climate change (such
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Figure 1.2: Atmospheric concentrations of the three main anthropogenic GHGs
over the last 2000 years (figure taken from Forster et al. (2007)). The sharp increase
in all three species from around 1750 onwards is due to the rise in anthropogenic
emissions resulting from industrialisation. Concentrations are stated in parts per
million (ppm) for COs and N,O and parts per billion (ppb) for CHy.

as those outlined in the Stern review [Stern (2006)]) have prompted the international
community to agree legally binding targets for the reduction of GHG emissions. The
United Nations Framework Convention on Climate Change (UNFCCC) is an inter-
national treaty which recognises the need for an international effort to mitigate
climate change and encourages the reduction of GHG emission by the supporting
194 states (as of 2011). Although the UNFCCC does not impose mandatory re-
strictions on GHG emissions, scope exists for subsequent updates to the treaty to
do so. The most successful of these to date has been the Kyoto Protocol [UNFCCC
(1998)], which committed 37 participating countries to reducing emissions of four
main GHGs (CO,, CHy, NoO and sulphur hexafluoride (SFg)) by 5% from 1990
levels over the period 2008-2012. More recently, in December 2009, the UNFCCC
presented the Copenhagen Accord [UNFCCC (2010)] which recommends the contin-
uation of targets set out in the Kyoto Protocol, but does not set any legally binding

limitations.
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1.1.1 Radiative Forcing and Global Warming Potential

Radiative forcing (RF) is defined by Ramaswamy et al. (2001) as “the change in net
(down minus up) irradiance (solar plus longwave; in W m~2) at the tropopause af-
ter allowing for stratospheric temperatures to readjust to radiative equilibrium, but
with surface and tropospheric temperatures and state held fixed at the unperturbed
values”. RF is therefore a useful metric for assessing the contribution of GHGs and
other atmospheric constituents, such as clouds and aerosols, to climate change. CHy
is responsible for an RF of 0.48 & 0.05 W m~2 compared to 1.66 £ 0.17 W m~2 for
COy [Forster et al. (2007)].

The integrated RF of 1 kg of an atmospheric constituent over a given period of time,
with respect to that of CO,, gives its global warming potential (GWP) [Ramaswamy
et al. (2001)]. Over a period of 100 years, CH; has a GWP of 21 and is therefore a
highly potent GHG. However, the atmospheric lifetime of CH, is limited to around 12
years owing to chemical reactions with tropospheric hydroxyl radical (OH; the main
sink of atmospheric CHy). As a result, CH; does not accumulate in the atmosphere

as readily as CO,y and subsequently its overall climatic impact is not as severe.

1.1.2 The Intergovernmental Panel on Climate Change

The Intergovernmental Panel on Climate Change (IPCC) is a collaborative effort of
152 lead authors from 30 countries which draws on state of the art climate science
from experts around the world to provide a comprehensive overview of the key
aspects of climate change for scientists, policy makers, the media and the general
public. The findings of the IPCC thus represent the scientific consensus of the
climate science community. The IPCC Fourth Assessment Report concluded with
greater than 95% certainty that anthropogenic activities have contributed a positive
radiative forcing (warming effect) of +1.6 W m™2 to the climate system since the
industrial revolution [Forster et al. (2007)]. Furthermore, the IPCC provides a
range of estimates of the projected rise in mean surface air temperature (SAT)
resulting from six main model atmospheric scenarios in which GHG emissions remain
unmitigated at different levels. Model scenarios reveal that if atmospheric CO,
concentrations were to double, the mean SAT is likely to rise by between 2°C—4.5°C
by the end of the century [Meehl et al. (2007)]. Warming on this scale is expected to
significantly perturb the climate system and possibly trigger climate feedback loops,

such as the emission of CH, from thawing permafrost regions [Walter et al. (2007);
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Zimov et al. (2006)], which can lead to runaway warming.

1.2 Radiative Equilibrium of the Earth

1.2.1 Blackbody Radiation

A blackbody is an idealised object which absorbs all incident radiation and is there-
fore a perfect absorber (i.e. no incident radiation is reflected). The Planck function
B, describes the spectral radiance (power per unit area, per unit solid angle, per

unit frequency [W m=2 sr=! Hz!]) emitted by a blackbody:

2hv3
hv ’
% exp (kB—T) -1
where h = 6.63 x 10** J s is Planck’s constant, v is the frequency of radiation,

¢ = 3.0 x 10% m s~! is the speed of light in a vacuum, kg = 1.38 x 10723 J K~}

is Boltzmann’s constant and 7' is the temperature of the blackbody in K. In real-

B, = (1.1)

ity, objects tend to fall short of the blackbody idealisation, however, it is a useful
approximation. For example, the Sun and Earth can be modelled by blackbodies
at temperatures of 5800 K and 288 K, respectively. Integrating B, over all solid
angles and frequencies gives the emitted flux F' [W m™2|, which is proportional to

the fourth power of T', as described by the Stefan-Boltzmann law:
F=oT" (1.2)

1.2.2 A Basic Model of the Earth

In the absence of an atmosphere the approximate temperature of the Earth due to
incident radiation from the Sun can be calculated using the simple model (example
adapted from Andrews (2000) and Zender (2010)) depicted in Figure 1.3 and the

following simplifying assumptions:
1. The Earth can be approximated by a blackbody of temperature T,

2. The flux of solar radiation Fy, (~ 1370 W m™2) incident on the Earth can be

considered approximately parallel

3. The albedo A of the Earth is ~ 0.3 (i.e. only (1 — A) of the incident solar
radiation is absorbed by the Earth)
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F =42 GT:

Figure 1.3: A simple model of the radiation exchange between the Sun and Earth
(figure produced by A. Durose and D. Knappett).

4. The Earth (of radius r.) intercepts an area mr.? of Fy,

From assumptions 3 and 4, the solar radiation absorbed by the Earth F, is given
by (1 — A)Fonr.2. Owing to planetary rotation, Fy, is distributed over the Earth’s
entire surface (4772) hence the Earth reradiates over the same area. Using Equation
1.2 the temperature of the Earth can be expressed as T, = (Fe/a)i, therefore the
total outgoing radiation from the Earth is 47r20T?. Assuming the Earth to be
in radiative equilibrium, the incoming and outgoing radiation can be equated and

rearranged for 7,:

- (U 13)

Substituting values for F; and A gives T, = 255 K, which is significantly smaller

than the empirical mean value of 288 K.

1.3 The Greenhouse Effect

The Earth’s atmosphere is a thin gaseous layer which envelops the planet and con-
sists of approximately 78% nitrogen, 21% oxygen, 1% argon (by concentration) and
a mixture of various other gases such as COy and CHy in trace amounts [Baede et al.
(2001)]. Solar radiation incident at the top of the atmosphere (TOA) is predom-
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Classification Abbreviation Classification scheme and
spectral range (nm)
DIN \ Sensor Response \ ISO
Near Infrared NIR 0.75-1.4 0.7-1.0 0.78-3.0
Short-wave SWIR 1.4-3.0 1.0-3.0 -
Infrared
Mid-wave Infrared* MWIR 3.0-8.0 3.0-5.0 3.0-50
Long-wave LWIR 8.0-15 7.0-14 -
Infrared*
Far Infrared FIR 15-1000 - 50-1000

Table 1.1: Spectral classification schemes for the infrared (IR) spectral region. The
three schemes presented here are the German Institute for Standardization (DIN)
IR scheme, the Sensor Response scheme described by Miller (1994) and the French
International Organization for Standardization (ISO) scheme 20473.

*MWIR and LWIR are often referred to as thermal infrared (TIR)

inantly in the ultra-violet (UV) and visible regions of the spectrum since the Sun
closely resembles a blackbody at a temperature of ~ 5800 K. The majority of visible
radiation from the Sun passes unhindered down to the Earth’s surface as the atmo-
sphere is relatively transparent (i.e. little absorption occurs) at these wavelengths;
absorption by ozone and aerosols/clouds however can be significant in this spectral
region. The Earth reflects a certain fraction of incident solar radiation, dependent
on the localised albedo (reflectivity) of the surface, whilst the rest is absorbed and
subsequently reradiated at considerably lower wavelengths in the thermal infrared
(TIR), consistent with the Earth as a blackbody at ~ 288 K. A number of atmo-
spheric trace gases, such as CO5 and CHy, are strongly absorbing in the TIR spectral
region, leading to warming of the Earth-atmosphere system. This process is known
as the Greenhouse Effect and atmospheric trace gases which absorb strongly in the
TIR (particularly COs, CH4 and N5O) are known as GHGs.

It should be noted that several different schemes exist for the classification of the IR
spectral region. Table 1.1 lists the spectral ranges of three schemes which are com-
monly encountered in Earth observation literature. For the purposes of this work,
terminology corresponding to the ‘Sensor Response’ IR classification scheme will
be adopted for consistency with the definition of spectral channels of the Scanning
Imaging Absorption Spectrometer for Atmospheric Chartography (SCIAMACHY),
referred to throughout this thesis.
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Figure 1.4: A simple model of the Greenhouse Effect (figure produced by A. Durose
and D. Knappett).

1.3.1 A Model of the Greenhouse Effect

The introduction of a thin atmospheric layer to the example described in Section
1.2.2 (as depicted in Figure 1.4) can be used to demonstrate the role of the at-
mosphere in raising the mean temperature of the Earth by way of the Greenhouse
Effect (example adapted from Andrews (2000) and Barkley (2007)). The atmo-
sphere transmits radiation by varying amounts, dependent on the transmission 7},
at a given wavelength. Employing subscripts s and ¢ to denote solar and thermal
radiation respectively, the flux at the top of the atmosphere (TOA) Froa and at

the Earth’s surface F, can be expressed as follows:

FTOA = Fa+Tutha (14)

Fy=F,+T,Froa, (1.5)

where F, is the flux emitted by the atmosphere. Combining Equations 1.4 and 1.5

and rearranging for Fj gives:

(1.6)

A concept crucial to the Greenhouse Effect is that T,, > T,;, hence, whilst solar
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radiation penetrates the atmosphere relatively easily, the longer wavelength, thermal
radiation emitted by the Earth’s surface is more readily absorbed. Consequently,
heat becomes “trapped” in the Earth-atmosphere system. By assuming the ground

can be approximated by a blackbody of temperature 7j the surface flux becomes

F, = aTg4 hence:
F\1

F,, corresponds to radiation impinging on a cross-sectional area 7r2. Since however,
this is redistributed over the whole globe (i.e. 47r?), the intensity at the TOA is
reduced by a factor of 4: Frop = iF@. Selecting reasonable transmission values of
T,s ~ 0.8 and T,; = 0.2, the resulting temperature at the Earth’s surface is T, = 286
K . In practice, T, is dependent on atmospheric composition, therefore the extent
of warming that occurs differs according to the relative concentrations of absorbing
GHGs.

Despite its negative connotations, the Greenhouse Effect is actually crucial to life
on Earth. Without the absorbing properties of the atmosphere the TIR blackbody
radiation emitted by the Earth would simply be lost to space, leaving the planet at
an average temperature of 255 K, as demonstrated in Section 1.2.2. The problem
faced by the modern world is that the natural stability of the greenhouse effect has
been disrupted by continuously increasing emissions of anthropogenic GHGs during

the last three centuries.

1.4 The Role of CH; in the Atmosphere

1.4.1 CH, Sources and Sinks

The production of CH4 occurs under anaerobic conditions (i.e. without oxygen) and
generally results from the activity of methane-forming bacteria known as methanogens,
which thrive in water logged environments. Table 1.2 lists key sources of present day
CH4 emission, which have been classified as being either natural or anthropogenic
in origin. Although a number of the sources given in Table 1.2 can be classified
as non-biogenic, they can usually be traced back to biogenic origins. For example,
natural gas is classified as an inorganic source, however, its formation occurs as a
result of methanogen activity during the decay and sequestration of ancient organic

material. Wetlands are by far the largest natural source of CH,, however the mag-
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nitude of wetland emissions is highly changeable from year to year, since flooding
and drought cause substantial variation in wetland coverage. Subsequently, signif-

icant variation is imposed upon multi-year emission records [Bousquet et al. (2006)].

Natural (40%) | Anthropogenic (60%)

Wetlands* Ruminant animals*
Termites* Rice cultivation®
Ocean* Gas, oil and industry
Wild animals* Landfill*
Geological sources | Waste management
Hydrates Biomass burning
Wildfires Coal mining

Table 1.2: Natural and anthropogenic sources of methane listed in order of magni-
tude [Denman et al. (2007)].
*Biogenic processes.

The primary sink of atmospheric CH, is oxidation by tropospheric OH:

The reaction of CHy with OH in the troposphere accounts for approximately 90% of
the overall sink [Bergamaschi and Bousquet (2008)] and leads to the creation of CO
and CO; in subsequent chemical reactions. Oxidation by dry soil, stratospheric loss
and reactions with chlorine in the marine boundary layer make up the remainder of
the CHy sink [Bergamaschi and Bousquet (2008)]. Since CO also reacts with OH

there is a connection between the lifetimes of CH, and CO.

Estimations from a variety of studies collectively place the magnitude of global
pre-industrial methane emissions in the range of 200-250 Tg yr~! [Denman et al.
(2007)], with the vast proportion of emissions resulting from natural processes. In
comparison, global emissions of CH, during 2005 were estimated to be around 582
Tg yr—!
et al. (2007)]. Although the total global source strength of CHy is well constrained by
measurements of OH [Frankenberg et al. (2006)], the temporal and spatial variability

, corresponding to an estimated atmospheric loading of 4932 Tg [Denman

of individual CH4 sources and sinks is currently not well known [Chen and Prinn
(2006); Bousquet et al. (2006)].
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Figure 1.5: Growth rate of CHy over the last two decades as determined from the
assimilation of air flask measurements from NOAA into an inversion model (figure
taken from Bousquet et al. (2006)). Black indicates the global growth rate, whilst the
southern hemisphere is shown in blue, the tropics in red and the northern hemisphere
in green. El Nino events are indicated in light grey whereas dark grey highlights the
period following the eruption of Mount Pinatubo in 1991.

1.4.2 Trends in Atmospheric CH,; Concentrations

Ice core measurements imply that pre-industrial concentrations of atmospheric CHy4
have varied between approximately 300 parts per billion (ppb) during glacial pe-
riods and 700 ppb during inter-glacial periods [Karlsson and Simpson (2010)] over
the last 650 kyrs (see Figure 1.1). However, with the onset of large-scale industrial
activity in the early 1700s, emissions of GHGs began to rise exponentially. The
2005 global mean CH, volume mixing ratio (VMR) was calculated to be 1774.62 +
1.22 ppb from surface flask measurements made at forty National Oceanic and At-
mosphere Administration (NOAA) sites. Gas chromatography measurements taken
from five Advanced Global Gases Experiment (AGAGE) sites result in a similar
value of 1774.03 £ 1.68 ppb for the same year. Increased anthropogenic emissions
have therefore resulted in an almost three-fold increase in levels of atmospheric CHy4
of over the last three hundred years [Forster et al. (2007)].

Although methane concentrations have risen continuously since the industrial rev-
olution, up until the early 1990s the rate of this rise was also increasing year on

year. However, since that time the atmospheric growth rate has been in a period
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of decline leading to a leveling off of CH, levels [Dlugokencky et al. (2003); Rigby
et al. (2008)]. Figure 1.5 shows a decreasing trend in the CH, growth rate, observed
in measurements from a number of NOAA air sampling sites, during the period
1984-2004. The atmospheric loading of CH, is largely regulated by the balance
between global CH4 emissions and the rate at which CH4 destruction by OH occurs
in the troposphere. A decrease in growth rate is therefore the result of either a re-
duction in CH, emissions or an increase in levels of tropospheric OH. By modeling
the observed decrease using a 3D chemical transport model (CTM) Dlugokencky
et al. (2003) attribute the declining CH4 growth rate to a reduction in fossil fuel
emissions between 1990-1995. Bousquet et al. (2006) also conclude that reduced an-
thropogenic emissions are to blame and suggest in addition that wetland emissions
dominate the observed variability over the period 1984-2004. The leveling off of
CH,4 appears however to have been a temporary phase in the overall increase of CHy
emissions, with measurements from the AGAGE network showing renewed growth
in 2007 [Rigby et al. (2008)]. Similarly, globally averaged NOAA measurements
indicate an increase in atmospheric CH, of 8.3 £ 0.6 ppb in 2007 and 4.4 4+ 0.6 ppb
in 2008 [Dlugokencky et al. (2009)].

1.4.3 Ground Based Remote Sensing

The Total Carbon Column Observing Network (TCCON) [Wunch et al. (2011)]
consists of a series of ground based Fourier Transform Spectrometer (FTS) instru-
ments which are used to retrieve trace gas total columns from solar spectra in the
NIR/SWIR and is a typical example of ground based remote sensing. TCCON mea-
surements cover a broad spectral range (645-2564 nm) and are therefore ideal for the
validation of space based retrievals in the NIR/SWIR, particularly those from the
Scanning Imaging Absorption Spectrometer for Atmospheric Chartography (SCIA-
MACHY) [see Barkley et al. (2007); Bosch et al. (2006)]. The TCCON initially
came online in 2004 with sites at Bremen, Lauder, Park Falls and Ny Alesund* but
has since grown to a network of 18 sites, shown in Figure 1.6, plus 2 additional sites
in Japan and Reunion Island established during 2011 and a further site currently

planned for Antarctica.

*An existing site incorporated into the TCCON; originally established in 2002.
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Figure 1.6: TCCON observation sites accurate as of 30/04/2010 (figure obtained
from https://tccon-wiki.caltech.edu/).

1.4.4 Satellite Retrievals of Total Column CH;,

In-situ measurements, such as those from surface flasks at NOAA sites, provide
highly accurate datasets of GHG concentrations over a long time period and are
crucial to our understanding of GHG fluxes. However, such measurements are only
representative of the localised area surrounding the measurement site and are there-
fore spatially limited. In addition, the distribution of in-situ measurement sites
around the globe is often restricted by political or geographical limitations, result-
ing in extensive regions where no measurements are available. In contrast, satellite
instruments can offer the scientific community unparalleled spatial and temporal
coverage of the entire atmospheric system, monitoring trace gas concentrations for
continuous time periods. Space-based measurements are a form of remote sensing-
a term which refers to the fact that using this technique trace gases concentrations
are not measured directly but instead are inferred from radiance measurements via
the application of a retrieval algorithm. Table 1.3 compares all past and present

space-based instruments from which retrievals of CH; have been made.
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Defining Trace Gas Columns

Trace gas abundances are typically measured in terms of their vertical column den-
sity (VCD) which describes the column integrated number of molecules in a vertical
atmospheric column, of cross-sectional area 1 cm?, as seen from the top of the atmo-
sphere (TOA). Since VCD is dependent on column mass, and is therefore sensitive to
the Earth’s surface topography, a more useful quantity is the VMR; a concentration
defined in terms of the ratio of trace gas molecules to the total number of molecules,
usually given in units of parts per million (ppm) or parts per billion (ppb). XCO4
and XCH, specifically refer to the dry air column-averaged mole fractions of CO,
and CHy respectively and have been adopted throughout the thesis to describe the

retrieved total column VMRs.

The Proxy Approach

The proxy approach converts a satellite retrieved VCD (molecules cm™2) to VMR
(ppm; ppb) by taking the ratio of the retrieved VCD (VCDg) to the VCD of a
trace gas which is considerably less variable than the target trace gas and has an
absorption band in close spectral proximity (VCDp). This ratio is then multiplied

by a mean model value of the proxy trace gas as follows:

VCDgr
VCDp

Since scattering is wavelength dependent, the majority of spectral effects due to

VMR, = VMRp. (1.9)

aerosols and clouds are expected to cancel out by using this method. A certain level
of inherent error is introduced by use of the spectral ratio approach since VMRp is
only an approximation of the true VMR; any error in VMRp with respect to the true
atmospheric column will therefore propagate, making VMRR incorrect by the same
degree. However, it is assumed that the error associated with using VMRp is small
compared to the error due to scattering and is therefore justifiable. For retrievals
of CH, within the 1.63-1.67 um spectral region, CO, retrieved from 1.56-1.59 pm
can be used as a spectral proxy [Frankenberg et al. (2006)], as described in Section

3.3.2.

Existing Retrievals of XCH,

Satellite retrievals of XCH,4 from the Scanning Imaging Absorption Spectrometer
for Atmospheric Chartography (SCIAMACHY) have previously been produced us-
ing independent differential optical absorption spectroscopy (DOAS) based retrieval
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schemes by the following research groups:

e Netherlands Institute for Space Research (SRON) using the Iterative Maxi-
mum A Posteriori (IMAP)-DOAS retrieval method [Frankenberg et al. (2005b)].

e Institute of Environmental Physics (IUP) at the University of Bremen using
the Weighting Function Modified (WFM)-DOAS retrieval method [Buchwitz
et al. (2000)].

The objective of this section is to discuss the results of previous retrievals of XCHy,
hence background details of the IMAP-DOAS and WFM-DOAS retrieval schemes
are not provided here. However, the theory behind DOAS type retrievals is ex-
plained in Section 2.4.2 and a description of WFM-DOAS in particular is given in
Section 2.4.5 since this retrieval method paved the way for Full Spectral Initiation

(FSI) WEM-DOAS which is the retrieval algorithm utilised in this work.
WFEM-DOAS Retrievals of XCH,

In an initial study which focused on the period September—October 2003, WFM-
DOAS retrievals of XCHy were performed using data from SCIAMACHY channel 8
(2259-2386 nm) and revealed enhanced XCH, over India, Southeast Asia and cen-
tral Africa. Comparison with the Tracer Model 5 (TM5) CTM showed that model
and observed results agree to within 5% and indicate that the largest emissions orig-
inate from natural sources such as rice paddies and wetlands. The initial version of
WEM-DOAS (v0.4) suffered from a time dependent bias of up to —15% as a result
of the continually changing ice layer build-up on the channel 8 detector (discussed
further in Section 3.1.3). This was rectified by applying a time-dependent correction
factor which corresponds to the time since the last ice-layer decontamination phase
(heating of the detector in order to remove the ice layer) producing WEFM-DOAS
v0.41 results.

Due to biases caused by ice contamination of SCIAMACHY channel 8, the more re-
cent WEM-DOAS version 1.0 retrieval [Schneising et al. (2009)] utilises spectra from
SCIAMACHY channel 6. The resulting yearly averaged XCH, for 2004 is shown
in Figure 1.7. Comparison of XCH; from WFM-DOAS version 1.0 with the TM5
CTM revealed unexpectedly high CH4 concentrations over the tropics, which were

unlikely to be the result of using the proxy approach for column normalisation.
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Figure 1.7: 2004 yearly average of methane total column XCH, retrieved using
WEM-DOAS version 1.0 (figure taken from Schneising et al. (2009)).

IMAP-DOAS Retrievals of XCH,

An initial study of the months August—-November 2003 [Frankenberg et al. (2005a)],
in which IMAP-DOAS retrievals of SCTAMACHY XCH, were compared with the
TM3 CTM, revealed large emissions from the plains of India, Southeast Asia and
China. Emissions from India were attributed to extensive rice cultivation, prevalent
in the area during the autumn months considered in the study, and domestic rumi-
nant cattle. In both China and the USA, the observed CH,4 was attributed to emis-
sions from highly populated regions, where the burning of fossil fuel for large-scale
industry, automotive purposes and waste treatment contributes greatly to methane
concentrations. Comparison of the retrieved values with TM3 highlighted large
discrepancies in CH4 concentrations over India, northern South America and the

tropics.

Following the initial short study, IMAP-DOAS was then applied to the retrieval of
CH, for the two years 2003 and 2004 [Frankenberg et al. (2006)] and results were
compared with an updated CTM (TM4). A two-year average of retrieved total col-
umn CH; VMR is shown in Figure 1.8 and displays a clear north-south gradient.
This was expected due to the large magnitude of both natural and anthropogenic
emissions in the populated northern hemisphere as opposed to the southern hemi-

sphere. Variations in the retrieved VMR were at most 5% from the global mean,
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Figure 1.8: Two-year mean total column XCH, retrieved from SCIAMACHY data
from 2003-2004 using IMAP-DOAS (figure taken from Frankenberg et al. (2006)).
Data is shown on a 0.5° x 0.5° grid.

with very little variation on local scales since, in general, CH, emissions quickly
become well mixed due to the relative longevity of atmospheric methane. As in the
initial study [Frankenberg et al. (2005a)], elevated CH4; VMRS over tropical regions
were once again observed, suggesting an underestimation of tropical emissions by
the CTM.

The observation of unexpectedly high CH, concentrations over the tropics coincided
with the report of in-situ emission of CH, from living plants under aerobic condi-
tions [Keppler et al. (2006)]. Initially these two results were thought to be related,
however subsequent studies into the emission of CH, from plants failed to repro-
duce the results published by Keppler et al. (2006). In particular, Vigano et al.
(2008) reported the emission of CH, from detached plant material only when placed
under UV irradiation, whereas Dueck et al. (2007) reported no observed CH, emis-
sion from plants placed in an artificially high carbon dioxide environment (isotope
carbon-13 enriched) in order to emphasise the presence of any CH, emission. As a
result, doubt has been cast on the credibility of emissions of CH4 from plants under
aerobic conditions. Furthermore, the use of updated H,O spectroscopic parameters
within the IMAP-DOAS retrieval led to a downward revision of CH; VMRs over
tropical regions [Frankenberg et al. (2008a)], as shown in Figure 1.9.
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Figure 1.9: Yearly average of total column XCH, retrieved using IMAP-DOAS with
(top) an updated HyO spectroscopy and (bottom) the corresponding difference be-
tween retrievals performed both with and without the spectroscopic update applied
(figures taken from Frankenberg et al. (2008a)).

1.5 Thesis Overview

Since CH, is such a potent GHG, a greater understanding of the partitioning of CH,
emissions between individual sources and sinks and quantification of their spatial
and temporal variability is required in order to regulate anthropogenic emissions
and mitigate future climate change. In particular, the strength of emissions from
wetlands, rice paddies and possible future emissions from permafrost regions result-
ing from the destabilisation of methane hydrate are not currently well known. To
constrain estimates of CHy sources from model inversions, satellite measurements

with a precision of < 1-2% are required [Meirink et al. (2006); Frankenberg et al.
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(2006)]. However, scattering in the SWIR caused by the presence of aerosols and
cirrus clouds in a satellite observed scene can cause significant retrieval errors if not
properly accounted for. The objective of this thesis is therefore to provide a better
understanding of the errors arising from spectra contaminated by scattering due to
aerosols and ice clouds. This has been achieved in a series of stages which address

the following aims:

1. To modify the FST WFM-DOAS retrieval algorithm for the retrieval of atmo-
spheric CHy.

2. To perform retrievals of XCH, over a test region and validate results against

ground based data.

3. To conduct a series of sensitivity simulations in order to assess the impact of

scattering by aerosols and thin ice clouds on retrieval errors.

4. To subsequently modify the FST WFM-DOAS retrieval algorithm to account

for scattering due to aerosols.

Following from the introduction to the role of atmospheric CHy in climate change
given in this chapter, Chapter 2 introduces the concept of remote sensing and the
challenges faced when performing space based-measurements in the SWIR spectral
region. Chapter 3 introduces the SCIAMACHY instrument and discusses the cali-
bration of SCTAMACHY L1B data. This chapter also details the updates made to
the FST WFM-DOAS retrieval algorithm for retrievals of CH4 from SCIAMACHY
data. Chapter 4 details three sensitivity studies performed to assess 1) the sensi-
tivity of the FSI WFM-DOAS retrieval algorithm to inaccurate a priori data, 2)
retrieval errors caused by the introduction of a simple scattering layer and 3) global
biases introduced by the simulation of realistic aerosol and ice cloud profiles. Chap-
ter 5 presents retrievals of total column XCHy4 over North America for the year 2004
and compares retrievals with ground based measurements from Park Falls. In this
chapter, the performance of the original FSIT WFM-DOAS algorithm is compared
to retrievals obtained when updates to a priori albedo and aerosol were applied.

Finally, Chapter 6 contains conclusions drawn from the results of Chapters 4 and 5.



Chapter 2

Remote Sensing of CH;,

2.1 Introduction

This chapter aims to introduce the concept of remote sensing, with an emphasis on
the underlying physics involved in the SWIR spectral region, and begins with an
introduction to satellite remote sensing in Section 2.2. Section 2.3 then provides an
overview of the fundamentals of molecular spectroscopy relevant to the retrieval of
XCO4 and XCHy in the SWIR. An introduction to Differential Optical Absorption
Spectroscopy (DOAS) and its application to the SWIR spectral region in the form
of WFM-DOAS is given in Section 2.4. As such, this section provides the foundation
for understanding FSI WFM-DOAS; the retrieval method used within this thesis.
The chapter concludes with a discussion of the detrimental effect of atmospheric
scattering on retrievals in the SWIR caused by aerosols and clouds in Sections 2.5

and 2.6 respectively.

2.2 Satellite Remote Sensing

TOA radiances measured by space based remote sensing instruments can be used
to infer atmospheric greenhouse gas concentrations since the interaction between
radiation and atmospheric trace gases results in measurable absorption features in
observed spectra. Satellite remote sensing instruments therefore provide a way to
observe the atmosphere from a unique perspective and have the advantage of being
able to retrieve either partial or total atmospheric columns. Furthermore, space
based instruments have the ability to achieve global coverage in a matter of days

and thereby complement data from in-situ measurements.
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Passive remote sensing of the atmosphere from space involves observing the light
from an existing radiation source which has passed through the atmosphere on its
path to the instrument. The two approximate blackbody sources available which
can be utilised for this purpose are: the Sun at a temperature of ~ 5800 K, radiating
strongly in the visible and NIR, and the Earth at ~ 288 K which absorbs incident
solar radiation and subsequently re-radiates at wavelengths in the TIR. Since the
Earth is at a significantly lower temperature than the Sun, the minimum wavelength
of its blackbody emission is around 4 pm [Liou (1992)]. As a result, blackbody
emission from the Earth does not overlap with solar emission in the SWIR and
subsequently radiative transfer calculations involving solar SWIR radiation and the
Earth’s TIR radiation can be treated independently. COy and CHy4 both exhibit
absorption features in the TIR and SWIR, however these two spectral regions can
be used to probe the atmosphere in different ways depending on whether a total or

partial column retrieval product is required.

Thermal Infrared (TIR)

Solar radiation incident on the Earth’s surface is either absorbed, resulting in warm-
ing, or simply reflected back into space depending on the value of the localised
surface albedo. When considering the vertical sensitivity of space based TIR obser-
vations of the atmosphere it is useful to think of the atmosphere in terms of layers at
different altitude. Since atmospheric pressure, and hence gas concentration, peaks
at the Earth’s surface, TIR radiation emitted from the surface (at temperature Ty,¢)
has a high chance of being absorbed by the relatively dense atmospheric layers di-
rectly above it. Radiation in the TIR therefore has a shorter path length (the mean
distance traversed by radiation before being absorbed) for stronger lines at low alti-
tudes. In addition, low altitude atmospheric layers (where pressures are high enough
to maintain local thermodynamic equilibrium) also emit blackbody radiation, albeit
at a slightly reduced temperature to T Since these temperatures are sufficiently
comparable, atmospheric blackbody emission tends to obscure any spectral features
due to the absorption of radiation emitted by the surface and the atmospheric layers

below.

With increasing altitude, atmospheric pressure decreases exponentially according to
the hydrostatic equation whereas atmospheric temperature displays significant vari-

ation in its vertical profile shape, as shown in Figure 2.1. Although temperatures
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Figure 2.1: Typical atmospheric pressure and temperature profiles derived from the
US standard atmosphere (figure taken from Gottwald et al. (2006)). Note the log
scale on the x-axis, indicating that pressure decreases exponentially with altitude.

rise through the stratosphere and begin to approach T, the contribution from
TIR radiation in these higher altitude layers is smaller since the pressure is far less
than at the surface; there is simply less gas present to radiate. Cooler atmospheric
regions, such as the upper troposphere and lower stratosphere, emit very little in
the TIR and are therefore able to produce strong absorption features. In general the
TOA TIR spectrum consists of a continuum of blackbody radiation emitted from
the surface and low altitude atmospheric layers coupled with absorption features

from sparser, low temperature layers in the mid troposphere or above.

In summary, TIR observations rely on a significant temperature gradient between
the atmosphere and surface for absorption to be observed hence TIR measurements
are typically most sensitive in the mid to upper troposphere, where temperatures
are sufficiently low with respect to Ty As a result, TIR observations are generally
used to perform partial column retrievals which are useful for obtaining height re-
solved information but tend to have more limited sensitivity to the boundary layer;

boundary layer concentrations are the most strongly influenced by major sources of
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surface trace gas emission. A major advantage of TIR measurements however is the
ability to observe during both day and night since TIR emission is not dependent

on continuous solar illumination.

Shortwave Infrared (SWIR)

Although the atmosphere can be viewed with the Sun in the direct instrument line
of sight (a viewing geometry known as solar occultation) the method discussed here
involves observing sunlight that has been reflected from the Earth’s surface and scat-
tered by the atmosphere. In contrast to observations in the TIR, for measurements
made in the SWIR thermal emission from the Earth can be largely ignored since
there is minimal overlap between the blackbody emission of the Sun and Earth. As
a result, measurements in the SWIR can probe the entire atmospheric column and
hence provide information about the the boundary layer where trace gas emissions
peak. Since measurements in the SWIR rely on reflected sunlight, measurements
can only be made on the illuminated side of the Earth and over regions of sufficiently
high albedo, such as non-water surfaces. The poor reflectivity of water means that,
in general, measurements over the ocean are only possible using sunglint observa-
tions or by utilising low lying cloud as a pseudo surface. In the latter case, the
atmospheric column beneath the cloud is effectively cut off resulting in a loss of

information regarding the boundary layer.

2.3 Molecular Spectroscopy in the SWIR

Spectroscopy is the study of the interaction between electromagnetic radiation and
matter from which information about the constituent atoms and molecules of a sub-
stance can be gained. Changes in molecular energy occur as the result of one of four
different mechanisms; the excitation of an electron within the molecule, molecular
vibration, molecular rotation or translation. The Born-Oppenheimer approximation
[Banwell and McCash (1994)] allows the total energy of a molecule to be described

as the sum of energies resulting from each of the these modes:

ETot = Ee + Evib + Erot + Etr- (21)

As a result, the different mechanisms of molecular energy exchange can be treated
independently and adhere to a well defined hierarchy of energies. Electronic transi-

tions are by far the most energetic, involving radiation at UV wavelengths to excite
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Figure 2.2: Energy level diagram for vibrational (v) and rotational (J) transitions,
showing the P, Q and R branches of coupled vibration-rotation transitions (figure
produced by A. Durose and D. Knappett).

the constituent electrons of a molecule, followed by molecular vibrations, corre-
sponding to energies in the IR, and molecular rotation, which relates to energies
in the microwave region. Molecular translation is the least energetic of the avail-
able molecular transitions and its contribution can be considered negligible for the

purposes of SWIR spectroscopy.

2.3.1 Vibration-Rotation Transitions

In the majority of cases when a vibrational transition occurs a rotational transition
occurs simultaneously, giving rise to vibration-rotation transitions. These coupled
transitions involve energies in the IR spectral region and form the basis of retrievals
of atmospheric CO, and CHy. Selection rules imposed by quantum mechanics only
allow specific, quantized energy transitions to occur. For rotational transitions the
selection rule is AJ = +1, where J is the rotational quantum number, i.e. rotational
transitions can only span one energy level at a time. For anharmonic vibrational
transitions the selection rule is Av = +1,+2,43,... where v is the vibrational
quantum number. Here the fundamental transition (Av = £1), tends to dominate
whereas ‘overtone’ transitions (Av = £2, £3) are generally far weaker and therefore

less likely to occur.



2.4. BASIC RADIATIVE TRANSFER AND DOAS RETRIEVAL THEORY 45

Allowed vibration-rotation transitions can therefore be classified into two distinct
groups, where an identical change in v is accompanied by either a positive or neg-
ative change in rotational energy; R-branch transitions involve a positive AJ and
P-branch transitions involve a negative AJ [Hollas (2002)]. The Q-branch describes
allowed vibrational transitions where no change in rotational energy occurs (i.e.
AJ = 0). Strong Q branches consist of overlapping lines and are therefore particu-
larly prone to line mixing. For further details regarding molecular spectroscopy see

Appendix A.

2.3.2 CO,; and CH, Absorption Bands

As a linear molecule, COy possesses characteristics similar to that of a diatomic
molecule (the simplest model of molecular structure) and hence exhibits well de-
fined P and R-branches, as can be seen in Figure 2.3. In this example, the band
centre (characterised by a lack of absorption) is at 1575.5 nm and is flanked by a
set of P-branch absorption lines at higher wavelengths (lower energy) to the right of
the figure, and a set of R-branch lines at lower wavelengths (higher energy) to the
left of the figure.

CHy is classed as a spherical top molecule since all its moments of inertia are iden-
tical. Spherical top molecules have a symmetrical structure and therefore do not
possess an electric dipole moment or generate a purely rotational spectrum [Liou
(1992)]. As CHy is a non-linear, polyatomic molecule its vibration-rotation spectrum
is far more complex than in a simple diatomic or linear molecule case. Figure 2.3
shows the absorption spectrum associated with the 2v3 CHy4 band in the wavelength
range 1625-1675 nm, as used by the FSI WFM-DOAS retrieval. The Q-branch can
be clearly seen at 1666 nm, with well defined R-branch absorption lines at regular
intervals to the left [Frankenberg et al. (2008b)].

2.4 Basic Radiative Transfer and DOAS Retrieval
Theory

This section focuses on the macroscopic behavior of radiation, collectively described
by its optical properties. Using a classical approach to radiation, the concept of
DOAS is introduced, which lies at the heart of the FSI-WFM DOAS retrieval
method.
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Figure 2.3: Absorption spectra for COy (top) and CH4 (bottom), focusing on the
wavelength windows used for trace gas retrievals within this thesis. In each case,
atmospheric transmission was obtained by running the SCIATRAN radiative trans-
fer model both with and without the trace gas present and then calculating the
difference.

2.4.1 Basic Radiative Transfer

The passage of light through an absorbing medium results in a decrease of the
incident intensity, Iy, which is proportional to the concentration of absorbing par-
ticles and molecules encountered along the light path. The fractional decrease in
intensity due to absorption is described by Lambert’s law which relates incident
and transmitted intensity to properties of the absorbing material. By considering
monochromatic light of wavelength A\, which changes in intensity by an amount d/

over a small increment of the light path dl, Lambert’s law can be expressed as:

dI(\) = —o(\)nI(\)dl, (2.2)

where o()) is the molecular absorption coefficient, or molecule absorption cross-
section, which describes the probability of absorption occurring in terms of a phys-

ical area, expressed in cm?

. The term n represents the number concentration of
absorbing or scattering particles per unit volume (molecules cm™2). The total in-
tensity, I, can be found simply by the integrating Equation 2.2 over the entire light

path [:
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fu)zzaAymp<—/lw»ndQ. (2.3)

The exponential decay of intensity with absorption is described by Beer’s law, hence
Equation 2.3 is referred to as the Lambert-Beer law since it combines elements from
both of the aforementioned physical laws. The Lambert-Beer law can be simplified
by introducing a quantity known as optical depth, 7, which expresses the quantity
of light removed from a beam by scattering or absorption during its passage through
a medium. In its simplest form, the optical depth is expressed as the logarithm of

the ratio of transmitted to incident light (I and I respectively):

ﬂm:—m(ﬁX):/}Qmﬂ, (2.4)

hence, Equation 2.3 can be simplified to give:

I(A) = Io(A) exp(=7(A))- (2.5)

Thus far, only a single absorbing gas has been considered, whereas in reality spectral
absorption is often the combined effect of absorption by several trace gases. Fur-
thermore, optical depth as defined in Equation 2.4 only takes into account molecular
absorption, however light intensity can also be diminished by photons being scat-
tered out of the light path by collisions with particles of various sizes. In fact,
particulate size governs the type of scattering mechanism which occurs; for particles
smaller than the wavelength of the incident light (such as air molecules) photons
undergo Rayleigh scattering whereas for particles with dimensions that exceed the
wavelength of light (i.e. aerosols), photons undergo Mie scattering. The loss of
intensity from the incident beam due to Rayleigh and Mie scattering can be quan-
tified by extinction coefficients, Kz and kjy; respectively. By considering the case
of multiple absorbing trace gases and also taking both Rayleigh and Mie scattering

into account, Equation 2.3 becomes:

I(\) = Iy(\) exp (—/ <Z (c(M)ndl) + kg + /@'M)> : (2.6)

i
This expanded version of the Lambert-Beer law now accounts for the most common
atmospheric effects on spectral radiance, however scattering due to aerosols and
clouds is not considered and the influence of air turbulence on the traversed light

path has been neglected for simplicity.
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2.4.2 Differential Optical Absorption Spectroscopy (DOAS)

As discussed in Section 2.4.1, the Lambert-Beer law relates the transmitted intensity
of photons through an absorbing medium to the incident intensity and properties of
the absorbing material, in particular the absorption cross-section and concentration
of the absorbing particles. The aim of trace gas retrievals is to determine the con-
centration of a particular trace gas in the atmosphere from the absorption features
present in an observed spectrum. However, as mentioned in Section 2.4.1, high fre-
quency spectral features are often the combined result of absorption by more than

one trace gas and therefore must first be separated out.

In order to discriminate between spectral features caused by a specific trace gas
and those due to background absorption and scattering, DOAS utilises the fact
that different absorption mechanisms display distinct spectral characteristics. A
number of trace gases possess high frequency spectral absorption features which peak
sharply at specific wavelengths; these gases are classed as line absorbers and include
species such as COy, CHy and N,O. In contrast to line absorption, atmospheric
scattering and continuum absorption by trace gases result in broadband spectral
features. Broadband absorption features vary slowly with wavelength in comparison
to sharp narrowband absorptions and therefore can be considered to constitute the
background spectral continuum over localised spectral regions. Spectral features
due to line absorption can be distinguished from the broadband spectral continuum
by considering the molecular absorption cross-section, o;(), in terms of its high and

low frequency components, o;;,(\) and o;(\) respectively:

0i(A) = oin(A) + ou(N). (2.7)

Using this convention, Equation 2.6 is modified to become:

I(A) = Ip(N) exp —/ <Z (Gu(M)ni) + kg + KM) dl

B L

exp —/ (Z (Uih(/\)ni)) dl

0 7

In reality the absorption cross-section varies with pressure and temperature, both of

which fluctuate considerably in the atmosphere. However for weak absorbers these
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variations are negligible and o;(\) can be assumed to remain constant along the
light path. As a result, o;(\) can be taken outside of the integral in Equation 2.4,

hence optical depth can be expressed as:

() = o (V) / ndl = o())S, (2.9)

where S is the integral of the trace gas concentration along light path [ and is a key
parameter in DOAS theory known as the slant column density. Furthermore, since
the cross-section has been divided into its narrow and broadband components, the
first exponential on the right hand side of Equation 2.8 can be combined with Iy to

represent the localised spectral background and replaced by a single term, I}:

I(\) = Ip(\) exp [— (Z (0a(N)S) + kg + 5M>] exp [— > (aih(x)si)]

7 1

= Ijexp [— Z (crih()\)Si)] )

i

(2.10)

2.4.3 Spectral Fitting

The implementation of DOAS in the context of atmospheric absorption involves the
comparison of an observed spectrum (for example a SCTAMACHY measurement)
with theoretical or laboratory measured properties of the trace gas of interest. In
order to fit observed quantities to a priori parameters the DOAS technique employs
a linear least squares fitting approach that requires a more detailed expression for

the optical depth. Starting with a rearrangement of Equation 2.10:

[IO(();\)) = exp [— (Z (0in(N)Si) + Z (0u(N)Si) + kR + /£M>] : (2.11)

i

a new expression for optical depth is obtained:

)=~ () = 05+ S S s (212

The local background spectral continuum can be represented by a polynomial which
varies smoothly with wavelength to account for the low frequency spectral features

attributed to absorption and scattering:
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D kAT =>"(0u(N)S) + KR + K (2.13)

By substituting the polynomial approximation of the background spectral contin-

uum into Equation 2.12, the optical depth can be expressed as:

T =) (@n(N)S) + D k™ (2.14)
The effect of subtracting the broadband spectral component (background intensity
plus low frequency scattering /absorption structures) from the observed spectrum is
to single out the narrowband absorption features corresponding only to trace gas ab-
sorption. In the context of the DOAS fitting procedure, optical depth is an observed
quantity whereas the high frequency cross-sections, o;,(\), are measured in a labo-
ratory and can be obtained from publicly available spectral databases such as the
high-resolution transmission (HITRAN) molecular absorption database [Rothman

et al. (2005)]. The DOAS linear least squares minimisation takes the form:

2

X = [robs = T2 = | Tobs = D _ (0in(N)Si) = Dk A™ | — min, (2.15)
where the fit parameters are comprised of the slant column density, S;, and the

polynomial coefficients, k,,.

It should be noted that the equations described thus far refer to an idealised measure-
ment whereas in reality the signal recorded by a detector is limited by instrumental
resolution and detector size. In an ideal scenario a detector would record the in-
tensity of monochromatic light of wavelength \. as a delta function, without any
contribution to the signal from any other spectral region. In practice, however, the
light incident on a detector has been dispersed to some degree by passing through an
instrumental aperture, or entrance slit, and therefore the detector records a signal
not only at wavelength A. but over a small range of wavelengths centred on \.. Fur-
thermore, detectors are comprised of a number of individual pixels, each of which
integrates the incident light over a small, finite wavelength interval. The resulting
spectrum is therefore a summation of the signal detected by discrete pixels. Combi-
nation of these effects gives rise to the spectral response function of the instrument
which is characterised by an instrument line shape (ILS), or ‘slit width’. A measured

spectrum is therefore a convolution of the true spectrum with an appropriate ILS
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(typically a Gaussian) designated here by H:

IO =I(\) % H = — / T(A— N) H(N)dN
N (2.16)
~ / T = X) H()d.

2.4.4 Implementing DOAS in the SWIR

Photon absorption in the UV /VIS spectral region results in high energy transitions,
involving the excitation of electrons, which are unaffected by external atmospheric
conditions. Energies associated with photons in the SWIR, however, are insufficient
to cause electron excitation and instead result in molecular transitions, typically
between vibrational and rotational energy levels (see Sections 2.3). The Lambert-
Beer law (as written in Equation 2.10) assumes that o;,(\) is constant along the
light path, [, but at low energies, such as those in the SWIR, the influence of
varying atmospheric conditions, particularly pressure and temperature, cause o, ()
to change significantly with altitude. As a result, the integral in Equation 2.8 can
no longer be simplified to provide a single optical depth applicable to the entire
column and the approximation made in Equation 2.9 no longer holds. Furthermore,
instruments of moderate spectral resolution such as SCTAMACHY are unable to
resolve individual absorption lines [Gottwald et al. (2006)] and consequently the
measured optical depth is a sum of 7 over a range of wavelengths (dependent on
instrument resolution) rather than corresponding to a specific wavelength as called
for by Equation 2.8. For line absorbers such as CO5 and CHy, where sharp changes
in optical depth over relatively small spectral regions occur, the relationship between

observed optical density and trace gas slant column density, S;, no longer holds.

2.4.5 Weighting Function Modified Differential Optical
Absorption Spectroscopy (WFM-DOAS)

By redefining Equation 2.14 in terms of satellite observed intensity, I, the following

expression is obtained:

I I(A) =InIo(A) = > (0im(N)Si) = > kmA™. (2.17)

%
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Since oy, () is highly temperature and pressure dependent in the SWIR, as discussed
in Section 2.4.4, it follows that DOAS in its original form is insufficient to perform
retrievals of CO, and CHy in the SWIR spectral region. Taylor’s theorem describes

a function f(z) by an expansion about a point a as follows:

2 2

f(z) :f(a)+g—£(x—a)+j—£%+... (2.18)
Weighting Function Modified Differential Optical Absorption Spectroscopy (WFM-
DOAS) makes allowances for the intricacies of the SWIR region by expressing the
TOA satellite observed intensity at 7 spectral points as a first order Taylor expansion
using RTM modelled intensities and replacing the absorption cross-sections with

column weighting functions:

mod
In 1779 (V*, ) ~In 1% (V,b) + [—8 lgé

{mnlgnod S\ V)} (2.19)

ab;

5, X (b] - J):| + P(km)-

Here V', V and V are the true, modelled and retrieved VMRS respectively. Deriva-
tives of intensity with respect to the VCD are the column weighting functions which
describe the sensitivity of a retrieval by quantifying the change in the observed spec-
trum given a perturbation in the true VCD [Buchwitz et al. (2000)]. The weighting
functions are modelled by a RTM and therefore explicitly take into account the
temperature and pressure dependance of absorption throughout the atmospheric
column, replacing the need for absorption cross-sections in the standard DOAS ap-
proach (i.e. Equation 2.17). The term b; represents a collection of parameters
describing the atmospheric state, such as temperature and pressure which are not
well known a priori. P(ky,) is a low-order polynomial, included to account for the

broadband spectral continuum [Buchwitz et al. (2000)].

The WFM-DOAS retrieval algorithm is based on a linear least squares fitting proce-
dure which scales the a priori model spectrum, hereafter referred to as the reference
spectrum, and its constituent a priori atmospheric parameters (i.e temperature,
pressure, trace gas VCD etc), by adjusting all spectral points in the retrieval win-
dow simultaneously in order to match the observed spectrum. The VCD weighting
function is multiplied by the difference between V and V (AV') which is the amount
of molecules that the a priori VCD must be adjusted by for the modelled intensity
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to fit the observed intensity. AV is optimised during a linear least squares fit and
results in a scaling factor for converting the a priori VCD into a retrieved VCD. In

vector form, Equation 2.19 becomes:

lly — Ax||* = ||RES;||*> — min w.r.t x, (2.20)

where y represents the difference between measured and modelled intensities, A is a
matrix of the column weighting functions and x represents the difference between the
modelled and true fit parameters [Buchwitz et al. (2000), Barkley (2007)]. Elements
of y, A and x take the following form:

e — o It

P = , 2.21
y p (2.21)
x1:<va);x2:<jf j), (2.22)
% b;
dln Imod v/
A= (2.23)

ov o

Note that in Equations 2.21-2.23 o; represents the measurement noise (not the
absorption cross-section) defined as the standard deviation of the intensity over the
mean intensity. Given its position on the denominator, o; is only significant if the
noise varies significantly with wavelength, in which case a higher weighting is given
to the less noisy spectral points in the WEM-DOAS fit. The solution to the WFM-
DOAS linear fit is given by & = C, ATy, where C, is the covariance matrix of the
fit (see Buchwitz et al. (2000) for a full mathematical description). The error on

retrieved parameters is given by:

(Cr)j; > RES;

oy, = CETEE (2.24)

where the subscript j indicates the index of the diagonal element in the covarience
matrix, m is the number of points in the spectral fit and n is the number of fit
parameters [Barkley (2007)].

For WEM-DOAS;, a priori data required to linearise the least squares fit is obtained
from a look-up table (LUT) consisting of model spectra and weighting functions
pre-calculated by the SCIATRAN [Rozanov et al. (2005)] radiative transfer model
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(RTM). Employing a LUT approach allows the algorithm to be run extremely
quickly (an important quality for retrieval methods which aim to produce global
data products) since on-line radiative transfer calculation are not required. How-
ever, using pre-calculated spectra introduces the risk of using a priori data which is
substantially different to the true atmospheric state. Since the WEFM-DOAS least
squares fit only consists of a single iteration it is important that the a priori data
is as accurate as possible otherwise an erroneous VCD result will be obtained. For
cases in which the a priori data differs greatly from the true state an iterative ap-
proach such as IMAP-DOAS [Frankenberg et al. (2005b)] is required.

2.4.6 Full Spectral Initiation (FSI) WFM-DOAS

The Full Spectral Initiation (FSI) WEM-DOAS algorithm [Barkley et al. (2006)] is a
modification to the aforementioned WFM-DOAS algorithm for which a priori data
tailored to each satellite observed scene is used to create the reference spectrum.
By modelling each atmospheric scene individually FST WEFM-DOAS is expected to
obtain a more accurate linearisation point for the linear least squares fit than the
LUT approach of WFM-DOAS, and thus produce more accurate retrievals. This
is a significant advantage of FSI over other WFM-DOAS based methods which do

not, in general, use an iterative approach to achieve an optimised result.

Reference spectra for the FSIT WFM-DOAS retrieval are created by running the SCI-
ATRAN RTM [Rozanov et al. (2005)] initialised with a series of a priori atmospheric
parameter profiles which have been interpolated to the exact date and time of each
SCIAMACHY observation. By introducing the on-line computation of model refer-
ence spectra, total retrieval time is significantly increased; FSI WFM-DOAS takes
approximately 2.5 minutes to retrieve a total trace gas column as opposed to a
matter of seconds for the original WFM-DOAS method.

2.5 Scattering by Aerosols in the SWIR

2.5.1 Defining Atmospheric Aerosol

The term ‘aerosol’ refers to tiny particulate matter (~ pm), which exists in either
a solid or liquid state, that is suspended in a gas. In a sense, clouds are a special

category of aerosol, specifically consisting of water particles either in solid or liquid
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form which are suspended in the atmosphere. Aerosols affect the climate both by
direct interaction and via secondary effects. The direct effect of aerosols on climate
refers to the scattering and absorption of radiation by aerosol particles, leading to
atmospheric cooling and warming respectively. Despite the opposing effects of these
two direct processes, the overall effect on the climate is that of net cooling [Forster
et al. (2007)].

The secondary effect of aerosols on the climate derives from the ability of aerosols
to alter cloud microphysics. Particles with radii > 0.1 pum are effective cloud con-
densation nuclei and therefore promote cloud formation. As well as seeding clouds,
aerosol particles can also act as a catalyst for chemical reactions by providing a

surface for reactions to take place upon.

A number of studies have been performed which focus on the impact of aerosols on
total column retrievals of CO5 from SCIAMACHY [Mao and Kawa (2004), Houwel-
ing et al. (2005)]. However, significantly fewer studies have quantified the effect
of aerosols on retrievals of CH,, providing the need for the work presented in this
thesis. This section introduces the basic radiative properties of aerosols (see Section
2.6 for cirrus clouds) as background to the aerosol sensitivity tests performed in
Chapter 4 and the subsequent retrieval modifications made to account for aerosol

effects on retrievals of CHy in Chapter 5.

2.5.2 Sources

Atmospheric aerosols originate from both natural and anthropogenic processes and
their sources can be catergorised as either primary or secondary in nature. Primary
sources largely produce natural aerosols, for example, oceans give rise to sea-salt,
weathering produces mineral and dust deposits and organic material produces air-
borne pollen and spores. In contrast, secondary sources are the product of chemical
reactions of precursor gases in the atmosphere which nucleate or condense, form-
ing aerosols such as sulphates or nitrates. Table 2.1 gives an overview of various
aerosol types along with their properties and typical sources as defined by the Global
and regional Earth-system (Atmosphere) Monitoring using Satellite and in-situ data
(GEMS)* project.

Primary aerosol sources (particularly sea-salt and desert dust) dominate global

*A full description of the GEMS project can be found at http://gems.ecmwf.int/
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aerosol production, however, anthropogenic emissions are still significantly large.
The majority of aerosols are found within the atmospheric boundary layer since
aerosols are generally emitted from the Earth’s surface and the atmospheric sink is

particularly effective at removing aerosol.

2.5.3 Sinks

In comparison to long-lived trace gases, which can remain in the atmosphere for
tens or hundreds of years, the lifetime of atmospheric aerosols is extremely short.
Aerosols are typically airborne for anything up to a few weeks, depending on particle
mass and meteorological factors. Aerosols are predominantly cleansed from the
atmosphere by either dry or wet deposition. Dry deposition describes the tendency
of particles to be deposited on the Earth’s surface due to atmospheric turbulence or
inherent gravitational forces acting on the aerosol particles. Wet deposition refers
to the removal of atmospheric aerosol by precipitation; aerosol particles can either
seed clouds and then fall if subsequent precipitation occurs or become incorporated

in water droplets during an existing precipitation event.

2.5.4 Scattering Properties of Aerosols
Acerosol Radii Distributions

Aerosol particle radii range from around 0.005-100 gm and can vary considerably
even within a particular aerosol species. Therefore the number density n(r) (where
r is the particle radius) of particles that make up a specific aerosol type is usually
represented by a log-normal distribution (normal distribution of the logarithm of r)
[Tobias (1993)] of the following form:

M] (2.25)

-1
n(r) = const ™ exp {— %o,
Here, r, and o, are the mode and standard deviation of the log-normal distribution
respectively. In most cases a single log-normal distribution is sufficient, however
occasionally the summation of multiple log-normal distributions is necessary [Davies
(1974)] in order to correctly characterize the spread of particle radii. Table 2.1 lists
the parameters necessary to characterize the log-normal distributions of the 9 GEMS

aerosol types.
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Chemical Composition and Refractive Index

The chemical composition and structure of an aerosol particle determines its optical

properties, in particular the complex refractive index m given by:

m(X) = n(\) — ik(\). (2.26)

The real part n (not to be confused with number density) of the refractive index is
a measure of the extent to which light is bent or ‘refracted’ as it passes through a
given material and determines the degree of scattering that occurs. The imaginary

part k characterises the absorption of the material.

Extinction and Single Scattering Albedo
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Figure 2.4: Ensemble averaged extinction cross-section per particle (o.), single scat-
tering albedo w and asymmetry parameter g derived from Mie theory for the 9 GEMS
aerosol types. Parameters are given for wavelengths corrsponding to the centre of
the CO4 and CHy4 retrieval windows (1570 nm and 1650 nm respectively) as well as
for a reference wavelength of 550 nm.

Extinction is a measure of how much radiation a material or substance removes

from its original light path either by scattering or absorption. The extinction cross-
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section o, (as described in Section 2.4.1) can be expressed in terms of the extinction
efficiency ey, which quantifies the ability of a particle of a given cross-sectional

area to interact with radiation, as follows:

o = Qext T, (2.27)

where r is the radius of the particle. Cross-sections of scattering (o) and absorption
(04) can also be calculated by replacing Qext by Qsca and Qaps respectively. Following
from Equation 2.27 the volume extinction coefficient k. (extinction per unit volume
of a material) is then simply o, multiplied by the particle size distribution n(r) and

integrated over all (or a given range of) radii:

Ke = O/Qexern(r)d'r’ = O/aen(r)d'r’. (2.28)

The extinction term k. contains a contribution from both absorption and scattering
processes, i.e. k., = ks + ko, Where K, and k, are obtained from Equation 2.28
by replacing o, with o, and o, respectively. A useful quantity to define is the
single scattering albedo w which is simply the ratio of the scattering and extinction
coefficients:
K/S

W= li—e (2.29)

Using Equation 2.29, the absorption coefficient can easily be obtained if both the

extinction and single scattering albedo are known, as follows:

Kq = ke(l — w). (2.30)

Figure 2.4 shows typical values for the ensemble averaged cross-section per particle
(0e), w and the asymmetry parameter g (the cosine-weighted average of the phase
function) for 9 GEMS aerosol definitions. Note that the value of w for black carbon
in Figure 2.4 is significantly lower than all other GEMS aerosol types since black

carbon is far more absorbing than other aerosols.

Scattering Phase Function

A phase function represents the intensity of scattered light as a function of scattering
angle and can be modelled by a Legendre polynomial. Phase function moments

(PFM) are simply the coefficients of the Legendre series expansion and are often
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required by radiative transfer models to characterise a phase function.

2.6 Scattering by Clouds in the SWIR

Whilst water clouds are generally very bright and therefore easy to identify in a
satellite scene, thin ice clouds known as cirrus clouds are notoriously difficult to
detect and can cause significant atmospheric scattering which at present is rarely
taken into consideration within atmospheric retrievals. Cirrus clouds are typically
found between altitudes of 6-18 km at mid-latitudes and cover approximately 22%

of the globe, however coverage over the tropics can be as much as 70% [Liou (2005)].

2.6.1 Scattering Properties of Clouds
Cloud Ice Water Content

The concentration of water droplets within a cloud is characterized by the cloud ice
water content (IWC, omitting the leading ‘C’ here for brevity), usually expressed
in units of g m™3. Note, cloud liquid water content (LWC) is defined in the same
manner therefore the following discussion is also applicable to liquid water clouds.
To define IWC in terms of microscopic cloud parameters, it is necessary to first define
distributions of cloud droplet cross-sectional area Ay and volume V respectively as
follows [Stephens (1994)]:

Ay = /m“?n(r)dr, (2.31)
0
4T

Vy= 3/ n(r)dr, (2.32)

where n(r)dr is an arbitrary number density distribution which describes the con-
centration of cloud droplets with a range of radii r to r + dr. Using Equation 2.32,

IWC can be simply expressed as:

where p; = 0.92 g cm ™2 is the density of ice and Vj is unitless.
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Cloud Droplet Effective Radius

It is also useful to introduce the effective radius, r., which characterises the distri-
bution of cloud droplet radii [Liou (1992)]:
[ mr3n(r)dr
T — (2.34)
[ wr2n(r)dr
0

For ice particles r. can be calculated by following the simplified parameterisation
for ice particle effective size D, from Sun and Rikus (1999), in conjunction with the
low temperature correction of Sun (2000). The Sun and Rikus method is a linear
approximation of the MH97 parameterisation [McFarquhar and Heymsfield (1997)]
of hexagonal ice particle effective size in which D, is characterised by the following

empirical equation:

D, = a(IWC) + b(IWC)(T + 190.0) + f. (2.35)

Here, T is the temperature in Celsius, a(IWC) and b(IWC) are coefficients of the

linear fit to results of the MH97 parameterisation, given by:

a(IWC) = 45.8966 - ITWC2214, (2.36)
b(IWC) = 0.7957 - IWC"2>%% (2.37)

where IWC is expressed in units of g m™ and f is a correction required for low

temperatures, expressed as:

f =1.23561 + 0.0105T. (2.38)

The effective radius is then related to D, as follows:

3v3
_3V3,

Te =

. (2.39)

Optical Properties

IWC can be related to the volume extinction coefficient k. by employing the large
particle limit which, assuming a spherical particle, states that for wavelengths that
satisfy the condition 277 /A > 1 the extinction efficiency tends towards an asymp-

totic limit of Qe+ = 2 [Stephens (1994)]. By applying the asymptotic limit in
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Equation 2.27, then substituting for o, in Equation 2.28, k. can be expressed as

follows:

Ke = 2/7T7’27”L(7”)d7“. (2.40)
0
By substituting Equations 2.33 and 2.34 for IWC and r. respectively into Equation
2.40 the following expression relating x. and IWC is obtained [Slingo and Schrecker
(1982)]:

3IWC
Ke = )
2 PiTe

(2.41)

Given IWC in g m~3, p; in g em™ and r, um, Equation 2.41 provides &, in units

of m™!. Since optical depth 7 is simply k. integrated over a path length dI, and
similarly ice water path (IWP) is IWC integrated over dl, a parallel expression

relating 7 and IWP can be defined as follows:

L
IWP
() = /me ar = 21V (2.42)
0

2 PiTe .



Chapter 3

FSI for the Retrieval of CH, from
SCIAMACHY

3.1 The SCIAMACHY Instrument

3.1.1 Introducing SCIAMACHY

The Scanning Imaging Absorption Spectrometer for Atmospheric Chartography
(SCIAMACHY) instrument [Burrows et al. (1995), Bovensmann et al. (1999)] is
a passive nadir/limb viewing spectrometer of moderate resolution with 8 channels
covering the wavelength range 214-2386 nm which span the UV, Vis, NIR and SWIR
spectral regions. SCIAMACHY detects sunlight reflected from the Earth’s surface
that has been modified by atmospheric scattering (i.e. ‘Earthshine’ spectra) and
can be used in conjunction with reference solar spectra in DOAS based retrievals
to determine the concentration of various atmospheric trace gases. SCTAMACHY
is the successor of the Global Ozone Monitoring Experiment (GOME) and began
operations in 2002 onboard ESA’s Environmental satellite ‘ENVISAT’ which circles
the Earth at an altitude of 799.8 km in a polar, sun-synchronous orbit. ENVISAT
was originally intended to operate for around five years [Lichtenberg (2006)] but
has exceeded expectation and continues to operate to this day, albeit in a lower
orbital configuration to conserve remaining fuel reserves. Whereas GOME focused
primarily on the observation of stratospheric ozone and related gases, the scope
of SCTIAMACHY was intended to be far broader, encompassing retrievals of trace
gases, aerosols and clouds in the form of total column, tropospheric and strato-
spheric profiles (see Figure 3.1 for a list of retrieved atmospheric constituents and

their corresponding spectral windows). By detecting trace gas absorption in the
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L]

% SCIAMACHY

ENVISAT-1" &

Figure 3.1: Spectral regions observed by both GOME and SCIAMACHY (figure
taken from BREMEN). Note that COy and CHy were originally intended to be
retrieved from the SWIR (~ 2 pm) however due to problems with the detectors
covering this spectral range, these retrievals are instead performed using spectral
windows around 1.57 ym and 1.65 pum respectively.

SWIR, SCIAMACHY has high sensitivity to the lowest atmospheric layers where
anthropogenic trace gas emissions peak, as opposed to TIR instruments which are

most sensitive to the upper troposphere (refer to Section 2.2 for further discussion).

3.1.2 Orbit and Viewing Geometry

Prior to orbital reconfigurations in October 2010* ENVISAT performed just over
14 orbits per day (100.6 minutes per orbit) with global coverage in 3 days (in nadir
mode) and a repeat cycle of 35 days. In this orbital configuration, ENVISAT crossed
the equator at 10:00 am local time [Gottwald et al. (2006)] on the descending orbital

node.

SCIAMACHY can observe the Earth’s atmosphere in 3 different viewing geome-

tries as shown in Figure 3.2; nadir (directly downwards), limb (horizontally through

*For further details see http://atmos.caf.dlr.de/projects/scops/
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Figure 3.2: The three observational modes of SCTAMACHY;; nadir(1), limb (2) and
solar(/moon) occultation (3) (figure taken from Gottwald et al. (2006)).

the atmosphere) or in solar/moon occultation (limb but pointing directly at the
Sun or moon). During nominal operations, SCTAMACHY executes a sequence of
measurement ‘states’- each a series of predetermined commands corresponding to
a dedicated task. There are 70 measurement states in total, of which 34 are for
scientific purposes, 26 for onboard calibration, 4 for onboard monitoring and 6 for
calibration analysis [Gottwald et al. (2006)]. Despite the high number of possible
measurement states, the majority of SCTAMACHY’s operational time (on the illu-
minated side of the Earth) is spent alternating between nadir and limb measurement

states.

SCIAMACHY's field of view has a swath width of 960 km (i.e. £ 480 km with
respect to the ground track) and measurements are performed as the instrument
scans across the swath from left to right. The number of measurements made in

one sweep across the swath is variable and depends on the integration time of the
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Channel | Spectral range (nm) | Resolution (nm)

1 214-334 0.24
2 300-412 0.26
3 383-628 0.44
4 995-812 0.48
) 773-1063 0.54
6 971-1773 1.48
7 1934-2044 0.22
8 2259-2386 0.26

Table 3.1: Spectral coverage and resolution of SCTAMACHY'’s eight channels.

measurement state being executed, thus allowing for a trade off between temporal
and spatial resolution in different channels [Gottwald et al. (2006)]. For channel 6

the integration time is 0.125 s which corresponds to a footprint size of 30 x 60 km.

3.1.3 Spectral Coverage

The spectral coverage and resolution for each of SCTAMACHY'’s eight spectral chan-
nels is given in Table 3.1. Retrievals of CO, and CHy can be performed in the IR
channels 6-8. Although both CH4 and CO, absorb strongly in the wavelength re-
gion covered by channels 7 and 8, both of these channels suffer from a severe lack
of transmission (and consequently decreased signal to noise) caused by the build
up of a thin layer of ice on the detectors after launch [Gloudemans et al. (2005),
Lichtenberg (2006)]. The ice contamination is thought to have been caused by the
leakage of water vapour from ENVISAT’s carbon fibre frame once in orbit, some of
which infiltrated SCIAMACHY and subsequently condensed out onto the detectors
and froze. Fortunately, contamination is isolated to channels 7 and 8 only since
these channels cover the highest wavelength regions and therefore require the most
cooling to reduce thermal noise. Periodic decontaminations are performed, during
which all detectors are heated, to remove the build up of ice from the two affected
channels. However, once nominal temperatures are resumed the ice layer reforms
making retrievals of CH, using data from these channels prone to a significant time-
dependent bias [Buchwitz et al. (2005a); Buchwitz et al. (2005b)]. Since the bias
introduced is not well characterized, CHy retrievals are generally performed using
spectra from channel 6 which contains weaker absorption features than channels 7
and 8 but is unaffected by ice. As a result, SCIAMACHY spectra from channel 6

are used in this thesis.
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3.2 Calibration of SCIAMACHY L1B Data

The raw electronic signal measured by SCIAMACHY (in binary units, BU) is des-
ignated as level 1b (L1b) data which requires calibration to convert into spectral
radiance in units of W m™2 nm™! (a typical level 1c (Llc) calibration product).
Using the official ESA tool for the calibration of SCTAMACHY L1b data (Scial.lc)
specific measurement data sets (MDS) can be extracted from an L1b file and up to
10 different calibration options, detailed in Table 3.2, can be applied depending on

user requirements.

Barkley et al. (2006) utilised version 5.01 of SCIAMACHY data for retrievals of
COy and produced full radiometrically calibrated spectra in order to obtain the
mean intensity (and thus estimate albedo) for each SCIAMACHY scene. However,
at that time the radiometric, stray-light, polarization and dark current calibrations
applied by the Scial.lc tool were not of a high enough standard to produce suitable
spectra for the FST WFM-DOAS fit. Since DOAS only relies on the differential of
spectral intensity radiometric calibration is not strictly necessary and can be ne-
glected, however corrections for stray-light and dark current are still required. As a
result, Barkley et al. (2006) applied a wavelength correction using Scial.lc and then
manually applied the remaining necessary calibrations using L1b auxiliary data to
obtain a calibrated signal in units of BU for the FST WFM-DOAS fit. Retrievals per-
formed in this thesis are based on a more recent SCIAMACHY data release (version
7.03) however the updates which constitute this new release do not affect the SWIR
channels. As a result, the use of a manually calibrated signal for FST WFM-DOAS

retrievals is maintained.

The calibration procedure for channels 1-5 differs from that of the SWIR channels
6-8, therefore only calibrations relevant to the SWIR channels and of particular

importance for the CH4 FSI retrieval have been described here in further detail.

3.2.1 Non-Linearity in the SWIR Channels

In addition to optional calibrations, a correction for the non-linear response of pixels
in channels 6-8 must be applied ahead of any other calibrations. The Scial.lc tool
only applies a non-linearity calibration if the option to apply ‘all calibrations’ is
selected otherwise the correction must be applied manually. The effect of non-
linearity is different for each of the SWIR channels (6, 6+, 7 and 8), resulting in the
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Calibration op-
tion

Relevant
spectral
channels

Description

Maximum effect (BU)

Memory effect

1-5

A non-linearity effect governed by the pre-
vious detector read-out (including dark sig-
nal and offsets).

250

Leakage current

1-8

A component of the total dark current that
results from stray thermal electrons.

0.04-0.5 BU s I
[Kleipool (2002)]

PPG

6-8

The non-uniform response to a signal by
neighbouring pixels.

Etalon

1-5

Interference of light caused by a protective
layer of SiO5 covering the S; detectors, re-
sulting in a periodic, wave-like oscillation
(dampened with increasing wavelength) in
the measured intensity.

Stray light

1-8

Radiation incident on the detector which
is not from the intended source and can be
caused by two distinct mechanisms:

- Spatial stray light is the result of light
scattered into the detector from outside of
the instrument field of view.

- Spectral stray light results from radia-
tion being scattered within the instrument
set-up onto a detector which is intended to
measure light of a different wavelength.

Spatial:  only affects
nadir  measurements
over the North Pole.
Spectral: 0.14% of sig-
nal for uniform stray
light and 0.1% for
ghost stray light.

Spectral calibra-
tion

1-8

Attribution of wavelength values to pixels.

Polarization

1-8

Corrects for the response of a detector to
the polarisation of incident light.

Polarization in the IR
channels is moderately
weak.

Radiance

1-8

Radiometric calibration, converting from
a raw signal (BU) to radiance (W m~2
nm~1).

5% error for reflectance
spectra.

PMD sun nor-
malisation

Sun normalisation using Polarisation Mea-
surement Device (PMD) data.

Monitoring fac-
tors (m-factors)

Dedicated in-orbit observation modes pro-
vide monitoring factors which quantify the
degradation of SCIAMACHY with time.
Application of the m-factors restores mea-
sured signals to their equivalent magnitude
before degradation thus allowing ground
based calibrations to be applied.

Non-linearity

6-8

Non linearity of the IR channels 6-8.

250

Table 3.2: Calibration options available in the Scial.lc tool for the calibration
of SCIAMACHY L1b data along with a description of each correction. If avail-
able, maximum errors have been given in binary units (BU) [Lichtenberg (2006);
Scherbakov (2009); Kleipool (2002)].
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definition of fourteen separate correction curves (see Kleipool (2003)).

3.2.2 Dark Signal and Leakage

The false signal recorded when a detector is not illuminated by incident radiation
is known as a dark signal (DS). For channels 1-5 the dark signal is made up of two
components; a constant additive known as the analog offset (AO), or fixed pattern
noise, added to ensure a positive signal is measured and a leakage current (LC), also
known as dark current, which is caused by stray electrons in the detector and is
linearly dependent on time [Slijkhuis (1999)]. For IR channels 6-8, the dark signal
is dominated by a thermal background, By, (¢), generated by the instrument itself.
The thermal dark signal is dependent on orbital phase ¢ since changes in orbital
position (and hence solar illumination) affect the temperature of the instrument
[Lichtenberg (2006)]. The total dark signal for a generic SCTAMACHY channel can

be expressed in standard form as:

DS = feoada (AO + LC - tppr + Bin(¢) - QF (Thets A) - Lice - trrT) | (3.1)

where QE(Tyet, A) is the quantum efficiency of the channel, dependent on both the
temperature of the detector, Ty, and the wavelength of radiation detected, A. T'jce
is the transmission coefficient associated with an ice layer build up on detector chan-
nels 7 and 8 (note, channel 6 is unaffected) [Gottwald et al. (2006)]. It is important
to note that the third term in the brackets on the right hand side of Equation 3.1
describes the dark signal associated with background thermal noise and is therefore
only applicable to channels 6-8; for all other channels this term is neglected. Since
both By, (¢) and LC are time dependent parameters, and can therefore vary between
orbits, the dark signal is measured during five ‘dark states’ per orbit (states 8, 26,

46, 63 and 67), each corresponding to a different tpgr, as shown in Table 3.3.

Measurement State | Pixel Exposure Time [PET] (s)

8 5.00000
26 0.03125
46 0.25000
63 0.50000
67 0.12500

Table 3.3: Details of measurement states during which dark signal measurements
are performed, along with their corresponding PET values.
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The spectral retrieval windows for CH4 and CO5 both reside within SCTAMACHY
detector cluster 43, which covers the wavelength range 971-1773 nm and is associ-
ated with a tpgr of 0.125 s. For each dark state, measurements of the AO, variable
leakage current and the average dark spectrum (average of the dark measurements

per state) are made.

3.2.3 Pixel To Pixel Gain

Pixel to pixel gain (PPG) refers to the non-uniform response of neighbouring pixels
to incident light and is only relevant to channels 6-8. The PPG effect is calculated
by measuring the spectrum of a white light source (WLS) whilst in orbit, then
subtracting a smooth, idealised WLS spectral curve to discern the remaining PPG

related spectral features.

3.2.4 Dead and Bad Pixels

Spectral points in measured SCIAMACHY spectra are discarded if they are flagged
as dead pixels in the L1b data product or are outside of the limits of the manual
bad pixel mask, defined in Table 3.4.

Data filters

0 < signal < 65000 BU
0 < DC < 20000 BU
opc < 15 BU
shot noise < 15 BU

Table 3.4: The range of acceptable values of the SCTAMACHY signal, dark current
(DC), standard deviation of the dark current opc and shot noise, that constitute the
manual bad pixel mask. For a given spectral point, if any of the stated thresholds
are exceeded the point is classified as a bad pixel and subsequently ignored in the
retrieval.

3.3 FSI WFM-DOAS for the Retrieval of CH,

The original FST WEM-DOAS retrieval scheme was initially developed for retrievals
of XCO, and is described in detail by Barkley et al. (2006). The aim of this section
therefore is to give an overview of the FSI WFM-DOAS retrieval algorithm and
highlight the fundamental changes implemented to enable retrievals of XCHy.
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3.3.1 An Overview of FSI WFM-DOAS V2

The FSI WEM-DOAS retrieval begins by reading in both the manually calibrated
signal and the full radiometrically calibrated SCIAMACHY spectrum correspond-
ing to a cloud free scene; a priori albedo is then estimated from a look up table,
given the SZA and mean intensity of the fully calibrated SCTAMACHY observation.
Profiles of a priori pressure, temperature and VMR of the trace gas to be retrieved,
which have each been interpolated to the time and location of the SCIAMACHY
measurement, are used to initialise the SCIATRAN radiative transfer model for the
creation of a reference spectrum- effectively a ‘best guess’ of the measured SCIA-
MACHY spectrum. The FSI WEM-DOAS linear least squares fit (see Figure 3.3)
then scales the reference spectrum to match the manually calibrated SCTAMACHY
spectrum, using the resulting scaling factor to retrieve the trace gas VCD given its

a priori value.

For the retrieval of CHy the proxy approach for VCD normalisation (see Section
1.4.4) was implemented to reduce errors in the resulting VMR caused by atmo-
spheric scattering. Employing the proxy approach required that both CO5 and CHy
were retrieved in series for each SCIAMACHY scene, resulting in a doubling of
the computational time required for retrievals by Barkley et al. (2006). The original
RTM (SCIATRAN 2.0) was replaced by the newly released SCIATRAN 2.2, enabling
greater control over the definition of atmospheric conditions, particularly aerosols
and clouds. A reduction in resolution of the reference spectrum by a factor of 2
was found to have a negligible effect on the WFM-DOAS fit, but resulted in greatly
improved retrieval efficiency and thus largely offset the effect of implementing the
proxy approach for VCD normalisation. Figure 3.4 depicts the main structure of
the modified FSI WEFM-DOAS retrieval, hereafter referred to as FSI WFM-DOAS

V2, and Table 3.5 provides a summary of the a priori data used.

3.3.2 The Proxy Approach for CH; Column Normalisation

In order to convert a retrieved total column COy, VCD to VMR Barkley et al.
(2006) utilized a priori surface pressure as a proxy for the total atmospheric column
mass. This method assumes, however, that the observed radiation has traversed the
entire atmospheric column and neglects the presence of clouds or aerosols which can
dramatically alter the light path of observed radiation via scattering. An alternative

method of total column normalisation is to employ the proxy approach, described
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Figure 3.3: Spectra from various stages of a typical FSI WFM-DOAS V2 spectral
fit. Spectral panels in order from the top: SCIAMACHY manually calibrated signal;
High resolution FSI reference spectrum simulated by SCIATRAN overlaid with the
same spectrum convolved with the SCIAMACHY instrument slit function; WFEM-
DOAS fit (with the original SCTAMACHY spectrum for comparison); WEM-DOAS
fit residual. Gaps in the spectra indicate where spectral points have been omitted
due to either being flagged as dead pixels in the SCTAMACHY L1b product, or
removed by the manual bad pixel mask (see Section 3.2.4).

in Section 1.4.4. Adopting this method of normalisation within FSI WFM-DOAS
V2 (using a retrieved CO, VCD as the spectral proxy to determine XCH,) results in
a doubling of the retrieval time since the VCDs of CO5 and CH4 must be retrieved
in series. Consequently, the time typically required to determine XCH, using the
proxy method is around 5 minutes, since total columns of both CO; and CH, must

be retrieved.
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Figure 3.4: Flowchart portraying the progression of the FSI WFM-DOAS V2 re-
trieval algorithm. Fully calibrated spectra are required to obtain mean spectral
intensity which is used in conjunction with SZA to determine the albedo of a scene;
the manually calibrated SCIAMACHY signal is used for retrievals since a better
dark correction is achieved.

3.3.3 Trace Gas Climatologies

COy mole fractions (in ppm) were obtained from the National Oceanic and At-
mospheric Administration (NOAA) CO, data assimilation system CarbonTracker*
[Peters et al. (2007)]. CarbonTracker combines both atmospheric transport and sur-
face flux exchange models to estimate COy mole fraction profiles for 25 model levels
which are then scaled to fit surface flask sample measurements (made to an accu-
racy of 0.1 ppm) from sites around the globe. Additional data from light aircraft
campaigns and a tall tower network complement surface measurements over North
America. Globally, CarbonTracker data is gridded on a 3°x2° grid, however data

for North America is also available on a higher resolution grid of 1°x1°.

*CarbonTracker mole fractions can be freely downloaded from
ftp://ftp.cmdl.noaa.gov/ccg/co2/carbontracker/molefractions/



3.3. FSI WFM-DOAS FOR THE RETRIEVAL OF CHy 74

Parameter(s) | Grid boundaries Spatial Temporal | Levels | Model
(lon/lat) Resolution Resolution
[Number of lon/lat]

T -180° to 178.5°/ 1.125°x1.125° 6 hours 60

H>O 90° to -90° (320, 161]

q

LNSP -180° to 178.5°/ 1.125°x1.125° 6 hours 1
90° to -90° (320, 161]

COq -178.5° to 178.5°/ 3°x2° 3 hours 25 CarbonTracker
-89° to 89° [120, 90]

CH4 -180° to 175°/ 5°%(180/47)° Monthly 19 T™M3
-90° to 90° [72, 48]

Table 3.5: Summary of meteorological and trace gas climatologies used by the FSI
WFM-DOAS V2 retrieval.

A CH4 mole fraction climatology produced by the TM3 chemical transport model
was acquired via email correspondence with Sander Houweling for use in the FSI

WEM-DOAS V2 retrieval.

3.3.4 Albedo

The albedo of a surface describes its fractional reflectance. In satellite retrievals, the
albedo of the Earth determines the amount of sunlight reflected from the Earth’s
surface back towards an orbiting satellite; the greater the albedo, the more light is
reflected towards the detector. Since the topography of the Earth is not uniform its
albedo is typically represented by a Bidirectional Reflection Distribution Function
(BRDF) which takes into account the properties of the surface and the viewing ge-
ometry. Employing a BRDF greatly increases the complexity of radiative transfer
calculations therefore a Lambertian surface (which assumes light is scattered equally
in all directions) has been utilised in the creation of reference spectra for FSI WFM-

DOAS in order to minimise computational time.

Since the SCTAMACHY nadir ground pixel footprint is 30 x 60 km in channel
6, the albedo is generally significantly inhomogeneous over the ground pixel area.
Using SCIATRAN to calculate albedo values for an ensemble of intensity and SZA
scenarios, Barkley et al. (2006) compiled a look up table which could be used to
represent the mean albedo of the observed scene from the mean SCIAMACHY

radiance. The same method is also employed here for the estimation of albedo for
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both CO, and CHy retrievals.

3.3.5 Spectroscopy

The following spectroscopic parameters were required for each of the trace gas
molecules to be modelled by SCTATRAN: isotopologue number, wavenumber (cm™1),
intensity (cm~!/(molecule cm™2)), air-broadened half-width (HWHM) (cm™! atm™1),
lower state energy (cm™!) and the coefficient of the temperature dependance of the
air-broadened half-width. These parameters were obtained for CO5, CH4 and H,O
for a standard temperature of 296 K from the HITRAN 2004 Rothman et al. (2005)
database and were modified to include updates to the spectroscopy of CHy [Franken-
berg et al. (2008b)] and H,O [Frankenberg et al. (2008a)].

3.3.6 ECMWF Meteorology

Global profiles of atmospheric temperature T', specific humidity ¢ and water vapour
(H20) for 60 model levels, along with logarithmic surface pressure (Insp) for the sur-
face level only, were obtained from the European Centre for Medium-Range Weather
Forecasts (ECMWF) Operational Analysis dataset! at a 1.125°x1.125° resolution.

Model Levels

ECMWF model levels correspond to the centre of an atmospheric layer. Atmo-
spheric layers are defined by the pressures at their boundaries, known as ‘half-level’

pressures, given by the following equation:

pk+% = Ak+% + Bk+%psurf7 (32)

where pg, is the pressure at the Earth’s surface and A, 1 and By 1 are constants
defined for each atmospheric layer . The subscript k can have values in the range
0 < k < Njeys, Where njeys is the total number of model levels in the atmospheric

profile. The ECMWF model levels therefore correspond to ‘full-level’ pressures py:

1

Pr = 5 (pk—% +pk+%psurf> . (33)

TFurther details can be found at:
http://badc.nerc.ac.uk/view/badc.nerc.ac.uk_ATOM__dataent ECMWF-0P
{Tabulated values of the constants A and B can be found at:
http://www.ecmwf . int/products/data/technical/model_levels/model_def _60.html
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Spatial and Temporal Interpolation

ECMWF data is provided for four time steps per day; 00:00, 06:00, 12:00 and 18:00
Coordinated Universal Time (abbreviated ‘UTC’) and therefore requires interpo-
lation to the time of the SCTAMACHY observation (SCIAMACHY measurements
are labeled with a pixel start time which can be easily converted to UTC) before
spatial interpolation is performed. For each day, ECMWF data for five time steps
was read in (four from the day in question plus 00:00 from the following day) thus
ensuring full coverage of the 24 hour time period. Interpolation in time of global
arrays corresponding to each profile level in turn was then carried out, resulting in
a global array of ECMWF profiles corresponding to the UTC time of the SCIA-
MACHY measurement.

ECMWF model sigma levels can be converted to pressure levels using Insp, and sub-
sequently to altitude using the hydrostatic equation. Since the hydrostatic equation
only calculates the relative change in height corresponding to a change in pressure,
the lowest level of all altitude profiles was set to 0 m by default (represented by the
black profiles in Figure 3.5). As a result, altitude profiles can only be compared
in relative terms since there is no common frame of reference; the lowest level of
a given altitude profile can therefore just as easily correspond to the bottom of a
ravine as to the top of a mountain. Consequently, bilinear interpolation of the four
ECMWEF grid profiles surrounding a SCIAMACHY scene is non-trivial and requires
the implementation of a standardised altitude grid against which all profiles can
be measured. Although profiles of pressure are comparable, the SCTATRAN RTM
requires atmospheric profiles corresponding to altitude. Furthermore, since only
the elevation (and not surface pressure) of each SCIAMACHY observed location is
known, the interpolation of the ECMWF profiles had to be performed in altitude.

To achieve this end, firstly a global grid of surface geopotentials [m? s72] was ob-
tained from the ECMWF orography dataset on a matching 1.125°x1.125° grid and
the four values corresponding to grid points enclosing the SCTAMACHY observed
scene were extracted. Geopotentials at these four locations were converted to ge-
ometric height (in m) and then added to the corresponding original altitude grid
profiles (in which the lowest level was defined as 0 m) thus making all altitude pro-
files comparable by using sea level as a common point of reference (resulting in the
red profiles in Figure 3.5). The GTOPO30! digital elevation map was used to deter-

§For further details see:
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Sea Level

Figure 3.5: Diagram to illustrate the improved interpolation of ECMWF profiles to
an observed location. Geometric heights were added to original ECMWF altitude
profiles corresponding to a regular grid (indicated in black) in order to create profiles
of altitude that were relative to sea level (shown in red). A new altitude profile was
then created for the observed location (with surface geometric height A,ps) onto
which the corner profiles could then be correctly interpolated (figure produced by
A. Durose and D. Knappett).

mine the elevation of the centre of the SCTAMACHY observed scene; this altitude
then was inserted into each of the four altitude corner profiles, creating an addi-
tional profile level. For each corner profile, P was calculated using the hydrostatic

equation, for the case where temperature 1" varies with height z, given by:

z1
P = Pyexp —% / ~T(z)7* |, (3.4)
0
where R = 8.315 is the ideal gas constant [J K~! mol™!] and g is the acceleration
due to gravity. I'(z) is the lapse rate of 7" and thus describes the decreasing gradient
of T with altitude:

http://eros.usgs.gov/#/Find Data/Products_and Data Available/gtopo30_info
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ar

['(z) = - (3.5)
Different methods of determining I'(z) were used depending on whether the surface
geometric height of the SCIAMACHY observation, A,us, was above or below the
lowest altitude of the corresponding ECMWEF altitude profile, Ag. For the case
where Aghs > Ag, a simple mean of T' from the nearest two model levels was used.
For the case where A, < Ag, extrapolation of the gradient between the lowest two
layers was likely to lead to severe overestimation of T" at the height A, since there
is usually a sharp increase in the gradient of 7" on approach to the Earth’s surface
(as shown in Figure 2.1). As a result, the mean lapse rate calculated from the 6
lowest ECMWEF model levels (5 layers) was employed to ensure a more reasonable
estimate of T" was established. The same approach was also used to determine values

of ¢ and H,O given the relative position of A, to Ag.

A standard 30 level altitude profile (optimised to be used within SCIATRAN) was
added to Agps to create a profile for the observed location that was also referenced
to sea level (the central blue profile in Figure 2.1). The corner profiles were each
interpolated vertically to match the altitudes of the new profile at the observed lo-
cation, and then (since all four corners now shared a common altitude profile) each
level was bilinearly interpolated in the horizontal plane to create new profiles of P,

T, ¢ and H5O tailored to the observed location.

This method of profile standardisation is important for ECMWF meteorological
data because profiles of P and T in particular tend to change rapidly with altitude
therefore a failure to take surface topography into account could lead to a mismatch
of profiles during interpolation and hence significant error. In contrast, trace gas
profiles of CO5 and CH, tend to vary slowly with altitude, and are of lower spatial
(and temporal in the case of CHy) resolution, therefore a similar standardisation is

unnecessary.

3.3.7 Radiative Transfer using SCIATRAN 2.2

Radiative transfer (RT) calculations for the creation of reference spectra were per-
formed using SCIATRAN version 2.2 [Rozanov (2007); Rozanov et al. (2005)]. A
plane parallel approximation was considered suitable for atmospheric simulations

since the approximation holds well for near-nadir observations with SZA < 75°
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[Rozanov (2007)], which encompasses the majority of SCTAMACHY observations
used in this thesis. Furthermore, the use of a plane parallel approximation is pre-
ferred over a more computationally expensive spherical or pseudo-spherical approach
for the reduction of overall retrieval run-time. RT was performed using the Discrete
Ordinate Method (DOM). For further details regarding the set up of SCIATRAN
2.2 see Appendix B.

3.4 Sources of Retrieval Error

Atmospheric trace gas retrievals are subject to both random and systematic errors.
Random errors vary unpredictably and therefore cannot easily be accounted for. An
example of random error is photon shot noise which results from random fluctua-
tions in the number of photons arriving at a detector. Systematic error refers to a
constant offset in a set of measurements caused by instrument bias or subsequent
analysis of the measurement and, if known, can usually simply be subtracted from
the measurement. For FSI WFM-DOAS V2 retrievals of XCHy from SCTAMACHY,

errors can be broadly classified into the following categories:

e Instrument: Random errors induced by the detector electronics (i.e. dark

current, shot noise).

e Lightpath: Systematic errors due to alteration of the photon light path by
albedo, SZA or optical depth.

e Retrieval: Systematic errors caused by the numerical method, approximations

or a priori data used in the retrieval method.

Random errors affect the precision of a measurement, that is, the spread of values
obtained when a measurement is repeated several times under the same experi-
mental conditions. The accuracy of a measurement refers to the proximity of the
measurement to the true value and encompasses both random and systematic errors
[Rodgers (2000)].

3.4.1 Instrument Noise

SCIAMACHY channels 6-8 utilise purpose built indium gallium arsenide (InGaAs)
[Hoovgeveen et al. (2001)] semi-conductor detectors, in contrast to the standard sil-

icon detectors employed by channels 1-5. The InGaAs material provides sufficient
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sensitivity in the SWIR region whilst avoiding the need for excessive cooling to
achieve a suitable SNR; operating temperatures of below 100 K are usually required
in the 1-2.4 um range covered by channels 6-8, however InGaAs detectors provide
acceptable performance at a temperature of just 150 K [Hoovgeveen et al. (2001)].
The SWIR channels are primarily affected by dark current, Johnson noise (voltage
fluctuations caused by the thermal motion of electrons in a conductor) and shot
noise [Hoovgeveen et al. (2001)]. Dark current can be effectively corrected for us-
ing manual calibrations (see Section 3.2.2), since measurements of DC in channel 6
(for the same integration time as the radiance measurements) are made every orbit,

however shot noise and Johnson noise cause unavoidable random error.

Using WEM-DOAS version 1.0, Schneising et al. (2009) report theoretical random
errors due to noise of 0.7% on the retrieved CO, VCD and 1.5% on the retrieved CHy
VCD, valid for an albedo of 0.2 and SZA of 50°. This corresponds to a combined error
of around 1.7% on the retrieved XCHy for a single ground pixel. Correspondingly,
for the optimal estimation based IMAP-DOAS retrieval Frankenberg et al. (2006)
report errors due to instrumental noise of 1.5% for the retrieved COs VCD and
1% for the retrieved CH; VCD, resulting in a combined error of 1.8% on XCHj.
The error due to instrument noise can be significantly reduced by calculating the

monthly mean of n retrievals, since random errors reduce with y/n.

3.4.2 Spectroscopy

Frankenberg et al. (2008a) found that utilising water vapour spectroscopy from the
HITRAN 2004 database results in errors of up to 3% in CHy retrievals over the
tropics. However, by implementing the improved water vapour spectroscopy from
Jenouvrier et al. (2007) this bias is removed. In addition, Frankenberg et al. (2008b)
showed that the use of incorrect pressure broadening parameters in the 23 CH4 band

can cause errors of 1% in CH, retrievals.

3.4.3 Albedo

Albedo is fundamental in determining the SNR. For a fixed trace gas column an
increase in albedo leads to a greater fraction of light being reflected, resulting in
not only an increase in intensity but also the lengthening of spectral lines since a
greater amount of absorption is incurred. XCHy4 retrieval errors related to albedo in
WFM-DOAS version 1.0 were found to be around 0.1% by Schneising et al. (2009).
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3.4.4 SZA

SZA is the angle of the Sun with respect to the zenith; for an observer at an arbitrary
location on the Earth a SZA of 0° indicates that the Sun is directly overhead, whereas
a SZA of 90° means that the Sun is approximately at the horizon. With increasing
SZA, light must travel through a greater amount of atmosphere, resulting in an
extended lightpath but reduced intensity, thus affecting the SNR.

3.4.5 Aerosols and Cirrus Clouds

During this thesis study, a complementary but more limited study into the effects
of aerosol and cirrus cloud contamination on retrievals of XCH, from space-based
solar backscatter measurements was conducted by Butz et al. (2010). In this study
the impact of scattering due to an ensemble of aerosol and cirrus cloud scenarios
on optimal estimation based retrievals of XCHy from simulated SCTAMACHY and
GOSAT measurements was assessed when using a proxy method approach (see Sec-
tion 1.4.4) for VCD normalisation. The sensitivity of a ‘full-physics’ retrieval was

also investigated but for GOSAT simulated measurements only.

Aerosol optical depth (AOD) was modelled by the global aerosol model ECHAMS5-
HAM and scaled to match the monthly median optical depth from MODIS. Sim-
ilarly, cloud optical depths (COD) were simulated using a ray-tracing model and
then scaled to match the monthly median cirrus optical thickness from the Cloud
Aerosol Lidar with Orthogonal Polarization (CALIOP). Consequently, optical depth
limits of 0.2 and 0.4 (at 0.55 pm) were imposed on AOD and COD respectively. The
resulting total particle optical depth of each scene was therefore typically below 0.5
at 1.65 pm. Although simulations were performed using realistic aerosol and cirrus
cloud profiles, a limitation of this study is that aerosol and cloud layers were not

systematically varied with altitude.

Butz et al. (2010) report errors of typically less than 0.6% were encountered for proxy
method retrievals of XCH, and less than 0.8% when using the full physics approach.
Overall, errors were less than 2% for the vast majority of scenes in both retrievals.
Although the proxy approach was employed in this study, the underlying retrieval
scheme is based on optimal estimation and therefore differs from FSI WEM-DOAS

used in this thesis.
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3.4.6 Quantifying Error Sensitivity

Table 3.6 defines a number of simulated atmospheric scenarios of different AOD,
surface albedo and SZA. For each scenario, a SCIAMACHY spectrum was simu-
lated using SCIATRAN, assuming a constant XCHy of 1774 ppb. In each case the
percentage difference between the FSI WFM-DOAS V2 retrieved XCH, and the
original XCHy is given in the final column. These results show that large AOD

causes a substantial retrieval error whereas SZA and albedo have a smaller effect.

Scenario ID ‘ AOD ‘ a ‘ SZA ‘ UP XCHy [%)]

la 0.0 0.34 | 20° |-0.01
1b 0.0 0.34 | 70° | -0.24
lc 0.0 0.15 | 20° | -0.10
1d 0.0 0.15 | 70° | -1.60
2a 1.0 0.34 | 20° | 7.59

2b 1.0 0.34 | 70° | 10.88
2c 1.0 0.15 | 20° | 7.16

2d 1.0 0.15 | 70° | 10.47

Table 3.6: Percentage difference between the unperturbed retrieved XCH, and true
XCHy (1774 ppb) for eight different scenarios.

To quantify the errors associated with a priori pressure and temperature, simula-
tions were run in which the respective a priori columns were perturbed by various
amounts (+ 0.5%, 2% and 5% for pressure and + 1%, 2% and 5% for temperature).
Tables 3.7 and 3.8 show the additional percentage error, caused by perturbations
to pressure and temperature profile respectively, incurred on top of the percentage
error given in the final columnn of Table 3.6. From these results it can be seen that
discrepancies in the a priori pressure profile can cause significant error, however the

errors associated with changes in the temperature profile are far less significant.

In just the few simulations presented here AOD appears to cause significant error
compared to other retrieval parameters such as SZA and albedo. Since thin cirrus
clouds are difficult to detect using standard cloud filtering methods and cause similar
scattering to that of aerosols their presence in a satellite observed scene is also
expected to cause large retrieval errors. As a result, aerosols and thin cirrus clouds

are a top priority for further study in the effort to minimise retrieval biases.
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Scenario ‘ +0.5% ‘ —0.5% ‘ +2% ‘ —2% ‘ +5% ‘ —5%

la 0.11 -0.12 046 |-0.46 | 1.12 | -1.18
1b 0.12 -0.12 047 | -048 | 1.15 | -1.22
lc 0.11 -0.11 045 |-046 | 1.11 | -1.17
1d 0.11 -0.11 0.45 |-046 | 1.11 | -1.18
2a 0.14 -0.14 0.55 | -0.56 | 1.35 | -1.41
2b 0.15 -0.15 0.60 | -0.61 | 1.47 | -1.54
2¢ 0.14 -0.14 0.54 | -0.55 | 1.32 | -1.38
2d 0.15 -0.15 0.58 | -0.59 | 1.42 | -1.50

Table 3.7: Pressure profile error budget. Difference in XCHy [%] between retrievals
where the a priori pressure profile was scaled by the amount shown at the top of
each column and an unperturbed case.

Scenario \ +1% \ —1% \ +2% \ —2% \ +5% \ —5%

la -0.002 | 0.002 | -0.005 | 0.003 | -0.004 | -0.002
1b -0.001 | 0.002 | 0.000 | 0.004 | 0.028 | 0.000
lc -0.002 | 0.002 | -0.005 | 0.003 | -0.003 | -0.002
1d -0.004 | 0.005 | -0.007 | 0.010 | 0.008 | 0.014
2a 0.009 | -0.008 | 0.018 | -0.016 | 0.061 | -0.044
2b 0.124 | -0.120 | 0.253 | -0.238 | 0.683 | -0.592
2c 0.031 | -0.030 | 0.063 | -0.060 | 0.176 | -0.156
2d 0.152 | -0.148 | 0.309 | -0.294 | 0.825 | -0.733

Table 3.8: Temperature profile error budget. Difference in XCH, [%] between re-
trievals where the a priori temperature profile was scaled by the amount shown at
the top of each column and an unperturbed case.



Chapter 4

The Effect of Aerosols and Cirrus
Clouds on Atmospheric Retrievals
of CH,

4.1 Introduction

The basis of atmospheric trace gas retrievals is that the concentration of a trace
gas can be inferred by the analysis of its absorption features in measured spectra.
However, the presence of aerosols and clouds in a satellite observed scene can signif-
icantly alter the original light path and thus bias, sometimes severely, the retrieved
total column [Reuter et al. (2010); Butz et al. (2010)]. Retrieval errors incurred as
a result can be reduced by taking clouds and aerosols into consideration within the
retrieval algorithm or by compensating for their effect in a post-retrieval VCD nor-
malisation procedure. For example, employing the CO, proxy approach (described
in Section 1.4.4) to normalise retrieved CHy total columns is generally assumed to
account for atmospheric scattering by aerosols and clouds in SWIR retrievals of
XCH4. However, since scattering, absorption and surface albedo are wavelength
dependent, and CO5 and CHy are retrieved from different spectral windows within
FSI WFM-DOAS V2, some discrepancies remain when utilising the proxy approach.

This chapter aims to quantify the magnitude of such errors.

The following sections detail three sensitivity simulations created to assess the per-
formance of FSI WFM-DOAS V2 to different atmospheric scattering scenarios. Sec-
tion 4.2 investigates errors incurred by the use of inaccurate a priori aerosol data

using SCIATRAN 2.0. In Section 4.3 implementation of SCIATRAN 2.2 is de-
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scribed, allowing a simple box-like scattering layer for both aerosol and thin cloud
scenarios to be simulated and the effect of systematically varying optical depth and
altitude to be investigated. Section 4.4 introduces a global sensitivity test per-
formed to identify regions where the presence of aerosols and cirrus clouds are likely
to cause significant retrieval biases. Results show that in the most extreme cases an

overestimation of up to 35% is encountered in the retrieved XCH,.

4.2 Simulation 1: Quantifying the Effects of

Inaccurate A Priori Data

This section details a series of tests carried out to assess the sensitivity of FSI
WFM-DOAS V2 retrievals of XCHy to the use of incorrect a priori aerosol data, the
exclusion of a priori aerosol data and different methods of VCD normalisation. FSI
WFM-DOAS V2 retrievals were carried out for SCIATRAN 2.0 simulated SCIA-
MACHY spectra corresponding to a set of systematically varied aerosol scenarios

and fixed atmospheric trace gas profiles.

To avoid confusion in the following discussion, values of optical depth used to sim-
ulate spectra for input to the FSI retrieval will be denoted as 74, whereas optical

depths corresponding to FSI retrieval aerosol scenarios will be referred to as 7yet.

4.2.1 Simulated SCIAMACHY Spectra

The radiative properties of atmospheric aerosol can be broadly defined by three main
parameters; aerosol type, profile shape and optical depth. In total, SCTAMACHY
spectra corresponding to 64 different aerosol scenarios resulting from the permuta-
tion of parameters defined in Table 4.1 were simulated. Two predetermined aerosol
mixtures from LOWTRAN (low-resolution propagation model of atmospheric trans-

mittance) were used for this sensitivity test:
e Rural aerosol: 70% water soluble substance, 30% dust-like aerosol

e Urban aerosol: 20% soot, 80% ‘rural’ aerosol mixture

For a rural aerosol type, land cover was set to either grassland or desert, boundary
layer (BL) visibility was varied between 23 and 50 km, humidity between 80 and
90% and the tropospheric (TR) visibility was fixed at 50 km, resulting in a range of
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Parameter Tropical Lat Northern Lat
(-5.0 N, -65.0 E) | (60.0 N, 75.0 E]

XCHy 1845 ppb 1766 ppb
SZA 20,40,60,70 20,40,60,70
Surface albedo grassland, desert | forest, wetland
Aerosol | Type rural urban

BL visibility [km] 23,50 2,10

TR visibility [km] 50 23

Humidity (BL/TR) [%] | 80,99 0,70

Table 4.1: Parameters used to define 64 atmospheric scenarios for the simulation of
SCIAMACHY spectra; a priori XCHy, SZA, surface albedo and aerosol properties
(boundary layer (BL) visibility, tropospheric (TR) visibility and humidity).

Tsim between 0.039 and 0.106. For urban aerosol scenarios, land cover was defined
as either forest or wetland, BL visibility was varied between 2 and 10 km, humidity
between 0 and 70% and TR visibility was fixed at 23 km, resulting a range of 74,
between 0.235 and 1.109. For both rural and urban scenarios the SZA was varied
between 20°, 40°, 60° and 70°. Surface albedo values representative of each land type
within the CO5 and CHy retrieval wavelength regions were obtained by interpolating
albedo profiles available from the Airborne Visible/Infrared Imaging Spectrometer
(AVIRIS) database to the central wavelength of each retrieval window (see Figure
4.1). In keeping with the four land types used, a tropical location (5.00 S, 65.00
W) was chosen as the setting for rural scenarios whereas a mid to northern latitude
location (60.00 N, 75.00 E) was chosen as a typical urban setting. The selection of
location was important to ensure a suitable pairing of simulated aerosol scenarios

with realistic trace gas and meteorological profiles.

Figure 4.2 shows how a typical SCIATRAN extinction profile (BL visibility = 23 km
and TR visibility = 50 km) at 1650 nm changes with increasing humidity for both
rural and urban BL aerosol scenarios in the BL and TR. Above 10 km the model
profile is independent of humidity and has therefore been omitted for clarity. For
rural aerosols an increase in humidity always results in an increase of the extinction
profile. For an urban BL aerosol mixture the extinction at 0% humidity exceeds the
extinction in both the 70% and 80% humidity cases, however the extinction at 99%

humidity remains larger than at 0%.
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Figure 4.1: AVIRIS surface albedo profiles for the wavelength range 0.4-2.5 um.
Right hand side panel shows the wavelength region encompassing both the CO, and
CH, retrieval windows.
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Figure 4.2: SCIATRAN extinction profiles for a BL visibility of 23 km and a TR
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line) and urban (dotted line) BL aerosol types. The top panel shows extinction
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extinction at 0% humidity.
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4.2.2 FSI Retrieval Aerosol Scenarios

For each of the 64 simulated observations 81 retrievals were performed, 80 of which
result from different combinations of the a priori aerosol parameters defined in Table
4.2 and one control case for which scattering in SCIATRAN 2.0 was turned off (this
will be referred to as the ‘non-scattering’ retrieval). Aerosol scenarios used for
retrievals differed to the simulated aerosol scenarios by various amounts so that the
effects of using inaccurate a priori data could be systematically assessed. To ensure
that retrieval errors resulted primarily from the varying of aerosol parameters, a
priori surface albedo was fixed to the AVIRIS interpolated value used to create

simulated spectra.

Parameter ‘ Value

Aerosol | Type rural, urban
BL visibility [km] 2,5,10,23,50
TP visibility [km)] 23,50
Humidity (BL/TP) [%] | 0,70,80,99

Table 4.2: Parameters used to define aerosol scenarios for the 80 FSIT WFM-DOAS
V2 retrievals performed for each of the 64 simulated SCTAMACHY spectra defined
in Table 4.1.

4.2.3 Results

Errors incurred due to the use of the adjusted aerosol a priori parameters are quan-
tified here by AXCH, which is simply the retrieved column XCHye) minus the
simulated column XCHyy) in ppb:

AXCH, = XCHj ey — XCHy(gim)- (4.1)

The systematic initialisation of the retrieval with adjusted a priori aerosol param-
eters resulted in values of AXCH,4 which were highly dependent on surface albedo
and SZA. Subsequently, the discussion of results has been divided into cases of low,
moderate and high optical depth, with cases for each SZA discussed individually.
It should be noted that in each simulation, one retrieval case was initialised with
the ‘correct’ a priori aerosol, however even in these cases the retrieved column is
typically different to the simulated column by around 1 ppb (~ 6 x107%%) due to

numerical rounding within the retrieval algorithm.
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Low Aerosol Loading (Rural Aerosol of 7, =0.04)

For SCTAMACHY scenes of very low optical depth (74, = 0.04), shown in Figure
4.3, initialisation of the retrieval with the wrong a priori aerosol resulted in the

following errors:

e For SZA=20°, AXCH, was below 1% even for 7 > 1.0.

e For SZA=60°, AXCH, was generally below 1%, but resulted in an underes-
timate of the column by ~ 1.5% for 7 > 1.0 in cases of wrongly estimated

aerosol type or humidity.

e For SZA=70°, AXCH, was below 1% for 7.t < 0.5, however for 7.o; > 0.5 the
use of incorrect aerosol or humidity can lead to a column underestimation of
up to 50 ppb (~ 3%).

In all cases, the non-scattering retrieval is a good approximation of the true atmo-
spheric state, resulting in minimal error (AXCH4 ~ £ 2 ppb) for all values of SZA

and surface albedo.

Moderate Aerosol Loading (Urban Aerosol of 7, =0.24)

For SCIAMACHY scenes of moderate optical depth shown in Figure 4.4, the fol-

lowing retrieval errors were incurred:

e For SZA=20°, AXCH, was below 1%, as in the low AOD case.

e For SZA=60°, AXCH, was generally below 1%, but resulted in an underesti-
mate of the column by ~ 1.5-2% for 7, > 1.0 in cases of wrongly estimated

aerosol type or humidity.

e For SZA=70° in the case of Tyt < Tsim, the column was underestimated by
around 0.5% in the non-scattering case and slightly less for all other aerosol
scenes. For Ty > Tyim, AXCH, rapidly becomes increasingly negative, with
a maximum underestimation of 50 ppb in cases of severely incorrect aerosol

type and humidity.

In general, the non-scattering retrieval performs well at low SZA, but for SZAs >

60° the majority of aerosol scenarios produce a smaller AXCH,.
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High Aerosol Loading (Urban Aerosol of g, =1.11)

For the highest optical depth scenes considered, shown in Figure 4.5, the following

errors were incurred:

e For SZA=20°, AXCH,; was below 1% for scenes of relatively high surface
albedo, whereas for a low surface albedo (wetland) case AXCH, increased
to ~ 1%.

e For SZA=60°, AXCH, was just over 2% in the majority of high surface albedo
cases, whereas for a low surface albedo case AXCH; was ~ 3%. For this
scenario, relatively small inaccuracies in the a priori aerosol result in significant

error.

e For SZA=70° AXCH, was between 2-4% in the majority of cases, with com-

parable errors incurred in both high and low surface albedo scenarios.
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Figure 4.3: Sensitivity tests for a low aerosol loading scenario (rural aerosol, Ty, =
0.0385) as a function of 7 (optical depth for FSI reference spectrum), for SZAs of

20°, 60° and 70°.
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Figure 4.4: Sensitivity tests for a moderate aerosol loading scenario (urban aerosol,
Tsim = 0.235) as a function of 7 (optical depth for FSI reference spectrum), for
SZAs of 20°, 60° and 70°.
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Figure 4.5: Sensitivity tests for a high aerosol loading scenario (urban aerosol, T4, =
1.11) as a function of 7 (optical depth for FSI reference spectrum), for SZAs of
20°, 60° and 70°.
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4.2.4 Summary of Simulation 1

The systematic initialisation of FST WFM-DOAS V2 retrievals with incorrect aerosol
a priori data revealed that for simulated SCTAMACHY scenes of low optical depth,
the use of high a priori aerosol can lead to significant error (large AXCH,) but
generally only when combined with high SZA or low surface albedo. For simulated
SCIAMACHY scenes of moderate optical depth, the use of a non-scattering retrieval
causes noticeable error for SZAs greater than 60°. However, in this case the overesti-
mation of a priori AOD results in greater AXCH, than the non-scattering case. For
simulated SCTAMACHY scenes of high optical depth, the non-scattering retrieval
produces very high AXCHy, particularly in cases where SZA > 60°, however even
slight inaccuracy in the a priori aerosol (for example the wrong aerosol type or hu-

midity) results in large errors in these cases.

In conclusion, for simulated SCIAMACHY scenes of low optical depth FST WFM-
DOAS V2 performs well, however as AOD increases, the requirement of accurate
a priori aerosol data becomes increasingly important. This is particularly true at
high SZAs between 60°-70° (and larger angles). Hence, without suitable aerosol
correction, FST WFM-DOAS retrievals give good performance relative to the 2%
level for SZAs less than 60°, and for low to moderate aerosol loadings when the

aerosol layer is located in the lowermost layers of the troposphere.
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4.3 Simulation 2: Effect of a Basic Aerosol/Cloud
Layer

A series of simulations were performed in which a simple, box-like aerosol/cloud
layer was generated using SCIATRAN 2.2 in order to quantify the fundamental
effects of aerosols and clouds on retrieval errors. SCIATRAN 2.2 affords its users
far greater control of aerosol and cloud parameters than SCIATRAN 2.0, enabling
the user to explicitly define profiles of extinction and corresponding phase function
moments rather than being restricted to predefined aerosol types and secondary
parameters such as boundary layer visibility. As a result, parameters governing the
physical and optical properties of the scattering layer, outlined in Table 4.3, were
systematically varied to cover a range of realistic scattering scenarios up to a limit
of 7 =1.0. In the FST WFM-DOAS V2 retrieval a basic, low optical depth aerosol
is assumed, based on the season and whether the satellite scene is classed as a rural

or urban location.

For FSI WFM-DOAS V2 retrievals of XCH, from SCIAMACHY a strict cloud fil-
ter based on the ratio of polarisation measurements is employed to remove cloudy
scenes, hence a scene of 7 = 1.0 would not normally be processed. However, using
the proxy approach retrievals over cloudy scenes can be conducted since, in the-
ory, the effects of cloud contamination should ratio out. The imposed constraint of
7 = 1.0 is therefore beyond the strict limits of the existing cloud filter but allows for
scenes which may still be processed when utilising the proxy method normalisation.
Results from these simulations are intended to be used for the interpretation of re-
sults from global sensitivity tests, detailed in Section 4.4, in which realistic aerosol

and cloud scenarios of greater complexity were simulated.

4.3.1 Defining a Simple Scattering Layer

Extinction profiles (in units of km™!) were calculated by dividing the optical depth
by the scattering layer thickness in km. By default, SCIATRAN 2.2 interpolates
extinction profiles between the corresponding user-supplied altitude levels; to ensure
the modelled scattering layer possessed clear boundaries, therefore, two additional
altitude levels corresponding to zero extinction were defined at a distance of 1 x 10~*

m both below and above the scattering layer.
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Layer top Simulated Surface SZA (°) Layer
(km) optical depth albedo thickness
(km)
Grassland,

Aerosol | 1,3,6,9 0.01, 0.05, 0.1 | Bare, Wetlands,

0.25, 0.5, 1.0 Evergreen
needleleaf forest

20, 60, 70 1.0

Ice cloud | 6,9, 12

Table 4.3: Physical and optical properties of a simple aerosol/cloud layer for the
simulation of spectra using SCIATRAN 2.2. The layer was simulated as 1 km thick
in all cases, therefore for the scenario where the aerosol layer top altitude is 1 km,
the scattering layer occupies the entire atmospheric region from 1 km down to the
Earth’s surface.

Introducing an optically thick scattering layer to the RTM effectively cuts off part
of the atmospheric column; the resulting spectrum is therefore only representative
of the atmosphere above the scattering layer. Implementing the proxy approach
(see Section 1.4.4) to normalise retrieved VCDs involves multiplying by a mean
model total column CO5 VMR and thereby assumes that the observed radiation has
traversed the entirety of the atmospheric column. As a result, a priori trace gas
profiles were set to a constant value of 379 ppm for CO, and 1774 ppb for CHy to

simplify the interpretation of retrieval errors.

4.3.2 Determining the Angstrom Exponent

The Angstrom exponent « describes the wavelength dependence of optical depth

and is defined as follows:

log :—(1)

o =

— 4.2
log :\\—3 (42)

As a result, a can be used to calculate the optical depth at a wavelength \;, given

the optical depth at a reference wavelength \g:

>\ —Q
7_)\1 = 7—/\0 ()\_(1)) . (43)

The Angstrom exponent is inversely related to the size of the scattering particle;
the larger the exponent, the smaller the particle it describes. The values of 7 in
Table 4.3 are defined for the CH, retrieval window at 1650 nm and therefore must
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be scaled by a to obtain the corresponding values of 7 for the CO retrieval window
centred on 1570 nm. For each of the 9 GEMS aerosol types a global grid of total
column optical depth corresponding to wavelengths of 1570 nm and 1650 nm (\; and
Ao respectively in Equation 4.3) for an arbitrary day in 2004 was used to calculate
a corresponding grid of a values. The global mean of « for each aerosol type (see
Figure C1) was then used to determine the aerosol optical depth at 1570 nm for the

simulation of an aerosol scattering layer in the CO, spectral retrieval window.

4.3.3 Results

Figures 4.6a and 4.6b show that for the simulated aerosol scattering layer AXCH4
was always found to be positive (i.e. retrieved XCH, was always overestimated with
respect to the simulation). Focusing on the high surface albedo case shown in Figure
4.6a the following errors were observed for an aerosol layer simulated at increasing

altitudes:

e At 1 km, AXCHy is very small regardless of optical depth since the light path
is only slightly altered from its original trajectory. For this case SZA has very
little effect.

e At 3 km, AXCHy of up to 10% is observed, with a SZA of 60° resulting in
marginally higher errors (~ 1-2%) than at a SZA of 20°.

e At 6 km, AXCHy of up to 20% occurs for a SZA of 20°, with an additional
error of ~ 10% for SZAs of 60°.

e At 9 km, AXCHy of up to ~ 50% is incurred at a SZA of 20° and is doubled
for a SZA of 60°, just exceeding 100% at an optical depth of 1.0.

Figure 4.6b shows retrieval errors corresponding to the same set of altitudes and
SZAs as shown in Figure 4.6a, but for cases of a lower simulated surface albedo.
The same fundamental behaviour as described above is observed in the AXCH, cal-

culated for the low albedo cases however their magnitude is substantially increased.

The inclusion of a simulated cirrus cloud layer results in a very similar increase of
AXCH, with altitude to the aerosol case since the underlying scattering and subse-
quent path lengthening/shortening effects are similar for aerosols and cloud. How-
ever, Figures 4.7a and 4.7b show that for comparable altitudes, spectra pertaining

to cirrus cloud contaminated scenes result in a lower AXCH, than the corresponding
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aerosol cases. This is most likely due to differences between the modelled PFMs for

aerosols and clouds.

Figure 4.8 shows the FSI retrieval fit error oxcps (described in Section 2.4.5) plotted
against optical depth. Since these simulated spectra do not contain measurement
noise, if the retrieval a priori data was perfectly accurate then the retrieval fit would
also be perfect and the resulting residual would be zero at every spectral point
(hence oxcps would be zero). In the absence of spectral noise therefore, a perfect
fit should still be achieved even if significant scaling is required to fit the observed
spectrum; the fact that oxcpy is non-zero and increases with optical depth suggests
that the simulated SCIAMACHY spectrum in either the CO, or CHy spectral region
(or both) becomes increasingly difficult to fit in the FSI retrieval.

Figure 4.10 shows various stages of the FSI WFM-DOAS V2 spectral fit for sce-
narios where an aerosol layer has been placed at altitudes of 1, 3, 6 and 9 km. To
isolate errors caused by increasing the aerosol layer altitude, the scenarios shown all
correspond to an optical depth of 1.0, SZA of 20° and the highest surface albedo case
(grassland; a=0.34). From comparison of high resolution simulated SCIAMACHY
spectra and FSI reference spectra (top panel in each plot) it can be seen that as
the altitude of the aerosol layer is increased, the depth of simulated absorption lines

decreases with respect to absorption lines in the FSI reference spectrum.

4.3.4 Discussion

The results of Figures 4.6 and 4.10 can be summarised by the following three obser-

vations:

1. Trace gas absorption decreases as the altitude of a scattering layer increases.

2. The FSI WFM-DOAS retrieved VCD wunderestimates the true VCD for both
CO, and CHy.

3. The FSI WFEM-DOAS proxy normalised XCHy overestimates the true XCHy.

In the following discussion each of the above observations will be addressed in turn,
however first it should be noted that in general the satellite observed intensity is
determined by three primary factors; sunlight reflected from the Earth’s surface

(regulated by surface albedo), sunlight scattered by aerosol/cloud (regulated by



4.3. SIMULATION 2: EFFECT OF A BASIC AEROSOL/CLOUD LAYER 99

aerosol/cloud optical depth) and the combination of the two. The relative contribu-
tion of light reflected by the surface and scattered by the atmosphere is determined
by the aerosol/cloud optical depth; the larger the optical depth, the greater the
proportion of light scattered at high altitude. Although the following discussion
focuses on the aerosol simulation, due to similarities in the scattering behaviour of
aerosols and cirrus clouds, the concepts highlighted are equally applicable to the

cirrus cloud case.
Decrease of Trace Gas Absorption with Increasing Scattering Layer Altitude

The optical depth of spectral trace gas absorption features is dependent on the
photon path length [, the number of absorbing particles n and the absorption cross-
section o, as described by Equation 2.4 (see Section 2.4.1). The changing, mostly
decreased intensity, of trace gas absorption lines in simulated spectra as the altitude
of the scattering layer is increased can therefore be attributed to a combination of

the following effects:
e Change in total atmospheric path length (1)
e Reduced density of absorbing molecules (i.e. reduced n)
e Temperature and pressure dependence of the absorption cross-section (o)

The primary effect of aerosol scattering is the alteration of photon path length.
Path shortening is the result of reflection from the top of a scattering layer. In
this instance the aerosol acts as a pseudo surface hence the column traversed by
the observed light is cut short; the higher the scattering layer altitude, the greater
the reduction of the original photon path length. Path lengthening occurs due to
multiple scattering within the aerosol layer and/or between the aerosol layer and the
Earth’s surface. For an aerosol layer situated between 0—1 km, the spectral compar-
ison shown in Figure 4.10 (second panel from the top) indicates that the simulated
spectrum has longer absorption features than the FSI reference spectrum. In this
particular case, path lengthening as a result of multiple scattering dominates over
the path shortening. For an aerosol layer top height of 3 km, a balance between path
shortening and lengthening is achieved whereby the increase in path length due to
multiple scattering is largely offset by the overall path length shortening. At 6 km
and above, path shortening dominates. The overall path length change is therefore
the result of a trade-off between the effects of multiple scattering and direct reflec-

tion, with the height at which one effect dominates over the other depending on the
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AOD.

The amount of absorption that occurs over a given path is dependent on the density
of absorbing trace gas molecules. Although the concentration of trace gas molecules
is constant throughout the column in these simulations, pressure (and therefore den-
sity) decreases exponentially with height. Since there are fewer molecules along a
given path length at high altitude than at low altitude, the observed absorption will

be reduced.

Finally, as contributing altitudes to the satellite observed absorption change due to
path lengthening/shorterning, the corresponding pressures and temperatures also

vary. Consequently, the absorption cross-section changes with altitude.
Underestimation of the FSI WEM-DOAS V2 Retrieved VCD

Since the light path of photons is generally shortened by the presence of aerosol, in
most cases the trace gas absorption features of the simulated spectra will be shal-
lower than in the corresponding FSI reference spectra, and thus relate to a smaller
VCD. In order to fit the reduced absorption lines of the simulation, FSI must there-
fore downscale from the a priori VCD, which corresponds to the entire column, in
order to fit the observed spectrum corresponding to the partial column above the

scattering layer.

In addition, FST WFM-DOAS V2 utilises weighting functions calculated by SCIA-
TRAN 2.2 which describe the variation of a number of parameters, such as tem-
perature and pressure, at various altitudes and therefore encapsulate the tempera-
ture dependance of the absorption cross-sections. As such, the weighting functions
characterise the entire atmospheric column, however when aerosol scattering is in-
troduced at high altitude a large proportion of the observed absorption results from
molecules above this height. During the FST WFM-DOAS V2 linear fit the weighting
functions are fixed, hence the retrieval can only account for changes in absorption
by scaling the VCD. Where the weighting functions correspond to low altitude (high
temperature), the VCD will therefore be wrongly scaled to fit the observed absorp-
tion (for a high o, a smaller VCD is required to account for the same amount of
absorption incurred at low o,) since in reality the absorption occurs at a high alti-

tude and thus at a lower temperature.
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Quverestimation of the Proxy Normalised XCH,

For aerosol of high 7 and altitude, the overall photon path length is significantly
reduced since the column beneath the scattering layer has been effectively cut off.
Given that 7 is wavelength dependent, and that COy and CH, are retrieved from
different spectral windows, the change in path length induced by scattering is slightly
different for each trace gas. Although this disparity is the same at any altitude,
over a short path length the difference constitutes a greater fraction of the overall
path and is therefore more pronounced. FSI WFM-DOAS V2 underestimates the
CO3 VCD by a greater fraction than the CH; VCD, hence by employing the proxy
approach the relative difference between the path length changes incurred at 1570
nm (CO3) and 1650 nm (CH,) manifests as an increase in XCHy.
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Figure 4.6: Aerosol basic layer XCHy plotted against optical depth for (a) grass-
land /bare and (b) wetland /evergreen needleleaf forest albedo scenarios. The control
run in each case is denoted by a red cross. For reference, a red dotted line indicates

where AXCH, = 0%.
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Figure 4.7: Cirrus cloud basic layer XCHy plotted against optical depth for (a)
grassland /bare and (b) wetland /evergreen needleleaf forest albedo scenarios. The
control run in each case is denoted by a red cross. For reference, a red dotted line
indicates where AXCH,; = 0%.
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Figure 4.8: Aerosol basic layer oxcus plotted against optical depth for (a) grass-
land /bare and (b) wetland /evergreen needleleaf forest albedo scenarios. The control
run in each case is denoted by a red cross. For reference, a red dotted line indicates
where OXCH4 — O%
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(b) oxcua for cirrus cloud scenarios of low albedo.
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Figure 4.9: Cirrus cloud basic layer oxcns plotted against optical depth for (a)
grassland /bare and (b) wetland /evergreen needleleaf forest albedo scenarios. The
control run in each case is denoted by a red cross. For reference, a red dotted line
indicates where oxcns = 0%.
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Figure 4.10: Spectral comparison for an aerosol layer simulated at altitudes of (a)
1 km, (b) 3 km, (c¢) 6 km and (d) 9 km. In all cases 7 = 1, SZA = 20° and surface
albedo = 0.34 (AVIRIS grassland). In each plot, the top panel shows the high resolu-
tion simulated SCIAMACHY spectrum, the high resolution FSI reference spectrum
and the convolution of the reference spectrum with the SCTAMACHY instrument
line shape. The second panel shows the difference between the high resolution sim-
ulated and reference spectra. The third panel shows the convolved simulated and
reference spectra along with the WFM-DOAS fit (the simulated spectrum is over-
laid by the WFM-DOAS fit). The fourth panel shows the RMSE residual of the
WFM-DOAS fit. In each case the proxy method normalised XCHy is given, along
with the surface pressure normalised XCHy in brackets.
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4.3.5 Summary of Simulation 2

FSI WEM-DOAS V2 retrievals of simulated SCTAMACHY scenes of systematically
varied altitude, SZA and surface albedo reveal that the altitude at which scattering
occurs has a significant impact on the magnitude of AXCH4. In particular, the
presence of aerosols above 3 km results in an overestimation of the retrieved column
by upwards of 10%. Moreover, at increasing altitudes the importance of SZA is
greatly increased; scenes with a SZA of 60° generally result in a doubling of the
AXCHy incurred for simulations at 20°. Low surface albedo values also adversely
affect the magnitude of retrieval errors. Retrievals for scenes in which a cirrus cloud
layer has been simulated display similar behaviour to the aerosol case, but result in
lower errors for comparable scattering layer altitudes. For both cases, the retrieval
errors also increase rapidly with low to moderate aerosol optical depths, indicating
that higher retrieval errors are related to the presence of aerosols and clouds in the

observed scene.

The addition of a scattering layer (whether aerosol or ice cloud) alters the light path
of the observed radiation, thus changing the magnitude of the observed absorption
features. In order to fit a SCTAMACHY spectrum which has been modified by scat-
tering, the FSI retrieval has to down-scale the reference spectrum (i.e. the retrieved
scaling factor is less than 1 for both COy and CHy), resulting in a reduction of the
retrieved VCD with respect to its a priori value. Employing the proxy approach to
normalise the retrieved VCD, however, results in an overestimation of XCH,4 which
can be substantial. Overestimation occurs because the relative decrease in the re-
trieved CH4 VCD is smaller than in the retrieved COy VCD; by taking the ratio in
Equation 1.9 this relative difference manifests itself as an apparent increase in the
resulting XCHy.
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4.4 Simulation 3: Global Aerosol and Cloud
Sensitivity Tests

Global SCTAMACHY simulations were performed for realistic aerosol and ice cloud
scenarios in order to ascertain which regions of the world are most affected by re-
trieval errors due to scattering of this nature. To ensure that the spectra simulated
in this study adequately represented the diversity of atmospheric conditions encoun-
tered around the globe, a number of parameters had to be realistically simulated,
such as topography, surface albedo and SZA, as well as having to take the typical
equatorial overpass time of SCTAMACHY (10:00 am local time) into consideration.
To correctly model the global aerosol and cirrus cloud distributions with SCIA-
TRAN 2.2, profiles of atmospheric extinction were created using aerosol and cloud
ice water content mass mixing ratios (MMR), in units of kg kg,!, defined on 60
model (sigma) levels from GEMS. SCIAMACHY spectra were simulated on a 1.125°
x 1.125° grid in order to be consistent with the resolution of both ECMWEF and
GEMS data, thereby avoiding any unnecessary interpolation. Any grid locations
over the ocean were automatically discarded from the analysis, since poor reflectiv-
ity from the sea surface renders the majority of ocean observations unsuitable for
retrieval purposes (unless low, thick cloud is present, providing a reflective pseudo
‘surface’, or sun-glint causes sufficient light to be reflected). Solar zenith angles were
accurately calculated according to each simulation location and date, and surface
albedo was simulated by associating AVIRIS albedo data with the land-cover type
from the Medium Resolution Imaging Spectrometer (MERIS) for each grid location.

Simulations were carried out for the first day of January, April, July and October of
2004 in order to encompass a range of atmospheric scenarios across the four seasons.
In order to distinguish retrieval errors due to aerosols and ice clouds from those due
to other parameters the following separate simulations were performed for each of

the four days:

e Background: No aerosol or clouds simulated (control run).
e Aerosol: Aerosol only simulated- no clouds.
e Ice cloud: Ice cloud only simulated- no aerosol.

e Aerosol and ice clouds: Both aerosol and ice clouds simulated.
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4.4.1 Simulation of Atmospheric Aerosol

GEMS aerosol MMR profiles were available for five main aerosol species; sea salt
(SS), desert dust (DD), organic matter (OM), black carbon (BC) and sulphate
(Su). Mass mixing ratios for both sea salt and desert dust were defined for three
distinct particle size bins, whereas those for organic matter and black carbon were
available in both hydrophillic (water soluble) and hydrophobic (water repellant)
variations, bringing the total number of available GEMS aerosol types to 11. This
section describes how GEMS profiles of MMR were converted into extinction and
absorption for the simulation of SCIAMACHY spectra using SCIATRAN 2.2 and
also describes the calculation of aerosol phase function moments which characterise

the angular scattering distribution.

Relative Humidity

Specific humidity (SH) is defined as the ratio of water vapour to air (which includes
both water vapour and dry air) within a given air mass and is among the meteoro-
logical parameters available from GEMS. SH is independent of other meteorological
factors such as pressure and temperature however relative humidity (RH) takes these

additional factors into account.

Mass Mixing Ratio to Extinction

The conversion of GEMS aerosol MMR [kg kg:'] to optical depth, 7, requires the
use of a mass extinction coefficient, ky [m? g~!], which is dependent on wavelength
(M) and in some cases RH, which is itself dependent on pressure, p. Values of k for
each of the 11 GEMS aerosol types were obtained via email correspondence with
Jean-Jaques Morcrette from the GEMS project and are given for 19 different wave-
lengths from 340-2130 nm. For aerosols affected by atmospheric humidity (sea salt,
organic matter and sulphate), k) is defined for 12 different relative humidity values
at each of the 19 wavelengths. For each atmospheric layer, a profile of k) corre-
sponding to the specific retrieval A was interpolated to the RH corresponding to the
layer, creating a profile of k) for each GEMS aerosol type at each grid point. Plots
showing profiles of k, for each of the 5 GEMS aerosol species (SS, DD, OM, BC, Su),

indicating values interpolated to retrieval wavelengths, can be found in Appendix C.

By dividing the atmosphere into layers, and denoting the pressure across each layer

as dp, the total column 7 for each aerosol species 7 is obtained using the following
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formula:

0
nu= [ i) 21 (). (4.4

Psurf
The AOD for the four days simulated in this study is shown in Figure 4.11. Optical
depth is simply the integral of extinction k. over the atmospheric column, from the
surface at a pressure of Py, up to the TOA where pressure tends to p = 0. Omitting
the integral over pressure in Equation 4.4 therefore gives k.(\) for each aerosol type

in units of reciprocal pressure Pa~!:

he() = =k (RH(p)) M), (45)
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Figure 4.11: AOD simulated at 1650 nm, calculated from GEMS aerosol MMR for
the first day of months January, April, July and October 2004. Data is given on a
1.125° x 1.125° grid.

For k. in units of km™!, 7 must be divided by the length of the column [ in km:
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Phase Function Moments

As described in Section 2.4.1 particles scatter light differently depending on their
size. For aerosols, particle radius is either greater than or around the same scale
as the wavelength of light in the SWIR therefore Mie scattering occurs (see Section
2.4.1 for a more detailed description). For simplicity, in this simulation it has been
assumed that the particles of each aerosol type are spherical, therefore Mie theory
[Mishchenko et al. (2002)] (which describes scattering by small spheres) was used
to characterise aerosol phase functions (see Section 2.5.4). To calculate the Mie
scattering properties of each aerosol type, parameters describing the particle size
distribution and the refractive indices for the wavelength range of interest were re-
quired. Parameters defining the log-normal particle size distributions corresponding
to the 11 GEMS aerosol types are shown in Table 2.1 in Section 2.

Both the real (n) and imaginary (k) components of the refractive index (which de-
scribe scattering and absorption respectively) for the wavelength region of interest
were required for Mie scattering calculations. For sea salt and sulphate, n was calcu-
lated for 8 RH values (0%, 50%, 70%, 80%, 90%, 95%, 98% and 98%). For non-RH
dependent aerosol types, n was taken from Shettle and Fenn (1979) for desert dust
and soot (the latter used in place of black carbon) and was set to a constant value

of n = 1.46 for organic matter, following the example of Schmid (2008).

Only one aerosol extinction profile was required per scene, created by summing
the k. contributions from the 11 different GEMS aerosol types. Similarly, phase
function moments for each of the aerosol types were combined. However, since dif-
ferent aerosol types are not present in equal quantities, and phase function moments
themselves contain no information concerning their relative concentrations, the con-
tribution of each aerosol type to the resulting mean phase function moment was

weighted by the scattering component of the aerosol extinction, x.

4.4.2 Simulation of Ice Clouds

Ice clouds were defined by their optical depth, altitude and base/top height, all
of which were determined from GEMS profiles of cloud IWC, in addition to phase
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function moments extracted from a precalculated database. For this study, any
scenes possessing a combined total column aerosol and cloud optical depth of greater
than 1 (i.e 7oy = AOD + COD > 1) were discarded, since in reality cases of such
high 7 would be cloud-flagged and subsequently ignored in the retrieval [see Barkley
(2007) for further details of the cloud filtering procedure employed by FST WFM-
DOAS]. GEMS profiles of IWC cover a range of altitudes from 0-20 km and therefore

describe cases of low lying ice clouds and fog as well as high altitude cirrus clouds.

Calculating Inner-Cloud IWC

GEMS cloud IWC is provided on a set grid and parameters can generally be assumed
to be homogenously distributed across each grid box. In reality, cloud extent and
structure is inherently inhomogeneous, especially on the scale of a typical GEMS
grid box (1.125° x 1.125°). The cloud cover fraction F is a measure of the extent
to which the cross-sectional area of an atmospheric layer is obscured by cloud. The
GEMS cloud IWC, denoted here as Cggrums, represents the inner-cloud or cloud
concentrated IWC, Cione, weighted by the cloud cover fraction and is therefore

representative of the cloud content over a whole grid box:

Ccems = Ceone Fe. (4.7)

In effect, each cloud has been effectively ‘smeared out’ across the atmospheric layer
to take into account the fact that cloud does not cover the entire grid box. To
recover the original cloud concentrated value Ceopne, Carms must simply be divided
by Fc.

Within this sensitivity test, simulated spectra are based on several input parame-
ters, such as SZA and surface albedo, which correspond to a specific geographical
location. Although parameters from GEMS correspond to an entire grid box, in the
majority of cases these values are also valid for a singular location. For clouds how-
ever this poses a problem; C.,. is not representative of a grid box and would result
in a hugely overestimated global cloud cover if used for this purpose. As a result,
Carus is employed in Equation 2.41 for the calculation of extinction whereas Ciopne
is used for the determination of cloud parameters which are dependent on IWC (in

particular r.) to ensure that physically realistic values are obtained.

GEMS cloud TWC has units of kgkg,;! therefore a conversion to the standard units
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3 was required to ensure that IWC was in the correct format for calculations

of gm™
of extinction. To achieve this, firstly the number of molecules in a volume 1m3 of

air Ny, for each layer was found:

P
kT’

where P and T denote layer pressure and temperature respectively and k is Boltz-

Noir = (4.8)

mann’s constant. The mass of air in a volume 1m?, M,, is then given by:

Nair Mair
M, = ——— 4.
“ 1IX103N,’ (4.9)
where my;, = 28.96443 gmol ! is the molecular weight of air and N, is Avagadro’s
constant. IWC in units of g m—® is therefore related to IWC in units of kgkg ! as

follows:

Clg m™] =1 x 10* Clkgke ] M,, (4.10)

where C' denotes cloud IWC and the factor of 1 x 103 converts the numerator from

units of kg to g.

Cloud Grouping

A single GEMS profile may contain several layers containing cloud ice separated by
regions where IWC= 0.0. Clouds are therefore defined here by grouping layers of
similar cloud coverage together, e.g. layer i is assigned to a cloud group if the cloud
cover fraction of that layer is within 0.2 of the cloud cover fraction in the layer : — 1
beneath:

Jeiy < fei—1) £0.2. (4.11)

Any abrupt change in cloud cover between adjacent layers is therefore taken to

indicate the start of a new cloud, providing that f.; # 0.

Internal Cloud Structure

For each individual cloud SCTIATRAN 2.2 requires the profile of a dimensionless
height variable z which describes the relative position of each cloud sub-layer, at

height h, in relation to the cloud base:
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(ht0p B h)
=2 7 4.12
© (htop - hbase) ( )

Each cloud was defined by at least three values of z; a base, centre and top. However,
if a cloud consisted of a single layer the required parameters were only available for
one value of z, corresponding to the centre of the atmospheric layer. In order to
create the accompanying cloud top and base levels, the two bordering GEMS half-
level pressures (see Section 3.3.6 for a description) were converted into altitude and

appended to either side of the available level.

Optical Depth

Ice cloud total column optical depth (shown in Figure 4.12) was determined by cal-
culating the ice cloud extinction from GEMS IWC (using Equation 2.41 in Section
2.6.1) and then summing over atmospheric layers as defined by GEMS model levels
and their half-level boundaries. The result of filtering out all scenes where ice cloud
optical depth exceeded 1.0 is shown in Figure 4.13. During the creation of SCIA-
TRAN cloud profiles, layers of very low optical depth were discarded, changing the
resulting total column optical depth. To ensure that the sum of optical depths of in-
dividually defined SCIATRAN clouds equalled the original GEMS calculated value,
each SCIATRAN cloud in a given atmospheric column was attributed a fraction of
the total column optical depth weighted by its vertical height (i.e. cloud top minus

cloud base).

Cloud Phase Function Moments

Cirrus clouds generally consist of highly non-spherical, columnar ice crystals [Liou
(1986)] therefore Mie theory cannot be used to determine the scattering properties of
particles in this case. Instead, pre-computed cirrus cloud scattering phase functions
[Baum (2010)] available for 18 values of D, were used. For each cloud, the mean D,
of the constituent particles was calculated and then the scattering phase function
corresponding to the nearest matching value of D, was associated with it. Scattering
phase functions for each of the 18 values of D, were defined for 498 scattering angles,
from 0 to 180°, and were converted to Legendre phase function moments* for input

to SCIARAN 2.2. Legendre moments, Lpgy, of an arbitrary function are defined in

*Performed using procedure ‘pmom.pro’ available from:
http://www.astro.washington.edu/docs/idl/htmlhelp/slibrary28.html
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Figure 4.12: Simulated ice COD calculated from GEMS cloud ice MMR. Data is
gridded on a 1.125° x 1.125° scale.

the range -1 to 1, as follows:

ff(eb)P(z', $)dg

—1 )

J f(d)do

1

Lppu(i) = (4.13)

where P(i,¢) is the Legendre polynomial, f is the scattering phase function and ¢
is the cosine of the scattering angle (in the range -1 to 1). It should be noted that
the accuracy of the integration is dependent on the number of scattering angles for

which the phase function is defined.

4.4.3 Trace Gas Profiles

Global maps of XCOy and XCH, corresponding to profiles used for simulation of
SCIAMACHY spectra for each of the four seasons are shown in Figures 4.14 and
4.15 respectively.



4.4. SIMULATION 3: GLOBAL AEROSOL AND CLOUD
SENSITIVITY TESTS 116

1.000 i 1.000
0.900 - ) 0.900
0.800 0.800
0.700 0.700
0.600 0.600
= 0.500 © 0.500
0.400 0.400
0.300 0.300
0.200 0.200

0.100 0.100

0.000 0.000
-135 -90 —45 0 45 90 135 —135 =90 —45 0 45 90 135

(a) Ice COD for SCIATRAN (01/01/2004)  (b) Ice COD for SCIATRAN (01/04/2004)

1.000 o 1.000
0.900 - ) 0.900
0.800 0.800
0.700 0.700
0.600 0.600

+ 0.500

T

0.500
0.400 0.400
0.300 0.300

0.200 0.200

0.100 0.100

0.000 0.000
-135 -90 —45 0 45 90 135 -135 -90 —45 0 45 90 135

(c) Ice COD for SCIATRAN (01/07/2004)  (d) Ice COD for SCTATRAN (01/10/2004)

Figure 4.13: Ice COD corresponding to user defined SCTATRAN 2.2 cloud profiles.
Data is gridded on a 1.125° x 1.125° scale.

4.4.4 Surface Albedo

Surface albedo data from AVIRIS spanning the wavelength range 0.4-2.5 pum was
available for the following surface types; Bare, Closed shrubs, Croplands, Deciduous
broadleaf forest, Deciduous needleleaf forest, Evergreen broadleaf forest, Evergreen
needleleaf forest, Grassland, Mixed forest, Open shrubs, Savanna, Wetlands and
Woody savanna. MERIS land cover data (reclassified to match AVIRIS albedo
types and regridded to 1.125° x 1.125°) was then used to correctly match the sur-
face albedo files to different global regions. Separate albedo values were obtained
for the CO5 and CH, retrievals by interpolating the albedo data to the central wave-
length of the respective spectral fitting windows. Scenes allocated with a MERIS

land cover type of ocean, inland water, ice or snow were ignored.



4.4. SIMULATION 3: GLOBAL AEROSOL AND CLOUD
SENSITIVITY TESTS 117

386 386
384
382
381
379

378

XCO, [ppm]
XCO, [ppm]
@

@

o

376

374

373

371

370

386 386

384 384

09

382 382

381 381

0g

379 379

378 378

0
XCO, [ppm]
XCO, [ppm]

376 376

0g-

374 374

373 373

371 371

370 370

(¢) Simulated XCO; (01,/07/2004) (d) Simulated XCO, (01/10/2004)

Figure 4.14: Global XCO, calculated from CarbonTracker profiles used for the sim-
ulation of SCTAMACHY spectra for January, April, July and October 2004. Data
is gridded on a 1.125° x 1.125° scale.

4.4.5 UTC Time Zones

To standardise time keeping around the world the globe is split into 24 major time
zones which each differ by one hour and approximately correspond to a 15° incre-
ment in longitude. UTC is referenced from the time zone centred at 0° longitude and

all other major UTC time zones are defined by an integer hour offset from this point.

When using global model data, for example from ECMWEF or GEMS, the data is
often defined for a specific time which corresponds to the UTC reference time at
0° longitude. A dataset corresponding to 12:00 midday therefore actually contains
data that spans local times from 00:00 the same day at a longitude of -180°, to 00:00
of the following day approaching a longitude of 180°. As a result, data in each time
zone was interpolated to a local time of 10:00 in order to correspond to the time of
a typical SCIAMACHY overpass (see Section 3.1.2).
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Figure 4.15: Global XCH, calculated from TM3 profiles used for the simulation of
SCIAMACHY spectra for January, April, July and October 2004. Data is gridded
on a 1.125° x 1.125° scale.

4.4.6 Results

Figures 4.16 to 4.19 show the retrieved XCH, on the left and the corresponding
AXCH, on the right for each of the separate simulations types (background, aerosol,
ice cloud and combined aerosol and ice cloud). The colour bar for plots of AXCHy
was specifically designed to emphasise regions where AXCH, is within 1% of the
global mean XCH, for 2005 (i.e. ~ 17.74 ppb) by highlighting such regions in white.
Column overestimation is depicted in red and yellow whereas column underestima-
tion in shown in green and blue. Black areas over land represent regions where
the total simulated optical depth exceeded 1 and was therefore discarded from the

simulation.
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Figure 4.16: Retrieved XCH, (left) and AXCH, (right) for a background scenario,
simulated for the first day of months January, April, July and October 2004 (top to
bottom). Data is gridded on a 1.125° x 1.125° scale.
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Figure 4.17: Retrieved XCHy (left) and AXCH, (right) for the aerosol scenario,
simulated for the first day of months January, April, July and October 2004 (top to
bottom). Data is gridded on a 1.125° x 1.125° scale.



4.4. SIMULATION 3: GLOBAL AEROSOL AND CLOUD
SENSITIVITY TESTS 121

et f— = 2000 609
1970 542
1940 475
1910 409
g 1880 g 342
z 1850 = 28
X 1820 3 200
1790 143
1760 76
1730 9
1700 -135 -90 —45 ] 45 90 135 e
(a) FSI retrieved XCH, (01/01/2004) (b) AXCH, (01/01,/2004)
2000 358
1970 317
1940 276
1910 235
g 1880 g 195
g 1850 z 15t
X 1820 3113
1790 72
1760 3t
1730 -9
1700 -49
(c) FSI retrieved XCHy (01/04/2004)
2000 465
1970 409
1940 353
1910 207
g 1880 g 240
g 1850 = 1o
X 1820 3 128
1790 72
1760 16
1730 -39
1700 -96
(e) FSI retrieved XCHy (01/07/2004)
2000 453
1970 402
1940 350
1910 299
g 1880 g 248
g 1850 = 1o
X 1820 3 145
1790 93
1760 42
1730 8
-135 -90 —45 0 45 90 135 1700 -135 -90 —45 0 45 90 135 %0

(g) FSI retrieved XCH, (01/10/2004) (h) AXCH, (01/10/2004)

Figure 4.18: Retrieved XCHy (left) and AXCH, (right) for a cirrus cloud scenario,
simulated for the first day of months January, April, July and October 2004 (top to
bottom). Data is gridded on a 1.125° x 1.125° scale.



4.4. SIMULATION 3: GLOBAL AEROSOL AND CLOUD

SENSITIVITY TESTS 122

=2 —° = 2 = = 12 2000 557
1970 497
1940 437
1910 378
= 1880 E 318
% 1850 i 259
g 1820 % 199
1790 139
1730 20
1700 135 90 45 0 45 90 135 A

(a) FSI retrieved XCH, (01/01/2004) (b) AXCH, (01/01,/2004)
2000 319
1970 286
1940 252
1910 219
= 1880 E 185
% 1850 ;‘: 152
g 1820 % 118
1790 85
1760 51
1730 18
1700 -15

(c) FSI retrieved XCHy (01/04/2004)
2000 416
1970 373
1940 331
1910 288
= 1880 E 246
% 1850 ;‘-‘: 203
g 1820 % 161
1790 118
1760 75
1730 33
1700 -9
(e) FSI retrieved XCHy (01/07/2004)

2000 419
1970 366
1940 313
1910 260
= 1880 E 208
% 1850 ;-; 155
2 1820 % 102
1790 49
1760 -3
1730 -55
- - = - = - = 1700 -108

(g) FSI retrieved XCH, (01/10/2004) (h) AXCH, (01/10/2004)

Figure 4.19: Retrieved XCH, (left) and AXCHy (right) for a combined aerosol and
cirrus cloud scenario, simulated for the first day of months January, April, July and
October 2004 (top to bottom). Data is gridded on a 1.125° x 1.125° scale.
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Background

Figure 4.16 shows that some minor underestimation of XCH, is encountered at
northern latitudes. Scatter plots of the AXCH, against SZA and surface albedo
(Figures 4.21 and 4.22 respectively for October; for January, April and July see
Figures C6 and C7 in Appendix C) reveal that these errors are primarily caused by
high SZA coupled with very low surface albedo values, particularly at high latitudes
in northern Asia and North America. A smaller degree of column underestimation is
incurred at southern latitudes since the detrimental effects of large SZAs are partly
offset by the higher surface albedos encountered in these regions. The underlying
cause of the underestimation is likely to be that simulated SCIAMACHY spectra
were created without any aerosol or cloud scattering considerations whereas by de-
fault FSI WFM-DOAS V2 always includes some level of background aerosol in the

creation of reference spectra.

Aerosol

The addition of aerosol induced scattering to simulated spectra leads to overesti-
mation of the retrieved total column by up to 25 ppb in a significant number of
cases. This is because the basic estimate of aerosol induced scattering made by FSI
generally underestimates the extent of scattering present (a reversal of the cause of
errors in the background case). Underestimation of the total column at northern
latitudes is greatly reduced with respect to the background simulation, since the in-
clusion of aerosol to the simulated cases more effectively matches the small, default
aerosol component modelled by FST WFM-DOAS V2 than in the background case.
Minor underestimation of between 5-10 ppb occurs over northern Africa however
the cause of this is as yet unknown. Figure 4.21 indicates that AXCHy is less cor-
related with SZA than in the background case, however significant correlation with

surface albedo still exists.

Ice Clouds

With the inclusion of ice clouds the yield of viable scenes was greatly reduced since
the simulated optical depth routinely exceeded 1; discarded scenes appear as black
areas over land. Significant overestimation of XCH, is observed at the boundary of
many such regions where optical depths approach the threshold value of 1. AXCHy4
reaches a maximum of 609 ppb for the January run but remains between 350-465

ppb for the other months. Column underestimation is relatively rare and generally
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minor, but in a few cases can be as much as 96 ppb. These results show that a tight
threshold on ice COD is still required even when employing the proxy method for

total column normalisation.

Combined Aerosol and Ice Clouds

The bulk of the total optical depth for combined aerosol and cloud scenarios is due
to the ice cloud component, therefore retrieval errors are predominantly driven by
the presence of cirrus clouds and are similar to those incurred for the individual ice
cloud simulation. Since a limit of 7 = 1.0 is imposed on total optical depth, the
combined simulation contains fewer ice clouds with optical depths approaching 1

since the aerosol component pushes such cases over the imposed 7 threshold.

Correlation of AXCH, with Optical Depth

Figure 4.23 reveals that the relationship between AXCH, and optical depth is heav-

ily dependent on surface albedo in both aerosol (left) and ice cloud (right) cases.

For aerosol simulations with high surface albedo (a > 0.27), increasing AOD results
in only a slight underestimation of the total column (AXCH4 ~ -5 ppb), whereas for
albedo cases below ~ 0.25, AXCH, increases sharply with increasing AOD, reaching
~ 20 ppb at an AOD of 0.02-0.03. Cases of very low surface albedo (a ~ 0.01) result
in a significant underestimation of the total column (up to 22 ppb), even for negligi-
ble AOD; this is most likely due to the inability of FSI WFM-DOAS V2 to correctly
estimate such low values of albedo (see Figure 4.22) using the pre-computed LUT
[Barkley (2007)], given SZA and mean SCIAMACHY intensity.

AXCHy displays a pseudo linear relationship with ice COD, which is strongly de-
pendent on surface albedo. As in the aerosol simulation, cases of high surface albedo

result in the lowest AXCHy for increasing optical depth.
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Figure 4.20: Histograms for the altitude of peak optical depth for simulated (a)
aerosols and (b) ice clouds for January, April, July and October 2004 (from the
combined aerosol and cirrus cloud run). Note the y-axis utilises a log scale for
altitude.
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Figure 4.21: Scatter plots of AXCH, from Oct 2004 against SZA for (a) background,
(b) aerosol, (c) ice cloud and (d) aerosol + ice cloud simulation scenarios.



4.4. SIMULATION 3: GLOBAL AEROSOL AND CLOUD
SENSITIVITY TESTS 127

5 i i i 7 034 034
20
0.30 0.30
10 E
o _ 026 _ _ 026
& 40 S s S
= S 0.21 ) S 0.21
a9 =z =z
< 047 ‘ < 047
20 0%
t 0.13 013
25! :
-20
FRRTEURPRRNCIN S 00 P I  SLOL I 0.09 e, e 0.09
0.05 0.10 0.15 0.20 0. 03 o 05
CH, albedo error CH, albedo error
(a) Background (b) Aerosol
0.34 034
0.30 0.30
_ _ 0260 _ 026
g 3 g 18
= 1 9 021 = o 021
3 3 3 3
3 ¢ U3 g
1 % o017 0.17
0.13 1 o1
B . . , 0.09 4 009
05 10 15 20 25 05 10 . 2, 25 30
CH, albedo error CH, albedo error
(c) Ice cloud (d) Aerosol + ice cloud

Figure 4.22: Scatter plots of AXCH, against CHy surface albedo estimation error
for (a) background, (b) aerosol, (c) ice cloud and (d) aerosol + ice cloud simulation
scenarios for Jan 2004.
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Figure 4.23: Scatter plots of AXCH, against AOD [(a), (¢), (e) and (g)] and ice
COD [(b), (d), (f) and (h)] for the months January, April, July and October of 2004
respectively.
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Comparison with Existing Results

As mentioned in Section 3.4.5, a study into the effects of aerosol and cirrus cloud
induced scattering on satellite retrievals of XCH,4 has previously been carried out by
Butz et al. (2010). Although there are similarities between the study by Butz et al.
(2010) and the work performed in Simulation 3, there are a number of fundamental
differences in both the set-up and results of the two studies which are outlined in
Table 4.4. For example, Butz et al. (2010) utilise aerosol data from the global aerosol
model ECHAMS5-HAM which is defined on 19 atmospheric levels and has a spatial
resolution of 3° x 3° whereas GEMS data utilised in Simulation 3 is defined on 60

model levels at a spatial resolution of 1.125° x 1.125°.

Parameter | Simulation 3 \ Butz et al. (2010)
Retrieval method | FST WEFM-DOAS V2 Optimal estimation based
Aerosol model GEMS (MMR) ECHAMS5-HAM (MODIS scaled)
Cloud model GEMS (IWC) Ray tracing model (CALIOP scaled)
Total T range 0-1.0 (at 1.65 pm) 0-0.5 (at 1.65 pm)
Max aerosol T 1.0 (at 1.65 pum) 0.2 (at 0.55 pm)
Max ice cloud 7 1.0 (at 1.65 pum) 0.4 (at 0.55 pm)
Max AXCH4 35% 2%

Table 4.4: Comparison of the set-up of Simulation 3 detailed in this section with an
existing study by Butz et al. (2010).

Figure 4.24 shows the error on XCHy retrievals (equivalent to AXCH, shown as a
percentage) from Butz et al. (2010) obtained when using the proxy method with
simulated SCTAMACHY measurements containing aerosol and cirrus cloud scatter-
ing. Retrieval errors are clearly far less than those obtained in Simulation 3 (see
AXCHjy in Figure 4.19). However, results from Butz et al. (2010) correspond to a
smaller range of optical depths; AOD is limited to 0.2 and COD is limited to 0.4
(both at 0.55 um). For all but the largest particles, optical depth generally decreases
as wavelength changes from 0.55 ym to the centre of the CH, retrieval window at
1.65 pum (see Figure C1 for the wavelength dependance of AOD). As a result, the
limits on AOD and COD employed by Butz et al. (2010) become even tighter at a
wavelength of 1.65 ym. From Figure 4.6 it can be seen that by imposing a limit of
AOD < 0.2 on results from Simulation 2, AXCH, is at most 5% when considering
aerosols at an altitude of 3 km and SZA = 60°; for lower altitudes and SZA, AXCH,4
is far lower. Similarly, it can be seen from Figure 4.7 that imposing the Butz et al.
(2010) limit of COD < 0.4 on ice clouds would result in AXCHy of up to 13% in
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high surface albedo cases and 60% in very low surface albedo cases.

Taking into consideration the reduction in optical depth at 1.65 pm, the lower limit
of aerosol scattering induced errors found in Simulation 2 and results from the
global aerosol runs in Simulation 3 are consistent with AXCH, obtained by Butz
et al. (2010). Applying the same optical depth reduction at a wavelength of 1.65 ym
to ice clouds, although a difference in AXCH, still exists between the two studies,
its magnitude is not as severe as the upper limit discussed above (i.e. COD of 0.4

at 1.65 pm) since AXCH, decreases sharply with decreasing COD.

I
—22 -18 -14 -10 —06 -02 02 06 10 14 18 22
XCHy error / %

Figure 4.24: XCH, error [%] (equivalent to AXCHy) for proxy based retrievals
using simulated SCIAMACHY spectra for an ensemble of aerosol and cirrus cloud
scenarios (figure taken from Butz et al. (2010)).

4.4.7 Summary of Simulation 3

Global sensitivity tests reveal that when no aerosol or ice cloud is simulated the FSI
WEM-DOAS V2 retrieval algorithm performs well, with AXCHy < 1% in the vast
majority of cases. However, even though no aerosol or cirrus induced scattering is
present in this case, high SZAs and low surface albedos encountered at northern
latitudes result in a small number of cases where XCH, is underestimated by up to
1.6%. The simulation of aerosols, based on profiles of GEMS aerosol MMR, reveal
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that retrieval errors of up to 1.5% are incurred at various latitudes in the four days

considered, particularly in Southeast Asia and central Africa.

The simulation of ice clouds resulted in a significant reduction in the number of us-
able scenes due to the imposed limit of 7 < 1. From the remaining scenes, retrieval
errors of up to around 35% were encountered, indicating that ice clouds are a far
greater source of retrieval error than aerosols. As a result, ice cloud errors dominate
the combined aerosol and ice cloud simulation and the errors encountered are very
similar to those of the stand alone ice cloud case. The disparity in retrieval errors
for aerosols and ice clouds is most likely due to the fact that simulated AOD rarely
exceeded 0.3 whereas ice COD’s in the region of 1 were not unusual. Furthermore,
the altitude of the peak optical depth was much lower for aerosols than ice clouds
(see Figure 4.20). This suggests that the interaction of radiation with ice clouds
occurs higher in the atmosphere than for aerosols, thus the relative increase in error
is also a manifestation of the altitude dependance of the scattering induced retrieval

error identified in Simulation 2.

4.5 Summary

From the three sensitivity studies undertaken in this chapter it can be concluded
that:

1. Scattering induced retrieval errors are highly dependent on the altitude at

which scattering occurs.

2. For comparable altitudes and optical depths, scattering due to aerosols causes

greater error than scattering due to ice clouds.

3. In reality, retrieval errors due to aerosol are far less than those due to ice

clouds.

4. Retrieval errors due to scattering are amplified by high SZA and/or low surface

albedo scenarios.

Sensitivity test 1 reveals that the importance of accurate aerosol a priori information
increases as the optical depth of the scene increases; this is to be expected since the

default low 7 aerosol estimation of FSI is a close approximation of low 7 scenes, but
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a poor approximation of high 7 scenes. As a result, greater knowledge of aerosol
T is required in future retrievals, such as the inclusion of GEMS aerosol extinction

profiles as a priori information.

Although Sensitivity test 2 indicates that aerosols can cause greater retrieval errors
than ice clouds for comparable optical depths and scattering altitudes, global sensi-
tivity tests show that in reality retrieval errors due to ice clouds are far greater than
those due to aerosols. This is because aerosols are typically found at low altitude
(0-5 km) and AOD rarely exceeds 0.3, whereas ice clouds (particularly cirrus) reside
at high altitude (up to 17 km) and can have optical depths from just above zero up
to the imposed limit of 1. Since ice cloud scattering dominates retrieval errors in
global sensitivity tests (with AXCH,4 up to ~ 35% in the most extreme cases) strict
cloud filtering, including filtering for cirrus, is clearly still required in future FSI
WFM-DOAS V2 retrievals of CHy, even though the proxy approach (see Sections
1.4.4 and 3.3.2) for VCD normalisation is employed. The results in this thesis can
therefore provide a guide to the level of cloud filtering required in terms of cloud

optical depth.



Chapter 5

FSI WFM-DOAS Retrievals of
CH, over North America

5.1 Introduction

Sensitivity tests undertaken in Chapter 4 revealed that FSI WFM-DOAS V2 re-
trievals of CHy in the SWIR are particularly sensitive to the albedo and optical
depth of an observed scene. As a result, two significant updates to the FST WFM-
DOAS V2 algorithm have been made; 1) the LUT approach previously used to
estimate albedo has been replaced with albedo retrieved from the Moderate Reso-
lution Imaging Spectroradiometer (MODIS) and 2) basic aerosol assumptions have
been replaced by a realistic aerosol initialisation based on profiles of aerosol MMR
from GEMS. These combined modifications were intended to result in a new version
of the retrieval algorithm, FSI WFM-DOAS V3 (see Figure 5.1), however owing
to time constraints the impact of MODIS and GEMS modifications have only been
assessed separately thus far. This chapter therefore details retrievals of total column
CH4 over North America for the year 2004 performed using three different versions
of the FSI WFM-DOAS V2 retrieval; in its original form (OFSI), modified with a
priori albedo from MODIS (MFSI) and modified with aerosol extinction calculated
from GEMS MMR (GFSI). The validation of satellite retrievals using FTS mea-
surements from the TCCON (see Section 1.4.3) site at Park Falls, Wisconsin, is also

presented.
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Figure 5.1: Flowchart portraying the progression of the FSI WFM-DOAS V3 re-
trieval algorithm. In this version aerosol extinction profiles calculated from GEMS
MMR are used as a priori aerosol and a priori albedo is obtained from MODIS.
Cloud flagging of cirrus clouds using data from MERIS is mentioned as a future
modification.

5.1.1 MODIS Albedo Modifications

A 16 day MODIS albedo product was used to obtain an improved a priori albedo
for use within the MFSI retrieval. MODIS instruments are carried onboard two sep-
arate NASA satellites and the albedo product “Albedo 16-Day L3 Global 0.05Deg
CMG” used here combines data from both instruments for improved data quality.
Each MODIS instrument has thirty six spectral bands, four of which are within
the SWIR, however band 6 covering 1628-1652 nm is the nearest to the retrieval
windows for CO, and CH,.

AVIRIS albedo datasets (also used in Section 4.2 for spectral simulations) corre-
sponding to each MODIS land cover type were interpolated to obtain albedo values

corresponding to the central wavelengths of both the COy and CHy retrieval win-
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dows (denoted A,) as well as for MODIS band 6 at 1.64 pum (A;4). The ratio of
At to Aj s was taken to be a good approximation of the spectral dependance of
albedo in the SWIR and was used to scale the MODIS albedo M; g4 to the centre

of each retrieval window as follows:

Mret = <]1\Z1.64) Aret- (51)
1.64

Figure 5.2 shows an example of the original MODIS global albedo along with the

resulting scaled global albedo corresponding to retrieval windows at 1.57 pm and

1.65 pm in Figure 5.3.
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Figure 5.2: MODIS retrieved 16 day mean albedo at 1.64 pm for 01/10/2004. Black
areas over land indicate consistently cloudy regions or inland water.
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Figure 5.3: MODIS albedo scaled to the central wavelengths of retrieval windows
for (a) CO4 and (b) CH4 at 1.57 pm and 1.65 pm respectively.
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To extract an a priori albedo from the MODIS global dataset corresponding to a
SCIAMACHY observed scene, firstly the nearest MODIS grid points to each cor-
ner of the SCIAMACHY footprint were identified. Since the footprint of a SCIA-
MACHY scene is typically at an angle with respect to lines of constant longitude,
the highest and lowest latitude and longitude values were used to define a sub-grid
of MODIS values that would encompass the entire SCIAMACHY footprint. The
MFSI a priori albedo was then simply taken to be the mean of the MODIS albedo
sub-grid, provided that the sub-grid contained at least one finite value. In the in-
stance where the extracted MODIS sub-grid consisted entirely of non-zero values, a
composite monthly average was used. If this also contained no finite albedo values

then the retrieval was discarded.

5.1.2 GEMS Aerosol Modifications

A global dataset of GEMS aerosol MMR profiles covering the entirety of 2004 (four
time steps per day) was converted to extinction following the same procedure as
detailed in Section 4.4.1. Owing to the large volume of data, the MMR to extinc-
tion conversion was performed in a pre-processing stage to reduce the retrieval run
time of GFSI. During the retrieval, the same procedure for spatial and temporal
interpolation as applied to ECMWF meteorological profiles in Section 3.3.6 was
used to extract profiles of aerosol extinction tailored to the time and location of
each SCIAMACHY observation. Scattering weighted PFMs were calculated using
the procedure described in Section 4.4.1. However, since PFM calculations had
to be performed for each individual retrieval, computational time was significantly
increased as a result. In general, the runtime of SCIATRAN 2.2 is dependent on
the complexity of the modelled atmosphere, therefore scenes with a high aerosol
extinction typically resulted in an increase of retrieval runtime by ~ 20 minutes.
Unfortunately there were retrieval convergence problems with GFSI which resulted
in some loss of data with respect to the OFSI and MFSI retrievals.
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5.2 FSI WFM-DOAS Retrievals over North
America for 2004

5.2.1 Data Filtering

Retrievals were performed for all cloud-free SCTAMACHY scenes over the continent
of North America (defined by the boundaries: 10° N < latitude < 85° N and 170°
W < longitude < 50° W) for the year 2004. However, since a number of factors can
result in retrieval errors, retrieval datasets require filtering using carefully selected
statistical thresholds. Firstly, radiative transfer calculations for a plane parallel at-
mosphere in SCIATRAN are inaccurate for SZAs greater than 70°, therefore scenes
in which the SZA exceeded 70° were discarded. Similarly, low albedo and surface
ice in the northernmost regions of the continent meant that retrievals made at high
latitudes were also ignored. Cases in which ocos > 100%, ocpa > 1000% or the
a priori albedo was set to zero were discarded since these results were not written
correctly to file and are clearly erroneous. The resulting thresholds for SZA, surface
albedo, latitude and longitude have been summarised in Table 5.1 and will be col-

lectively referred to as ‘Filter 1°.

Data filters
SZA > 70°
Albedo < 1 x 10°
Latitude > 70°
Longitude > -53°

Table 5.1: Filter 1; thresholds for SZA, albedo, latitude and longitude used to filter
out anomalous FSI WFM-DOAS V2 retrievals of CHy.

Despite applying Filter 1, the OFSI, MFSI and GFSI distributions of retrieved XCHy
and ocpy contained a significant number of outliers, many of which were far from the
mean. Figures 4.8 and 4.9 show that aerosols and ice clouds of high optical depth,
or at high altitude, cause an increase in the retrieval fit error, o xcgs. Consequently,
the filtering of data with high oxcpy is likely to remove CHy retrievals affected by
aerosols and ice clouds with high optical depth and/or at high altitudes.

In order to reduce the influence of outliers, robust statistics can be employed in

which the median and median absolute deviation (opmap) are used to describe the
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Figure 5.4: Distributions of the retrieval fit error oxcna, retrieved XCHy and a priori
albedo for the OFSI (top), MFSI (centre) and GFSI (bottom) retrievals. Unfiltered
data is shown in green and data filtered by Filter 1 (thresholds defined in Table
5.1) are shown in red. The median and median absolute deviation of the Filter 1
distribution of oxcpns have been used to plot a robust gaussian (shown in blue) from
which the thresholds of Filter 2 (shown in yellow) have been defined.

distribution in place of the mean and standard deviation. Figure 5.4 shows distri-
butions of oxcus, XCHy4 and albedo for the OFSI, MFSI and GFSI retrievals. The
original, unfiltered distribution of data is shown in green whereas data remaining
after the application of Filter 1 is shown in red. Note that the highly variable nature
of the albedo distribution is an artifact of employing a LUT for the estimation of
surface albedo with no subsequent interpolation; the same LUT approach is used
for OFSI but the effect is less prominent due to the large number of retrievals. A
robust Gaussian was fitted to the oxcny distribution, after being filtered by Filter
1, and is shown in blue. To identify retrievals for which the WFM-DOAS fit was
suitably accurate, a limit of 20y\ap from the median of the oxcny distribution of
each retrieval version was used to filter the respective oxcns distributions and will be

referred to as ‘Filter 2. The distributions remaining for oxcns, XCHy, and surface
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albedo after the application of Filter 2 are shown in yellow.

Figure 5.5 shows density correlation plots of retrieval fit errors (given by Equation
2.24) for unfiltered retrievals of COy VCD, CHy VCD and XCH, respectively (Fig-
ures C8 and C10 show corresponding plots for MFSI and GFSI in Appendix C).
For comparison, Figure 5.6 shows distributions of the same parameters after the
application of both Filter 1 and Filter 2 (Figures C9 and C11 show corresponding
plots for MFST and GFSI, in Appendix C). Figure 5.6¢ clearly shows how the spread
of oxcnsa has been significantly reduced as a result and highlights the distribution
peak between 6-7%, which agrees well with the retrieval fit errors obtained from

simulations of four typical cases of high/low SZA and albedo, given in Table 5.2.

SZA ‘ Albedo (1670 nm) ‘ gco2 [%] ‘ OCH4 [%] ‘ OXCH4 [%]

26.6 | 0.048 2.93 6.50 7.13
28.6 | 0.322 1.69 6.06 6.29
28.8 | 0.175 1.92 5.94 6.24
68.2 | 0.164 1.86 6.79 7.04

Table 5.2: The error [%] incurred in CO4 and CHy retrieved VCDs for SCTAMACHY

scenes corresponding to low/high SZA and albedo. The resulting combined error on

XCHy, given by oxchs = [(Vgg%i)j + (\,g#‘é“mf ® is shown in the final column.
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The absolute number of retrieved scenes varied between the three separate retrieval
schemes because each approach resulted in different retrieval run times and imposed
different criteria for skipping retrievals; the runtime of GFSI was so extensive that
only alternate months of 2004 could be processed in the time available whereas
for MFSI, SCIAMACHY scenes for which no corresponding MODIS albedo was

available (often the case in persistently cloudy regions) were not processed.

5.2.2 Gridded Monthly Mean CH,; over North America

Figures 5.7 and 5.8 show monthly averages of retrieved XCH, for 2004, from OFSI
and MFSI respectively, gridded to 1°x1° over North America. Figure 5.9 shows
XCHy retrieved by GFSI for alternate months of 2004 only (starting from January),
due to the extensive runtime of this version of the retrieval. In the following discus-
sion, results from each of the three retrieval versions (OFSI, MFSI and GFSI) will

initially be considered separately and then compared at the end.

OFSI Retrieved XCH,

Plots of monthly averaged XCH, retrieved using OFSI given in Figure 5.7 clearly
show elevated® CHy concentrations around the Gulf of Mexico for the period May—
September 2004. High XCH, over southeast USA is particularly widespread during
May and June, but remains elevated for the period July to September. During the
autumn /winter months (October through April) CHy concentrations in this region
largely return to between 1700-1800 ppb. Retrieved XCH, over eastern Mexico gen-
erally remains > 1800 ppb throughout the year, reaching between 1850-1900 ppb in
May and September, and even exceeding 1900 ppb in June. CH4 emission estimates
from Emission Database for Global Atmospheric Research (EDGAR) for the year
2005 can be seen in Figure 5.12a, and Figure 5.12b shows the increase in CH, emis-
sions over the period 2000-2005. Figure 5.12a indicates the presence of large CHy
emissions (of comparable scale) in both eastern USA and Mexico during 2005. Fur-
thermore, Figure 5.12b implies very little change in emissions in both these regions
from 2000-2005, implying emissions in these regions for 2005 are representative of
the years 2000-2004 also. That being the case, EDGAR emissions data is consistent
with OFSI results that XCH, over southeast USA and Mexico was elevated during
2004.

*With respect to the 2005 yearly global mean of 1774 ppb [Forster et al. (2007)]
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For comparison with the largest observed XCH, enhancements in OFSI retrievals,
TM3 model total column XCH, over North America for the first day of months
May—-August 2004 are shown in Figure 5.10. Model data indicates that XCHy is
consistently high (around 1850 ppb) in eastern USA during the four month period
shown, and corresponds with OFSI retrievals of heightened XCH, over southeast
USA. However, the model shows no obvious XCH, enhancement over Mexico, at-
tributing this region with lower values of XCH, (around 1780-1800 ppb) than loca-
tions north of 30° latitude. TM3 model XCH, for the entirety of 2004 can be found
in Figure C12 in Appendix C.

Monthly averaged XCH, for May—August 2004 retrieved using the WFM-DOAS
version 1.0 retrieval algorithm [Schneising et al. (2009)] is shown in Figure 5.11.
WFM-DOAS v1.0 retrievals show enhanced XCH, over eastern USA (with respect
to the west) for May 2004, however the particularly high values seen in OFSI re-
trievals are not replicated. Since retrievals for June 2004 are sparse, very little
comparison can be made for this month. For July and August, WFM-DOAS v1.0
XCHy is significantly heightened (~ 1810-1830 ppb) across both the northern and
eastern USA. WFM-DOAS v1.0 retrievals of XCH, for the whole of 2004 are given
in Figure C13 in the Appendix.

Comparison of MFSI and OFSI Retrieved XCH,

Monthly averaged MFSI retrievals of XCH,4 appear to be very slightly lower than
those from the OFSI retrieval; this is particularly evident over eastern Mexico for
the period May-September. Generally however the difference between monthly
averaged retrievals is surprisingly small, despite significant difference in a priori

albedo between the two retrieval versions.

Comparison of GFSI and OFSI Retrieved XCH,

Monthly averaged GFSI retrievals of XCH, are consistently lower over eastern Mex-
ico during March, May, July and September than in the OFSI retrievals. Conversely,
a slight enhancement of CH4 concentrations can be seen over eastern USA for the

months May, July and September.
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Figure 5.10: Total column XCH, from TM3 (used as a priori XCHy in the FSI
WFM-DOAS V2 retrieval) for the first day of months May—August of 2004 gridded
to 3.8°x5°
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Figure 5.11: Monthly averaged XCH, retrieved by WFM-DOAS version 1.0, for the
period May—August 2004, gridded to 1°x10° (figure taken from Buchwitz (2007)).
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EDGAR emission database for 2005, 0.1 degree grid cells, Sum=330Tg/yr

anthropogenic CH, emissions in log10(tons/yr/grid cell)

S = |
0.50 0.75 1.00 1.25 1.50 1.75 2.00 225 250 2.75 3.00 3.25 3.50
(a) EDGAR CHy4 emission estimates for 2005 (log scale)
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(b) Increase in anthropogenic emissions from 2000-2005

Figure 5.12: Anthropogenic CH,4 emission estimates from EDGAR for 2005 and the
increase in emissions over the period 2000-2005 (both figures taken from Franken-
berg et al. (2011)).
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5.2.3 Monthly Mean Retrieved CH, Comparison
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Figure 5.13: Comparison of OFSI; MFSI and GFSI distributions for matching scenes
only.
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Figure 5.14: Comparison of OFSI; MFSI and GFSI monthly mean retrieved XCH,
for matching scenes only (with 1o error bars).

Only retrieved XCH, corresponding to SCTAMACHY scenes that were processed by
all three retrievals could strictly be compared. Figure 5.13 compares distributions
of retrieved XCHy, oxcns and a priori albedo, for matching scenes from the three
separate retrievals, after the application of both Filter 1 and Filter 2. The difference
in retrieved XCH, and oxcny from the three retrievals is actually quite small, despite
a marked difference in the a priori albedo used in MFSI compared to the other two
retrievals. Figure 5.14 shows the comparison of monthly mean retrieved XCH, from
OFSI, MFSI and GFSI for the whole North American scene. Very little difference in
the monthly mean XCH, between the retrieval types is observed, however both the
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MFSI and GFSI retrievals appear to produce marginally lower XCH,4 than retrievals
from OFSI.

GFSI is expected to produce significantly improved retrievals in regions where there
is a high aerosol loading, however since aerosol concentrations over North America
are not particularly high, the small difference between the retrieval schemes is not
surprising. Furthermore, any localised disparity in retrieval results is likely to have
been lost by averaging over such a extensive spatial region, therefore a comparison
over a smaller area, or dedicated latitude bands is likely to reveal greater differences

between the retrieval methods.

5.3 Validation with TCCON FTS from Park Falls

Ground based FTS retrievals of XCHy from the TCCON [Wunch et al. (2011)] site
at Park Falls, Wisconsin, were used to validate OFSI, MFSI and GFSI retrievals.
SCIAMACHY scenes were considered coincident with the TCCON site if the central
latitude and longitude of the ground pixel footprint was located within a 5°x5° box
centred on Park Falls (45.95 N, 90.27 W). Figure 5.15 compares individual XCH,4
retrievals (corresponding daily means with 1o error bars are also shown) for OFSI
(a), MFSI (b) and GFSI (c) with TCCON data. Significant spread in the data is
observed even after data filtering using Filter 1 and Filter 2. However the majority

of TCCON points are within the 1o error limit of the daily means.

Figure 5.16 shows monthly mean retrieved XCH, (with 1o error bars) over Park
Falls from OFSI, MFSI, GFSI and TCCON for all available data points. Monthly
mean XCH, for the OFSI and MFSI retrieval algorithms are constantly similar, with
the greatest difference of ~ 15 ppb occurring in January. By comparison, monthly
means from GFSI are consistently larger than those from OFSI and MFSI for the

alternate months available.

In Figure 5.17 retrieved XCH, for GEMS matched scenes only are compared and
reveals far greater agreement between the three retrieval schemes. As in Figure 5.16,
monthly mean GFSI retrieved XCH, is consistently higher than in the OFSI and
MFSI cases, with a difference of ~ 25 ppb in January, and ~ 10-15 ppb in May, July,

September and November.



5.3. VALIDATION WITH TCCON FTS FROM PARK FALLS 150

2200 T T T T T T T T T
« FSlretrieved CH,
[ a FSldaily mean CH,
TCCON CH, . E
2000 - . " .

XCH, [ppb]
»
o
o

1600

Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

(a) TCCON XCH, with OFSI XCH,

2200 T T T T T T T T T
[« FSlretrieved CH,
I a FSldaily mean CH,
TCCON CH,

2000~

XCH, [ppb]

®

S

=)

> I
:?&"
)= S0

1600 -

Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

(b) TCCON XCH, with MFSI XCH,

2200 T T T T T T T T T
[« FSlretrieved CH,
I a FSldaily mean CH,
TCCON CH,

2000 o i

1600 5 - ﬁ -

1 1 1 1 1 1 1 1 1

Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

XCH, [ppb]
®
o
o
| 2 l >
g
H—’—ﬁ’“‘ »

(¢) TCCON XCH, with GFSI XCH,

Figure 5.15: Comparison of TCCON FTS retrieved XCH4 with SCIAMACHY re-
trieved XCHy over Park Falls, Wisconsin.
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Figure 5.16: Comparison of monthly mean XCH, (filtered by both Filter 1 and 2)
retrieved using OFSI, MFSI and GFSI with data from TCCON over Park Falls,

Wisconsin.
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Figure 5.17: Comparison of monthly mean XCH, (filtered by both Filter 1 and 2)
retrieved using OFSI, MFSI and GFSI with data from TCCON over Park Falls,
Wisconsin, for GEMS matching scenes only.
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5.4 Summary

Retrievals of XCH, have been performed for the year 2004 using three different ver-
sions of the FSI WFM-DOAS V2 retrieval; in its original form (OFSI), modified
with a priori albedo from MODIS (MFSI) and modified with aerosol extinction cal-
culated from GEMS MMR, (GFSI). Although the number of scenes processed by
each retrieval version varies due to differing methods of filtering out poor SCIA-
MACHY data and differences in retrieval runtime, monthly averaged XCH, gridded
to 1°x1° from each of the three FSI retrievals identifies very similar areas of CHy
enhancement. In particular, elevated XCH, is observed over eastern Mexico and
southeast USA for the period May—September 2004. The replacement of a priori
albedos from a LUT with MODIS retrieved albedo (resulting in MFSI) appears to
have very little effect on the retrieved total columns. Replacement of the basic FSI
WFM-DOAS V2 estimation of aerosol with detailed profiles of aerosol extinction
calculated from GEMS MMR (in GFSI) appears to have noticeably reduced the
monthly mean XCHy over eastern Mexico. However, this is likely to be an artifact
of the data loss incurred by GFSI due to a large number of non-convergent runs.
The similarity between retrieval results is displayed by Figure 5.14 which compares
monthly mean XCHy from each retrieval version over the North American region.
However, a better comparison may be achieved by calculating the monthly mean
XCHy for each retrieval version over a smaller spatial extent, such as dedicated lat-

itude bands, to avoid the loss of localised variation between individual retrievals.

In general, North America is a good region for test retrievals due to the availability
of ground based measurement networks for validation purposes. However, the lack
of significant aerosol contamination in this region means that it is difficult to assess
the performance of aerosol a priori modifications made in GFSI. Implementation of
the GFSI retrieval over areas of high AOD, such as Southeast Asia, is expected to

result in significantly improved retrieval performance.

FSI WEM-DOAS V2 retrievals of XCH4 over an area surrounding the TCCON
site at Park Falls, Wisconsin, show significant scatter with respect to the TCCON
XCH4. However, the close proximity of the Park Falls site to extensive areas of
inland water (which cause insufficient light to be reflected) may account for some of
the outlying results. In addition, the use of a 5°x5° box to classify SCIAMACHY
scenes as satellite overpasses may account for some of the degree of scatter observed.

SCIAMACHY retrieval results in this thesis show approximately a 3% variation
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from month to month which is larger than the variation of around 1.4% apparent

in TCCON data.



Chapter 6

Conclusions

6.1 Thesis Achievements

6.1.1 FSI WFM-DOAS V2 Algorithm Modifications

As outlined in Chapter 1, the aim of this thesis was to modify the FSI WFM-DOAS
retrieval algorithm to perform new retrievals of CH, and assess the sensitivity of
the new algorithm to scattering caused by aerosols and cirrus clouds. To enable the
retrieval of CH, using FSI WFM-DOAS in the 1630-1670 nm wavelength region,
the addition of an a priori CHy climatology and changes to the calibration of SCIA-
MACHY data were made. Since the main advantage of FSI is its ability to improve
the linearisation of the retrieval fit by utilising a priori data tailored to each retrieval
scene, the following improvements to a priori data and retrieval performance were

also made:
e Updated CHy and H,O spectroscopy
e New interpolation of ECMWF meteorological data
e Updated radiative transfer model (SCIATRAN 2.2) implemented

e CO, proxy method for CHy VCD normalisation implemented

The modified retrieval resulting from the combination of updates detailed above is
referred to as FST WFM-DOAS V2.

Following these initial modifications, improvements to the a priori albedo using

MODIS data and the addition of a priori aerosol extinction information (derived
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from GEMS MMR) were also separately implemented resulting in two additional
retrieval versions; MFSI and GFSI respectively. Note: in Chapter 5, the original
FSI WEM-DOAS V2 retrieval is referred to as ‘OFSI’ for ease of comparison with
MFSI and GFSI.

6.1.2 Outcome and Impact of Sensitivity Tests

The three sensitivity tests undertaken in Chapter 4 reveal that:

1. Without accurate aerosol a priori information the FSI WFM-DOAS V2 re-
trieval produces large retrieval errors for scenes of high optical depth. Perfor-
mance for low and medium aerosol scenarios was much better, but dependent

on the altitude of the aerosol layer.

2. The altitude at which scattering occurs (for aerosol or ice cloud) greatly influ-

ences the magnitude of the resulting retrieval error.

3. Ice clouds result in the largest retrieval errors because of their high altitude

and large optical depth.

4. High SZA and low surface albedo serve to amplify errors caused by scattering.

Large retrieval errors (AXCHy4 of up to 35%) encountered in the global sensitivity
tests indicate that the proxy approach breaks down when aerosols or ice clouds, par-
ticularly of high optical depth and at high altitude, are present in a SCIAMACHY
scene. Although these findings relate to the proxy approach when applied to total
columns retrieved by FSI WFM-DOAS V2, the same findings are likely to apply to
any retrieval method which utilises the 1.65 um spectral region for the retrieval of
CH,4 and 1.57 pm for the retrieval of CO,.

It should be noted that for global ice cloud simulations performed in this work, no
altitude threshold was imposed on GEMS profiles of IWC, hence ice clouds were
simulated for a range of altitudes between 0-20 km. Cirrus clouds generally reside
between 6-18 km, therefore future simulations could ensure only clouds within this
altitude range are considered in order to isolate errors due specifically to cirrus

clouds.
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6.1.3 FSI WFM-DOAS V2 Retrievals

Discussion of Retrieval Results

Qualitative comparison of OFSI retrievals over North America with the retrievals
from WEFM-DOAS version 1.0 and TM3 model CH, data is encouraging and shows
that the elevated XCH, detected over southeast USA is in good agreement with
existing results. Enhancements in retrieved XCH, observed over eastern Mexico
however require further investigation. Only small differences in the retrieved XCHy
was observed when modified albedo (MFSI) and aerosol a priori (GFSI) were used
to initialise the retrieval. In the case of GFSI, this is most likely due to the lack of

scenes corresponding to high AOD over North America.

The validation of retrieved XCH, over Park Falls, Wisconsin, shows a large degree
of scatter for all retrieval versions (OFSI, MFSI and GFSI) with respect to XCH,4
retrieved from the ground based TCCON FTS. However, this was expected since
the inherent precision and signal to noise ratio of SCTAMACHY measurements is
far lower than for ground based FTS measurements. In general, overall agreement
is apparent since TCCON measurements fall within the 1o error bars of calculated

monthly means.

Retrieval Errors

Previous retrievals have estimated the instrument noise for SCTAMACHY to be
around 1.7-1.8% (see Section 3.4.1 for details). In general, the fit residual of a re-
trieval can be taken as a good approximation of the instrument noise since, in the-
ory, a perfect fit should be possible if noise is not present in the measured spectrum.
However, retrievals performed with OFSI, MFSI and GFSI over North America typ-
ically produce retrieval fit errors of 6-7%, pointing to an as yet undetermined fitting
error. Sensitivity tests detailed in Chapter 4 involve simulated spectra which do not
contain noise however analysis of oxcn4 resulting from Sensitivity Test 2 reveals that
errors of up to ~ 2% are incurred in both aerosol and ice cloud simulations. This
implies that the presence of scattering in a measured spectrum introduces spectral

features which cannot be correctly fitted.

Figure 3.3 (third panel from top) gives an example of a typical FST WFM-DOAS V2
fit of the 2rv3 CH4 band and reveals a clear discrepancy between the measured and

modelled spectrum when fitting the Q-branch at 1666 nm. This poor fit may be the
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result of neglecting line mixing since a study by Tran et al. (2010) showed that line
mixing is important for CH, spectroscopy in the 1.67 um spectral region. Tran et al.
(2010) conclude that the use of effective line widths for the P and R branches, such
as those determined by Frankenberg et al. (2008b) and implemented in FST WFM-
DOAS V2, should be adequate for the purpose of atmospheric retrievals (assuming
the total pressure is less than 1 atm) for two reasons. Firstly, since SCTAMACHY
measured spectra are of relatively low resolution, the use of effective line widths
produces very similar retrieval residuals to those obtained when line mixing is taken
into consideration (a difference of less than 0.5% is observed). Secondly, inclusion of
line mixing in radiative transfer models greatly increases the computational time of
the retrieval without providing significant improvement in the retrieval fit. Further
work is therefore required to verify the cause of the poor spectral fit (and hence high
values of oxcps) in FST WFM-DOAS V2 retrievals of CHy. However, such problems
are likely to be removed by using higher spectral resolution instruments which can

focus on the better understood non-() branch lines.

Future Work

Further investigation into the source of elevated FSI WFM-DOAS V2 retrievals of
XCH, over southeast USA and eastern Mexico is required. In particular, a more
thorough comparison of retrievals with the EDGAR emissions database for 2004
would confirm whether the observed peaks in XCHy correspond to known CHy
emission in these regions. In addition, a thorough comparison with independent
model data from the GEOS-Chem CTM (similar to that performed by Parker et al.

(2011)) would provide further validation of retrieval results.

An assessment of the improvement in retrieval error owing to the inclusion of a
priori GEMS aerosol could be better achieved via a comparative study of OFSI and
GFSI over a region of known high AOD, such as Southeast Asia. In this case, a
significant improvement in retrieval error is expected by employing GFSI. Since the
impact of ice clouds has been shown to cause far greater errors than those imposed
by aerosols, the identification and removal of SCIAMACHY scenes contaminated
with cirrus clouds by utilising cloud data from instruments such as MERIS or the

Along Track Scanning Radiometer (ATSR) is required.

Furthermore, since scattering layer altitude has been identified as an important

factor in determining the magnitude of retrieval error induced, the use of lidar
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measurements to provide cloud/aerosol height information would help to determine

whether a scene was suitable for retrieval.

6.2 Future CH, Satellite Missions

Continuous global records of XCH, from satellite measurements are required for the
analysis of long term climate trends and accurate source/sink modelling. Originally
launched in 2002, SCTAMACHY’s host satellite ENVISAT has now entered a period
beyond its original planned lifetime and is currently executing operations in a new
low-orbit configuration. Although SCIAMACHY is still operational, pixel degrada-
tion in the SWIR channel 6 post-2005 has made retrievals of CH4 from the 1.65 ym
spectral region difficult. The continuation of CH; measurements in the SWIR from
space therefore currently relies on GOSAT’s Thermal and Near-Infrared Sensor for
Carbon Observation (TANSO), launched in early 2009. TANSO is comprised of
two separate instruments; an FTS and the Cloud and Aerosol Imager (CAI). CO,
and CHy can be retrieved from TANSO FTS Band 2 (1.56-1.72 um) and Band 4
(5.56-14.3 pm).

cH 1 -

CH,

*GOSAT-2 mission definition review will be in 2010, and request budget for start pre-project in 201 1.

Figure 6.1: Timeline of present and planned space based missions sensitive to CHy in
the planetary boundary layer (figure adapted from Ciais et al. (2010)). Note: Car-
bonSat and GOSAT-2 are currently both proposed missions and, only if confirmed,
are likely to be launched around 2018.

Figure 6.1 shows the operational lifetimes of current and future satellite missions
with sensitivity to CHy4 in the planetary boundary layer. The Sentinel 5 Precursor
mission is due to be launched in 2014 and will carry the Tropospheric Monitoring
Instrument (TROPOMI). TROPOMI is a UV-Vis-NIR-SWIR push-broom grating

spectrometer with five targeted channels within the spectral ranges of 260—495 nm,
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710-775 nm and 2314-2382 nm with spectral resolutions ranging from 0.25-1.1 nm.
Retrievals of XCH4 will be possible using the mid-infrared channel. TROPOMI will
provide nadir measurements with a ground pixel size of 7x7 km? and achieve global
coverage daily. CarbonSat [Bovensmann et al. (2010)] is an ESA mission, proposed
to be launched in 2018, which would observe the atmosphere in nadir and sunglint
modes with a footprint size of 2x2 km?. CarbonSat would be able to achieve a
precision of less than 2 ppb for retrievals of XCO, and 13 ppb for XCHy, and also

includes an imager for cloud filtering.

One of the key criteria for future satellite missions intended to observe CH, is that
high spatial resolution is achieved in an effort to minimise cloud contamination
[Ciais et al. (2010)]. In addition to reducing cloud contamination, the combination
of high resolution passive measurements with high precision lidar measurements on a
single space-based platform would provide an effective means of observing localised

emissions and thus improving CHy source/sink estimates [Ciais et al. (2010)].
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Appendix

A Basic Molecular Spectroscopy

The interaction of radiation with matter at the molecular level, and the exchange
of energy that takes place therein, requires the use of quantum mechanics since a
classical treatment is not sufficient to describe such small scale systems. In QM
the position and momentum of a particle cannot be simultaneously known precisely
therefore these properties are described by a wavefunction, W, which effectively gives

the probability of a particle having a given position and momentum.

The constituent electrons and nuclei of a molecule possess charge and move under the
influence electrostatic forces. Since electrons are much smaller in size than nuclei,
yet the magnitude of the electrostatic force acting on them is comparable, electrons
are forced to move at great speed whereas the nuclei move very little and to a good
approximation can be considered as fixed in space. By treating the nuclei within a
molecule to be fixed with respect to the electrons, the resulting wavefunction can be
separated into electronic and nuclear terms, where the nuclear term can be further
split into vibrational and rotational components. The separation of a wavefunction
into separate components each corresponding to processes associated with different

energies is known as the Born-Oppenheimer approximation:

\Ijtot = qje(Qe)\Ijnuc(QHuC) == \Ije(Qe)qjvib(qvib)\prot(qrot)7 (Al)

Since the wavefunctions can be seperated, the associated energies of these processes

can be separated also:

ETot = Ee + Em'b + Erot- (A2>

The electronic term FE, relates to the excitation of electrons within the molecule and
can be treated as independent of the nuclear behavior. Molecular vibration (Fy,) is
the periodic change in bond length between nuclei about an equilibrium position and
molecular rotation (F.,y) refers to the change in angular momentum of the molecule
with respect to a fixed, external coordinate system. The energies associated with
these three mechanisms form a distinct hierarchy; electronic transitions are the most
energetic involving radiation of UV wavelengths, vibrational transitions emit radia-
tion in the IR region of the spectrum and rotational transitions involve photons in

the microwave region.
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A1l Rotational Transitions

The electric dipole moment quantifies the asymmetry of charge within a molecule
and must be non-zero for rotational spectroscopic transitions to occur; a rotating
electric dipole moment produces the electric field necessary for interactions with
electromagnetic radiation (of the same frequency) to take place. For a simple
diatomic molecule the rotational energy levels are given by the simple equation
E.t = BJ(J 4+ 1) where B is the rotational constant and J = 0,1,2,.... As a
molecule rotates faster due to the absorption of energy the bond length r increases
due to increasing centrifugal force. Since molecular bonds behave elastically, the
stretching that occurs as J increases induces an oscillation in bond length. Taking
centrifugal distortion into account, the energy levels of a rotating diatomic molecule

are given by the following equation:

Erot = BJ(J+1)—=DJ*(J+ 1>+ HP(J+ 1)+ KJYJ+ 1., (A3)

where the second term on the right hand side of is a correction required to account

for centrifugal distortion and D is the centrifugal force constant, in cm™*, given by:
h3

D=—r——.

32wt %r2ke

The second term in Equation A3 only accounts for simple harmonic oscillations in-

(A4)

duced by centrifugal distortion, therefore all additional terms allow for anharmonic
oscillations of the diatomic molecular bond. The coefficients of the anharmonic cor-
rection terms (i.e. H, K, etc) are related to the geometry of the molecule but are

vanishing small for a diatomic molecule when compared with D.

The rotation of a polyatomic molecule is best described by its three principle mo-
ments of inertia; I, Iy and I, correponding to a set of perpendicular axes. COs is
a linear molecule, that is, its constituent atoms are connected in a straight line. For
linear molecules the moment of inertia about axis A is negligible compared to that
about axes B and C and can be approximated to zero. Linear molecules are there-
fore defined by Iz = I, Ix = 0 which is the same as for a simple diatomic molecule.

As a result, the energy levels of a linear molecule are also described by Equation A3.
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A2 Vibrational Transitions

Molecular bonds are not rigid but elastic and as a result the bond length is allowed
to oscillate about a mean length during rotation. In addition to oscillations induced
by centrifugal distortion, the constituent atoms of a molecule inherently vibrate
about an equilibrium position. In an idealised, simple harmonic model of molecular
vibration, the molecular bond can stretch indefinitely and subsequently gives rise to
an infinite set of equally spaced energy levels. In reality however molecular vibration
is anharmonic, therefore a bond can only be stretched a finite amount, beyond which
the constituent atoms will disassociate. The energy levels relating to anharmonic

oscillations, is given by:

1 1\’
Ep, = hw, <1/ + 5) — hweTe (1/ + 5) i (A5)

For polyatomic molecules various vibrational configurations are possible. In general,
linear molecules possess 3N — 5 normal modes of vibration and non-linear molecules

possess 3N — 6, where N is simply the number of constituent atoms.

A3 Vibration-Rotation Transitions

Using the Born-Oppenheimer approximation, the combined energy of vibration-

rotation levels (£, ) is given by a sum of their separate energies;

1 1\?
EJ,I/ = Eyip, + By = BJ(J + ]-) + hwe (V + 5) - hwe$e (V + 5) . (AG)

The energy of a transition between levels is given by the difference in energies,

denoted AFE. For an R-branch transition this is given by:

AE[R(J)] = AE = E, — E,

(A7)
= AFEu, +2B(J + 1)
The equivalent P-branch transition is as follows:
AFEP(J)|=AF=FEy— FE
() o= B "

=AFE, —2BJ.
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B SCIATRAN 2.2

SCIATRAN is a computational software package which includes both atmospheric
trace gas retrieval and radiative transfer model capabilities. SCIATRAN was cre-
ated specifically for use with/ simulation of spectra from the space-borne passive
UV-Vis-NIR-SWIR spectrometers GOME and SCIAMACHY covering the spectral
range 240-2400nm, but can also be used for much wider applications. Within this
thesis work SCIATRAN has been used solely for the simulation of SCTAMACHY-
like spectra, firstly for the creation of reference spectra within FSI WFM-DOAS V2
and secondly for the creation of synthetic SCTAMACHY spectra with which to test
the sensitivity of the FST WFM-DOAS V2 retrieval to various atmospheric condi-

tions.

The atmospheric trace gases CO, and CHy are classified as ‘line absorbers’ which
means that their absorption bands are heavily dependent on ambient temperature
and pressure. As a result the consideration of these gases within SCIATRAN re-
quires absorption data from a spectral database, here obtained from HITRAN 2004
with updates for the CH4 and HyO spectroscopy (Frankenberg et al, 2009).

Clouds can be defined in SCIATRAN by a number of different methods however
within this work the optical depth, 7 was used as the defining parameter, from
which all other parameters were then calculated. For a given value of 7 and either
a default or user supplied cloud profile S(z), the vertical profile of the extinction

coefficient k. is given by:

ro(z) = 2 (B1)

The corresponding profile of scattering coefficients is then calculated from k. and

the user supplied values of single scattering albedo w; ks(2) = Ke(2)w.



B. SCIATRAN 2.2 164

’ Input Required parameters and format

Trace gas | For ‘line absorbers” CO, and CH, Trace gas replacement file
Aerosol | Aerosol control file (man_aer.inp) containing vertical profiles of:
Extinction [km™!]

Absorption [km™!]

For each layer of the aerosol profile a file containing the aerosol
phase function moments as a series of Legendre series expansion
coefficients is required.

Individual clouds are defined as ‘cloud layers’ within the cloud con-
Cloud trol file (cloud.inp). For each cloud layer the following data is re-
quired:

Cloud base and top altitude [km]

For ‘TAU’ integral input parameter:
Optical depth [-]

File containing vertical profiles of the following cloud layer
parameters:

Dimensionless height variable of cloud sub-layer

Shape of the ice water content profile (arbitrary units)

Cloud layer phase function file containing:
Extinction coefficient
Scattering coefficient
Moments of the phase function

Table B1: Description of specialised parameters required as input into SCIATRAN.
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C Retrieval Parameters and Data

3 E Angstrom coefficient for 9 GEMS aerosol types

A

e ‘ A
2 E E
5 E ss1 E
s E ss2 E
1 sS3 =
% E DD1 E
2 E DD2 E
® £ 003 3
< e oM =
0F 8C A A E
E Su 3
-1 E 1 L L L L 1 L L L E
S8t S§82 SS3 DD1 DD2 DD3 oM BC Su
GEMS aerosol type
100.0 T

= T T T
;Opﬁcal depth calculated using the angstrom coefficient

Optical depth

T \HIH‘

0.1 I 1 L 1
600 800 1000

1 L
1400 1600

®
1=}
S

1200
Wavelength [nm]

Calculations based on a reference optical depth of 1.0 @ 1650nm
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01/10/2004). Calculations were based on a reference optical depth of 7 =1 at 1650
nm.

T
r MEC for Sea Salt (Bin 1) 1
15— —
L 7| Relative humidity
— 10— — A 0%
N;’ L ] A 10%
s r B A 20%
s ] A 30%
= B A 40%
[ ] A 50%
L — . 4 60%
o ‘ ‘ — = ] ™
0 500 1000 1500 2000 2500 80%
Wavelength (nm) 85%
90%
45 MEC interpolated to 1650nm = 95%
— 3E- =
o
E2 i
3
15
o

40 60 80
Relative humidity [%]

Figure C2: Mass extinction coefficients (w) for the RH dependent GEMS sea salt
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